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Abstract 

The development of liquid metal breeder blankets for fusion reactors has been 

performed in the Forschungszentrum Karlsruhe as a part of the European fusion 
blanket development program with the aim to select the two most promising 

concepts in 1995 for further development. ln this report are described the designs 

of self-cooled blankets tagether with the results of the accompanying R&D 

program oftheyears 1992-1995. 

The program includes design studies as weil as theoretical and experimental 

work in the fields of neutronics, magneto-hydrodynamics, thermohydraulics, me

chanical stresses, compatibility and purification of Iead-Iithium, tritium extraction 

and control, safety, reliability, electrical insulating coatings, and fabrication 

technologies for blanket segments. 

This work has been performed in the framework of the nuclear fusion project of 
the Kernforschungszentrum Karlsruhe and is supported by the European Union 
within the European Fusion Technology Program. 

Entwicklung von selbstgekühlten Flüssigmetaii-Brutblankets 

Zusammenfassung 

Die Entwicklung von Flüssigmetaii-Biankets für Fusionsreaktoren erfolgte im 

Forschungszentrum Karlsruhe als Teil des Europäischen Blanketentwicklungs
programmes mit dem Ziel, in 1995 die zwei aussichtsreichsten Konzepte zur 

weiteren Entwicklung auszuwählen. Beschrieben sind in dem Bericht Entwürfe 

von selbstgekühlten Blankets zusammen mit den Ergebnissen des zugehörigen 
F + E-Programmes der Jahre 1992-1995. 

Das Programm umfaßt neben Entwurfsstudien theoretische und experimentalle 
Arbeiten auf den Gebieten Neutronik, Magnetohydrodynamik, Thermohydraulik, 

mechanische Spannungen, Verträglichkeit und Reinigung von Blei-Lithium, 

Tritium-Extraktion und -Permeation, Sicherheit, Zuverlässigkeit, Isolations

schichten, und Fabrikationstechnologien für Blanketsegmente. 

Die vorliegende Arbeit wurde im Rahmen des Projektes Kernfusion des 
Forschungszentrums Karlsruhe durchgeführt und ist ein von der Europäischen 
Union geförderter Beitrag im Rahmen des Fusionstechnologieprogramms. 
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1. Introduttion 

Tritium breeding blankets in a fusion power reactor have a decisive influence on 

the safety, environmental impact and cost of fusion power. The development and 

testing of such blankets requires an expensive long-term programme, and there

fore must be restricted to a small number of attractive concepts. Most important 

are tests in a fusion environment, which are one of the main goals of the Interna

tional Thermonuclear Experimental Reactor (ITER). The blanket development 

programme therefore must be consistent with the time scale of the ITER 

programme, with a planned start of operation in the year 2005. 

The European Union (EU) has· been engaged since 1989 in a programme to de

velop tritium breeding blankets for application in a power reactor with the goal 

to select the two most promising concepts in 1995. There are four concepts und er 

development, which are described in [1-1, 1-2,1-3, 1-4]. Two ofthese blanket con

cepts rely on the use of Iithium ceramies as breeder material, helium as coolant 

and beryllium as neutron multiplier. An eutectic Iead Iithium alloy (Pb-17Li) is 

used as breedermaterial in the other two concepts, cooled either by water or by 

circulating the liquidbreedermaterial itself to external heat exchangers. 

A common basis for DEMO blankets has been specified by the Test blanket Advi

sory Group (TAG) [1-5]. Some of the key performance-related parameters are 

shown in Table 1-1. Moredetails concerning the DEMO specifications are given in 

[1-2]. 

Pure Iithium or Iithium-Iead alloys are attractive breeder materials in fusion pow

er reactor blankets, since they are immune to irradiation darnage and offer 

tritium self-sufficiency without the need for additional Be neutron multiplier. The 

high thermal conductivity of liquid metals facHitates robust and rather simple de

signs, especially if the liquid meta I serves as both breeder and coolant. 

The R&D work related to such a self-cooled blanket concept for the period 1989-

1991 is described in [1-6]. The work was continued, and the new results are de

scribed in this report. The two reports together form a complete summary of the 

results for the period 1989-1995. 

Several design concepts have been examined, and are described in Chapter 2. 

These include: 
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Table 1-1 Selected DEMO specifications 

Fusion power 

Averageneutron wallloading 

Average surface heat flux 

Plasma operati ng mode 

Tritium breeding requirement 

lmpurity control 

Firstwall protecton 

Number of TF coils 

Toroidal magnetic field on axis 

Number of segments 

Blanket/shield thickness 

Structural material 

Lifetime, displacement darnage 

Disruption currentdecay * 
Thermal efficiency ** 

2200 MW 

2.2 MW/m2 

0.4MW/m2 

continuous 

self-sufficient with 10 ports 3m high x 
1 mwide 

double-null divertor 

none 

16 

6T 

32 inboard, 48 outboard 

1.18 m inboard, 1.86 m outboard 

MANET 

20000 full-power hours, 70 dpa 

20 MA to zero in 20 ms 

> 30% 

* segments may become in operative, but must be removeable by standard exchange 
procedures 
** ratio of electricity produced to the sum of neutron and surface heat fluxes 

1. A self-cooled design with toroidal first wall coolant paths 

2. A self-cooled design with simple poloidal flow paths and a separate He cool

ant in the first wall (the Dual Coolant blanket) 

3. A self-cooled design with simple poloidal flow paths and an advanced meth

od for first wall heat removal using turbulent heat transport 

4. A convertible blanket for ITER employing Pb shielding material to be re

placed by Pb-17Li stagnant breeder, with He cooling of the first wall and 

breeding zones. 

The Dual Coolant blanket concept was chosen as the reference solution. The need 

for some form of electrical insulation between the coolant and the load-bearing 

structures is acknowledged for allliquid metal cooled DEMO blankets. The refer

ence solution of direct insulating coatings was chosen, with a Iaminated insert

the so-called "flow-channel insert"- as a backup solution. 
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Chapters 3 through 12 describe the results of R&D carried out on topics identified 

as important issues for self-cooled liquid metal blankets. The focus of the R&D 

was to help guide the design process and to place the greatest emphasis on issues 

which contribute the most to discriminate between design concepts for the pur

pose of design selection. Figure 1-1 summarizes the logic for the overall DEMO 

blanket development effort. The key issues and R&D results are summarized 

briefly below. 

Selection 

<) 
Preliminary R&D ITER Test 

Module R&D 

ITER 

DEMO R&D 

Figure 1-1 Strategy for DEMO blanket R&D 

Fabrication Technology 

DEMO 

The blanket structures have been designed to minimize the probability of coolant 

leakage or performance degradation which might Iead to the need for plant 

shutdown. Reliable methods for fabrication areessential to meet those goals. The 

key technologies for these blanket concepts include the joining of the first wall 

by diffusion and E-beam welding, box bending, and the fabrication of the MHD 

insulation- either insulating coatings or flow channel inserts (FCI's). The principal 

fabrication and assembly steps have been demonstrated. Prototypes have been 

bonded, inspected and leak tested, as described in detail in Chapter 3. 

Neutranies 

Neutranies calculations were performed to provide inputs to thermomechanical 

calculations and safety evaluations. This includes tritium production rates, activa

tion inventories, afterheat, and shielding. Tritium self-sufficiency is a requirement 

for all blankets; it is easily achieved with the Dual Coolant concept. Low shielding 

effectiveness of He and Pb-17Li coolants is a concern. However, simple measures

even without optimization- can be applied to solve these problems. Po produc

tion is a particular concern for safety; errors in the UKACT1 data library were 
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found, leading to the conclusion that Po inventories will be 5 - 10 times lower 

than previously predicted, and may no Ionger be considered the dominant radio

isotope. 

Mag neto hydrodyna mies 

One of the most important concerns for liquid metal blankets is magneto

hydrodynamic (MHD) effects and their influence on thermal hydraulics and corro

sion. Concerns over MHD effects arise not only due to the Iimits placed on blanket 

operating parameters, but also due to potentially large uncertainties. ln the 

1980's, the Ievei of understanding of MHD phenomena in liquid metal blankets 

was very primitive, primariiy basedonsimple empirical correlations and heuristic 

arguments. The Iack of fundamental understanding of the behavior of the fluid 

in complex fusion-relevant geometries was a critical issue for this dass of blan

kets. 

Due to the efforts associated with the work described here, as weil as increased 

efforts on self-cooled liquid metal blankets worldwide, the state of our under

standing and predictive capabilities for MHD flow and heat transfer has grown 

enormously. Data and three-dimensional numerical solutions have been obtained 
for all of the essential geometric elements of blankets under laminar flow condi

tions, including bends, cross-section changes, multiple-duct arrays and manifolds. 

A general purpose "core flow" computer code has been developed and exten

sively validated against experimental data, further increasing confidence in our 

ability to accurately predict thermal-hydraulic behavior of blankets. Recent ex

periments on 2-dimensional MHD turbulence provide strong encouragement that 

improved heat transferwill allow advanced concepts with liquid metals used as a 

first wall coolant in simple poloidal ducts. 

Thermomechanics 

Detailed 3D calculations of the thermal and stress fields were performed on the 

reference Dual Coolant blanket. The results were compared with allowable tem

perature Iimits and with stress Ieveis specified in the ASME code. Allowing for a 

small increase in the shield operating temperature, the present design meets all 
requirements. 
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Tritium extraction and recovery 

The requirements on the blanket tritium removal and recovery system are low 

tritium inventory in the total blanket system and acceptable Ieveis of tritium per

meation through the steam generator into the water loop. The reference tech

nique uses permeation from the primary Pb-17Li loop into a NaK-filled gap in the 

double-walled steam generator. The key performance issues relate to the re

moval rates in the cold trap located in the NaK loop and the cold trap recovery 

rate. Both mesh-packed and rotational cold traps were demonstrated by operat

ing with short and Jong loading times, including measurements of deposition and 

recovery rates. An alternative technique using a metal getterwas also explored 

by measuring H transport in Pb-17Li and deposition and recovery of H in vana

dium getters in the Joops. 

Pb-17Li physical chemistry 

The eutectic Pb-17Li is a unique alloy system proposed specifically for fusion ap
plications fairly recently; many of its properties were poorly known when the 

concept was proposed, leading to speculations of several serious issues involving 

corrosion of the structural alloy, transport of corrosion and activation products, 

impurity control, and segregation and replenishment of the eutectic. These issues 

all have been addressed through a programme of analysis and experiments de

scribed in Chapter 8. 

Corrosion experiments indicate that Pb-17Li is compatible with MANET up to 

470°C. With insulating Jayers between the steel and Pb-17li, the corrosion rate 

was drastically reduced below the Iimit of detection. Some of the more important 

new results involve the chemistry of Po and Bi. New experimental evidence sug

gests that Po forms the compound PbPo, which has an evaporationrate orders of 

magnitude lower than pure Po, thereby dramatically reducing its potential re

lease rate. Bi is found to form the compound Li3Bi, which can be cold trapped. 

This, tagether with Observations of Bi transport to cover gas interfaces (as with 

corrosion products) suggests that low impurity Ievels (below 10 wppm) can be ob

tained in the coolant. 
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Ancillary loop systems 

The ancillary loops include 4 He systems (2 inboard and 2 outboard) and 3 Pb-17Li 

systems (1 inboard and 2 outboard). Redundancy has been built into each of the 7 

systems, such that any single loop can fail without forcing the plant to shut down. 

This provides a decisive advantage in availability, but increases the capacity, and 

therefore cost, considerably. The double-wall steam generator is the only novel 

component used in the ancillary systems; special attention has been given to its 

design. 

Electrical insulators 

Electrical insulators are a critical feature of self-cooled liquid meta I blankets. Ade

quate heat removal, which is one of the most basic functions of the blanket, re

quires that the insulating properties are not excessively degraded in the fusion 

environment. Tests have been performed to characterize the compatibility of 

AI203 (as fabricated according to the technique described in Chapter 3) with 

flowing Pb-17Li in the PICOLO loop for 1000-10000 hours. Initial results indicate 

no degradation of the coating. 

The effect of irradiation on the resistivity of the coating is also an important con

cern. Experiments to study both reversible (RIC) and irreversible (RIED) effects 

have been performed in the FZK Dual Beam facility and are planned in the HFR 

Petten reactor. These experimental efforts are described in Chapter 10. 

Safety 

Safety aspects of the Dual Coolant blanket were analyzed, and are described in 

Chapter 11. The major safety-related attributes considered were: 

1. lnventories of tritium and activation products 

2. Energy sources for mobilization of hazardous materials 

3. Fault tolerance against thermal and electromagnetic transients 

4. Accident release rates and maximum doses at the site boundary 

5. Waste generation and management 
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Reliability 

The system availability of the Dual Coolant blanket has been analyzed in order to 

obtain preliminary quantitative estimates. To accomplish this, the systemwas di

vided into two subsystems: the blanket segments and the external systems. Since 

the external cooling circuits are composed primarily of components using estab

lished technology, the component failure rates can be estimated relatively easily. 

However, no experience is available for the blanket segments, in which case the 

failure rates have been determined "synthetically". Basic events which may Iead 

to segment failure have been defined and their causes broken down into tracta

ble "reliability indicators" such as number and length of welds, number and di

mensions of bends, etc. Data for these reliability indicators are obtained by trans

fer from other technologies, combined with assumptions based on expert opinion 

to establish a common reliability data base. 

The results of the evaluation have been used for comparative evaluations with 

the other DEMO blanket candidates. They arealso useful for identifying the main 

contributors to unavailability, and thus the most important areas of research and 

development which could Iead to higher availability. 
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2. liquid MetalBreeder Blanket Concepts 

The research and development work at the Forschungszentrum Karlsruhe in the 

area of liquid metal breeders has concentrated on self-cooled blanket concepts. 

The use of the same liquid metal both as breeder and coolant enables the 

simplest blanket design, characterized by a small number of ducts and welds, 

with the potential for high reliability. The main challenge in designing such self

cooled blankets is to deal with the strong influence of the magnetic field on the 

liquid metal flow. Cooling of the first wall (FW) can be a special problem, since 

the velocities required for sufficient heat removal can cause a high pressure drop 

and, as a consequence, high mechanical stresses. 

There aredifferent possibilities to facilitate this problem. For bulk heat removal, 

all of the solutions are based on the use of an electrical insulator between the 

flowing liquid metal and the load-bearing walls. For FW cooling, several 

approaches were examined. One approach is to arrange the FW cooling channels 

in the toroidal direction, i.e. parallel to the main magnetic field. This concept has 

been investigated extensively and is described in Section 2.1. 

A completely different approach is to cool the firstwallnot with liquid meta I, but 

with helium. The majority of the power deposited in the blanket is by bulk 

heating. This power is removed using liquid metal in simple, straight poloidal 

cooling ducts. The robust He-cooled firstwallbox provides a double containment 

barrier for the liquid metal. This Dual Coolant concept became the proposed 

reference solution for DEMO, and is described in Section 2.2. 

ln addition to the development of these two concepts, small exploratory work 

has been initiated to investigate the possibility to increase heat transfer by a spe

cial kind of magnetic hydrodynamic turbulem:e. Such a heat transfer enhance

ment could make more advanced blanket concepts feasible, as discussed in Sec
tion 2.3. 

The possibility to use helium as coolant in a separately cooled liquid metal 

blanket has been investigated at the Forschungszentrum Karlsruhe as an 

alternative solution for a so-called convertible blanket for use in ITER [2-1]. The 

idea behind such convertible blankets is to start the operation with non-breeding 

shielding blankets and convert them later into tritium breeding blankets by 

replacing not the entire segment, but the liquid metal filling only. A helium-
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cooled concept based on the use of sodium-potassium (NaK) or a non-breeding 

Pb-alloy during the operation as shielding blanket, to be replaced by Pb-17Li, is 

described in Section 2.4. 

2.1 Self-cooled Blanket with First Wall Cooling in Toroidal Direction 

Such a blanket concept had been proposed in the US-Bianket Comparison and 

Selection Study [2-2] where it was ranked as a leading concept for commercial 

Tokamak power reactors. This concept was based on the use of Iithium as breeder 

material and vanadium as structural material. The high temperature strength of 

vanadium, the excellent heat transport properties of Iithium and the good 

compatibility between the two materials enabled a blanket design without 

employing an electrical insulator inside the blanket segments. The 

magnetohydrodynamic (MHD) pressure drop was minimized by flowing the 

coolant in the FW cooling channels in parallel to the main magnetic field and by 

adjusting the wall thickness of the poloidal ducts to the internal pressure (that 

means decreasing in flow direction from inlet to outlet). 

The same flow scheme has been utilized in a breeding blanket concept for NET 

[2-3] and in an European concept for a self cooled DEMO reactor blanket [2-4]. 

Bothofthese concepts are based on the use of the eutectic Iead-Iithium alloy Pb-

17Li as breeder/coolant and on electrically decoupling the flowing liquid metal 

from the Ioad bearing walls by so-called Flow Channellnserts (FCI) [2-5] in which a 

thin ceramic layer is sandwiched between two steel sheets. 

Tritium breeding was increased by the use of beryllium as neutron multiplier, 

enabling breeding blankets to be located only in the outboard region of the 

torus. Self-cooled liquid metal blankets at the inboard region are more difficult 

to design due to the higher magnetic field strength and the more limited space 

there. Forthis case, the inboard blanket is a water-cooled steel shield. 

The new DEMO reactor specification as released by the Test Blanket Advisory 

Group (TAG) in March 1990 allows the inboard blanket segmenttobe split into 

upper and lower halves with separate coolant supply from the top (upper half) 

and bottom (lower half) leading to acceptable low MHD pressure drop. This was 

the reference solution for a self-cooled DEMO blanket and is described in [1-6]. A 
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brief description of this concept is repeated here, since a large fraction of the 

MHD research (see Chapter 5) was dedicated to this concept. 

There are 48 outboard segments, with both inlet and outlet coolant tubes 

arranged at the top end of the segments. At the inboard side the torus is divided 

into 32 segments. Theinboardsegments are split into upper and lower halves. At 

the upper half the coolant inlet and outlet tubes are connected to the top end of 

the segment, at the lower half to the bottom end. This arrangement can be seen 

in Fig. 2.1-1 which shows a vertical cross section of the torus. 

The arrangement of inlet and outlet tubes at the sameend of a segment requires 

a double pass of the coolant through the segment. The flow path is identical for 

the outboard segments and the upper half of the inboard segments. Coolant 

enters the blanket at the top end, flows downward in the rear channels, turns 

180° at the bottom end and flows upward. This flow perpendicular to the 

magnetic field does not allow velocities high enough for sufficient first wall 

cooling. Therefore, the full coolant flow in the upward direction is diverted into 

the relatively small toroidal channels (parallel to the main magnetic field) of the 

blanket front region. This coolant diversion is achieved by a slight inclination of 

the walls in the return ducts. The liquid metal flows with relatively high velocity 

in the toroidal channels between the plasma facing firstwalland the second wall. 

Passing two meander-shaped cooling channels in the toroidal direction, the 

coolant is heated up further before it flows back in the return channels to the exit 

at the top end of the blanket. 

This flow path used in the front part of the blanket can be seen in Fig. 2.1-2 which 

shows a cross-section of an outboard segment. 

Compared to a single toroidal channel for first wall cooling, the arrangement of 

meander-shaped channels Ieads to a mechanically stiff region in the front of the 

segment and to lower liquid metal temperatures in the first wall cooling channel 

because this liquid metal is coming from a zone characterized by a low power 

density due to the steep gradient in volumetric heat generation. 

The first wall separating the toroidal cooling channels from the plasma chamber 

is considered to be the most critical part of the blanket segment. lt is thermally 

loaded by a rather high heat flux caused by radiation and a particle flux at the 

plasma facing surface. To avoid excessive thermal stresses, the wall thickness must 
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lnboard 
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Fig. 2.1-1 Arrangement of self-cooled breeding blankets in DEMO 

not exceed 6 mm. The strength of the first wall is increased by giving it a 

corrugated shape with webs welded in between to support it. 

ln the blanket segment, the coolant flows with velocities between 0.5 m/s (in the 

inlet channels perpendicular to the magnetic field) and 2 m/s (along the first wall, 

parallel to the magnetic field). ln spite of this optimum flow and velocity 

distribution, failure to decouple electrically the load-carrying walls from the 

liquid metal would result in excessively high MHD pressure drops due to the 

voltage induced by the magnetic field. 
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Pb-17Li 
Outlet 

Fig. 2.1-2 Cross-section of a self-cooled blanket segment 

ln the blanket design, all coolant channels except the first wall cooling channel 

are equipped with flow channel inserts (FCis) shown in Fig. 2.1-3. 

Magnetic field 

Longitudinal slot or hole 
for pressure equalization 

between inner flow region 
and outer gap 

Liquid meta! 

Steel 

lnsulator 

Liquid meta! 

Wall of flow channel 

Fig. 2.1-3 Principle of flow channel inserts 
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Mechanical stresses in the FCI become insignificant when a longitudinal slot or 

holes are made for pressure equalization between the inner flow region and the 

outer gap. The voltage induced in the liquid metal flowing through the FCI is 

short-circuited only over the inner Iiner. Even the longitudinal slot does not give 

the voltage an additional short-circuit path. The FCI covers the total surface of all 

flow channels perpendicular to the magnetic field or only parts of it. The 
thickness of the inner Iiner can be reduced to a minimum value necessary for 

sufficient corrosion resistance (0.2 + 0.5 mm) in order to minimize the MHD 

pressure drop. The flow in the toroidal channels is basically parallel to the main 

magnetic field and requires therefore no FCis. 

2.2 Self-cooled Blanket with Helium-cooled First Wall (Dual Coolant Concept) 

The MHD investigations described in Chapter 5 proved the feasibility of the 

blanket concept with changing flow directions (poloidal ~ radial ~ toroidal ~ 

radial~ poloidal) (see Sect. 2.1). But nevertheless, the Dual Coolant concept has 

been selected as reference concept of self-cooled liquid breeder blankets for the 
following reasons (see [1-2]): 

a) Firstwall cooling with liquid metal flowing in the toroidal direction requires 

rather complicated liquid meta I ducts with difficult flow control. 

b) A single wall between the liquid metal breeder and the plasma' implies the 

risk of a liquid meta I spill into the plasma chamber in case of leaks. 

c) More than one cooling system is required even in an entirely self-cooled 

blanket in order to ensure afterheat removal in case of malfunctions in a 

liquid metalloop. 

These problems are avoided if the FW is cooled with helium, and the breeding 

zone by circulating the liquid meta I breeder. 

The Dual Coolant concept was developed according to the following design 
principles: 

• Top priority on safety and reliability. The liquid breeder is contained in a 

strong segment box which provides two barriers between the liquid meta! 
and vaccum vessel. The design is Jeak-tolerant: a single failure of any weid 

does not require immediate shut-down and blanket exchange. Redundant 

-14-



internal cooling systems ensure reliable afterheat removal in case of a loss 

of coolant event, and redundant external cooling systems allow continued 

operation in case of any single failure. 

• Simplicity in design and fabrication. Large liquid metal ducts are used, in 

which the number and length of welds issmalland tolerance requirements 

on manufacturing moderate. The manifold system for the He first wall 

coolant is an integral part of the blanket structure. 

• Minimum waste generation. The breeder material can be reused after 

blanket replacement. ln addition, the shield in the back portion of the 

blanket is removable, and also can be reused. Only the MANET structural 

box needs replacement. 

The main disadvantage ofthisDual Coolant concept compared to the previously 

studied version of a self-cooled Iead-Iithium blanket concept is the use of two 

completely different cooling systems. The two coolants- Iead-Iithium and helium 

- require completely different methods and components for heat and tritium 

extraction which increases the development cost, the space requirements and the 

operating complexity. 

The overall geometry of the blanket segments is identical to the one described in 

the previous section. A vertical cross-section of the torus with the arrangement of 

the blanket segments and the access lines is shown in Fig. 2.2-1. Splitting of the 

inboard segment reduces in half the mass flow and the duct length, respectively, 

leading to a reduction of the MHD pressure drop by roughly a factor of four at 

the expense of doubling the number of supply lines. The resulting pressure drop 

for a divided inboard segment is smaller than for an undivided outboard 

segment. Therefore, this solution has been selected as the reference design. 

Undivided inboard segments, however, would be feasible too, since the MHD 

pressure drop is decisively reduced by insulating coatings in allliquid metal ducts. 

The torus is divided in the toroidal direction into 16 sectors. Each sector contains 3 

outboard and 2 inboard segments which are exchanged through a common port 

at the top of the torus. All access lines for the 3 outboard segments and the upper 

halves of the inboard segments enter the vacuum chamber through this port. 

Only the lower halves of the two inboard segments are served from the bottom 

together with the lower divertor plates. 
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Fig. 2.2-1 Cross-sections of the DEMO reactor with Dual Coolant Blanket 

Each blanket segment is connected to one liquid-metal loop and to two 

completely separated helium cooling loops. The arrangement of the cooling lines 

for liquid meta I and helium in the region of the port is shown in Fig. 2.2-2. 

Figure 2.2-3 shows a perspective view of an outboard segment. The concept is 

characterized by a U-shaped first wall with helium cooling channels in 

radial/toroidal direction. This FW forms tagether with the helium manifolds at 

the back side of the segment a box containing the liquid metal breeder. There is a 

grid of steel plates inside this box creating large liquid metal ducts and, as an 

additional function, reinforcing the FW box. 
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The Pb-17Li enters the blanket at the top, flows downwards in three rows of 

parallel channels at the rear side, turns around at the bottom by 180°, and flows 

upwards in the first row. This allows the velocity in each row to be adjusted 

according to the local heat generation rate. Compared to an entirely self-cooled 

concept, the liquid metal ducts are larger and the required liquid metal velocity is 

smaller since only the internally generated heat has to be removed by liquid 

metal cooling. Nevertheless, electrical insulation is required between the load

carrying walls and the flowing liquid metal. This could be achieved either by the 

use of flow-channel inserts or by coating the duct walls with an insulating layer. 

The second method is the proposed solution although the feasibility has not yet 
been demonstrated. 

Helium cooling of the FW is divided into two completely independent systems. 

The cooling channels are alternatively connected to one of the systems in order to 
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First Wall 
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Fig. 2.2-3 Perspective view of an outboard segment 

minimize FW temperature increase in case of a Loss-Of-Coolant Accident (LOCA) 

in one of the circuits. 

The selected design of the FW cooling system is characterized by the following 

features: 

a) lntegrated manifolds. The helium manifolds are an integral part of the 

segmentbox as shown in Figures 2.2-3 and 2.2-4. No separate welds for each 

cooling channel with all the implications in regard to manufacturing and 

reliability are required. 

b) Multiple passes of the coolant through the FW. The total helium mass flow 

passes 4 times through the FW in the outboard and inboard segment. This 

allows for relatively large coolant channels leading to a very stiff segment 

box and results in a small temperature rise for each pass. 
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Fig. 2.2-4 Horizontalcross section of blanket segments 

c) Reduction of the number of parallel channels per pass with increasing 

distance from the blanket inlet. This increases the helium velocity and 

consequently, the heat transfer coefficients in blanket regions with higher 

helium temperatures. 

d) Alternating flow direction in the FW cooling channels. The helium of the 

two cooling loops flows in opposite direction through the FW cooling 

channels. This Ieads to a symmetric temperature field in the segment box 

with lower thermal stresses. 

e) Heat transfer at the FW enhanced by surface roughening. The envisaged 

manufacturing method allows artificial suface roughening at the FW in 

order to enhance the heat transfer at the wall with the high heat flux. Since 

only one of four walls in a channel is roughened, the increase in pressure 
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drop is marginal. This method results in lower structural temperature and 

smaller temperature variations in the segment box. 

Fig. 2.2-5 shows the internal geometry of the first wall, including the connections 

made between FW sections du ring fabrication. 
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Diffusion 
Weid 

Leak 
Detection 

Fig. 2.2-5 FW cooling channels and 
connection between FW sections 

He I He :n: 

Fig. 2.2-6 Helium flow in FWand 
manifolds 

The helium flow in the manifold and the distribution to the cooling channels are 

shown in Fig. 2.2-6. Helium enters the segment in two parallel channels at the 

top, flows downward at the rear side of the segment and turns around at the 

bottom by 180°. The manifolds in upward direction are divided into two parallel 

ducts with varying cross-sections to account for the variation of the helium flow. 

The results of this geometry are the desired flow scheme in the FW channels and a 

roughly constant velocity in the manifolds. 

An important design issue of breeding blankets forapower reactor is shielding of 

the superconducting magnets. The blankets have to reduce both neutron and 

gamma fluxes by a large amount since the additional shielding components 

including the vacuum vessel cannot be replaced during the entire reactor 
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lifetime. lt is clear that the blanket (in a commercial power plant) has to be 

replaced 5 to 10 tim es du ring this time due to the neutron darnage of the first 

wall. The neutron darnage in the blanket, however, decreases exponentially in 

the radial direction and would allow the blanket to be split into a front part, to 

be replaced and disposed of quite frequently, and a rear part, which could be a 

reusable component. Hence, the design presented attempts to minimize the 

waste generation by designing the shielding zone as a dismountable component 

with separate cooling. The neutron flux in this region is low enough to allow 

reuse over the entire reactor life-time. This shield containing roughly twice as 

much steel as the front part has the additional benefit of providing a strong 

mechanical support for the blanket structure. 

2.3 Selfcooled Blanket with First Wall Cooling in Poloidal Direction 

This is a blanket concept in which the front cooling channels are oriented in the 

poloidal direction. The coolant is fed from the top via a manifold to the rear 

channels, flows downward, is turned at the bottom of the blanket module by a 

hairpin bend, and flows upward in the front channels. A schematic view of such a 

concept is shown in Fig. 2.3-1. The downflow velocity in the rear channels can be 

kept low due to the low volumetric heat source in this part of the blanket mod

ule. The velocity in the front channels has tobe much high er in order to avoid an 

unacceptable heating rate of the first wall. ln Chapter 5.2.1 the corresponding 

correlations to calculate the needed velocity are given. 

Such a blanket concept has been investigated during the ARIES program [2-6] and 

in a design proposal for a breeding blanket for ITER [2-7]. ln both concepts liquid 

Iithium as coolant and as breedermaterial and a vanadium alloy with an electri

cally insulating V-Ti-N coating on the V-Ti alloy surface are considered. 

A study conducted at FZK based on Pb-17Li as liquid meta!, ferritic steel as struc

tural material and using the Flow Channellnsert (FCI) technique showed that un

der DEMO-blanket conditions the MHD pressure drop would exceed the upper 

Iimit even if the blanket would be divided in two parts with separate in- and out

lets at the top and the bottom of the reactor [2-8, 2-9]. Using a perfect insulating 

coating on the duct walls, as proposed for the Dual Coolant blanket concept, the 
pressure drop could be decreased far below the upper Iimits. 
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As shown in Chapter 5.1 forthin conducting walls, an improvement of the heat 
transfer from the first wall to the circulating liquid metal in the front channels 

would allow a reduction of the velocity of the coolant and by this the governing 

pressure in the front channel. lf the heat transfer- expressedas an improved heat 

conductivity of the liquid metal- would be increased by a factor of about 3, even 

a poloidal flow concept with thin conducting walls (FCI's) and Pb-17Li would be 

possible for a blanket divided poloidally into two halves. 

Jj t ~ 

section A-A 

A A 2a 

Fig. 2.3-1 Self-cooled liquid meta I blanket poloidal flow concept (schematical) 

ln designing the front coolant channels of a self-cooled liquid metal cooled blan
ket with poloidal flow, a generic conflict results. From the mechanical strength 

point of view, a corrugated or even a half circular shaped front wall as proposed 

in [2-7] would be advantageous. But in the case of fully electrically insulated 

channels, this would Iead to a velocity distribution with zero velocity at the me

ridian of the front channel as shown in Fig. 5.6-2c. 

Additionally, two-dimensional turbulence with the vortex axis parallel to the 

magnetic field would be suppressed, at least near the first wall. Both effects de-
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crease the heat transfer so that the mean velocity for insulated channels of this 

shape has tobe increased, which results in an increased pressure drop. 

From the MHD point of view, a flat first wall aligned with the main toroidal field 

is preferable because a flat velocity profile is expected in the case of fully electri

cally insulated channels or a M-shaped profile with velocity jets at the first and 

second wall (see Section 5.5.2) in the case ofthin conducting walls (e.g. FCI's), the 

latter acting as a turbulence promotor. 

Therefore, taking advantage of these MHD-effects which increase the heat trans

fer and allow one to reduce the MHD pressure drop, and by this also the pressure 

in the cooling channels and the mechanicalload, a reetangular shaped cross sec

tion of the front duct is recommended. 

Summarizing, one could conclude that taking advantage of all the above men

tioned effects like the M-shaped velocity profilein reetangular thin walled chan

nels combined with the hereby or additionally promoted MHD-turbulence, a self

cooled liquid metal poloidal flow concept should be possible even with Pb-17Li as 

liquid metal and with the FCI-technique if the blanket module is divided in two 

parts reducing the heated length of the front chanels by a factor two. 

2.4 Helium-cooled liquid Meta I Blanket for ITER 

2.4.1 lntroduction 

A "convertible" blanket (CB) was proposed which is based on the idea to switch 

from the shielding configuration oftheITER BasicPerformance Phase (BPP) to the 

breeding configuration of the Enhanced Performance Phase (EPP) by exchanging 

the liquid metal without replacing the blanket structure. The benefit consists in 

the saved time (2 - 3 years) and the corresponding costs required for the fabrica

tion and replacement of 120 blanket segments. Additionally, part of the technol

ogy used for the CB is similar tothat required for DEMO blankets. Therefore, the 

use of the CB could provide DEMO-relevant experience. 

As a response to the very ambitious CB design proposed by the ITER Joint Central 

Team at the beginning of 1993, the European Horne Team asked the associations 

participating in the DEMO Blanket Programme to elaborate an alternative CB 

Concept for a reactor with an average neutron wallload of 1 MW /m2 (for further 
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specifications, see Table 2.4-1). This concept is based on austenitic steel structures 

using water or helium cooling and relying on the use of non-breeding liquid Pb 

alloy for the BPP, replaced for the EPP by the liquid breedermaterial Pb-17Li. Liq

uid metal cooling (self-cooling) was not considered because the leadtime for 

qualifying the required insulations under irradiation was considered to be in

compatible with the ITER-EDA time schedule. 

Table 2.4-1 Main selected ITER specifications 

Fusion power (nominal) 1500 MW 

Neutron wallloading 1.0 MW/m2 
DntAibr .o.vr••rrin.r\r /1 nn .O.'V,.. .,::,..._ .. 1 n r\ ., .::nn 11. Jl\1\1 
I VVY,.;-1 ,.;A\,.UI ~lVII~ \I VV ,.;A\,.. lVI I V~~ L.JVV IVIVV 

Maximal surface heat flux on FW (nominal) 0.25 MW/m2 

Plasma major/minor radius 775/280 cm 

Plasma elongation 1.6 

Outboard breeder zone thickness 60cm 

lnboard breeder zone thickness 40cm 

Number of inboard/top/outboard segments 48/48/72 

The CB concept has been elaborated in 1993 over a period of two months 

through a collaborative work of CEA and KfK as leading associations, and the par

ticipation of ENEA [2-1 0, 2-11 ]. The design incorporates essential characteristics of 

the European Blanket Concepts for a DEMO reactor [2-12, 2-13, 2-14]. A poloidal 

cross-section of the considered ITER reactor is shown in Fig. 2.4-1. The total blan

ket consists of 72 outboard segments, 48 inboard and 48 topboard. Both CB ver

sians are based on the following design characteristics: 

• double welds with leak control in between 

• first wall (FW) direct cooling using toroidal channels 

• stiff segmentbox 

• liquid meta I pool with poloidal cooling tubes 

The detailed design differs for the two coolant options due to different coolant 

characteristics and preferred manufacturing technologies. The water-cooled CB 

was presented in detail elsewhere [2-15]; in this report, the helium-cooled CB will 

be outlined in more detail. Since this concept is not one of the DEMO designs, the 

analysis is not included in the remaining chapters; therefore, a short summary of 

performance and R&D issues is presented here. 
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2.4.2 Blanket design 

The design of the helium-cooled CB is very similar to the design of the DEMO

relevant Dual Coolant BI anket [2-13, 2-16] described in Section 2.2. lt differs main

ly by using helium-cooled tubes in the liquid metal pool (Fig. 2.4-2) instead of cir

culating the liquid metal to an external heat exchanger. Again the following de

sign rules are applied: 

• double containment of the liquid metal to the plasma side with a monitar

ing space between the two welds, 

• single walls allowed between plasma and helium but not single welds, 

• each weid is allowed to leak without requiring an immediate shutdown of 

the machine and a blanket exchange, 
• liquid meta I ducts designed for the full gas pressure to avoid darnage propa

gation in the case of gas leaks without fast pressure relief, 

• malfunction of the FW cooling loop with a delayed plasma shutdown does 

not Iead to temperature rises in the blankets requiring an exchange. 

Figure 2.4-2 shows a cross-section of the outboard blanket and details of the FW 

structure. This structure consists of two grooved plates, containing the toroidal 

coolant channels which are diffusion-welded and then bent to the U-shape. The 

combination of this FW structure, thick back plate and grid of reinforcing steel 

plates results in a stiff blanket segmentbox which withstands high pressures. The 

supply helium ducts for the FW channels arealsoapart of this grid structure. 

Two independent helium loops are used for the FW cooling. The coolants enter 

the blanket segment at the top sides, flow downwards in two parallel channels at 

the rear side and are diverted at the bottom ends to the manifolds at the outer 

sides of the segment. The helium flows in multiple passes through the FW chan

nels and leaves the blanketat the blanket top (for details see [2-16]). Characteris

tic values of the thermohydraulic Iayout are given in Table 2.4-2. 
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Table 2.4-2 EPP design point 

First Wall Cooling Liquid Metal Pool 

outboard inboard outboard inboard 

helium mass flow 10.9 7.7 12.83 6.63 
rate (kg/s) 

in Iet/outiet 250/330 250/330 250/400 250/400 
temperature (0C) 

helium pressure 10 10 8 10 
(MPa) 

duct dimensions 25x25 20x25 
(mm) 

pipe diameter 26/23 26/23 
da/di 

number of passes 8 8 

number of pipes 96 48 

max. helium 49 47 50 41 
velocity (m/s) 

pressure drop 0.14 0.11 0.22 0.18 
(MPa) 

About 70 % of the generated power is removed by the poloidal cooling system 

consisting of hairpin-type single-walled tubes connected to the headers at the 

blanket top, as shown in Fig. 2.4-3. 

The helium flows downwards in the front part and returns in the rear part. The 

distribution of the tubes in the blanket cross-section is adjusted to the power dis

tribution obtained from neutron transport calculations. 
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Figure 2.4-4 shows for nominal power the temperature distribution close to the 

FW in the different blanket planes. The highest FW temperature (441°C) occurs in 

the top plane. The maximum interface temperature (355°C) exists in the blanket 

bottom plane; both values are below the maximum acceptable values. 

The temperature distributions were the basis for stress analyses which resulted in 

a maximum acceptable system pressure of 10 MPa. 

The limited thermo-mechanical analyses showed that there is a considerable mar

gin for design improvement which could be used e.g. to reduce the cross-section 

of the helium tubes (increase of breeding ratio) or to increase the safety margin 

for off-normal operation. 

2.4.3 Blanket performance assessment 

Specific features and performances of the CB are discussed in the following: 

Tritium Breeding: Neutranie 3D calculations predict a TBR of 0.96 which is larger 

than the required ITER value (TBR = 0.7). 

Tritium Removal and Control: Tritium is removed outside the vacuum vessel with 

a helium purged bubble column, as developed for the water-cooled Pb-Li blanket 

[2-17]. Forthis purpose, the liquid metal inventory is circulated 10 times a day re

sulting in a MHD pressure drop for uncoated tubings of less than 0.2 MPa. 

Tritium permeation losses, however, become unacceptably high for uncoated 

tubings ( = 10 g/d). Therefore, tritium permeation barriers must be provided, 

leading to even lower pressure drop. 

Velocity profiles are dramatically affected by the presence of a strong magnetic 

field, even for the very low flow rates required for breeder circulation. Fig

ure 2.4-5 shows velocity distributions found between the tubes (H-zones) and 

those found close to the second wall (S-zone), as calculated using the Core Flow 

Approximation [2-18]. High velocity jets near walls are expected to affect tritium 

permeation behavior, although the nature and importance of this effect have not 

been quantified. 
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Response to Power Excursions: lt has been assumed that ITER blankets must have 

the capability to accommodate 100 power excursions at 170 % nominal power 

(Pn) for 10 s. A peak temperature of 486°C in the top plane of the FW was calcu

lated. This temperature increase is connected with a reduction of admissible 

stress of only about 2 %, i.e., the loss in material strength is negligible. The con

tribution of 100 excursions to the total fatigue darnage can be neglected. 

Plasma Disruption: ln order to reduce significantly the forces on the blanket seg

ments during plasma disruptions, the ITER Joint Central Team proposed to con

nect electrically the FWs of the blanket segments. By this means, eddy currents in 

the blanket box (which give rise to Lorentz forces) should be reduced. Calcula

tions with the CARIDDI code [2-19] showed that the box currents are reduced by a 

factor of about 2.5 for connected FWs ("continuous" FW) compared to the elec

trically separated blankets, see Fig. 2.4-6. This reduction and the different time 

behaviour will result in much more expressed reductions of the stresses within the 

blanket. These reductions could amount to one or two orders of magnitude, so 

that disruption Ioads are no Ionger a feasibility issue. An interesting result isthat 

internal insulators do not effect this behaviour. 

LOCA Conditions: First analyses of failure of one of the FW coolant systems pre

dicted a maximum temperature of 51 ooc after 12 s. The stress analysis for these 

conditions has not yet been carried out but it is expected that the transient will 

not cause severe darnage to the blanket. 
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Fig. 2.4-6 Electric currents in the liquid metal blanket box 

Reliability: The principle of double containment or double welds is applied to 

reach a high degree of failure tolerance. Single failures neither require immedi

ate blanket segment exchange nor Iead to severe darnage of other components. 
A reliability analysis on the influences of weid number, shape, process and con

trollability must be performed. 

Blanket Lifetime: lmportant factors are the mechanical and thermal Ioads, corro

sion processes and the radiation damage. These Ioads resulting from pressures 

and temperature differences have been assessed; the admissible values for tensile 

strength and long-term creep strength are not exceeded. The integral fatigue 
darnage resulting from 105 power cycles and 100 excursions is far below the ad

missible Iimits. Corrosion will not be a problern if temperature and impurity limi

tations are respected. Hence, the blanket lifetime seems to be determined by 

radiation-induced darnage of the structural material. The conclusion of a prelimi

nary assessment of this influence isthat the utilisation of 316L(N) at fluences up 

to 1 MWy/a seems tobe feasible, with the need of further experimental verifica

tions and of incorporating the irradiationdarnage effects in the safety margins. 

Shielding Efficiency: The shielding efficiency of the helium-cooled CB is rather 
low. However, the vacuum vessel can be designed for a high shielding perfor

mance by rather simple measures, such as using layers of water. 3D calculations 
with the MCNP-code [2-20] for a vacuum vessel with a thickness of 50 cm and 
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5 layers of water showed (Fig. 2.4-7) that the neutron flux density decreases 

steeply across the outer vacuum vessel reaching a low Ievei nearly independent of 

the used liquid metal. Figure 2.4-8 shows the distribution of the corresponding 

power production. Fora non-breeding Pb-alloy a higher power production is cal

culated in the steel structure and the vacuum vessel. 

ITER central inboard section blanket and vaclium vessel 

• • • I 

-- Pb-17Li 
•········· Pb-18Mg 

Lithium 
· · • • SS316/Water 

--- vacuum vessel ~ ~ blanke! -~ 

360.0 380.0 400.0 420.0 440.0 460.0 480.0 500.0 
Radial distance to torus axis (cm) 

Fig. 2.4-7 Radialdistribution of the total neutron flux density along the ITER inboard 
blanket 

Specific Features of the BPP: Pb-Mg and Pb-Bi are the prime candidates for the 

BPP. Pb-Bi is attractive because of the low melting point of 125°C which allows 

one to reduce both coolant pressure and blanket temperature (although nuclear 

heating in the FW structure increases by about 40 %). These reductions improve 

blanket reliability and expand the safety margins. The main drawback of Pb-Bi is 

the production of 210 Po. The production rate is strongly dependent on the BPP 

operation scenario. Specific safety studies are required. For Pb-18 Mg the activa

tion characteristics are only slightly worse than those of Pb-17Li. The higher melt

ing point (250°( compared to 235°C for Pb-17Li) and the higher nuclear heating in 

the FW structure must be taken into account in a more detailed design. 
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Fig. 2.4-8 Radialdistribution of the total power density along the ITER inboard blanket 

2.4.4 Modifications in the concepts 

Ferritic/Martensitic Steel as Structural Material: The use of ferritic/martensitic 

steel could extend the operational range to much higher reactor values (average 

neutron wallload = 2 MW/m2, neutron fluence = 5 MW a/m2) if the increase of 

the DBTT under neutron irradiation is no Ionger an essential drawback. Using 

ferritic/martensitic steels, the temperatures in the helium-cooled CB can be in

creased (without increasing the coolant pressure) which alleviates the problern of 

being suffidently above the DBTT. An assessment of the current and planned R&D 
work indicates that the corresponding database could be provided in the re
quired ITER time schedule. 

Use of Electrical lnsulations: lf insulating coatings could be qualified up to the 

end of the ITER/EDA, the design of the CB could be easily modified to self-cooling 

of the breeding zone, making this version very similar to the Dual Coolant Con
cept [2-16]. 

Different FW Design: Besides the FW design presented above, other options were 

considered during the collaborative work on ITER CB blankets [2-10, 2-11]. A dif-
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ferent design was preferred for the water-cooled CB [2-15]. Depending on the 

progress in fabrication each of the design options could be used for each coolant. 
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3. Fabrication Technology of Blanket Segments 

The development of technologies needed for the fabrication of blanket segments 

has been started, partly in collaboration with industry companies and other re

search organizations. The status and the principal results obtained sofarare sum

marized below. 

Figures 2.2-3 through 2.2-5 show the final configuration of the blanket segments 

for the Dual Coolant concept. The principal fabrication and assembly steps are: 

1. mill grooves for first wall coolant channels 
2. diffusionweid front and rear first wall plates together 

3. bend first wall plates into U-shape 

4. machine poloidal faces and leak detection channels of U-shaped sections 

5. E-beam weid U-shaped sections together poloidally 

6. Weid upper tube plate and bottom manifold cover 

7. insert and weid internal plates forming Pb-li channels 

8. assemble and weid He manifolds 
9. weid transfer piping and topflange 

10. apply MHD insulation (coatings or FCI) 

Heat treatment, inspection, pressure and leak tests are performed at several 
steps in the process, as described later. 

The most critical fabrication steps for this blanket concept includes the joining of 

the first wall and the fabrication of the MHD insulation - either insulating coat

ings or flow channel inserts (FCI 's). Sections 3.1-3.3 describe tests to demonstrate 

the feasibility of diffusion welding, first wall bending, and E-beam welding of the 

blanket segments. Section 3.4 describes the application of an AI203 coating on 
MANET; and Section 3.5 describes the fabrication of the FCI- a Iaminated struc

ture of AI203 or Ab03/Ti02 sandwiched inside a thin ferritic steel sheath. 

3.1 Diffusion Welding 

The self-cooled blanket with helium-cooled first wall (Dual Coolant Concept) pro

vides for a blanket box with integrated cooling channels. lt is intended to join the 

plates forming the box by diffusion welding (bonding). By this technique, struc

tural plates with milled cooling channels are pressed against each other over the 

full face in vacuum under mechanical pressure and at temperatures of approx. 
1000 oc. The bonding occurs in two stages. ln the first stage (molding in), plastic 
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deformation of the surfaces creates intimate contact between the two pieces. ln 

the second stage, material diffusion occurs at the interfaces, which causes the 

jointing of the two plates. ln order to test this technique, the Institut für Kern

technik und Energiewandlung (KE), Stuttgart, performed bonding tests on behalf 

of the Karlsruhe Research Center [3-1]. ln a first test series, the jointing param

eters needed to produce a flawless solid composite were determined and _opti

mized on small specimens, 80 x 80 mm in size, with milled cooling and inspection 

channels, by variation of the relevant parameters of surface preparation and 

bonding. 

Following thermal treatment of the specimens, the tests were evaluated by exam-

ining the heliüm tightness of the channel stiüCtüres at 10 bar intemal pressüie, 

by metallographic examination of the binding zone, and by examination of 

strengthin a bendingtest with bonded material and- for comparison- on speci

mens made of the base material. All specimens were pressure-tight. The best 

bonding results were achieved with specimens having finely ground surfaces and 

at bonding temperatures of 980 oc and 1050 °(, respectively. The bonding pres

surewas 30 MPa and 18 MPa, respectively, and then 7 MPa, for one hour each. lt 

appeared from the bending tests that the strength was nearly the sameasthat of 

the base material. Fig. 3.1-1 shows the micrograph of a specimen with finely 
ground faces to be joined. 

Fig. 3.1-1 
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Mieregraph of a diffusion-bonded specimen 
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The positions of the faces of the two plates to be joined have been marked by ar
rows. The structure has been found to be regular with fine grains within the 

bonded zone and beyond into the base material. 

ln a subsequent test step three plates with prototype cooling structures (Fig. 

3.1-2) were bonded using the optimized jointing parameters. The contact pres

sures required for molding in were adapted to the modified bonding surface; 

they were 22 MPa for 70 minutes and then 15 MPa for 50 minutes. 

/ Plate A 

Cooling Channel 

Weldin~ Plan~ \ 

Fig. 3.1-2 MANET 2 plates for diffusion bonding tests 

Examination of the quality of bonding by metallographic examination, strength 

examinations in bending and tensile tests yielded flawless bonding of the test 

plates over the full face. The tensile testsmadeevident the strength of the base 
material. The meander shaped cooling channels milled in were subjected to an in

ternal pressure of up to 150 bar with helium and remained pressure-tight to

wards the inspection channels running in parallel at 2 mm distance, down to the 
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detection Iimit of the leak test instrument. The prototype plates were subjected 

to additional non-destructive testing by ultrasonic scanning. Also this test pro

vided evidence of flawless bonding of the plate pairs over the entire bonded 

zone. 

No material-specific problems emerged in the diffusion bonding tests; MANET 

could be bonded weil. lt appeared in the tests that by this technique, large

surface plates with integrated cooling channel structure can be made whose 

bonding is vacuum-tight with high strength. As regards structures with a particu

larly unfavorable height to width ratio of the webs separating the cooling chan

nels, the jointing parameters, especially the contact pressures needed for mold

ing in, must be carefully adapted. 

Vacuum diffusion bonding facilities featuring a similar performance would have 

to be designed for manufacture of structural components having reactor dimen

sions. The vacuum facilities offer the best prerequisite for optimum bonding by 

providing a constant vacuum during the bonding operation and monitaring by 

instruments the force/deformation track. Other conceivable means of manufac

turing such structural components would be bonding in open benchtop hot 

presses with modified heater systems using vacuum cases as weil as welding in HIP 

facilities using compression dies and an adapted encapsulating technique. 

3.2 Bending of FW Box 

To obtain the U-shape of the blanket box the diffusion bonded FW plates with in

tegrated cooling channels have tobe bended with angles of about 96 o for the in

board and 86 a for the outboard blanket segments. To investigate this fabrication 

step, a study was carried out to exhibit the methods and parameters of the bend

ing process (temperature, filling material, bending machine), and to elaborate an 

experimental program [3-2]. 

For the envisaged FW thickness and bending radii, elongations of the outside 

fibre of about 13% have been estimated. This should be bearable for the MANET 

because deformation tests with a similar martensitic steel1.4914 have shown that 

much higher elongations are possible without ruptures or local constrictions [3-

3]. 

Bending at room temperature seems to be feasible and also eheaper than bend

ing at high temperature (500-700 aC) because of the lower technical expense for 

the bending process. Furthermore, the values for the uniform elongation de-
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crease with rising temperature. This enhances the problern of non-uniform thick

ness reduction of the elongated side of the FW. The only advantage of bending at 

elevated temperature is the reduction of the required bending forces. 

To increase the accuracy of the FW geometry (especially the stability of the webs 

between the cooling channels) the channels can be filled with special filling ma

terial during the bending procedure, e.g. an eutectic Sn-Bi alloy. 

As a result of the preliminary bending study it can be stated that no major prob

lems are expected in the bending process. Nevertheless, bending tests with repre

sentative FW plates have been started in May 1995. 

To ascertain specific bending parameters like the location of the neutral plane, 

the maximum and local deformation, and the geometry variations during bend

ing, the testswill be accompanied by FEM calculations. This will support the ex

trapolation of the test results to other geometries without additional tests. Tore

duce the stress in the region of the diffusion weid, this welding will be positioned 

in the calculated neutral plane of the double plate. 

3.3 Electron Beam Welding 

Joining of materials using electron beam (EB) welding has several attractive prop

erties. The heat input into the material is comparatively low, and very precise fab

rication is possible. Also, nondestructive (ultrasonic) investigation of EB welds is 

not so difficult as with other welding procedures. This makes EB welding an at

tractive process for different parts of the blanket and first wall in a DEMOfusion 

reactor, irrespective of the final design and decision on coolant and breeding me

dium. The following investigations are focused on the Dual Coolant blanket con

cept as a reference concept but can easily be generalized to meet the specific 

needs of other design concepts. 

ln the Dual Coolant blanket concept (see 2.2), EB welding is used to join the U

shaped first wall (FW) sections which make up a blanket segment. According to 

the safety and reliability criteria which admit no single welds between plasma 

and liquid meta I breeder, EB double welds are proposed for this purpose. The gap 

between the two welds additionally serves as part of a leak detection system. 

Joining of the double weid in a single pass is essential for the fabrication process. 

Also it is required that inspection is feasible in order to ensure proper quality of 

thewelds. 
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3.3.1 Results of EB Welding lnvestigations 

A development and qualification program has been carried out with ferritic/ 

martensitic steel which includes the irivestigation of the manufacturing of the 
weid geometry as weil as the feasibility of nondestructive inspection of the welds. 

A task has been set up with the help of an · industrial manufacturer 

(Siemens/KWU) in which the feasibility of a double weid with leak detection slot 

of the required dimensions could be demonstrated [3-4]. The task consisted in the 
general qualification of the welding procedure using simple weid geometries 

(5 specimens) and was extended to meet specific geometric boundary conditions 
h.t.. 1 11,.:.,.,. +. •• ......_ " ___ : ___ ,.. .... : ... &.... ---1:-- -L..----1". TL..:- ···-- ~- .-.-.-.Z.:-- .a.L-.a. .a.L-
uy U:tlll~ l.VVV :»fJC\..IIIICII:» VVIUI \..VVIIII~ \..lldiiiiCI;). 1111:) VVd;) lV \..Vflllflll llldl lfl~ 

welding procedure is not influenced by the presence of cooling channels in the 

joined sections. An additional purpose of the task was to confirm the possibility 

of nondestructive testing under geometric constraints. Finally, with respect to a 

reliability assessment of the welds, a combined nondestructive/destructive 

investigation program is needed to reveal the geometry of typical welding flaws 

as weil as the uncertainties of the nondestructive investigation procedure. These 

results serve as input quantities for a future probabilistic assessment of welding 
reliability. 

The main results at the current state of the investigations can be summarized as 
follows: 

lt was demonstrated that EB welding is feasible to obtain a double weid with 

the required geometry (see Fig. 2.2-5). 

The leak detection slot between the two parts of the double weid remains 

open after welding and it is thus possible to use singlepass welding, which is 
an essential requirement with regard to the assembly of the blanket. 

Nondestructive (ultrasonic) investigation is feasible. Geometrie constraints 
can affect the sensitivity of US inspection. lt is possible to detect gross flaws, 

e.g. flaws that result in improper condition of the weid (which could be 

demonstrated du ring test weldings}, while the ability of detecting very small 

flaws (-0.2 mm}, especially in the vicinity of the leak detection channel, and 

pores is difficult. These pointsarestill under investigation. 
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For additional ultrasonic investigations, a 1 cm thick strip containing the 

complete weid wascutout of the specimen. The stripwas investigated by an 

ultrasonic probe with orthogonal incidence. Resolution of US results showed 

that US in this case can replace part of the metallographic investigations. 

Metallographie investigation was performed with the only one of the 
specimens where US investigation and surface cracktest revealed significant 

indentations in the weid. Fig. 3.3-1 shows the plan of the metallographic 

sections along the double weid specimen. Sections along the weid are 

Iabeiied beginning with L. Sections perpendicular to the weid have Iabeis 

beginning with Q. For better understanding, a side view of the weid is given 

in the rightmost part of Fig. 3.3-1. A proper quality of the weid geometry 

could be found at sections Q7 /QS and at sections Q1 /Q2 (see Fig. 3.3-2). At 

sections Q3/Q4, however, metallographic results showed im proper quality of 

the weid. Fig. 3.3-3 shows the section Q4 at the left side of the leak detection 
slot and Q3 at the right side. lt can be seen that the electron beam did not 

meet the junction of the welded parts. This behaviour is attributed by the 
manufacturer to a deflection of the electronic beam which is due to 

insufficient demagnetization of the specimen before welding. Metallo

graphy also showed (at somewhat higher magnification) that there is some 
Iack of fusion at the root of the leak detection gap (size: =0.1-0.2 mm) at the 

sections Q2 and Q4. These indications were not regarded as faults in the 

weid. The sections LS and L6 showed some isolated pores with sizes of 

=50 J.Jm. 

specimen AP 359 
EBin 

·a7·-----------·-------------------------------ds: ~: 
:.·· 

EB out 

Fig. 3.3-1 Plan of metallographic sections of the double weid specimen (left) 
and side view of the weid (right) 
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01 

Fig. 3.3-2 Metallographie sections Q1 (left) and Q2 (right) 
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Fig. 3.3-3 

Q3 

Metallographie sections Q3 (left) and Q4 (right), arrow indicates 
junction of the welded parts 
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A general conclusion after the EB welding investigations isthat manufacturing of 

the double weid by single pass EB welding is possible. US investigation of the 
weid is feasible regarding the geometry of the weid and is able to detect gross 

faults in the weid. Careful demagnetization of the material before welding is 
essential. 

3.3.2 Modelling of the EB Welding Process; Reliability Analysis 

Parallel to the experimental investigations, a numerical analysis of the welding 

procedure was performed [3-5], [3-6]. As a result, time dependent temperature 

and stress fields "·"ere obtained for an assumed heating scenario. Also, residual 
stresses were calculated and the effect of post-weid heat treatment was 

considered. Welding and residual stresses may be responsible for the initiation 
and propagation of cracks in the weid and are therefore essential for a reliability 
analysis. Temperature fields allow the assessment of the heat affected zone (HAZ) 

of a weid and give useful hints for the feasibility of geometrical configurations as 

proposed in the course of blanket design modifications. For the case analyzed, 

the melt zone extended 2 mm away from the beam, and the HAZ (in which partial 

austenitisation occurs) about 1 mm farer away. 

Future work is aimed at establishing methods for reliability analysis which are 
based not only on empirical failure rates of characteristic welds but on failure 

probabilities based on the scatter in the size and detection uncertainties of faults 
in welds as weil as the fracture resistance of the material. A first approach in this 

direction- at this stage using Iiterature data- has been already performed in Ref. 

[3-7]. lt was possible to establish qualitative criteria for suitable inspection 

strategies and it is feit that this approach can be very useful in leading to input 

quantities for a probabilistic system safety analysis. 
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3.4 lnsulating Coatings 

3.4.1 Coating Process Options 

Ceramic insulating layers on blanket structural materials have to be compatible 

with the blanket coolant- the eutectic Iead-Iithium alloy- which has the capacity 

to reduce several oxidic compounds due to its content of Iithium [3-8]. Surface ox

ides of austenitic and ferritic steels are only temporarily stable in the range of 

temperatures of interest (250 to 450°C). Alumina (corundum after removal of hu

midity by heat treatment at 950°C) was shown tobe inert with the liquid alloy up 

to a temperature of 650°C in a capsule test [3-8]. Thus, alumina was considered as 

the insülating coating for üse in the liqüid metal cooled blanket. 

The coating of the blanket structure with a thin aluminide layer creates several 

problems. Coating methods such as chemical or physical deposition or plasma 

spraying of AI203 on the inner surfaces of a steel structure do not appear to be 

applicable for a complicated welded structure, particularly on the inner surfaces 

of a blanket segment. The equipment available for such procedures is insufficient 

for such complicated geometric conditions. Thus, aluminization of the steel sur

faces and the subsequent oxidation of the intermetallic layer seems to be the 
most prom isi ng way to form such layers [3-9, 3-1 0]. 

The aluminizing of MANET steel can be performed by means of the powder-pack 

cementation (PPC), or the hot-dip aluminizing (HDA) process. The layers produced 

by these processes are nearly equivalent in their compositions, thickness and 

properties. 

The PPC process uses a pack of solid powders of the activator (halogenide), meta I 
(Al, Fe, Cr, ... ) and inert filler material (AI203) to prevent melting of the mixture. 

The aluminizing is performed at a temperature of = 900 oc at which point metal 

halogenide is transferred through the gas phase to the substrate, where the 

element is deposited and diffuses into the surface layer. The resulting layer is a 

diffusively bonded intermetallic layer on the steel. The PPC process is weil 

established in the technology of components at high temperatures in corroding 

environments. One enormaus disadvantage of this method is related to the filling 

of complex structures with the powder mixture and the completeness of the 

removal of the reaction products after the filling procedure. 

Since the PPC process might be inapplicable for the coating of inner surfaces of 

the blanket structure, the HDA process was the main subject of these studies. The 
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HDA process is also applied in industrial scale to aluminize severallow alloy steels. 

However, coating of ferritic-martensitic steel is a new technique. 

3.4.2 Aluminization tests 

Aluminide layers were produced in a Iabaratory device in small dimensions ori 

sheets of up to 10 x 100 mm. An AI203 crucible containing molten aluminum was 

placed in a laboratory furnace for melting and maintaining the operation 
temperature of 700 to 800°C [3-9, 3-1 0]. The whole procedure was performed in a 
purified argon atmosphere within a glovebox. The dipping of MANET sheets 

required a careful purification of their surfaces before coating. Preheating of the 

sheets to the dipping temperature and stirring during the aluminizing seemed to 

be advantageous. The time required for the formation of the intermetallic layer 

was up toten minutes, depending on temperature. 

The aluminide layer was examined by means of metallographic and chemical 

analytical techniques. The layer has a thickness of about 80 !Jm with a compo
sition of FeAI3. The layer is weil adhesive on the matrix (see Fig. 3.4-1 ). 

~- ~ - ' .. . . . 

,. -~ ,_ _ ; "'·-· .:. !."·- L.. . ': 'r ..... , , _ 

Fig. 3.4-1 Metallographie examination of aluminized MANET specimen 
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3.4.3 Oxidation 

The formation of an electrical insulating layer on top of the aluminide layer was 

tested with two different methods: high temperature and electrochemical 
oxidation. Electrochemical oxidation of the iron aluminide layer in aqueous acid 

solution was not successful, since the oxide layers on the anodes suffered 

breakthrough and a rapid formation of oxides as Fe203. Thus, gaseous oxidation 
at high temperatures was applied to form the alumina layers. The gaseous 

oxidation of aluminum and its alloys requires temperatures of > 900°C [3-9, 3-10] 

due to the low diffusion rates through the AI203 phases. The oxidation rates at 

900 and 950 °( were found to obey parabolic rate laws. Air or a H20/H2 gas 

mixture were applied as oxidants. 

The high temperature treatment is not only an oxidation but also a diffusion pro
cess. Two aluminide layers could be observed on the base material after the heat 
treatment: the outer one of = 80 iJm thickness with a composition of = 40 at.% 

Al and = 60 at.% Fe, and the inner one of = 200 1-1m thickness with a gradient of 

the Al concentration from = 40 at.% to nearly zero at the border of the MANET 

matrix. 

During the oxidation process, Al diffuses to the surface to react with the gaseous 

oxygen and form the required compound AI203. Unfortunately, oxygen also dif

fuses along the grain boundary into the layer to form AI203 internally. This oxida

tion process influenced the microstructure of the intermetallic layers. Cavities 
were developed at the boundary between the outer and inner aluminide layers. 

The surface of the coating became rough, and the oxide layers were not uniform 

and tight, though their thickness reached the order of 5-10 1-1m (see Fig. 3.4-2). 

Analytical examination of the coatings revealed an influence of the purity of the 

molten aluminum on the quality and the oxidation behaviour of the alurt:linide. 

The presence of alloying elements seems to be a contributing factor for the 

formation of cavities at the border between the outer and inner intermetallic 

layers. The oxidation behaviour appears also to depend on the composition of the 

intermetallic layer. Thus, the variation of the aluminum used for coating offers a 

way to optimize the layers with respect to the uniformity of the insulating oxide. 
Si or other additives to the aluminum melt are under study. 
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Fig. 3.4-2 Metallographie examination of oxidized surface of aluminized 
MANETspecimen 

The temperature and duration of the oxidation process as weil as the nature of 
the oxidizing gas also were found to influence the thickness and uniformity of 

the oxide layer and the formation of cavities in the intermetallic phase [3-10]. 

Processes are under development to oxidize the aluminide layer at room 

temperature or at some moderate temperature. 

3.4.4 "Self-healing" 

The chemical activity of Al in the outermost intermetallic layer, in which the 

concentration is of the order. of 40 at%, must be high enough to allow its 

oxidation even in the low oxygen potential in the liquid Pb-Li allow. The chemical 

activity in Fe-Al alloys was, therefore, measured in the concentration range up to 

45 at% Al at temperatures between 600 and 800°( [3-11]. Preliminary results 

indicate that the Al potential in the alloy Fe-40AI should be high enough to be 

oxidized by the oxygen present in the liquid alloy. This provides the 

thermodynamic basis for "self-healing" of alumina layers on the structure in a 

liquid meta I cooled blanket. The · "self-healing" process itself remains to be 
proven in experiments. 
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3.4.5 Summary and Future Prospects 

The entire process to fabricate the insulating surface layer on the completely 

welded structure may proceed as follows. The MANET steel is heat treated to its 

optimized condition first. The whole structure is then heated to the aluminizing 

temperature (750- 800°() and molten aluminum is pumped through the blanket 

in such a way as to allow all parts of the inner surface to be contacted and 

wetted. The molten meta I may be kept there for some minutes and subsequently 

drained. The formation of the intermetallic phase is the reason for solidification 

of the layer at high temperature. The aluminized blanket has tobe heated to the 

oxidation temperature in order to form the AI203 surface oxide layer on top of 

the intermetallic coating. Finally, a stress relieving heat treatment of two hours at 

750°( has to be made in order to recreate the optimized conditions with respect 

to structure, hardness and creep strength of the MANET steel. 

Further work related to the optimization of the properties of the aluminide and 

the insulating oxide layers is in progress, based on the results which have been 

gained so far. The parameters under study are the conditions of the dipping 

procedure, the composition of the molten aluminum and the conditions of the 

oxidation process. The diffusion processes ruling the oxidation were shown tobe 

influenced by the composition of the aluminide layer. 

The attempts to optimize the coating and oxidation processes are accompanied 

by compatibility tests of the layers with Pb-17Li alloy. The optimization of the 

iron-aluminide layers may Iead to a quality which allows the electrochemical 

oxidation at low temperature. Thus, also this option is not yet ruled out. lt seems 

that such oxide layers are chemically stable in contact with Pb-17Li at 450°C. But 

even the high temperature oxidation may be replaced by a technique which 

allows the formation of AI203 layers at considerably lower temperatures. This 

might be performed by oxygen exchange between the aluminide layer and a 

liquid meta I containing oxygen at a sufficiently high potential. 

3.5 Flow Channellnserts 

3.5.1 Objectives 

Another solution to avoid MHD-pressure Iosses in a liquid metal breeder blanket 

is the insertion of electrically insulating structures into the flow channels. The 

design for these flow channel inserts (FCI) is generally a sandwich structure 

consisting of the three layers metal-insulator-metal. The encapsulation of the 
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insulating layer into two metallic sheets has two reasons. First, the outer metallic 

sheet has to provide the structural strength of the FCI, so its thickness should be 

about 1 mm; the main objective of the inner metallisation however is to act as a 

barrier against liquid metal corrosion by the Pb-Li, therefore this can show a 

much lower thickness, about 0.2 mm. 

Furthermore the FCI, s have to meet the following requirements: 

Temperature min- 220°C 

max-470°C 

Environment Pb17 Li liquid 

Liquid metai veiocity 1.1 m/s 

Liquid metal pressure 2 MPa min 

8 MPa max 

Temperature transients 10 K/s 

Neutron flux 5 · 1014 n/(cm2 · s) 

Neutron energy < 14 MeV 

Material darnage - 70 dpa in steel 

Electrical resistivity >250m 

Electrical potential -1V 

Time in operation - 20000h 

Heat flux density 12 W/cm2 

Detailed descriptions of the FCI-concept are given for example in [3-12, 3-13, 

3-14]. 

3.5.2 Material Selection and layer Morphology 

The above mentioned requirements were thought tobe fulfilled by a ceramies as 

insulating material clad by steel Iiners. The crucial items with respect to the ce

ramics were a possible degradation of the electrical resistivity due to radiation, 

the low thermal conductivity and the mismatch ofthermal expansion compared 

with the metallic sheath. The steel Iiners should be corrosion resistant as weil as 

irradiation resistant. These considerations led to the following material and pro

cess selection. 
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Material selection: 

- Metallic sheath: Ferritic steel, later MANET (DIN 1.4914). 

- eeramics: 

Plasma spraying: 

As no MANET was available at that time, a ferritic steel, 

type DIN 1.4021 was taken. 

lnsulating layers consisting of AI203, AI203/Ti02 87/13 and 

AI203/Ti02 60/40 ( .. AI2TiOs") were selected. 

The base steel sheet was first coated by plasma spray deposition with an adhesive 

layer of Fe 13 er, on which the ceramic layer was sprayed. Finally again a layer of 

Fe 13 er was sprayed on this. The thickness of the ceramic layer was about 200 

IJm. 

The cover steel sheet was only coated by Fe 13 er. So, the following bonding pro

cess was performed between Fe 13 er against Fe 13 er. 

Chemical Vapor Deposition (CVD): 

At first the steel base sheet and the cover sheet were coated by chemical vapour 

deposition (eVD) with an adhesive layer consisting of Ti(e, N). The insulating layer 

was then deposited on the adhesive layer of the base sheet. The thickness of the 

ceramic layer was about 10 !Jm. 

3.5.3 Bonding and Testing of the Bonding Strength 

Keeping in mind the application of MANET steel as material for the Fel's, the 

bonding temperature had to be kept as low as possible and had not to exceed 

1050 oc. So, circular sandwich structures with 70 mm diameter were diffusion

bonded by Hot lsostatic Pressing (HIP) using the following conditions: 

1050 Oe- 200 MPa pressure 

950 Oe- 200 MPa and 300 MPa 

900 Oe- 200 MPa and 300 MPa. 
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Adhesion of the ceramic layer: 

Before diffusion bonding, the adhesive strength of the ceramic layers on the steel 

sheet was tested. Test stripes, 50 mm :X 10 mm, were prepared and cyclic tests 

were performed. The conditions were chosen according to the anticipated ther

mal Ioad (& =0.175 %). Du ring bending tests, the ceramic layer was positioned at 

the bottom side of the test stripes so it met tensile straining. The number of cyles 

was 100. No delamination of the ceramic layers could be observed. 

Testing of the sandwich structure: 

Thermal cyc!ing tests were performed in a special thermocycling device. The fol

lowing conditions could be realized in this device: 

Temperature range 

Heatup rate 

Cooldown rate 

Holding time 

No ofcycles 

250 °(- 470 °( 

55 °(/min 

64 °(/min 

10 min at 470 oc and 250 oc 
100. 

The sandwich structures were investigated before and after the thermal cycling 

by high resolution nondestructive ultrasonic examination. After HIP, good bond

ing quality could be reached for all temperatures and 200 MPa bonding pressure. 

The samples treated with 300 MPa showed insufficient bonding. 

After thermal cycling, homogeneaus bonding was apparent in the center region 

of the samples generally for the plasma sprayed types. Degradiation of the bond

ing quality could be observed in the outer regions. This is due to the fixation of 

the samples in the thermocycling device. 

After nondestructive examinations, test stripes were cut out of the sandwich 

structures, i.e. out of the center region, which had been strained by thermal cy

cling. These test stripes again were tested by mechanical cycling, as it had been 

done before bonding. Thesetests generally verified the results of the nondestruc

tive examination, especially the samples bonded at 1050 oc showed no delamina

tion, whereas few of the samples failed, which were bonded at lower tempera

tures. 
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3.5.4 Conclusions 

Manufacturing of FCI-structures by plasma-spraying of ceramic layers on steel 

sheets with subsequent diffusion bonding is possible. The required bonding 

strength can be met. Nevertheless there should be further detailed investigations 

with MANET steel and with the original thickness of the steel. These investiga

tions, which were planned for 1994 could not be performed because the FCI

development was interrupted in order to concentrate the effort on the direct 

coating method (Sect. 3.4) which is considered as the process with the higher po

tential for large-scale application. 
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4. Neutron ics 

4.1 Neutron ic characteristics of the blanket 

The present design of the Dual Coolant blanket has evolved from the concept of a 

self-cooled liquid metal blanket using the eutectic alloy Pb-17Li as breed

er/coolant [4-1]. The Iayout of the self-cooled liquid metal blanket provides large 

poloidal flow channels which are needed to minimise the magneto

hydrodynamic (MHD) pressure drop encountered when the liquid metal flows 

perpendicular to the magnetic field. The I arge flow channels provide high volume 

fractions for the liquid meta! breeder while the steel fraction is at a low Ievei due 

to the absence of any cooling tubes. This results in a high tritium breeding poten

tiai without the need for a neutranie optimisation with regard to the materiai ar

rangement in the blanket. Tritium self-sufficiency can be easily attained for a 

DEMO reactor using as breeder/coolant both the Pb-17Li alloy with a high 

6Li-enrichment (typically 90 at%) and liquid Iithium with a low 6Li-enrichment 
(typically 30 at%) [4-2]. 

High flow velocities and, therefore, small flow channels are needed for cooling 

the first wall with liquid meta I. To avoid the resulting excessively I arge MHD pres

sure drop in the first wall cooling channel, the solution of a dual coolant blanket 

has been elaborated combining a liquid meta I cooled breeder zone and a helium

cooled first wall [4-3]. ln addition, this solution offers improved safety and reli

ability features over the entirely self-cooled blanket. No major drawback arises 

with regard to the tritium breeding performance of the blanket, although a liq

uid metal cooling of the first wall is superior to the helium cooling in this re

spect. 

The main neutranie characteristic of the Dual Coolant blanket is its use of the 

Pb-17Li alloy as breeding material and the absence of any neutron moderating 

material in the blanket. The Iead neutron multiplier is the major alloy constituent 

showing a high neutron reflection but a low neutron slowing down power. As a 

consequence, a sufficiently high blanket coverage and a large breeder zone thick

ness are required to make full use of the tritium breeding potential of Pb-17Li. 

Sufficient space is available for the breeding blanket segments in the DEMO reac

tor. According to the specifications of the test blanket advisory group (TAG), the 

radial thickness available to the blanket and shield is 118 and 186 cm, inboard 

and outboard, respectively, leaving about 86 and 129 cm for the blanket seg
ments. ln addition, the divertor region is assumed to be utilised for breeding. 

Based on the DEMO reactor boundary conditions, the Dual Coolant blanket needs 

a blanket thickness of 55 and 102 cm for the inboard and outboard blanket seg-
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ments, respectively, including the helium manifolds with thicknesses of 14.5 and 

21.5 cm, to assure tritium self-sufficiency. This includes safety margins to cover 

tritium lasses, computational and data related uncertainties and the reduced 

tritium breeding capability due to the presence of radial blanket ports. The total 

radial thickness of the liquid metal breeder zone amounts to 30 and 68 cm, in

board and outboard, respectively. 

The Gli-enrichment is kept at the Ievei of 90 at% in the present design. ln the 

divertor breeding region the geometrical configuration of the inboard blanket 

segment (first wall, breeding zone, manifold region and removable steel shield) is 

used. For the divertor plates in front of the divertor breeder zone the specifica

tions of the test blanket advisory group areassumed: 5 mm tungsten, 30 mm cop

per and 40 mm steel at a volume fraction of 50 %. No water is assumed in the 

divertor. 

4.2 Computational procedure and blanket modelling 

Three-dimensional Monte Carlo transport calculations with the MCNP-code [4-4] 

and nuclear cross-section data from the European Fusion File EFF [4-5] form the 

basis of the neutranie analysis of the Dual Coolant blanket. 

A three-dimensional torus sector model of the DEMO-Reactor has been devel

oped for use in the Monte Carlo transport calculations assuming the boundary 
conditions that have been specified by the test blanket advisory group. The 

model has been designed for half a 22.5° torus sector of the DEMO-reactor (1 /32 

of the torus) including one inboard and one and a half outboard segments. Re

flecting boundary conditions were applied at the lateral walls of the modelled to

rus sector. The sector model includes the vacuum chamber, firstwalland blanket 

segments, the vacuum vessel, top and bottom divertor and the bottom divertor 

exhaust chamber with a pumping duct entrance. Figure 4-1 shows a radial

poloidal cross-section of the MCNP generated torus sector model. Inside the blan

ket segment boxes, the heterogeneaus array of steel plates, forming the liquid 

metal ducts, has been explicitly integrated. Note that no material homogenising 

has been applied in modelling the blanket segments. Figs. 4-2 and 4-3 show hori

zontal cross-sections of the inboard and outboard blanket segments for illustrat

ing the modelling of the radial-toroidal direction. 

ln the Monte Carlo calculation the neutron source term is described in a special 

FORTRAN routine linked to the MCNP-code. The spatial neutron source distribu-
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tion is sampled according to the probability distribution of the 14-MeV neutron 

source density s(a) [4-6]: 

r ( a )214 
s(a) = l1- A J forO:::;a<A, A=minor plasma radius 

The parameter a fixes a contour line at constant source density that is described in 

a parametric representation [4-7]. 

The following plasma parameters are used for the source description of the 

DEMO-reactor [4-8]: 

Major plasma radius Ro = 630 cm 

Minor plasma radius A = 182 cm 

Plasma elongation E = 2.17 

Plasma excentricity e = 16.2 cm 

Monte Carlo transport calculations were performed for calculating the global 

tritium breeding ratio, the nuclear power production and density distribution 

due to neutron and photon interactions with the materials, the shielding effi

ciency of the blanket with regard to the radiation Ioad to the inboard TF-coil, 

and for providing the neutron fluxes and spectra needed for performing activa

tion, afterheat and radiationdarnage calculations. These calculations throughout 

have been performed using the three-dimensional torus sector model of the 

DEMO-reactor. Each kind of calculation required, however, a different computa

tional scheme with a corresponding computational effort to ensure a sufficient 

statistical accuracy for the quantities to be scored. This includes the use and 

optimisation of spatially dependent sets of particle weights needed for applying 

the importance sampling technique in shielding calculations. 
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Fig. 4-1: Radial-poloidal cross-section of the torus sector model 
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4.3 Tritium breeding 

Three-dimensional Monte Carlo calculations were performed to calculate the glo

bal tritium breeding ratio (TBR) for the Dual Coolant blanket in the DEMO reac

tor. About 110,000 source neutron histories have been typically tracked in the 

TBR-calculation. 

lt was attempted not to exceed the Ievei of TBR= 1.15 in order to avoid unneces
sary tritium excesses. For the previous version of the Dual Coolant blanket the 
rather high global tritium breeding ratio of TBR= 1.22 was attained [4-3]. There

fore, the radial thickness of the inboard breeder zone was reduced by about 20 

cm to 30 cm in the present design. This offers the advantage of making available 

more space for shieiding materiai at the inboard side. Aiternativeiy, the high 

tritium breeding capability of the Dual Coolant blanket would allow operation 

without using the divertor region for tritium breeding. The final results for the 
TBR and the neutron multiplication for the present design are shown in Table 4-1. 
Note that there is much room for enhancing the tritium breeding for the Dual 

Coolant blanket without technical implications- if there is a need to. 

Tritium breeding in the Demo-reactor will be affected by the presence of blanket 

ports for plasma heating, remote handling, pellet injection, diagnostics etc. Ac
cording to the TAG-specifications, ten horizontal portscentred at the equatorial 

plane of the outboard blanket segments are assumed for the Demo-reactor. Each 

blanket port covers an area of 340 cm height tim es the full segment width. Actu

ally, the blanket ports are not included in the torus sector model and, therefore, 

are not taken into account in the TBR-calculation. Their impact on the breeding 

performance has been previously assessed, however, both for liquid metal and 

solid breeder blankets in the Demo-reactor [4-9]. Based on these results, a TBR

Ioss of about 5% is expected and the actual tritium breeding ratio would de
crease to TBR = 1.07 in the presence of ten blanket ports in the DEMO-reactor. 

Table 4-1 Tritium breeding and neutron multiplication, 
Results of 3D Monte Carlo calculations (no blanket ports) 

Neutron multiplication 1.59+0.09% 

Tritium breeding ratio 
Outboard blanket segment o.so+ o.3% 
Jnboard blanket segment 0.23+ 0.5% 
Divertor breeding region 0.10+ 0.8% 

Totaltritium breeding ratio 1.13+ 0.2% 
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4.4 Nuclear power generation 

The nuclear power generation has been calculated with coupled neutron-photon 

Monte Carlo transport calculations. About 690,000 source neutron histories were 

followed in this calculation. The normalisation was performed forafusionpower 

of2200MW. 

Table 4-2 shows the resulting power generated in the inboard and outboard 

blanket segments. About 75 % of the nuclear power is generated in the front 

part of the blanket segments (first 30 cm), although the radial power density pro

files are comparatively flat for Pb-17li. The MANET first wall contributes 10% 

and the liquid metalabout 80% to the total nuclear power generation. 

lf the DEMO-reactor would be equipped with 32 inboard and 48 outboard seg

ments of the Dual Coolant blanket type, a total nuclear power of 2019 MW would 

be produced. This does not include the power radiated from the plasma. Thus the 

neutron energy multiplication for the Dual Coolant blanket amounts to 1.15. 

Table 4-2 Nuclear power generation [MW] in the blanket segments, 
results of 3D Monte Carlo calculations (2200 MW fusion 
power). 

Outboard segment ( 7. 5°) lnboard segment ( 11.25°) 

Central blanket 13.5 
segment 

Blanket segment 27.6 Divertor breeding 3.7 
region 

Divertor plates 4.5 

Total outboard 27.6 Total inboard 21.7 

Table 4-3 Maximum power densities [W/cm3] in the blanketsegments at 
torus midplane, results of 3D Monte Carlo calculations (2200 MW 
fusion power). 

lnboard segment Outboard segment 

Firstwall (steel) 20.8 23.4 

Pb-17Li 
front row {first 3 cm) 16.7 19.3 
back row {last 5 cm) 1.20 0.61 

Rear wall (steel) 0.35 0.14 
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The radial power density distribution has been calculated for the outboard and 

inboard blanket segments. A fine radial-poloidal segmentation scheme has been 

used in the Monte Carlo calculation for this purpose. Figures 4-4 and 4-5 show the 

radial profiles in the liquid meta I and the MANET steel as calculated for the torus 

mid-plane. 

The power density profiles are comparatively flat due to the inherent nuclear 

properties of the Pb-17Li alloy and the absence of any neutron moderator. As a 

consequence, the peakpower densities in bothin the Pb-17li and the steel struc

ture are rather modest (Table 4-3). For the Pb-17Li the maximum power density at 

torus mid-plane is not more than 19.3 W/cm3 (outboard blanket segment, first 3 

cm of the firstliquid meta! row) and for the MANET steel 23.4 W/cm3 (outboard 

first wall) . 
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Fig. 4-4: Radial power profiles in the outboard segment 
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4.5 Activation and afterheat calculations 

A reliable assessment of the afterheat generation and the activation inventory in 

the blanket segments and the other reactor components requires the application 

of three-dimensional computational procedures. An appropriate code system has 

been developed that allows three-dimensional activation and afterheat calcula

tions [4-10] by coupling the Monte Carlo transport code MCNP and the inventory 

code FISPACT [4-11 ], see Fig. 4-6. 

Neutron fluxes and spectra are provided by 3D Monte Carlo calculations per

formed with the MCNP-code in the torus sector model of the DEMO-reactor. The 

neutron spectra are calculated in 175 energy groups (VITAMIN-J structure) in the 

first wall, the breeding zone and the back shield of the blanket segments, at the 

outboard and the inboard side and in the divertor regions. A fineradial segmen

tation scheme is applied covering 9 and 12 segments in the inboard and outboard 

blanket segments, respectively, to properly account for the variations of the neu

tron spectra and fluxes in the radial direction. The neutron spectra are provided 

for 5 poloidal segments both at the inboard and outboard side. Typically 

1,000,000 source neutron histories are followed in the MCNP-calculation for the 

neutron spectra to assure a sufficient statistical accuracy. 
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Fig. 4-6: Codesystem for activation and afterheat calculations 

The spectra are routed to the FISPACT-code for performing the inventory calcula

tions in each specified zone. FISPACT collapses the 175 group activation cross

sections of the European Activation File EAF-3 [4-12] to effective one group cross

sections by using the proper neutron spectra of the specified zones. The inventory 

calculations are performed step by step in running subsequent FISPACT

calculations for each zone and using the proper set of one-group activation cross

sections, neutron fluxes and material data associated tothat zone. The individual 

results of the single zone inventory calculations are merged tagether to obtain 

the radial-poloidal distribution of the activation quantities of interest. 

For calculating the afterheat generation and the activation product inventory an 

integral irradiation time of 20,000 hours at a fusion power of 2200 MW is as
sumed for the DEMO-reactor. 
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4.5.1 Afterheat generation 

The total afterheat power calculated for the individual materials in the blanket 

segments is given in Table 4-4 at reactor shut down (t=O) and various cooling 

times. At reactor shutdown it typically amounts to 2 - 3 % of the direct power 

generation. At this time the Pb-17U liquid metal contributes 60% and 75 % to 

the afterheat power in the inboard and outboard segments, respectively. The 

afterheat power of Pb-17Li is decreasing to a low Ievei within a few seconds (Ta

ble 4-4) because it mainly originates from a short-lived metastable state (T112 = 

0.8 s) of the Iead isotope 207Pb. After one minute the Pb-17Li contributes of the 

order of 10% to the total afterheat generation. At this time the dominant 

nuclides are 204mPb (T112 = 67.2m) and 203Pb (T112 = 51.9 h). After one month 

the contribution of the Pb-17Li liquid metal to the total afterheat power is negli

gible. 

Table 4-4 Afterheat generation [MW] of the individual materials in the blanket 
segments, results of 3D- activation calculations (2200 MW fusion 
power, 20,000h irradiation) 

MANETsteel Pb-17Li Total 

Timeafter lnboard Outboard lnboard Outboard lnboard Outboard 
shutdown 11.25° 7. 5° segment 11.25° 7.5° segment 11.25° 7.5°segment 

segment segment segment 

0 1.95 0.187 0.281 0.578 0.476 0.765 

1 min 0.191 0.182 1.36E-02 2.61 E-02 0.205 0.208 

1 h 0.140 0.131 8.25E-03 1.59E-02 0.148 0.147 

1 d 1.53E-02 1.78E-02 1.44E-03 2.96E-03 1.67E-02 2.07E-02 

1 month 1.13E-02 1.45E-02 4.88E-05 9.00E-05 1.14E-02 1.46E-02 

1 y 5.46E-03 6.29E-03 1.01 E-05 1.53E-05 5.47E-03 6.30E-03 . 

5y 1.48E-03 5.88E-04 3.20E-07 5.17E-07 1.48E-03 5.89E-04 

10y 6.89E-03 1.72E-04 1.16E-07 2.00E-07 6.89E-04 1.72E-04 

Note that the afterheat share of the liquid meta I is considerably larger at the out

board than at the inboard side. This is due to the fact that the Dual Coolant blan

ket provides large liquid metal volumes in the flow channels at the outboard side, 

resulting in a comparatively high activation of the liquidmetaland a correspond

ing lower one of the MANET steel. As a consequence, the total afterheat power 

generation is comparatively low at the outboard side after a few seconds (see Ta
ble 4-4). 
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The decay heat power in MANET is constant over the time period of a few min

utes after shutdown. lt decreases by one order of magnitude after one day ac

cording to the half life of the main contributor SGMn (T112 = 2.58 h). Afterwards 

it is dominated by SSFe, 54Mn and GOCo. These radionuclides are mainly produced 

by activation reactions on the steel constituents 56Fe, 54Fe and SSMn, and GONi, re

spectively. 

Note that the time behaviour is different for the MANET afterheat power at the 

inboard and outboard side. This is due to the fact that the afterheat generation 

at the outboard side is mainly in the blanket front region, whereas at the inboard 

side it originates to a larger extent from the blanket back region because of the 

sma!!er liquid meta! breeder zone. !n the back region the neutron spectrum is 

softer resulting in enhanced activation reactions of the (n,y) - type, whereas 

threshold reactions like (n,2n) and (n,p) are dominating in the first wall region. ln 

particular this Ieads to a significant generation of GOCo via the (n,y)- reaction on 

59Co in the back region, whereas in the front region GOCo is mainly produced by 

the threshold reaction GONi(n,p) GOCo. As a consequence, GOCo (T 112 = 5.27 a) 

dominates the afterheat power in the MANET of the back region at intermediate 

term cooling times (about 1 to 10 years). For the MANET in the front region, the 

afterheat power is dominated by 54Mn (T112 = 312 d) and SSFe (T112 = 2.7 a) at 

these cooling times, mainly originating from the threshold reactions 54Fe (n,p) 

54Mn, 55 Mn (n,2n) 54Mn and 56Fe (n,2n) 55Fe, respectively. 

The maximum afterheat power densities at the torus mid-plane of the outboard 

blanket segment amount to 0.84 and 0.66 W/cm3 for the MANET (first wall) and 

the Pb-17Li breeder (first 3 cm of the firstliquid meta I channel row, see Table 4-5) 

which correspond to 3.6% and 3.4% of the direct heating, respectively. 

Table 4-5 Maximum afterheat power densities [W/cm3] in the 
blanket segments at torus mid-plane, results of 3D 
activation calculations (2200 MW fusion power, 20000 
h irradiation) 

Firstwall (steel) Pb-17Li 
(first 3 cm) 

Timeafter lnboard Outboard lnboard Outboard 
shutdown 

0 0.742 0.843 0.536 0.664 
1 min 0.721 0.819 1.98E-02 2.50E-02 
1 h 0.518 0.588 1.23E-02 1.54E-02 
1 d 6.98E-02 7.92E-02 2.88E-03 3.60E-03 
1 month 5.85E-02 6.64E-02 6.90E-05 8.63E-05 
1 y 2.52E-02 2.87E-02 6.32E-06 6.67E-06 
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4.5.2 Activation product inventories 

The activation product inventory accumulating during irradiation in general is 

strongly dependent on impurities and tramp elements included in the virgin ma

terials. lt is essential, therefore, to properly take into account in the activation cal

culations realistic estimates of the material impurities. 

The eiemental compositions used in the activation calculations for MANET and 

the Iithium Iead alloy are shown in Table 4-6. For the steel, the MANET-1 specifica

tions as given by Schirra et al. [4-13] were used. The Pb-17Li data were given by 

Metaux Speciaux for commerciallithium Iead alloy [4-14]. 

Specific activities and contact y- dose rates are shown in Figs. 4-7, 4-8 and Ta

ble 4-7 for the MANET of the firstwalland the Pb-17Li in the front channel row of 

the outboard blanket segment at torus mid-plane. Note that the materials are 

exposed to the highest neutron fluence in the DEMO-reactor at these positions. 

The figures include graphs calculated with and without material impurities to ass

es this effect on the activation behavior of the MANET steel and the Pb-17Li alloy. 

The results shown in the tables are with impurities. 

Table 4-6 Material compositions including impurities 
and trap elements [w%] used in the 
activation calculations 

MANET-1 [4-13] Pb-17Li [4-13] 

Fe 86.68 Pb 99.2925 

c 0.13 Li 0.7 

Si 0.35 Zn 0.001 

Mn 1.0 Fe 0.001 
p 0.005 Bi 0.0043 

s 0.004 Cd 0.0005 

Cr 10.5 Ag 0.0005 

Ni 0.85 Sn 0.0005 

Mo 0.75 Ni 0.0002 

V 0.20 

Nb 0.15 

B 0.008 

N 0.03 

Al 0.05 

Co 0.02 

Cu 0.02 

Zr 0.09 
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Table 4-7 Maximum specific activities and contact y-dose rates in the 
central outboard blanket segment, results of 3D activation 
calculations (2200 MWfusion power, 20000 h irradiation) 

Firstwall (steel) Pb-17Li 
(first 3 cm,without tritium) 

Timeafter Specific Contact Specific Contact 
shutdown activity y-dose rate activity y-dose rate 

[Bq/kg] [Sv/h] [Bq/kg] [Sv/h] 

0 6.54E+14 1.30E+05 2.79E+14 8.13E+04 

1 min 6.46E+ 14 1.27E+05 1.72E+13 7.94E+02 

1 h 5.69E+14 9.37E+04 1.35E+13 4.20E+02 

1d 4.01E+14 1.50E+04 6.25E+12 5.22E+01 

1 month 3.54E+14 1.29E+04 1.60E+11 3.69E+00 

1y 2.34E+14 5.52E+03 2.48E+10 8.08E-01 

10y 2.06E+ 13 5.22E+01 3.82E+09 1.31 E-02 

50y 1.79E+10 3.1 OE-01 7.37E+09 5.67E-03 

100y 7.01 E+09 5.88E-02 4.05E+07 3.83E-03 

500y 3.02E+09 5.74E-02 2.26E+07 1.47E-03 

The total activation product inventory (Table 4-8) is largely dominated by the 

MANET steel. The Pb-17Li breeder contributes significantly to the total activation 

product inventory solely for short term cooling tim es (up to a few days after shut

down). The contributing radionuclides are the short-lived Iead activation pro

ducts 207mPb(T112 = 0.8 s), 204mPb (T112 = 67.2m) and 203Pb (T112 = 51.9 h). At 

intermediate term cooling times (1 to 50 years) the activation inventory of Pb-

17Li in terms of Bq/kg is dominated by the tritium generated in that liquid metal 

breeder. The tritium contribution, however, is not included in the data and fig

ures given for Pb-17Li. At long term cooling tim es (more than 100 years) the acti

vation inventory of Pb-17Li is dominated by 205Pb (T112 = 1.5 · 107 a). The activa

tion products of the assumed Iead impurities do not significantly contribute to 

the activity of Pb-17Li in terms of Bq/kg. 

For the MANET steel, both the activation inventory, the contact y- doserate and 

the radiological hazard potential are not significantly affected by impurities. Ma

jor contributors to the y- doserate of MANET are 54Mn and 56Mn (activation pro

ducts mainly of 54Fe and -56Fe, respectively, and of 55 Mn, secondly) at short term, 

GO(o (activation product mainly of GONi, and of 59Co, secondly) at medium term 
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Table 4-8 Total activity inventories [Bq] in the blanket segments, results of 3D 
activation calculations (2200 MW fusion power, 20000 h irradiation) 

MANETsteel Pb-17Li Total 

Timeafter lnboard Outboard lnboard Outboard lnboard Outboard 
shutdown 11.25° 7.5°segment 11.25° 7. 5° segment 11.25° 7.5° segment 

segment segment segment 

0 9.57E+17 1.10E+ 18 1.12E+ 18 2.25E+ 18 2.07E+ 18 3.35E+ 18 

1 min 9.43E+ 17 1.08E+ 18 8.84E+ 16 1.69E+ 17 1.03E+ 18 1.25E+ 18 

1 h 7.78E+ 17 9.41E+ 17 6.75E+ 16 1.30E+ 17 8.45E+ 17 1.07E+ 18 

1d 4.54E+ 17 6.48E+ 17 2.34E+ 16 4.82E+ 16 4.77E+ 17 6.96E+17 

imonth 3.64E+ i7 5.62E + 17 6.10E+ 14 1.23E+ i5 3.64E+ i7 5.64E+ i7 

1y 2.31E+ 17 3.69E+ 17 1.10E+ 14 2.09E+ 14 2.31 E+ 17 3.69E+17 

10y 2.16E+ 16 3.24E+ 16 1.26E+ 13 2.64E+ 13 2.16E+16 3.25E+16 

SOy 5.56E+ 13 4.52E+ 13 5.21E+ 11 8.99E+ 11 5.62E+ 13 4.61E+13 

100y 2.69E+ 13 1.85E+ 13 3.06E+ 11 5.17E+11 2.72E+ 13 1.90E+13 

SOOy 9.78E+12 7.39E+ 12 1.63E+ 11 2.78E+ 11 9.94E+ 12 7.66E+ 12 

and 94Nb and 26AI (activation products of 93Nb and 27 Al, respectively) at long 

term cooling times. 

At medium and long term cooling times (more than one year after shutdown) 

both the contact y- dose rate and the radiological hazard potential of Pb-17Li are 

dominated by activation products of the assumed material impurities. Major con

tributors to the y- doserate at medium term cooling times are 110mAg (T112 = 

250 d), 65Zn(T112 = 244d) and GOCo (T112 = 5.27a) and the Iead isomer 207mPb 

(T112 = 0.8 s). The formation of 207mPb at this time scale is by electron capture de

cay of 207Bi (T112 = 33.4 a) being mainly an activation product of the assumed 

209Bi-impurity. At long term cooling times the y - dose rate is dominated by 

108m Ag (T 112 = 127 a), while there is still a significant contribution by 207m Pb. 

As a consequence of the assumed material impurities, the Pb-17Li y- doserate 

does not fall below the hands on Ievei Iimit of 25 IJSv/h. Note that this holds for 

the highest loaded liquid metal in the first channel row (first 3 cm) of the out

board blanket at torus mid-plane. ln the activation calculation it is assumed that 

the liquid metal is irradiated continuously over the integral operation time of 

20,000 hours. Actually, the liquid metal is circulating permanently, inside and out

side the radiation field, during reactor operation, and, therefore, the actual 

fluence to the liquid metal will be considerably smaller. This effect, however, is 
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not taken into account in the activation calculation resulting in a corresponding 

overestimation of the calculated y- dose rate. likewise, this holds for the calcu

lated specific activity of Pb-17li, whereas the total activity inventory is not af

fected in a first approximation. 

Special caie has been devoted to a reliable assessment of the generation of the 
radiotoxine 210Po in the Pb-17Li liquid metal [4-15] because of its high radiologi

cal hazard potential. 210Po (T112 = 138 d) dominates the short term (up to about 

2 year after shutdown) radiological hazard potential of irradiated Pb-17Li. lt is 

formed both as Iead activation product through the reaction chain 208Pb(n,y) 

209Pb(ß·, T112 = 3.5 h)209gBi(n,y)210Bi (ß-,T112 = 5.0d ) 210Po and as activation 

product of the Bi-impurity contained in the Pb-17Li alloy, starting from 209Bi in 

that case. Thus the 210Po production depends on the Bi-impurity content of the 

Pb-17Li on one hand, andin a very sensitive way on the irradiation conditions on 

the other hand. 

ln checking the involved cross-section data it was recognized that the UKACT1 da

ta library [4-16] contained unphysical cross-sections for the 208Pb(n,y) 209Pb reac

tion.The UKACT1 data was most likely the reslut of simple model calculations per

formed earlier for the ACTL activation library [4-17]. Both the REAC [4-18] and the 

UKACT1 activation data libraries made use of these data. The more recent EFF-3 

and ENDF/B-VI data libraries provide more reliable 208Pb cross-section data evalu

ations that rely on the use of experimental data. The ACTL-based 208Pb cross

section had led to I arge overestimations (by a factor of 5 to 1 0) of the calculated 

210Po inventory in previous assessments when comparing to activation calcula

tions with the more reliable EFF and ENDF/B-VI data 

ln calculating the 210Po inventory for the Dual Coolant blanket, it is necessary to 

take into account the liquid meta I circulation. This is due to the 210Po production 

pathway involving two sequential (n,y)-reactions when starting from 208Pb and, 

therefore, leading to a quadratic dependence on the neutron flux for the accu

mulating 210Po inventory. To cope wit this, the following approach has been fol

lowed. 

ln a first step, the internatliquid meta I circulation is simulated, i. e. the circulation 

in the irradiation field inside the blanket segment at power operation. Forthis 

purpose the irradiation time is subdivided into a large number of irradiation in

tervals. At the end of each interval the liquid meta I masses are blended according 

to their actual volume fractions. Irradiation is continued then for the next time in

terval by using the properly blended liquid meta I of the previous irradiation step. 
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ln a second step, the external liquid metal circulation is simulated, too. Essen

tially, the same blending procedure is applied. ln addition, the total liquid metal 

mass inventory is increased by a factor 3, whereas the irradiationtime is reduced 

to 1/3 of the total one. ln this way it is accounted for that 2/3 of the total liquid 

meta I inventory is permanently outside and 1/3 inside the irradiation field. 

Table 4-9 shows the resulting 210Po activity inventories and specific activities for 

the different blending modes obtained with ENDF/8-VI cross-section data. There 

is included a static case where the liquid metal is kept stationary during irradia

tion, i. e. no blending is applied as it is generally assumed for activation calcula

tions. ln addition, the effect of varying initial 8i-impurities has been analysed for 

the different blending modes. 

ln simulating the internal liquid metal circulation, the calculated 210Po activity 

(both the total inventory and the specific activity) is reduced by about 40% with 

regard to the static case and no initial bismuth present. The reduction is less with 

higher initial bismuth content, i. e. the more the single 209g8i(n,y) 2108i transi

tion contributes to the 210Po production path. Taking into account the external 

liquid metal circulation results in a reduction of the specific 210Po activity by one 

order of magnitude with regard to the static case (no initial bismuth). The total 

210Po activity inventory is lower only by a factor 3 because of the larger liquid 

metal mass inventory involved in that case. 

Table 4-9 Calculated 210Po activity inventories and concentrations for different 
liquid metal blending modes, results of 3D activation calculations 
using ENDF/8-VI cross-section data (2200 MWfusion power, 20000 h 
irradiation) 

Initial lnternally Externally 

Bi Static liquid meta I circulated circulated liquid 

[appm] liquid metal meta I 

0 Total activity 8.31·103 5.05·1 03 2.71·103 
[Ci] 

Specific activity 1.75·10-3 1.06·10-3 1.90·10-4 
[Ci/kg Pb] 

10 Total activity 1.25·1 04 9.21·103 1.22·104 
[Ci] 

Specific activity 2.63·10-3 1.94·1 0-3 8.52·10-4 
[Ci/kg Pb] 

100 Total activity 5.0·104 4.67·104 9.83·104 
[Ci] 

Specific activity 1.05·10-2 9.80·10-3 6.89·10-3 
[Ci/kg Pb] 
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The effect of initial Bi-impurities on the 210Po activity inventory is dependent on 

the blending mode for the liquid metal and the impurity Ievei itself. There is a lin

ear increase of the 210Po activity inventory by about 4.2·103 Ci per 10 appm Bi 

both in the internally circulated and the static liquid metal case, and an increase 

by about 9.5·1 03 Ci in case of the externally circulated liquid meta I. Thus the Bi

impurity effect becomes dominant above 20-30 appm initial bismuth content in 
the internally circulated and the static liquid metal case, but is dominantat all 

impurity Ieveis in case of the externally circulated liquid meta I. 

The increase of the Bi-content in the irradiated Pb-17Li alloy amounts to about 

4.4 appm in case of the externally circulated liquid metal, which is the most real

istic case for the Dual Coolant blanket. Thus it would be beneficial to keep the 

bismuth content of the Pb-17Li alloy weil below this Ievei. This would require an 

on-line purification at about 1-2 appm bismuth. ln view of the very low polonium 

release fractions found experimentally for Pb-17Li [4-19], it is questionable, how

ever, if this is really necessary. 

For accident seenarios with activation product release from Pb-17Li, the low polo

nium evaporation fraction results in a nearly negligible contribution of 210Po to 

the early dose (see Section 11.4). ln contrast, the radiological consequences to the 

public are governed by the release of the mercury isotope 203Hg (T 112 = 46.6 d). lt 

is the major contributor to the early dose only due to its high evaporation frac

tion. 203Hg is a Iead activation product that mainly originates from the 206Pb (n,a) 

203Hg reaction. At short cooling times (several months) it dominates the activity 

and afterheat of the irradiated Pb-17Li. The y doserate and the radiological haz

ard potential are dominated by 110mAg, 202TI and 210Po, entirely covering the 

203Hg contri bution. 

4.6 Shielding analysis 

The superconducting TF-coils have tobe shielded properly against the radiation 

originating from the fusion plasma to allow a reliable operation of the DEMO

reactor over its lifetime. During the ITER conceptual design activity (CDA) phase, 

radiation Ioad Iimits have been elaborated for the dose to the electrical insulator, 

the displacement darnage in the copper stabiliser, the fast neutron fluence to the 

Nb3Sn superconductor, the peak nuclear heating in the winding pack and the to

tal nuclear heating in the TF-coil [4-20]. Sufficient shielding needs tobe provided 
to ensure that these Iimits are not exceeded over the lifetime of the supercon-
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ducting magnets which is assumed to be at 10 full power years for the DEMO

reactor. 

The shielding efficiency of a breeding blanket in generat is poor. ln case of the 
Dual Coolant blanket, the total neutron flux decreases from 1.5 ·1015 cm-2s-1 at 

the inboard first wall to 6.4 ·1014 cm-2s-1 at the blanket back wall, i. e. by not 

more than a factor 2.3 across the blanket breeding zone with a thickness of 40 

cm. Therefore, sufficient shielding has to be provided by shielding materials ar

ranged between the toroidal field (TF) coil and the blanket segments. Actually, 

the vacuum vessel is assumed- and can be designed- for performing the function 

of a permanent radiation shield. ln addition, the residual space between the 

vacuum vessel and the breeding zone can be uti!ised for shielding. According to 
the DEMO blanket specifications, a removable steel shield attached to the blan

ket segment, i. e. being an integral part of that, should be assumed for assessing 

the shielding efficiency of the breeding blankets. 

At the inboard side radiation shielding is most crucial due to the restricted space 

available for the shielding components. According to the DEMO blanket specifi

cations, the total space available to the inboard blanket/shielding system 

amounts to 115 cm with regard to the radial thickness. The vacuum vessel, acting 

as major shielding component, is 30 cm thick. Thus a thickness of 85 cm is left for 
the blanket segment. The Dual Coolant blanket needs 55 cm for the breeder blan
ket segment including 14.5 cm for the helium manifolds at the back of the blan
ket. Therefore, 30 cm of the space available for the blanket can be used for pro
viding additional shielding. Table 4-10 shows the radial build and the material 

compositions used in the shielding calculations. 

The shielding calculations were performed for the inboard side of the DEMO

reactor applying the 3D torus sector model developed for the Dual Coolant blan

ket. lmportance sampling techniques available with the MCNP-code - geometry 

splitting with Russian Roulette and manually optimised particle weights - have 

been used to direct the neutron and photon radiation through the blanket/shield 

system. Typically 100,000 source neutron histories have been. tracked to attain 

statistical reliable scori1,1gs for the nuclear responses in the TF-coil. 

The radiation Ioads to the TF-coil were obtained by making use of the MCNP sur

face tally (fast fluence, insulator dose, copper damage, heating rate) and the 

track length tally estimators (radial distribution of total and fast neutron fluxes). 
An integral operationtime of 10 years was assumed in calculating the radiation 
doses and fluences. 
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Table 4-10: Radial build of the inboard blanket/shield system 
at torus mid-plane used for the Monte Carlo 
shielding calculations. 

Radiai I 
dimension Thickness Component Material 

[cm] [cm] 

225. 

80.0 TF-coil TF-coil mixture 

305. 

5.0 Magnet casing SS-316 steel 

5.0 Gap TF-coii/VV Void 

315. 

11.0 Vacuum vessel SS-316 steel 

326. 

5.0 Borated water 

331. 

7.0 SS-316 steel 

338. 

2.0 Borated water 

340. 

5.0 SS-316 steel 

345. 

2.4 Gap Void 

374.4 

30.9 Removable shield MANET/ZrH 

378.3 

392.8 14.5 Manifold 64% MANET 

4.2 Steel wall MANET 

397.0 

33.5 Breeding blanket Pb-17Li/MANET 

430.5 

433.0 2.5 Firstwall MANET/He 
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Table 4-11 compares the resulting radiation Ioads to the inboard TF-coil at torus 

mid-plane with the allowed Iimits. For the reference calculation, a simple helium

cooled steel plate is assumed as additional shield. As expected, the required Iim

its of the most crucial radiation Ioads, i. e. the dose to the electrical insulator and 

the fast neutron fluence to the Nb3Sn superconductor, cannot be met by the sim

ple standard shield configuration. 

Table 4-11: Radiation Ioads to the inboard TF-coil at torus mid-plane, results of 
three-dimensional Monte Carlo shielding calculations (2200 MW 
fusion power, 10 full power years operation) 

Radiation Ioad 3D shielding calculation 
Iimits [4-20] Dual coolant blanket 

Reference shield ZrH shield option design 
(steel plate option) (50% ZrH, 50% steel 

Peakdose to electrical 
insulator (Epoxy) 

3.7·1010 7.5·1 OB [rad] 5·109 

Peak displacement 
darnage to copper 

5.7·10-3 4.6·10-4 stabiliser [dpa] 6·1 0-3 

Peak fast neutron 
fluence (E>0.1 MeV) 

tothe Nb3Sn 1·1019 1.5·1019 1.0·1018 
su percond uctor[cm-2] 

Peak nuclear heating 
inwinding pack 5.0 3.2 0.04 

[mWcm-3] 

The shielding efficiency of the total system blanket/shield can be improved by 

optimising the design of the additional shield and /or the vacuum vessel with re

gard to the shielding performance. No attempt has been made in this analysis, 

however, to perform a shielding optimisation. lnstead, the efficient solid neutron 

moderator ZrH1.7 was integrated into the removable steel shield at high volume 

fractions (50%). Note that this simple technical measure is sufficient to attain the 

radiation Ioad Iimits (Table 4-11) without modifying the vacuum vessel design. 

Figures 4-9 and 4-10 show the radial distribution of the fast (E > 0.1 MeV) and 

the total neutron flux density across the inboard blanket/shielding system at to

rus mid-plane. lt is obvious that there is large room for optimising the shielding 

efficiency by modifying the vacuum vessel design. ln particular, a significant im-
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provement can be achieved by integrating an efficient neutron/photon shield ( e. 

g. B4C /Iead ) at the back of the vacuum vessel. The use of an additional neutron 

moderator thus could be avoided by designing the vacuum vessel as optimal radi

ation shield. 
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5. Magnetohydrodynamics (MHD) of Liquid Meta I Flow 

5.1 lntroduction 

Perhaps the most important concern for liquid metal blankets is 

magnetohydrodynamic (MHD) effects and their influence on thermal hydraulics 

and corrosion. A liquid metal flowing through a high magnetic field experiences 

an electromagnetic body force which strongly alters the flow behavior. The MHD 

influence increases the pressure drop through the blanket, resulting in higher 

stress Ieveis and higher pumping power requirements and could, if 

countermeasures are not taken, even Iead to prohibitively high pressure lasses. At 

most conditions of interest to fusion, MHD effects overwhelm the viscous and 

inertial effects, resulting in suppression of the normal turbulence and radically 

altered flow profiles. The altered flow patterns will affect the heat transfer 

characteristics and possibly the corrosion rates of the insulation layers on the duct 

walls. 

Concerns about MHD effects arise not only due to the Iimits placed on blanket 

operating parameters, but also due to potentially large uncertainties. ln the 

1980's, the Ievei of understanding of MHD phenomena in liquid metal blankets 

was not sufficient, primarily based on simple empirical correlations and heuristic 

arguments. While the basic equations for fluid mechanics and electromagnetics 

have been known for many years, the Iack of fundamental understanding of the 

way the fluid behaves in complex fusion-relevant geometries was a critical issue 

for this dass of blankets. Due to the efforts associated with the work described 

here, as weil as increased efforts on self-cooled liquid metal blankets worldwide, 

the state of our understanding and predictive capabilities for MHD flow and heat 

transfer has grown enormously. Data and three-dimensional numerical solutions 

have been obtained for most of the geometric elements of blankets under 

laminar flow conditions, including bends, cross-section changes, multiple-duct 

arrays and manifolds. A general-purpose core flow code has been developed and 

extensively validated against experimental data, further increasing confidence in 

our ability to accurately predict thermal-hydraulic behavior of blankets. 

The leading designs for self-cooled liquid metal blankets are driven by the need 

to accommodate MHD-related effects while maintaining the advantages of de

sign simplicity, reliability and extended lifetime [5-1 to 5-5]. The different design 

options described in Chapter 2 embody different geometric features, and hence 

varying types and Ieveis of MHD interaction. ln the final reference design, with 
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He-cooling of the firstwalland simple poloidal ducts, the interaction of the field 

with the flow is relatively simple to model. lmproved understanding of the MHD 

behavior of the alternate design provides so und back-up options if the reference 

dual-coolant design is found to be inadequate for any reason. Hence, through a 
combination of simplified design approaches and substantially reduced 
uncertainties in MHD behavior, liquid metal cooled designs have been shown to 
offer attractive thermal-hydraulic performance. 

ln this chapter, we summarize the status of research to characterize and provide 

reliable predictive capabilities for MHD fluid flow and heat transfer. Section 5.2 

contains a summary of the governing equations and a simple description of MHD 

issues and phenomena. Section 5.3 summarizes the numerical solution methods 

used, and Section 5.4 describes the experimental facilities and diagnostics 

developed to support research on blanket MHD. Section 5.5 provides detailed 

results describing an extensive R&D program on liquid metal MHD flow carried 
out during the past 5 years. Sections 5.6 and 5.7 describe modeling techniques 
and experiments performed on heat transfer in MHD flow, including 

consideration of "two-dimensional MHD turbulence", which could significantly 

improve heat transfer as compared with the normally laminar flow profiles. 

Finally, in Section 5.8 the tools for MHD and heat transfer are used to analyze the 

reference Duai-Coolant blanket concept. 
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5.2 
5.2.1 

Overview of MHD phenomena and solution methods 

Discussion of MHD design issues 

The main issue in designing self-cooled·blankets is the cooling of the plasma fac

ing first wall under high heat Ioad. Material properties Iimit the allowable tem

perature of the first wall to about 550 oc for ferritic steel and 750°( for vanadium 

alloys. The maximum temperature at the wall/liquid metal interface has to be 

maintained approximately 100 °( lower in order to Iimit corrosion of the struc

ture material by the liquid metal. For effective electricity production, the bulk 

temperature of the coolantat the blanket outlet should be higher than 400 oc. 
The coordination of these contrasting requirements form the actual design task. 
The design limitations can be expressed in terms of an upper .and lower Iimit for 
the coolant channel pressure drop to ensure structural integrity and sufficient 
flow rate for heat removaL 

Assuming laminar slug flow in the first wall coolant ducts and a developing ther

mal boundary layer for the whole heated channel length L and no electrical or 

heat contact resistances at the fluid/wall interface the following relation can be 

derived torstraight poloidal ducts with thin conducting walls [5-6, 5-7]. 

The pressure drop ~P has to fulfill the relation: 

t . s 
w al. 

L1p<---
a 

t 2 ·S w al. 
L1p<---

3a2 

for circular 

for reetangular cross-sections 

(5.1.1) 

(5.1.2) 

(5.1.3) 

L1p denotes the pressure drop in the duct, q" the first wall heat flux, L1Tw tem

perature rise along the first wall of the front cooling channel, Fv,rw a factor tak-
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ing into account deviations of the velocity profile from slug flow in thin walled 

(TW) channels (for slug flow Fv,TW = 1), ß a factor taking into account 

nonconstant heat flux distribution over the heated wall of the front channel (ß 
= 1 for reetangular cross-section), Ow and a the electrical conductivities of the 

duct wall and of the fluid, kt the heat conductivity of the fluid, p the density, Cp 

the specific heat, SaJ the allowable wall stress, a the half duct width in field direc

tion, tw the wall thickness and B..L the magnetic induction component perpen

dicular to the flow. 

lt is obvious that any design should aim at minimizing the coolant pressure drop 
and simultaneously achieving the largest possible bulk temperature rise. Guide

lines for this procedure can easily be derived from relation (5.1.1). There are two 

crucial consequences of this relation: As the pressure drop increases linearly with 

the wall thickness the mechanical stresses in the wall can not be reduced by in

creasing the wall thickness, because this would increase the pressure drop and 

thus the overall pressure Ioad in the same way. The minimum required pressure 

drop to ensure a sufficient coolant flow rate in the first wall coolant channel is 
controlled by the surface heat flux q 11

, the heated channel length Land the al

lowed coolant temperature increase .LH w· Taking into account the limiting con
ditions of a fusion power blanket, relation (5.1.1) shows clearly that liquid meta I 

cooling of the first wall by simple poloidal conduits without any reduction of the 

MHD effective wall thickness or any electrical insulation of the duct walls or heat 
transfer enhancement e.g. by turbulence promotion would either Iead to unac

ceptable high temperatures or to mechanical stresses beyond achievable Iimits. 

(Typical values of the parameters used in eq. 5.1.1 are flTw = 100 °(, Q
11 = 0.25 

MW/m2, L = 8 m, a = 0.2 m, tw = 6 mm, B = 5 T, and Sal = 100 MPa). Such a re
duction of the MHD effective wall thickness can be achieved by the technique of 

flow channel inserts (FCI) described in Section 5.5.6. 

lf the duct walls are electrically insulated the dependence of the pressure drop on 

the thickness of the duct walls drops out. ln this case the following relation holds: 

2 
4ßqll L2 

a·L1T2 · F 
W V,fns. 

·8 .1. <11p. (5.1.4) 
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where Fv,lns. is a factor for the deviations from slug flow in electrically insulated 

channels (Fv,lns. = 1 for reetangular and < 1 for circular cross section). 

lt has to be pointed out that in addition to the reduction of the pressure drop by 
the factor C · Ha, where C=a\. .. ,.~·twla·a the wall conduction ratio and Ha the Hart
mann number, the pressure drop in this case scales only linearly with the B-field. 

Another hydraulic issue of major importance for direct insulated channels is the 

flow partitioning into a number of parallel channels. Unequal flow rates in the 

different channels caused e.g. by defects of the insulating layer in some 

subchannels may result in a redistribution of the velocity profile in these channels 

or even in a reduction of the flow leading to local hot spots. 

This problern is particularly severe in insulated ducts, because small conducting 
paths through the structures can easily overwhelm the normally low conductance 
paths. Some design solutions have been proposed to alleviate this concern. For 

example, electrical coupling of parallel channels, such as the flow balancing 

schemes described in [5-8], can serve to maintain equal flow partitioning with on

ly a small increase of the blanket pressure drop. 

The cooling circuit for a liquid metal blanket normally consists of more than sim

ple straight ducts; therefore, a more accurate analysis of the blanket operating 

conditions requires consideration of the various geometric features present. For 

the purpose of MHD analysis, any blanket concept can be subdivided into basic 2D 
and 3D hydraulic elements, as shown in Fig. 5.2-1. ln Table 5.2-1, these elements 
are listed tagether with an elevation in which a ranking is given of the impor

tance of the knowledge about these elements with respect to the feasibility of 

the three main concepts; toroidally-cooled, helium-cooled, or poloidally-cooled 
(with turbulence promotion) first wall. 

0 not relevant 

1 knowledge not important 

2 knowledge important 
3 knowledge decisive for feasibility 

A "0" ranking means that no hydraulic element exists from where the corre

sponding problern could arise, "1" indicates that such a hydraulic element exists 

but its contribution to the overall pressure drop is negligible, whereas for "2" the 
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contribution to the pressure drop has an important impact. Finally, "3" demands 

a deep understanding of the MHD flow of the corresponding element because its 

contribution to the pressure drop and flow distribution may be decisive for the 

feasibility of the corresponding concept. 

lt should be mentioned that the evaluation shows only the relative importance of 

the different issues. No absolute comparison of the problems involved in the dif

ferent concepts is possible from this table. 

The flow in the straight feeding channel of the self-cooled poloidal-toroidal con

cept with thin-walled cooling ducts causes a high fraction of the total pressure 

drop. A further strong contribution to the total pressure drop originates from the 

3 D multichannel bends. These 3 D effects have a strong influence on the velocity 

distribution. Therefore, both, pressure drop an velocity are ranked high. The Dual 

Coolant concept with fully insulated duct walls reacts very sensitive on uneven ve

locity distribution over the parallel channels. Therefore, the velocity distribution 

behind the manifold gets for this concept a high ranking. The same holds for the 

influence of the inlet and outlet manifold of the self-cooled poloidal flow con

cept. lt is clear that the pressure drop and the flow distribution in the poloidal 

channels are of the same importance. 

ln the remaining sections of this chapter, extensive research into MHD behavior in 

these geometries is described. This research provides a much more reliable basis 

for the assessment of the various designs. Before proceeding, a short review of 

the basic equations and phenomena of MHD is presented. 
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2D-Geometries 

V 

3D-Geometries 

B 

0 Sudden change 
of cross-section 

0 Manifolds and 
Distributors 

V 

B 

Expansions and 
contractions 

(j) 180° V-turn 

@ 2D-MHD-flow in circular 
and reetangular ducts in 
constant and fringing 
fields · 

t 
0 single- and multi-channel 

bends 

Fig. 5.2-1 Basic 20 and 3D hydraulic elements of liquid meta I cooled blankets 
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I 

1.0 
J::o, 

I 

No 

1 

2 

3 

4 

5 

6 

7 

lmportance 

field self-cooled dual coolant self-cooled 

problern feature versus Pol.-rad.tor. poloidal 

velocity (thin-walled) (insulated) (insulated) 

V .6p V V 

.6p Q Q .6p Q 

Straight ducts V..LB 3 1 1 1 3 3 

Flowin V..LB 1 2 1 2 1 2 
fringing field 

Change of V..LB 2 2 2 1 2 2 
geometry 

Expansions 
and V..LB, VIIB 2 2 2 1 2 2 

contractions 

Single and 
multi-channel V..LB, VIIB 3 3 0 0 0 0 

bends 

Manifold V..LB, VII 8 3 3 2 3 2 3 

180° U-bend V..LB 1 1 1 1 1 1 

Table 5.2-1 lmportance of hydraulic elements to the feasibility of the thrE~e blanket concepts 



5.2.2 Governing equations 

The flow of an electrically conducting fluid within the applied strong magnetic 

field confining the fusion plasma may be described by the following non

dimensional equations accounting for the conservation of 

momentum 

mass 

charge 

and by 
Ohm'slaw 

1 [ av ] 1 . N at +(v·V)v = - Vp + Ha2 V2v + jXB I 

V·v = 0 , 

V·j = 0 I 

j = -VC/J + vXB 

(5.2.1) 

(5.2.2) 

(5.2.3) 

(5.2.4) 

The non-dimensional variables v,B,j,p, and cp, denote velocity, magnetic induc

tion, current density, pressure, and electric potential, scaled by the reference val

ues vo, Bo, avoBo, aLvoBo2, and LvoBo. The fluid properties like the density p, the 
viscosity v, and the electric conductivity a are assumed to be constant. vo is the 

average velocity in a cross section where L is a characteristic length; Bois the mag
nitude of the applied magnetic field induction. 

The relative importance of electromagnetic effects compared to inertia effects is 
given bythe 

interaction parameter N = aLBo2 
pvo 

and compared to viscous effects by the square of the 

Hartmann number Ha= LBo fa y-;;v 

(5.2.5) 

(5.2.6) 

The ratio of the induced magnetic field to the applied strong field is determined 
bythe 

(5.2.7) 
magnetic Reynolds nurober Rem= JlOVoL 
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and the conductance properties of the wall. For fusion applications the induced 

fields aresmall compared to the applied strong field (see e.g. [5-9, 5-10]). Thus, 

the applied field remains unchanged by the fluid motion. This fact justifies the 

inductionless approximation of equations (5.2.1 to 5.2.4). 

The boundary conditions for the flowvariables at channel walls are the 

no-slip condition v=O 
(5.2.8) 

and the 

thin-wa/1 condition j·n = Vw· (CVwtPw) , 
(5.2.9) 

which describes the continuity of currents across the fluid wall interface. The cur

rent leaving the fluidregioninverse to the direction oftheinward wall-normal n 

enters the walland creates there a potential C/Jw. Here Vwstands for the compo

nents of the gradient vector in the plane of the wall. The 

wa/1 conductance ratio aw·t 
C=

a·L 
(5.2.10) 

characterizes the relative conductance of the wall with the conductivity ow and 

thickness t compared to the conductance of the fluid domain. 

The potential of the wall is related to the fluid potential by 

j · n = 2. (C/Jw- C/J) , 
K 

(5.2.11) 

where K is the contact resistance or the resistance PiÖi of a thin insulating coating 

(resistivity Pi, thickness Öi) scaled by Lla. Fora perfect contact between the fluid 

and the wall, K = 0, the fluid potential at the wall is equal to the wall potential, 

<1> = <l>w, whereas for a perfect insulation, as K~oo, the wall normal component of 

current vanishes. 

At the entrance and exit of the fluid domain considered the flow is assumed 

to be either fully developed or given. 
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5.2.3 MHD Phenomena 

The main physical effects described by equations (5.2.1 to 5.2.11) are explained by 

the following simple considerations. First, the example of fully developed two-di

mensional (20) MHO flow in straight ducts is considered. Figure 5.2-2 shows a 

sketch of the geometry with boundary layers, velocity, current, and Lorentz force 

as the main contribution to the pressure drop. Three-dimensional (30) effects are 

discussed by heuristic arguments. 

Core Viscous 
layer 

Fig. 5.2-2 Sketch of geometry 

Fully developed flow: At the fusion relevant values of high Hartmann numbers 

Ha> > 1 the flow exhibits an inviscid core surrounded by viscous boundary layers 

at the walls (see Fig. 5.2-2). In the core the interaction vx8 of the moving fluid 

with the magnetic field drives the current of density j perpendicular to the field 

and perpendicular to the fluid motion. The interaction of this current with the 

field causes the Lorentz force j x 8 opposing the fluid motion and thus creates the 

main part of the high MHO pressure drop. The induced currents complete their 

circuit in the layers where v x 8 is reduced due to viscous effects. Since these layers 

are very thin (Hartmann layers of thickness ÖH =O(Ha-1) at walls perpendicular to 

8, or side layers with ös = O(Ha -1/2) at walls aligned with 8) it is obvious that they 

provide the main electric resistance in the current path and determine the pres

sure drop in insulated ducts (K=oo). 

Vp = O(Ha-1) (5.2.12) 

lf the walls are in perfect contact with the fluid (K=O) and more conducting than 

the viscous layers (C> >Ha-112) the main electric resistance is no Ionger deter-
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mined by the layers since almost all the returning current now is flowing inside 

the wall. The total current is much larger than for the insulating case and results 

in a pressure gradient 

Vp=O(C) I 

if C is still small. in ducts with highly conducting walls, as c~oo, the resistance 

against currents is provided only by the core. This Ieads to highest currents and to 

a pressure gradient 

Vp=0(1) . (5.2.13) 

The results for pressure drop and velocity distribution in ducts of circular and ree

tangular cross section with thin conducting walls (with and without insulating 

coatings) are summarized later in Table 5.5-1. The table shows the correlations 

for the pressure gradient Vp which can be used to obtain easily results with suffi

cient accuracyfor engineering applications. 

For the reetangular duct geometry the pressure gradient reaches the value <1xPH 

as with pure Hartmann flow if the aspect ratio b/a or the conductance ratio of the 

side walls C5 are large. 

Three-dimensional flows: 3D effects in MHD flows occur if the induced potential 

difference between the sides varies in the axial direction. Such variations are pos

sible because of a non-uniform magnetic field at the ends of the magnet, a re

duced component of velocity perpendicular to the field (observed in expansions 

or bends) or because of varying conductance properties of the channel walls (see 

Fig. 5.2-3). All these effects cause an axial potential gradient which drives addi

tional currents ho inside the fluid. ln one part of the duct the current density ho 
has the same direction as the 20 currents of the fully developed flow and gives 

additional contributions to the pressure gradient. Further down stream ho is in 

opposite direction as the 20 currents. Here it creates a Lorentz force acting in the 

flow direction. This Ieads to some pressure recovery. ln the first part of the duct 

mechanical energy is transferred into electrical energy (generator effect). Since 

the transmission to the second part suffers from Ohrniedissipation only a part can 

be recovered downstream as mechanical energy (pump effect). Therefore, a pres

sure drop f1P3D remains irreversibly lost. The axial components of ho cause 

Lorentz forces which displace the fluid towards the sides. Finally a flow pattern is 
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established in the 3D region with a significantly reduced velocity in the center 

and an increased velocity near the side walls. These simple considerations dem

onstrate that 3D effects can not be excluded by the use of poorly conducting or 

insulating channel walls because the currents ho take their path inside the fluid 

itself. 

I. ho .f3D . 
)30 

/// /~/§)// / ))/);// / ///7/lflz ??? 

p 

~-------------------------x 

Fig 5.2-3 Sketch of currents and pressure in 3D flows 

5.3 Solution methods 

Analytical solutions to the problern (5.2.1 to 5.2.11) are restricted to very special 

cases of boundary conditions and only to simple duct geometries in fully devel

oped flows [5-11 to 5-14]. Two methods have been used to determine the un

known flow variables in cases of more general applications. One is the completely 

numerical approach accounting for all physical effects, but restricted in its appli
cability to MHD flows in basicreetangular duct geometries at moderate values of 
Ha< 100. The other approach focuses to the main physical contributions using as-

·ymptotic methods. 

5.3.1 Direct numerical simulation 

Attempts for direct numerical simulation (DNS) of MHD flows on the basis of 

equations (5.2.1 to 5.2.11) have been made by several authors. The preferred nu

merical methods arefinite difference orfinite volume methods [5-15, 5-16]. ln the 

following the method used by [5-17] and later by [5-18] is addressed in some de-
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tail. These authors take advantage of the use of fast Poisson solvers for the evalu

ation of pressure and potential. Starting from a guessed initial flow field they 

reach the steady state solution of interest in by solving the basic equations in the 

time dependent form. They are more interested in fast convergence than in a pre

cise modeling of the time dependence. 

The iteration procedure starts with a Poisson equation for potential, which results 

from a combination of equation (5.2.3) and (5.2.4), 

.l!c/)=V · (vxB) . (5.3.1) 

ensuring conservation of charge. Once the potential is known the currents can be 

determined using Ohm's law. 

ln the proceeding step the artificial"velocity" defined as v* =v+ Vp is calculated 

by the use of equation (5.2.1). The pressure p is calculated from the Poisson equa

tion 

.l!p=V · v* , 

which ensures a solenoidal velocity 

v=v*-Vp 

(5.3.2) 

(5.3.3) 

This procedure is repeated until the desired steady state solution is reached with 

sufficient accuracy. While the case of perfectly insulating or conducting walls can 

be treated directly by applying the relevant standard boundary condition 

(acp/an = 0 or 4> = const) to the Poisson equation (3.3) [5-18] the arbitrary wall con

ductivity requires in addition the solution of equation (5.2.9) during each iter

ation step [5-17]. [5-18] introduces domain decomposition techniques for a mod

eling of more complex geometries by a coupling of basic reetangular subdomains 

and higher order upwind schemes as an approximation for inertial terms. 

For accurate results obtained by DNS, the numerical grid spacing has to be so 

small that even the thin Hartmann layers are resolved. This fact Ieads especially 

for 3D application to an enormous amount of required storage and execution 

time even on modern vector computers, which finally Iimits the applicability of 

DNS to Hartmann numbers Ha< 100, significantly smaller than fusion relevant 

values of Ha= 104-105. Nevertheless, one should consider DNS as an appropriate 
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solution method for fundamental research of elementary MHD problems at mod

erate Hartmann numbers. 

5.3.2 Asymptotic solution 

Asymptotic methods (AM) have often been used to calculate MHD flows in the 

range of fusion relevant Hartmann numbers (e.g. [5-19, 5-20, 5-211 etc.) since they 

have been proposed for 3D applications by [5-22]. The idea is to get a tractable 

mathematical problern by simplifying the basic equations in such a form that the 

main physical behavior remains unchanged. 

ln many fusion applications the interaction parameter N is high enough that iner

tial terms can be neglected completely. This Ieads to a linear system of equations. 

ln a next step the flow is divided into one (ore more) core region(s) in which the 

viscous effects are unimportant at large Hartmann numbers. The cores are sepa

rated from each other or from the walls by thin viscous layers. These assumptions 

Iead to considerable simplifications of the equations governing the flow in the 

cores (subscript C). 

Vp = jcXB, V·vc = 0 , (5.3.4, 5.3.5) 

je= - Vcp+vcXB, Vjc= 0 (5.3.6, 5.3.7) 

From equation (5.3.4) it follows directly that the pressure and the current compo

nents perpendicular to 8 do not vary in the direction of B. This fact allows an easy 

analytical integration of all equations along the field lines. The potential values 
at the walls are introduced as integration constants. 

After the integration the whole 3D problern is reduced to a set of coupled 2D 

equations governing the pressure in the plane perpendicular to 8 and the poten

tial (equation (5.2.9)) at the fluid wall interface. 

More detailed considerations which account for viscous effects Iead to the result 

that the pressure and the potential are constant to the main order of approxima

tion across layers in which the normal component of the magnetic field does not 

vanish. The decay of the velocity and the variation of current towards the wall is 
exponential. 
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v = vc(1-e -'1) , 
(5.3.8) 

(5.3.9) 

Here 11 represents the boundary layer coordinate along the inward wall-normal 

direction n, stretched with Ha(B·n). At the wall where 11 = 0 the velocity satisfies 

the no-slip condition and the tangential currents are given by Ohm's law for a 

media at rest. Far from the walls as 11~oo allvariables reach the core values. At 

walls exactly aligned with the magnetic field the modelling is different. For de

tails see [5-23, 5-24]. 

For the solution of the set of coupled 2D equations two approaches are used. One 

is iterative with underrelaxation for small values of C [5-25]. The use of fast Pois

son solvers restricts its applicability to ducts, whose surface is composed by reetan

gular geometries. The solution procedure is relatively fast and allows a high nu

merical resolution and even the modeling of 3D MHD flows in a number of coup

led subchannels. 

The other approach [5-24, 5-26] uses boundary-fitted coordinates mapping the 

arbitrary duct geometry to a standard volume for which the integration and the 

2D numerical solution is obtained. The arbitrary coordinate transformation al

lows non-equidistant grid spacing with high resolution of 3D-regions. The result

ing algebraic system is solved by a direct linear solver. 
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5.4 Experimental methods 

ln order to investigate the key features of liquid meta I flows in strong magnetic 

fields, two main components are needed, a liquid metalloop and magnets of suf

ficient strength supplying a rather homogeneaus magnetic field. ln this section, 

we give an overview and a short description ofthe liquid metalloop, the magnets 

and the measuring techniques used in the MEKKA-facility of the Forschungszent

rum Karslruhe in the Institute for Applied Thermo- and Fluiddynamics (IATF). A 

more detailed description of the MEKKA-facility has been given previously by [5-

6] or [5-27]. lnduded are also the main features of some experimental facilites of 

the collaborating partner institutes like the Argonne National Labaratory (ANL) 

and the Institute of Physics of the latvian Academy of Seiences (LAS) in Riga (see 

Table 5.4.1 ). The thermophysical values of the liquid metals used in the different 
facilities may be taken from Table 5.4.2. 

Labaratory ANLI,2 Forschungszentrum LAS5•6 

Karlsruhe3•4 

Magnetname SCMS2 ALEX CELLO MA MAGDA -
operating principle 

super-cond. (s) s n s n s n 

normal-cond. _in) 

magnettype dipol dipol solenoid dipol solenoid dipol 

magnet gap shape conical reetangle circular reetangle circular circular 

homogeneaus test 

volume [cm] 

cross section 80-100 20(H) x 40 16.5(H) X 40 40 

76(W) 48.3(W) 

length [cm] 400 100 45 80 60 40 

field strength 

[Tesla] 6 2.08 3.6 2.1 4.3 1.2 

Liquid meta! loops 

liquid metal Na22K78 Na22K78 Ga68Jn20sni2 
' 

Hg, Ga68In2osni2 

Table 5.4-1 Experimental facilities used for MHD work related to the Pb17Li 
blankets [5-28 to 5-33] 
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0 
,1:::. 

I 

Metal 

Melting point rocl 
Volume change on fusion of solid 

volume in r% 1 

Density p [kglm3] 

Ao 
At 

A2 

valid temperature range [°C] 

Heat capacity Cp [J/(kg K)] 

Ao 
At 

A2 

valid temperature range [°C] 

Kinematic viscosity v [m2/s 106] 

Ao 
At 

A2 

valid temp~rature range [°C] 

Table 5.4-2, continued next page 

Hg Ga6BJn2osnt2 

-38.87 10.5 

3.6 -3.5 

20°C 13546.0 20°C 6363.2 

13595.4 6372 

-2.455 -0.44 

2.472E-7 0 

-20°-300° 25°-200° 

20°C 139.068 20°C 365.813 

139.6 368.01 

-0.0275 -0.11 

4.5E-5 6.67E-6 

0°-300° 25°-200° 

20°C 0.1148 20°C 0.34809 

0.1245 0.3853 

-4.633E-4 -0.001926 

1.136E-6 3.2686E-6 

-20°-200° 25°-200° 

Na22K78 Na Li PbLit7 

-11 97.82 179.1 234.85 

2.48 2.5 1.5 3.5 

20°C 868.2 150°C 915.3 300°C 504.9 300°C 9491.7 
' 

873.55 950.46 535.2 9993.3 

-0.258 -0.2307 -0.101 -1.672 

0 -1.8017E--5 0 0 

oc)-204° 98°-1370° 200°-600° 235°-400° 

20°C 982.1 150°C 1425.65 300°C 4278.7 300°C . 189.78 

990.7 1437.08 4530.2 192.51 

-0.5133 -0.5806 0.8382 -9.116E-3 

5.37E-4 4.624E--4 0 0 

0°-450° 100°-600° 180°-420° 235°-530° 

20°C 1.05 150°C 0.5916 300°C 0.8911 300°C 0.2209 

1.278 0.936775 1.6925 0.6525 

-0.0134 -0.0025806 -0.003515 -0.001943 

0.0001 2.571H-6 2.9E-6 1.7324E-6 

0°-80° 1000-3000 180°-550° 235°-660° 



..... 
0 
U1 
I 

";I" 

Metal Hg Ga68In2osnt2 Na22K78 Na Li PbLit7 

Electric conductivity a 20°C 1.04452 20°C 3.30737 20°C 2.878 150°C 8.6356 300°C 3.3434 Joooc 0.78917 

[N(V m) 10-6] 

Ao 1.0635 3.4882 2.976 13.1155 4.458 0.876 

At -9.502E-4 -0.00932 -S.OSE-3 -0.03344 -0.00438 -3.13562E-4 

A2 5.95E-8 1.3933E-5 7.188E-6 2.9028485E-5 2.248E-6 8.09524E-8 

valid temperature range rocl 20°-350° 20°-200° 0°-80° 100°-400° 200°-1200° 235°-720° 

Thermal conductivity Ä. [W/(m K)] 20°C 8.7169 20°C 21.8 150°C 84.4 300°C 40.64 300°C 13.184 

Ao 8.214 39 21.38 91.752 34.9275 7.30374 

At 0.0257 only available 0.0208 -0.048688 1.903E-2 1.96E-2 

A2 -2.784E-5 for 100°C -2.207E-5 -3.03E-7 0 0 

valid temperature range [ 0 <:] - 0°-220° 0°-400° 100°-550° 200°-1100° 235°-400° 
--- -- --------- ---------------------- --- ----- ------------------ ----------~ __ L__ ________________ ~ I - ------

Table 5.4-2 Thermophysical values for different liquid metals. *1 The temperature dependent values are fitted by poly
nomial regressions in the form Ao + A1T + A2T2 with Tin oc. The fit formulas for all values have in their 

range an error of less than 0.5 %. The thermophysical data have been taken from [5-1, 5-34- 5-38]. 



5.4.1 The MEKKA-facility 

Two magnets are available in the MEKKA-facility. There is a normal conducting 

MA dipole magnet providing a transverse magnetic field. lts maximum field 

strength is 2.1 Tesla. The test volume of constant magnetic field strength 

amounts to 0.17m x 0.48m x O.Sm. The other magnet is the super-conducting sole

noid magnet CELLO with a maximum field strength of 3.6 Tesla. The test volume 
of constant field strength is 0.4m in diameter and 0.45m in length. An eutetic 
sodium-potassium alloy (Na22K7s) with a lower density and a higher electrical 
conductivity compared to a Iead-Iithium alloy Pb-17Li foreseen in the blanket de

sign is used in the liquid metal loop in order to scale from experimental condi

tions to fusion blanket relevant conditions. The thermophysical transport prop
erties of the sodium-potassium alloy are given by [5-36] (see also Table 5.4-2). ln 

Fig. 5.4-1 a sketch of the liquid metalloop is shown. A canned motorpump with a 

maximum pressure head of 0.9MPa at a flow rate of 25m3/h circulates the liquid 

metal at temperatures below 250 C. An additional electromagnetic pump is used 

for very low flow rates and for high temperature runs. The entire loop can be 

moved on rails tagether with the connected test sections along the axis of each 

magnet. This allows a good access to the instrumented locations of the test sec
tians and variable positioning of the test section within the magnets. Due the 

technical features of the loop and the magnets the MEKKA facility is capable of 

attaining Interactionparameters in the range of N=102-105 at Hartmann num

bers up to Ha= 104, which are present in liquid-meta! cooled fusion blankets. 

5.4.2 Measuring techniques 

5.4.2.1 Integral quantities 

The flow rate in the loop is measured by two flow meters, which are integrated in 

the liquid metal loop and use different measuring principles. The gyrostatic flow 

meter measures the total mass flow independent of temperature. lts measuring 

range can be selected from 0-3.84 tons/h up to 25 tons/h. The maximum measur

ing error in the selected range is 0.3% of the chosen upper Iimit. 

Additionally electromagnetic (EM-) flow meters are used. Due to the small exten
sions their use is rather flexible without any changes in the piping system. They 
are, for example, used in multi-channel experiments. To avoid anydisturbances of 

the measuring magnetic field of the flow meters by the scattering field of the 

'big' magnets, they are shielded with ferro-magnetic plates. The accuracy of the 

-106-



M~et 

Fig. 5.4-1 

movable liquid metalloop 
Test sections 

The magneto hydrodynamical experimental facility of the 
Forschungszentrum Karlsruhe (MEKKA) 

EM-flow meters is only restricted by the resolution of the data aquisition system. 

The temperatures determining the physical properties of the fluid are measured 

in case of isothermal experiments at the inlet and outlet of the loop with Ni-NiCr 

thermocouples. 

5.4.2.2 local quantities 

The MHD-flow at high Hartmann numbers and interaction parameters is deter

mined once the pressure in the duct and the distribution of the electrical poten

tial on the duct surface are known. To measure the pressure differences in the 

test sections two different systems of pipes are used in which five or three 

unipolar capacitive pressure transducers of different measuring range are ar

ranged in parallel. To avoid errors in the pressure difference measurement due to 

non- linearities of the pressure transducers at their upper Iimitation the measur

ing ranges were chosen as to overlap. For the pressure difference measurements 

in MHD-flows some effects completely unknown to ordinary hydrodynamics have 
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tobe taken into account. Electrical currents induced in the duct can short circuit 

in electrically conducting measuri,ng pipes and as a consequence they may have a 

feedback through the flow in the duct. Therefore the measuring pipes should be 

made of insulating materials such as rubber. ln three-dimensional MHD-flows 

even another phenomenon is observed. The directly measured pressure repre

sents not the real pressure at the fluid-wall interface. A virtual pressure differ

ence p is superimposed to the real pressure at each position, caused by electrical 

currents flowing in the pressure taps perpendicular to the applied magnetic field 

(in particular if there is a component of the magnetic field tangential to the wall). 

This virtual pressure difference can be corrected by measuring the electrical po

tential at each tap, see Fig. 5.4-2. The pressure correction p at the tap can be cal

culated using the relation 

where t is the wall thickness of the duct, d the diameter of the pressure tap and 

<1>1 and <1>2 the dimensionless potentials across the tap. 

Pmeas 

Fig. 5.4-2 Virtual pressure Iosses related to electrical conducting structure 
material at a pressure tap 

The flow pattern of MHD-flows in electrically almost insulating channels (C< < 1) 

is depicted as an electrical potential distribution on the wall. Contrary to the pres

sure difference measurement, the potential measurement on the channel surface 

has no feedback on the flow. To measure the surface potentialsspring loaded 

needles mounted on fiberglass plates are attached to the test sections. Since the 
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measurement is currentless the resolution of the potential measurement is only 

given by the resolution of the data Iogger. 

An instrument to measure the local ve1ocity distribution within the duct is the 
Liquid-meta I Electromagnetic Velocimetry Instrument (LEVI) probe . lt is in princi

ple a miniaturized local electromagnetic flowmeter, see e.g. [5-39], which mea
sures local potential gradients. The signal is proportional to the velocity and the 
applied external magnetic field. The velocity can be calculated according to 

Ohm's law: 

AQ>=v·d·Bo 

where A<P is the potential difference, v is the local velocity perpendicular to the 

magnetic field, d is the distance of the two electrodes and 80 is the applied mag

netic field strength. 

One can easily see that LEVI-probes are unable to measure velocity components in 

the magnetic field direction. The LEVI probes can be used either if the currents 
are known or if they are negligibly small as in almost insulating ducts at high 

Hartmann numbers. This Iimits the use of the LEVI-probe to duct flow where the 

condition c< < 1 and Ha>> 1 holds and where no significant three-dimensional 
currents circulate. ln strongly three-dimensional duct flows such as radial-toroidal 

bends it was shown that LEVI probe signals may give misleading results. 

Nevertheless, the LEVI is the most reliable probe, compared to hot-wire anemom

eters, opto- mechanical probes [5-40] or temperature pulse prob es [5-39]. 

5.4.3 Data acquisition system 

Data acquisition in the MEKKA facility of the Forschungszentrum Karlsruhe is 

conducted via two independently operating personal computers which have the 
following tasks: 

1. Control of the data aquisition hardware (Multimeters, data Iogger, 

aquisition cards, interfaces, etc.). 

2. Data reduction and storage of the obtained experimental data. 
3. Control of the facility. 

A schematic drawing of the aquisition may be taken from Fig. 5.4-3. 
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Fig. 5.4-3 Data acquisition system of the MEKKA-facility (Forschungszentrum Karlsruhe). 



5.5 Results on MHD-flows in hydraulic elements 

Any blanket design is based on various basic geometric elements of coolant chan

nels. These are straight ducts of reetangular or circular cross section, expansions, 

contractions, bends, and manifolds. The importance of these hydraulic elements 

with regard to the feasibility of a blanket concept has been discussed in the in
troduction, where a table of weight factors for the differrent blanket designs has 

been given. However, the pressure drop caused by MHO flows in such configura
tions can be minimized by the means ofthin conducting walls or by the use of in

sulating coatings at the wall. Flows for all these possible applications have been 

investigated by several authors. The main results relevant for fusion applications 

are summarized in the following chapters. For more detailed information the 

reader is advised to the original publications named in this report. 

5.5.1 Flows in single ducts with constant cross section perpendicular toB 

The most important duct geometries in engineering applications are straight 

ducts of circular or reetangular cross section. The flow in straight ducts may be ei
ther fully developed (2D) or 3D. The results obtained for the fully developed 
MHO-flows in fusion element typical geometries for various magnetic field ori

entations are discussed in Section 5.5.1.1. ln very long straight ducts 30 MHO ef
fects occur in regions of a non-uniform magnetic field or in regions of varying 

conductance properties of the walls, effects which are not observed in pure 

hydrodynamic flows. A discussion about these phenomena is given in Section 
5.5.1.2. 

5.5.1.1 Fully developed flows 

Although most results for fully developed 20 MHO flows in such geometries are 

known for quite a long time they are repeated here for getting a complete pic

ture. The results are summarized in Table 5.5-1 forthin conducting ducts and for 

ducts with perfectly insulating coatings. Table 5.5-1 shows the analytically de

rived correlations for the pressure gradient which can be used to obtain easily re

sults with sufficient accuracy for engineering applications. For the reetangular 

duct geometry the pressure gradient reaches the values of the Hartmann flow 
axPH if the aspect ratio b/a or the conductance ratio of the side walls C5 are large. 
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Table 5.5-1 Pressuredrop correlations for fully developed MHD channel flows. 
For details see a) [5-14, 5-12], b} [5-40], c) [5-13], d} [5-23, 5-41 ], 
e) [5-42], f) [5-43], g) [5-74], h) [5-44]. 

The sketch of velocity profiles corresponds to the position y=O in the cross sec

tion. Along the y-direction the velocity is constant in the core. The no-slip condi

tion at the wall is reached by a steep exponential decay according to equation 

(5.3.8). The velocity profilein insulating pipes takes an elliptic shape while in con-
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ducting pipes (C> >Ha-1) the flow pattern is of the slug type. Slug type velocity 

profiles are also obtained in the cores of reetangular ducts. However, if the duct 

walls are conducting the core velocity is reduced to v,< 1. The volume flux 

4ab(1-vc) which is now not carried by the core is carried by high-velocity jets 

along the side wall. 

ln practical applications of reetangular duct flow one will often find the more 

general case where the magnetic field is not aligned with any pair of walls. Re
sults for such flows have been obtained [5-17] on the basis of a direct numerical 
solution or based on asymptotic models by [5-45, 5-46, 5-24]. For inclination an

gles ß>O the reetangular duct splits into an inner core Ci and two outer cores C0 

as shown in Fig. 5.5-1. They are separated by two thin internal viscous layers 

which spread from the inner corner along field lines into the fluid. The inner core 

exhibits a flat velocity profile while in the outer cores the velocity distribution is 

linear in the field direction with the highest value at the inner corner. Results for 

pressure drop and velocity profiles for different inclination angles ß and wall con

ductance ratios are shown in Fig. 5.5-1. 

An overview about experimental results in such 20 fully developed MHD-flows 

for fusion relevant Ha and N is given in [5-47]. ln general the quality of the de
rived fomulas is quite good. Deviations between experiments and the formulas 

are approximately + 10%, which is in the range of the measurement accuracy and 

should be taken into account in any design calculation. 

An also important question is the typical developing length the flow needs to es

tablish a fully developed flow regime. Here only analytical and theoretical calcu

lations are available. But the relations developed in three-dimensional codes by 

[5-17, 5-18, 5-26] show in comparison with experiments conducted by [5-43 and 5-
48] a quite good agreement. ln Table 5.5-2 the order of the development length 
of a MHD single duct flow is given for some characteristic geometries. 
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Fig. 5.5-1: MHD flow in inclined reetangular duets. Numerieal results for 
velocity profiles and pressure drop (eompared to the analytically 
obtained pressure drop Vp/VpH =eosß /(1-1 /3 tan*) obtained by [5-
46] for the ease C = 0). 

wall property insulating eondueting 

geometry reetangular cireular reetangular 

ldev in eharacteristic length a 0(1) O(VHa) 0(1/vC)*a 

Table 5.5-2 Developing length of a MHD single duet flow for different 
geometries. *a [5-49, 5-50]. 
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5.5.1.2 Nonhomogeneaus magnetic field 

At the inlet and outlet ducts of a blanket penetrating the magnet coil, spatially 
varying magnetic fields exist. lf the magnetic flux density changes along the duct, 
the electromotive force will also change. This sets up axial potential differences 

which drive currents in the axial direction. These currents result in electromag

netic body forces which force the fluid out of the core of the flow and into high 

velocity flow regions near the walls tangent toB. The flux redistribution is accom

panied by a pressure drop higher than it would have been had the flow remained 

undisturbed and by a transverse pressure varying in the range of the fringing 

filed, as shown in Fig. 5.5-2. 

$-:: 
1::1 

corrected ~ ~ 
"t:: 
~ 
!j 

~~ 
~ 

Fig. 5.5-2 Dimensionless transverse pressure difference in a round duct in the 
range of the fringing field [5-43] 

This problern has been investigated theoretically and experimentally for round 
and reetangular ducts by [5-51] and for round ducts by [5-31] at fusion relevant 

parameters Ha and N. The experimental results agree weil with the theory based 

on the Core Flow assumptions. 
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5.5.2 Single ducts with changing flow direction or cross section in the plane 

perpendicular toB 

No significant additional pressure drops occur for inertialess MHD flows if the 

cross section or the flow direction changes only in the plane perpendicular to the 

magnetic field. The reason isthat the potential near the sides which is propor
tional to the product of velocity and duct width remains unchanged by the flow 

in such geometries for a given flow rate. The driving mechanism for additional 

currents, namely an axial potential gradient, does not exist for such a type of 

flow. The total pressure drop of flows in the plane perpendicular to the field can 

be easily obtained by the integration of the locally fully developed pressure gra

dient according to Table 5.5-1 along the channel axis. 

MHD flow in several geometries has been investigated in which the geometry 
does not change in the magnetic field direction but perpendicular to it. One ex
ample is an expansion from reetangular cross section 2X2 to 2X4. The estimation 
for pressure drop according to the fully developed conditions (dashed line) agrees 
weil with the 3D numerical calculations (solid line), as shown in Fig. 5.5-3. 
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Fig. 5.5-3 Pressuredrop along the axis of a reetangular expansion Ha= 1000, c=O. 
The dashed line represents the pressure estimation according to locally 
fully developed conditions. lt is compared to the solid line which 
represents results of a 3D numerical calculation. 
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Another example is the smooth 180° bend (see Figure 5.5-4 [5-24]). One finds no 

increase in pressure drop due to 3D effects. ln the bend the flow is accelerated 
along the inner side wall while the flow-is reduced at larger distances from the in

ner radius. 

B 

J.O 

~ ~ 
~ 

::... ::... 
~ 

~ 
I 

Fig. 5. 5-4 Flow in a rounded 180° bend; lines of constant wall potential, velocity 
profiles at several axial positions. 

Similar calculations have been performed for flows in insulating ducts (see 

Fig. 5.5-5 [5-51]). One finds the same physical effects as already described for 
flows in conducting thin-wall ducts and no increase of pressure drop due to 3D ef

fects to the leading order of approximation. 
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Fig. 5.5-5 MHD flow in a sharp 90° bend andin a sharp 180° bend. Geometry and 
isolines of wallpotential 
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ln order to investigate the lower Iimits of the MHD parameters where the CFA 

methods can be applied, pressure drop experiments in a sharp-edged 90° bend 

were performed [5-33]. The interaction parameter and Hartmann numbers were 

varied from purely hydrodynamic flow (N=Ha=O) to maximum values of 

N=11000, Ha=2100. Figure 5.5-6 shows the pressure loss coefficient ~. defined 
by 

( = Llp!(pu2(1 + N)) , 

where the measured pressure drop Llp is determined by extrapolation of the 

undisturbed duct pressure gradients upstream and downstream of the bend to 

the intersection of the duct axis. 

For N=O, the agreement with results from similar hydraulic investigations agree 
very weil. With increasing N the loss coefficient decreases strongly and becomes 
constant for N > 20. lt is interesting to note that this value is not zero but slightly 
negative which according to the above definition corresponds to a small pressure 

increase. This effect, also predicted by 3d CFA calculations, is due to the fact that 

the average flow path for the flow is shorter than the assumed mean flow path 
along the duct axis. 

These results indicate that the CFA method is weil suited to predict the pressure 

drop in ducts perpendicular to B even for values of Ha and N much lower than 
relevant for the blanket. 
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5.5.3 Single ducts with changing flow direction or cross section in the plane 

of B (3D geometries) 
5.5.3.1 Expansionsand Cantradions 

Additional pressure drop occurs if the geometry expands or contracts or if the 

flow turns into the direction of B. Similar effects occur if the magnetic field 

strength varies in the axial.direction, e.g. at the ends of the magnet. Fora conve

nient comparison of results, the additional pressure drop is related to the pres

sure drop of a fully developed flow in a straight duct over an equivalent length 

L3o. The additional pressure drop in a conducting reetangular expansion is shown 

in Fig. 5.5-7 as a function of the wall eonduetanee ratio. The Hartmann number is 

Ha= 1000 The reetangular duet expands from eross section 2X2 to 4X2. For high

ly eonducting walls, C>1, this additional pressure drop is negligible eompared 

with the high MHD pressure drop of the fully developed flow. lf C deereases the 

additional pressure drop becomes relatively more important. For the Iimit c~o 

L3o tends to the finite Iimit L3o = 14. These results arevalid only for the case con

sidered. For weaker expansions or smaller expansion ratios lower values for L30 

are expected. Any other expansion ratio or geometry ean be treated with the nu

merical code based on the asymptotie method. 
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Fig. 5.5-7 Additionalpressure drop in a eonducting reetangular expansion 
2X2~4X2 in the plane ofthe field compared with the equivalent 
length l3o of a fully developed duet flow as a funetion of C. (Ha= 1 000) 
[5-52] 

As a further example, an insulated, cireular expansion is eonsidered. The behavior 

in a round pipe expansion is similar to the reetangular expansion.The geometry 

ehanges smoothly from r, = 1 for x<-2 to the value r2=2 for x>2. Near x=O a 

strong pressure gradient is visible in Fig. 5.5-8. For x> 1 part of the pressure drop 

is recovered. The velocity profiles in and behind the expansion are shown in sub-
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plots. ln the expansion the fluid is pushed towards the sides and forms two jets 

while in the center the flow is almost stagnant or even reversed. Figure 5.5-8 also 

shows the fact that the development length in insulating circular pipe flow (indi

cated by deviations from fully developed pressure gradient) becomes very long, 

i.e. 10L and 20L before and behind the expansion. 
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Fig. 5.5-8 MHD flow in an insulated circular expansion at Ha= 1000. 

r(x2 < -2) = 1, r(x2 > -2) = 2. Flow pattern and pressure distribution 
along the axis [5-52] 

5.5.3.2 The 90°-bend with one leg paralleltoB 

ln any blanket design bends appear, in which the flow changes the direction with 

respect to the magnetic field. ln the blanket concept described by [5-2], there are 
two bends forming an U-bend with radial-toroidal-radial orientation. Since in the 
toroidal part which is perfectly aligned with the magnetic field the main flow di
rection coincides with the direction of the field the induced potential in this duct 

is zero. This part of the bend therefore serves as an additional current path and 
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increases the total current and pressure drop in the radial leg. A schematic of the 

considered geometry is shown in Fig. 5.5-9. 
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Fig. 5.5-9 a) lsolines of potential at the bottom of the toroidal duct, streamlines in 
the toroidal core and sketch of flow path in the layers [5-53] 
b) Flow rates in the wall-adjacent boundary layers in the toroidal duct. 
Sketch of geometry, orientation of the magnetic field, and coordinates. 
Ha=ao, C=0.052 [5-54] 

The detailed analysis of this problern based on inertialess, inviscid Iimit (N, Ha~ao) 

is described by [5-53]. Here only the main results are summarized. 

• The core of the toroidal duct has no component of velocity in the main 

toroidal direction. 

• The flow in the toroidal duct is confined tothin boundary layers of the thick

ness ö-Ha-1/2 at all walls which are aligned with the field and which carry all 

flow rates Oi- Even at the first wall there is a jet which carries a significant rate 

Q, of the total volume flux. ln the boundary layer near the second wall the 

flow may even get reversed. Additionally exists an intensive mass exchange 

between the layers, which would be favourable for heat transfer purposes. 

• The core in the toroidal duct is by no means stagnant. There is an intense ex

change of fluid between the four layers which are aligned with the field. This 

exchange happens because of a direct interaction between neighbouring lay

ers or even along larger distances if the core is involved. 

• There is fluid motion in the core only in planes y=const, and it does not contri

bute to an 0(1) volume flux in the toroidal direction. Nevertheless, this motion 

may Iead to improved heat transfer conditions. The intensity of the flow in the 

core is most pronounced at the Hartmann wall of the toroidal duct and van

ishes at the plane of symmetry. The flow behaves qualitatively like the flow 

analyzed by [5-53]. 
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The flow in the radial-toroidal bend has been investigated experimentally [5-54] 

and compared with the results of the asymptotic model. Herewe summarize only 

the main results and conclusions: 

With the AM the solution of the three-dimensional MHD flow is obtained once 

the surface potentials and the pressure in the core are known. The experimental 

results of the electric potentials on the Hartmann walls in the radial and the 

toroidal duct as weil as on the first and the second wall show neither an influence 

of Ha and N in the ranges Ha=2·103~8·103 and N=2·102~3·104. The agreement 

between the AM and the experiment is quite good. These results demonstrate 

that the flow in the core behaves like an inviscid, inertialess flow as long as Ha, 

N > > 1. At the side walls in the vicinity of the bend, however, an influence of the 

wall potential on inertia has been detected. The potential there scales propor

tional to N-1/3. This indicates that with increasing flow rate the side layers get 

thicker. Due to the thickening of the side layer these layers are capable of carry

ing a higher electric current, which is not taken into account in the asymptotic 

theory. The current can short-circuit within the liquid metal and produces there 

an inertial part of the pressure drop which is proportional to the thickness of the 

layer, namely to N-1/3. The surface potentials on the side wallsalso showed that 

for N > Ha3/2 the experimental values tend to the calculated ones, as predicted 

bythe theory. 

Figure 5.5-10 shows experimental values of the total pressure drop over the 

whole bend. The calculated asymptotic Iimit is confirmed almost exactly by the 

experiment for high values of N. For N < 2·1 03 the total pressure drop shows a sig

nificant dependence on N and Ha, which may be fitted by the following correla

tion: 

11Ptotal = 11Pasymptotic+0.406 N-0.337+0.0939 Ha-0.565 . 

The expression has been obtained by a statistical analysis of the experimental da

ta. The exponents -0.337 and -0.565 are very close to theoretically predicted 

values -1/3 and -1/2, respectively. This means that in the inertial flow regime 

the layers are characterized by inertial-electromagnetic interaction. The asymp

totic value ilPasymptotic for high Ha and N isthat obtained for the inertialess Iimit 

for N > Ha3/2 and may be further split in apart of fully developed MHD flow per

pendicular to the field and an additional contribution of inertialess 3D effects 

like: 

11Pasymptotic = i1Pfd+ i1P3D , 
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or 

apl 
11Pasymptotic= ( lrad+ l3o )-. fd · ax 

The equivalent length l3o characterizing the additional pressure drop ~P3D in the 

considered bend flow is 13o=0.563, which is for surenot critical for blanket ap
plications. Since some blanket elements require flows with N<2·103, the above 

named equation can be used as inertial correction to the theoretically obtained 

asymptotic solution for pressure drop. 
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Fig. 5.5-10 Pressure differences between 03-09 for different values of N at 
varying Ha compared to the asymptotic theory N, Ha~oo [5-54] 

so 

ln real engineering applications the desirable perfect alignment of the toroidal 

duct walls with the magnetic filed cannot be achieved. To investigate the effect 

of small inclinations with respect to the magnetic field direction the test section 

was turned in the experiment by small angles. The maximum angles of inclination 
with respect to a rotation around the z-axis were limited by the test volume of 

the used magnetto -5°<0z<15°. Figure 5.5-11 shows the total pressure drop 

for the three angles 0z=- 5°, 0°, 15° as a function of N. For high values of N the 

pressure drop caused by the flow with the three orientations is almost the same. 
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For small values of N the pressure drop in bends with E>z= -5° and E>z=0° is still 
comparable, but significantly different from the case of E>z = 15°, for which it is 
about 30% higher. The reason for higher pressure drop in the latter case can be 

explained by the internal layer, which- occurs at the inner corner of the bend 

along field lines. This layer carries a significant amount of the total flow rate in a 

thin, high velocity jet from the radialleg to the toroidal one. This high-velocity jet 

now is responsible for higher inertial sensitivity of the flow. Figure 5.5-11 shows 

further that for all inclinations the dependence h.p-N -1/3 remains unchanged. 
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Totalpressure drop for different values of the inclination angles 
9z=-5 ,0, 15 as a function of N at Ha=4175 [5-54]. 

5.5.3.3 U-bend flows 

The U-bend flow-problem represents in principle a coupling between the flow in 

two 90°-bends. Most of the flow features are similar. ln the ducts oriented in the 
magnetic field direction, a zero potential is induced, whereas in the ducts per

pendicular to the field a potential due to vx B is induced. Therefore, these 
toroidal ducts act as a shortcut for the electric current, forcing the flow in the ra
dial ducts towards the side walls and moreover producing a 3D pressure drop. lf 

the distance of the two 90°-bends is less than the order 1-V'Ha an electric current 
between the two bends can circulate because of an opposite induced potential in 

the radial ducts (see Fig. 5.5-12). This additional global current Ieads to an ampli
fied 3D effect compared to a single 90°-bend and as a consequence to a higher 
3D-pressure drop in the U-bend compared to two 90°-bends. 
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Fig. 5.5-12 
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Sketch of the additional global current path in a radial-toroidal
radial U-bend 

The U-bend flow at high values of Hartmann number and Interaction parameter 

has been experimentally investigated in the context of the multi-channel U-bend 
flows by [5-51]. A comparison of the measured wall potentials and the calculated 

ones shows excellent agreement like in the 90°-bend. The potentials on the 
Hartmann walls are independent of the interaction parameter in the range 
103 < N < 3.3·1 04 and independent of the Hartmann number in the range 

6·102<Ha<2.4·103, indicating that the core flow behaves like an inviscid, 

inertialess flow. Slight deviations in the potential measurements between the cal

culations and the experiment are confined totheimmediate vicinity of the bend. 

ln a distance of four characteristic length after the bend the flow reaches the fully 

developed flow regime, which is expressed by the pressure gradient of the fully 

developed MHD-flow in a rectangularduct, see Fig. 5.5-13. 

The flow in the U-bend itself is affected by inertial effects. At high interaction pa
rameters, the pressure drop in each of the two 90°bends is the same but is still 8% 

higher than that calculated with the inertialess, inviscid asymptotic model, indi

cating that inertial effects arestill present at higher interaction parameters, (see 

Fig. 5.5-14a). At higher flow velocities (decreasing interaction parameters) dis

crepancies in the pressure drop between the two 90°-bends appear, which are 

caused by the different effects of the electric current path due to the formation 

of recirculation regions in the bends, for detailed discussion see [5-54]. The total 
pressure drop in a U-bend flow is shown in Fig. 5.5-14b. The additional pressure 

drop originating by inertial effects il.P3D,N in the U-bend scales like in the 90°

bend with il.P3D,N-N- 113• 
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Fig. 5.5-15 Schematical graph of test section and used coordinate system [5-55] 

A similar U-bend was also used in mercury experiments in the LAS to investigate 

the velocity distribution in the radial duct, the bend region and in the toroidal 

duct [5-55]. These experiments were performed at lower values of Ha and N 

(0< Ha <460, 0< N < 150). Figure 5.5-15 shows schematically the test section and 
the used coordinate system. 

Figure 5.5-16 shows corresponding velocity distributions obtained by a hot wire 

probe for three different values of the interaction parameter. For purely 

hydrodynamic flow, a characteristic recirculation zone exists downstream of the 

inner bend corner. With increasing N, the liquid is pushed towards the side walls, 

and highest signals are observed close to the firstwallas predicted by CFA analy
ses. For N =35 a recirculation zone no Ionger exists. Surprisingly, the hot wire sig

nals depict a maximum at y=O in the bulk of the toroidal duct. 

ln order to interprete these results, additional measurements with a potential 

probe were performed. 

Figure 5.5-17 shows distributions of the dimensionless velocity components vy 

and Vz and the absolute velocity Vtr in the plane perpendicular to the x-axis given 

by the vectorial sum of vy and Vz. These measurements prove the existence of a 
pair of vortices with axis parallel to the magnetic field B which rotate in opposite 

directions. The sense of rotation is opposite tothat sense predicted by the CFA. 
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Fig.5.5-17 Velocity components perpendicular to x (potential probe} (C=O, 
Ha=255, N=38} [5-55] 
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The observed vortices are generated by inertial forces due to the M-shaped ve

locity profilein the radial duct. With increasing N, the vortex strength decreased. 

Blanket relevant Hartmann numbers and Interaction parameters (Ha= 8000, 

N~200) are in between the experimentally investigated values and those as

sumed for the CFA analyses. Therefore, only qualitative conclusions for the blan

ket geometry can be drawn. 

lt was observed experimentally, that with increasing N liquid is increasingly 

pushed to the first wall as predicted by the CFA analysis. Therefore, the heat 
transfer from the first wall should be much better than for a slug velocity distribu

tion with laminar flow as assumed in the blanket design [5-56]. 

The observed occurance of vortices should be additionally beneficial for heat 

transfer. The transversal velocities could provide a very effective temperature 

equilibration in the first wall duct. This could Iead to a simplified blanket design. 

The present knowledge, however, does not allow to judge if these vortices occur 

at blanket relevant conditions. 

5.5.4 Combining and distributing flows in manifolds 

Manifolds which connect a I arge duct with several sub-channels are required in all 

blanket designs. ln respect to MHD effects it is again differentiated between flow 

geometries which are in the plane perpendicular to Band those which include a 

change of cross section in B direction (see Section 5.5.4.2) 

5.5.4.1 Manifolds in the plane perpendicular toB 

For manifolds in the plane perpendicular toB, again, no significant 3D effects as

sociated with additional pressure drop occur for inertialess flows (compare sec

tion 5.5.2). Some examples for insulated duct walls [5-56] are shown in Fig. 5.5-18. 

The duct geometry in the lower part of the figure is relevant for the combining 

manifold at the blanket bottom. [5-51] finds negligible pressure drop due to the 

distribution of flow among the sub-channels for the cases considered. The veloc
ity profiles exhibit constant core velocities along magnetic field lines. Deviations 

from the slug profile in the transverse direction disappear roughly at distances 

equivalent to the duct width. 
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Fig. 5.5-18 Streamlines in the plane perpendicular to the field for some 
manifolds [5-56] 

A T-junction can be considered as a specialtype of a manifold (see Figure 5.5-19). 

lf all changes of geometry happen in the plane perpendicular to the field, again 

no significant additional 3D effects due to the flow distribution or recombination 

are expected for inertialess flow. This was confirmed for conducting walls theo

retically using the asymptotic method by [5-24] and [5-51], for conducting and 

non-conducting walls, respectively. 
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Again, the question arises on the influence of inertial forces. Experiments were 

performed to investigate the pressure distribution in different types of T

junctions and the blanket bottom manifold [5-33, 5-57]. Figure 5.5-20 shows the 

test section dimensions, Table 5.5-3 contains characteristic quantities of the ex

periments performed partly with mercury in the LAS and with NaK at FZK. Test 

section c) included also the 90° bend discussed in Section 5.5.2. 
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Fig. 5.5-20 Test sections for experiments with T-junction and 90° bend flow [5-57] 

Table 5.5-3 Experimental Quantities [5-57] 

T-junction 90° bend blanket 
Test Section geometry 

c a c b 

a(mm) 18 12.5* 18 12.5* 

c 0.05 0; 0.047 0.05 0.022; 0.047 

Ha 0-2100 0-360 0-2100 0-360 

N 0-11000 0-80 0-11000 0-80 

* for C = 0; for other values slightly smaller 
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As characteristic results, only pressure distributions for the blanket bottom mani

fold are shown (Fig. 5.5-21). Significant pressure drops due to strong recirculation 

zones occur at very small values of N which disappear at quite moderate values of 

N = 20 as demonstrated in Fig. 5.5-22 which shows the pressure loss coefficient ~. 

as a function of N. 

All results clearly prove that no significant additional pressure drops due to 3D ef

fects occur at blanket relevant MHD parameters for these quite complex geome

tries with distributing or collecting flows. This is of large importance for insulat

ing walls where 3D effects easily might dominate the total pressure drop. 

o c=0,022 .c:,. c=0,0471 

100 
N+1 I 

Fig. 5.5-22 Loss coefficient for duct "0" of the blanket bottom manifold 
(0< Ha< 360, C=0.02; 0.047, different flow ratios in ducts 1, 2 and 3) 
[5-57] 
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5.5.4.2 Manifolds in the plane of B 

First theoretical investigations of the pressure drop in a manifold with conducting 

walls have been performed by [5-9]. The upper half of the manifold is shown in 
Fig. 5.5-23 ln the first part, the flow expands from a flat duct to a larger one be
fore it is distributed. ln the expanding part the flow behaves as already discussed 
in Section 5.5.3.1. According to Hua [5-9], only marginal values of additional pres
sure drop are found due to the flow distribution to subchannels. A desirable flow 

distribution among coolant ducts can be achieved with a judicious choice of wall 

thickness distribution. As a result the MHD effects related to manifolds of this 

type can be neglected du ring the blanket conceptual design phase. 

z = -1 
B 

z = 1 

/. x=x1 

Figure 5.5-23 Geometry of a conducting manifold [5-9] 

The geometry considered by [5-9] is only a rough approximation of the real blan

ket geometry. The flow in the poloidal collector of the Dual Coolant blanket [5-7] 

has been analyzed in detail using the asympotic method and boundary fitted CO

ordinates as introduced above. The modelled geometry is shown in Fig. 5.5-24. 

The duct is considered to have thin conducting walls. The flat reetangular channel 

has already collected the flow rates from the poloidal subchannels when the fluid 

enters the expanding region. The fluid flows further through the expansion at 

the end of which the cross section is almost of square shape. The last reetangular 
cross section is connected with the circular pipe by a smooth transition zone. All 

flow variablesandnon-dimensional parameters are scaled with the pipe radius as 

the characteristic dimension. The wall-conductance ratio and the Hartmann num-
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ber have been chosentobe C=0.05 and Ha=104, respectively. Figure 5.5-24 also 

shows isolines of wall potential plotted on the surface of the duct. The diagram 

shows the variation of pressure along the axis. 

Fig. 5.5-24 
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MHD flow in a complex element of the Dual Coolant Blanket. 
Ha= 10000, C = 0.05. Lines of constant wall potential on the surface 
of the duct, variation of pressure along the axial coordinate [5-24] 

When the fluid passes through the expansion region it is not subjected to signifi

cant 30-effects because the flow expands only in the plane perpendicular to the 

magnetic field. Due to the reduction of the velocity, the pressure gradient de-
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creases in the expanding region. At the junction between the reetangular duct 

and the circular pipe 3D-effects are unavoidable. They cause there an irreversible 

pressure drop .ö.p3o. as indicated in the diagram . .Ö.P3D is equivalent to the pres

sure drop in the circular pipe, estimated over a length of about l3o = 0.6. A com

parison with the total height of the blanket shows that this is a small amount. ln 

the circular pipe the fully-developed pressure gradient of Vp=-C/(1 +C) is 
reached very quickly in a short distance. 

For insulated walls ~P3d is assumed tobe the same as forthin conducting walls. ln 

order to extrapolate the results to blanket relevant conditions a factor of 2 was 

used to account for inertia effects. Since the pressure drop for insulated ducts are 

quite small, the contribution of f1P3d to the total pressure drop becomes larger 

but is still moderate, compare Table 5.8-1. 

Experimental results were obtained for a manifold geometry relevant for the self
cooled Pb-17Li blanket with poloidal-radial-toroidal ducts [5-58], where large 

"poloidal" ducts are connected with much smaller "radial" ducts. Although all 

duct axes are perpendicular to B, 3D pressure drops are expected to occur because 
the duct dimension varies in the direction of B. 

Screening tests with mercury were performed in the LAS. Figure 5.5-25 shows 

schematically the investigated flow duct geometries, Table 5.5-4 contains addi

tional characteristic values. The test section consisted of a poloidal duct with a 

cross-section of 125 mm x 125 mm, and five perpendicular radial ducts with di

mensions 25 mm x 25 mm each. The radial ducts were electrically insulated from 

each other (simulating the use of FCis in the blanket). The cross-section of the 

poloidal duct could be reduced by inserts to an area of 25 mm x 125 mm. Three 
configurations were investigated as follows: 

(a) with insert; B parallel to the small side of the poloidal duct (two-dimensional 
flow), 

(b) with insert; B parallel tothelarge side of the poloidal duct (three-dimensional 
flow); 

(c) without insert. 

Configuration (c) is the mostrelevant for the blanket; for configuration (b), it was 

expected that the pressure drops are even larger than for (c) (conservative case); 

for configuration (a), a negligible pressure dropwas expected (and observed). 
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The pressure distributions were measured both along the axis of the poloidal 

channel and along the radial channels. 

poloidal duct 

1 1 no insert 

• I I 
radial duct 125 ° "l.p.d ... 

! 25 0 

® magnetic field B t B t 

Fig. 5.5-25 Schematic diagram of manifold test sections [5-58] 

Table 5.5-4 Characteristic values for the manifolds [5-58] 

poloidal duct radial duct 

blanket 

a(mm) 80 37 

M 7600 3900 

N 300 200 

c 0.01 0.02 

k - 38 

experiments 

a (mm) 62.5; 12.5 12.5 

Hamax 1800 360 

Nmax 200 40 

c 0; 0.004; 0.008 0; 0.025; 0.05 

k - 5 

ln the following, two characterstic results are presented. Figure 5.5-26 shows the 

effect of the number of radial channels (k) for configuration (b) with distributing 

flow (the results for combining flow are very similar). With increasing values of k, 
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the normalized pressure drop increases. The maximum pressure drop occurs in 

the middle duct. 
0.3 
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Fig. 5.5-26 
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Manifold pressure drop (distributing flow): effect of channel 
number k for configuration (b) [5-58] 

Figure 5.5-27 depicts the dependence on the Interactionparameter N. A distinct 

increase is observed for N < 5. ln this range, the first pressure measurement in the 

radial duct indicated a recirculation zone resulting from inertia effects. The val

ues for configuration (c) are slightly lower than those for configuration (b). 
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Manifold pressure drop (distributing flow): effect of interaction 
parameter N: C = 0.047; k = 5; Ha = 180-360 [5-58] 

Using very conservative assumptions (e.g. linear increase of ~P with k) in order to 

extrapolate the present results for blanket conditions, a value of 0.78 MPa is ob

tained which corresponds fairly weil to the value estimated previously. With this 

value there is still a margin of 4 MPa to the maximumtolerable system pressure. 
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5.5.5 Liquid metal flow interaction in multi-channel ducts 

Most blanket designs consist of an arrangement of a number of parallel channels. 

ln the case when these channels are electrically insulating, the flow in each sub

channel may be considered to be a completely decoupled single channel flow as 

discussed before. lf there is no insulation at a common conducting wall separat

ing the fluids of two adjacent ducts then, there is electrical coupling between the 

ducts, which is called the multi channel flow (MCF). ln the following two sections 

MCF in straight ducts (2D) and MCF in U-bends (3D- MCFs) are discussed. 

5.5.5.1 Multi-channel flow in straight ducts 

MCFs have been considered e.g. by [5-59] for an array of three channels as shown 

in Fig. 5.5-28a. ln this arrangement the potentials along the side wall have almost 

the same values at the junction of two ducts if the flow rates in the sub-channels 

are the same. Therefore no significant effects in MCFs are observed. Only for 

strongly different flow rates in the sub-channels or for different wall conduc

tance ratios an influence due to MCFs is observed. With respect to applications in 

the radial-toroidal blanket concept [5-2] the arrangement of channels as shown 

in Figure 5.5-28b is more interesting as it represents the radial duct configuration. 

Here the potentials at dividing conducting walls can sum up along the whole ar

ray of sub-channels. The current can cross the walls and pass via all sub-channels, 

thus causing a strong electromagnetic coupling. Especially this case is investi

gated by in the following considerations in more detail. 

The MHD flow in an array of sub-channels as shown in Fig. 5.5-28b with conduct

ing dividing walls has been analyzed by Molokov [5-60, 5-61]. ln his calculations 

he used the flow variables velocity and to the induced magnetic field. Since this 

approach Ieads to results only for fully developed flow conditions, we do not re

fer to this formulation in more detail. To keep the notation introduced before us

ing v, Q>, the velocity and the potential, Molokov's basic ideas are expressed using 

these quantities, which can also serve for calculations in more complex 3D geom

etries. 
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Fig. 5.5-28 Current path in 2D multi-channel duct flows (a, b). c) Velocity distri
bution of a 2D MHD-flow in the configuration (b) for Ha=SOO [5-61]. 

6 

The flow in each sub channel is considered to be fully developed. The walls are as

sumed to be thin and to have perfect contact with the liquid metal so that the 

thin-wall condition (see Section 5.3) can be directly applied at all the outer walls. 

At conducting dividing walls this condition needs some modification. Only a part 

of the current ji which enters the wall i from the duct i at one side turns in the tan

gential direction and produces there a distribution of wall potentiai<Pw,i· The rest 

of the current entering the wall at one side may leave it at the other side towards 

the adjacent sub-channel i + 1 (see Fig. 5.5-28b). 

jn,i-jn,i + 1 = Ci .ßt <Pw,i 

This coupling condition allows the global current path across all sub-channels. 

The above named equation shows immediately some interesting features. 

• lf the pressure gradient Vp= j X B (in the asymptotic Iimit Ha,N~oo) is con

stant in each sub-channel the currents entering and leaving the side walls 

have to be equal jn,i = jn,i + 1. There is no net current flux into the wall so 

that the potential <Pw,i becomes the same linear function between the two 

Hartmann walls as for the core potentials <Pc,i- Flow rates Oi,R and Oi,L of 

0(1) carried by high-velocity jets along the right and the left side of he wall 

i occur only if there exist potential differences between the cores and the 

walls. For the same pressure gradients in each channel they do exist only at 

the outer sides but they do not exist along the dividing walls. Thus the MCF 

in this case is comparable to a single channel flow in a duct with a width of 

the whole multi channel array. 
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• More interesting is the case when instead of the pressure gradients the 

flow rates are equal in all the sub-channels. This case is even more desirable 
because it should ensure a homogeneaus convective heat removal by the 

array of channels in a technical application. Equal flow rates result mostly 
not in equal pressure gradients and thus cause different currents at both 

sides of the dividing walls. The equation Ieads for this case to a parabolic 

variation of potential <Pw along the dividing wall. Since the potential dif

ferences across the right and left side layer at the dividing wall, <Pw, i- <Pc,i, 
<Pc,i+ 1-<Pw,i, respectively, are the same but with opposite sign (since 

<Pc,i=<Pc,i+1) the high-velocity jets in the layers have different directions. 
ln one duct the flow rate carried by the layer contributes to the total flow 

rate while in the adjacent duct it acts in opposite direction. 

lf the wall conductance ratios of the sub-channels vary and the volumetric flow 
rate in the sub- channels is identical the velocity profiles may become even more 

peculiar. There may appear reversed flows and high velocity jets at theside walls, 

as depicted in Fig. 5.5-28c. 

5.5.5.2 Multi-bend flow 

ln the blanket concept proposed by [5-2] many parallel toroidal ducts are fed by 

the radial ones. At the opposite toroidal end of the blanket segment the flow di

rection turns again to the radial direction. Thus, the front part of the blanket is 

formed by an array of radial-toroidal-radial U-bends. As explained already in the 

previous section conducting dividing walls Iead to an overall current path and a 

summation of potentials induced in the radial sub-channels where the flow direc

tion is perpendicular to the applied strong magnetic field. 

The high resulting voltage may cause now extreme 3D effects leading to high 

pressure drop near the radial-toroidal junction. There exists in addition the pos

sibility of a current short-cut between one radial leg and the other one via the 

toroidal ducts. Such a current path becomes possible since the high voltages in 
both radial legs are induced with opposite sign. That this may Iead to severe de
sign problems has been realized already years ago [5-62]. 

ln order to investigate the MHD flow in multichannel U-bends two types of ex
periments were performed: 
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A) Screening Tests (ST) [5-63; 5-64]: Here, the aim was to investigate in a short 

period of time the influence of the main parameters. The experimental set

up was simple, however, enabled easily the variation of flow geometries. The 

measurements concentrated on the flow rate and a pressure drop in the in

dividual channels. The experiments were performed in the superconducting 

MAG DA magnet of the LAS with the liquid meta I alloy lnGaSn. 

B) Detailed Experiments (DE) [5-48; 5-64; 5-65]: Here, the aim was to provide 

data for code validation. Detailed measurements of electric potentials at the 

test section surface and pressure differences at many positions were per

formed. These experiments were performed in the superconducting CELLO 

magnet of the FZK using the sodium-potassium alloy NaK as liquid meta I. 

ln both experimental investigations a test section with 5 parallel ducts of square 

cross section was used. Figure 5.5-29 shows the test section used for the detailed 

experiments and Fig. 5.5-30 presents characteristic dimensions of the two test sec

tions. 

V 

ß (j_) 
0 

0 

0 

In Iet 

Fig. 5.5-29 Multi-bend test section. Geometry and coordinates [5-48] 

Screening Tests 

Four different channel geometries were investigated with various combinations 

of wall conductances. 
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characteristic dimensions: 
a=13mm 
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a) screening tests 

B-Field 
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C=0.0378 

b) detailed experiments 

Channel Geometry I 
nonconductlng outside walls; 

conductlng dividing walls; 
number of channeis k = 1,2,3,5 

Channel Geometry II 
conducting outside walls; 
conducting dividing walls; 

number of channels k = 1 ;3;5 

Channel Geometry 111 
conductlng outside walls; 

nonconducting dlvlding wal_is in 
radial part; 

conducting dividing walls in 
toroidal part; 

number of channels k = 5 

Channel Geometry IV 
nonconductlng outside walls; 

conducting dividing walls in flrst 
half of lest section; 

nonconducting dividing walls in 
second half; 

number of channels k = 5 

Fig. 5.5-30 Schematical graph of the test sections 
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Figure 5.5-31 summarizes characteristic results for the case that the pressure drop 

in all channels was approximately equal. A strong uneven distribution (denomi

nated with "multichannel effect" = MCE) of the individual flow rates Qi normal

ized by the mean flow rate Q was observed for k> 3. 

The MCE is more pronounced for non-conducting outside walls than for conduct

ing walls because of two effects: 

ln the first case more current in the side layers is forced to flow parallel to the 

magnetic field which results in higher volume flow rates in the side layers of 

the outer walls. 

The significant pressure drop in the radial duct with thin conducting walls has 

a damping effect on the redistribution compared to channel geometry II. 

The difference between the multichannel U-bend and the multichannel single 

bend is revealed by comparison of Figs. 5.5-31a and 5.5-31c. The MCE is more ex

pressed for the U-bend because global currents in the toroidal region are en

forced due to the reversed flow direction of the electric currents in the second 
bend. 

Figure 5.5-31d shows the results for the blanket relevant channel geometry. No 

marked maldistribution of the flow rates is observed which indicates that the sug

gested FCis are a very effective means to reduce the MCE. 
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Fig. 5.5-31 
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c) Channel Geometry IV clkhannel Geometry ill 
(multichannel single bend (cond. outside walls 
with noncond. outside walls) i cond./ noncond. div. walls) 

I 

Flow rate distribution for high Hartmann numbers and Interaction 
parameters (Ha= 1600, N = 3000) and .Ö.Pi = const. [5-64] 

Detailed Experiments 

The asymptotic model for the multi-channel flow is similar to the single-bend 

problern so that the numerical solution is completely given once the potentials on 

the duct walland the pressure in the duct are known. The presentation of the ex

perimental data is restricted to the technically important case, where all ducts 

have the same flow rate. More detailed informations about other flow configura

tions may be taken from [5-54]. Here only some characteristic positions, which are 

marked by thick lines in the graphs are presented. All other unmentioned posi

tions show quite the same tendency. 

ln Fig. 5.5-32 results of the potential measurement for a three-channel U-bend 

flow are illustrated for different interaction parameters at a fixed Hartmann 

number of Ha= 2431. 
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ln a distance of more than four characteristic lengths from the outerbend corner 
neither on the radial duct walls nor on the toroidal ones any dependence on the 

interaction parameter can be detected. The measured values agree rather weil 

with the ones numerically obtained indicating that flows at this fusion typical 

Hartmann number exhibit the asymptotic distribution of wall potential in good 

agreement with the asymptotic model. This potential distribution is the one of a 

fully three-dimensional flow, exhibiting that three-dimensional effects persist in 
multi-channel system over long distances. 
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Fig. 5.5-32 Comparison of cakulated and measured wall potentials for a three 
channel flow with equal flow rates in each ductat several positions 
on the U-bend for Ha= 2431. The structure material for l31<z < 151 is 
taken into account in the calculation. (O) N =37436, (D) N=20355, 
(.6) N=10457, (0) N=4153, () N=1827, (+) N=1034, (-) 
calculation. 

ln the vicinity ofthebend a marked deviation between the modeland the mea

surement has been found, but it is only slightly dependent on the Interaction pa
rameter, also N is varied by a factor of approximately 40. This effect is most ex

pressed in the duct 2. The measured potential values are lower then the pre
dicted, which may be explained as a stronger depression of the velocity profile at 
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the dividing walls and an acceleration of the fluid near the outer wall of the duct 

2. The same behaviour of the wall potentials was also observed for different 
Hartmann numbers in the range of Ha=634-2431, so that these results arenot 

shown here. Since the test section is made of five channels a three-channel flow 
can only be conducted by empty outer channels. From the potential measure

ments it can be seen that the potential on the unfilled channels is not constant. 

As a consequence of the potential gradient an electrical current is driven produc
ing a higher pressure drop in the individual channels. The unfilled channels act 

like shunts producing a higher pressure drop and, therefore have tobe taken into 

account in an appropriate way in the model. This demonstrates that multi

channel flows are extremely sensitive to the electrical environment. 

The dimensionless total pressure difference over a multi-channel U-bend be

tween the positions i.2 and i.5 in a three channel flow in the duct 1 (i = 1) and the 
ducts 2 (i = 2) for different Hartmann numbers and Interaction parameters as a 
function of N- 113 is shown in Fig. 5.5-33. 

For high interaction parameters an extrapolation of the total pressure loss tends 

to the value calculated by the asymptotic modei both in duct 1 and the ducts 2. 

The additional pressure loss due to inertial effects scales proportional to N- 113 1ike 

in the single bend experiment, indicating that the inertial part of the pressure 
drop arises from inertial side layers. However, for extremely low interaction pa
rameters the dependence of the inertial part of the pressure loss with the N- 113 -

powers gets lost in channel 1. The dependency on N is then weaker. But in order 
to ensure a conservative estimate in blanket designsstill an N- 113-dependence of 

the inertial part of the pressure drop should be considered. 

For engineering purposes the dependence of the pressure Iosses on the number 

of electrically coupled channels is of main interest. ln Fig. 5.5-34 the pressure loss 

over a U-bend in a central channel 1 is shown as a function of channel number 
and interaction parameter. 

The pressure loss between positions 1.2 and 1.5 in a multi-channel U-bend is sig

nificantly higher compared to a single channel U-bend flow of the same aspect ra
tio and the same average velocity, because in the multi-channel configuration the 
dividing walls prohibit the flow to establish strong side wall jets. Thus, the fluid is 

forced to flow perpendicular to the magnetic field and consequently producing a 
high pressure drop. 
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Dimensionless pressure drop in duct 1 and duct 2 in a three-channel 
flow with equal flow rates in each duct between the measuring 
positions i.2 and i.5 at different Hartmann numbers as a function of 
N- 113 from [5-54] 

N=II69 

N=5154 Experiment 

N=38077 

calculation 

single duct calculation 

6 
number of coupled ducts 

Dimensionless pressure drop in duct 1 for a flow mode with equal 
flow rates in each duct between the measuring positions i.2 and i.5 
at a Hartmann number Ha= 2400 for different interaction 
parameters as a function of the number of coupled channels. 

Both in the experiments and the calculations a linear increase of the pressure lass 

with the number of coupled channels is found. This is unacceptable to any blan

ket design, without an appropriate separation of the ducts. An upper Iimitation 

of the pressure lass cannot be detected. The inertial part of the pressure Iosses is 
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increasing with the amount of coupled channels to higher values of N. The devi

ations between calculation and measurements may be also explained by the in

fluence of the finite Hartmann number, which is present in the experiment but 

not taken into account in the asymptotic model. 

5.5.5.3 Pressuredrop reduction in multi-bend flows 

A significant reduction of the pressure drop in multi-bend flows can be achieved 

by an electrical separation of the ducts. Direct insulating coatings at all walls 

would eliminate MCF completely. ln the following chapters it is investigated 

whether such strong insulating conditions are necessary or if it is possible to get a 

reduction even by simpler means. 

To analyze this problern only the radial part ofthebend has been electrically sep
arated at the side walls as shown in Fig. 5.5-35. The dividing radial side walls are 
split into two conducting sheets separated electrically by a thin layer of insulating 
material. The ducts arestill connected via the conducting Hartmann walls. Such a 
simple configuration allows a reduction of total pressure drop over the whole 

range of the interaction parameter of about 30% for the three-bend flow (3BF) 

and even more for a five-bend flow (5BF) see Figure 5.5-35b. Nevertheless it does 
not completely avoid 3D effects caused by multi-bend flows. There still persists a 

linear increase of the pressure drop with increasing number of partly coupled 

ducts [5-54]. Only if the radial ducts are completely decoupled (e.g. by means of 

direct insulating coatings or by FCis, the toroidal ducts arestill coupled) that addi

tional pressure drop due to an electrical coupling between the channels does not 

exist. ln this case the pressure drop of multibend flow is the same in each bend 
and only little high er than in the single bend flow, see [5-63, 5-64, 5-65]. 
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Fig. 5.5-35 a) Electrically separated dividing side walls of radial ducts. 

b) Pressuredrop reduction in multi-bend flows. 3BF ( = ), 5BF (D) 
from [5-54] 
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5.5.6 Methods for pressure drop reduction 

Table 5.5-1 shows that the pressure drop in conducting ducts depends strongly on 

the wall conductance ratio C. The pressure drop may be reduced substantially, if C 
becomes very small. Since such walls would be extremely thin they would not 

withstand the mechanical stresses caused by the liquid metal pressure. To over

come this difficulty, the ducts with thick walls can be supplied with so-called Flow 

Channellnserts (FCI) or covered by direct insulating coatings. 

5.5.6.1 Flow channel inserts 

A FCI consists of an insulating ceramic layer which is sandwiched between two 

thin steel sheets, see Fig. 5.5-36. These sheets are welded together at all edges, so 

that a direct contact between liquid metal and the ceramic is avoided. The FCI

technique is considered as a backup solution for self-cooled liquid metal fusion 

blankets, because in contrast to direct insulating coatings the selection of the in

sulation material does not cause any compatibility problems with the liquid met

a I. FCis are fitted loosely into the ducts. Mechanical stresses are negligible be

cause pressure equaiization is possible by providing slots between the stagnant 

fluid in the gap and the flowing liquid metal. The pressure drop in channels 

equipped with FCis is considerably reduced and determined by the electric resis

tance of the inner Iiner wall. Therefore, this wall should be madeasthin as possi

ble. 

Experiments carried out by [5-31] demonstrated the viability and the effective

ness of such flow channel inserts. A thickness of 0.5 mm seems sufficient for fab

rication and corrosion reasons and isthin enough to reduce MHD-pressure drop 

to an acceptable value. This reduction of pressure drop can reach values up to 

95%. The remaining pressure drop is determined by the ratio of the thickness of 

the inner conducting sheet and the thickness of the duct wall, see Fig. 5.5-36b. 
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Fig. 5.5-36 
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a) Flow channel insert to reduce MHD-pressure drop. b) 
Measured dimensionless pressure gradient in a circular duct 
without FCI (C=0.036) and with FCI (C=0.0039) as a function of 
the Interactionparameter for different Hartmann numbers 
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Requirements on the insulating sheet of FCis 

Using flow channel inserts the quality of the electrical insulator is not a so critical 

issue as for the directly coated duct walls. Howeverl also using FCI's a certain de
crease of the insulation quality due to irradiationdarnage has tobe considered. 

FCis consist of a layer of insulating material which is sandwiched between two 

thin layers of stainless steel in order to protect the insulation material from corro

sion processes and to exclude that the liquid metal may penetrate though small 

cracks into the insulator and thus form a local shortcut. ln the pastl howeverl the 

requirements on the quality of the insulation material or the thickness of the 

sheet was never specified. This is even more important since the quality may be 

reduced during operation by irradiation damage, so that a large safety margin 

must be taken into account. 

To answer this questionl a detailed analysis has been performedl assuming that 
the fluid is in perfect contact with the inner sheet of the FCI. The insulation is 

supposed to have a finite resistance which is characterized non-dimensionally by 

K = (ÖiPi) a/L. The quantities Pi and Öi are the resistivity and the thickness of the 
insulating sheet. The pressure dropturnsout to depend on the wall conductance 

ratio of the inner sheet, on the value of K, and on the aspect ratio b according to 

the following relation: 

-=- 1+-(1- ) ap [ Ks 1 l-1 

ax b aHthaHb + asctha5 I 

where a=(CK)-1/2 and the subscripts H and S denote values at the Hartmann 

walls and at the side wallsl respectively. 

Results for CH=Cs=C and KH=Ks=K are shown in Fig. 5.5-37. This figure clearly 

demonstrates that a pressure drop as with perfect FCis is achieved if CK ~ 1 I i.e. at 

least one order of magnitude higher. The requirement on the insulation resis

tance in this case is Pi Öi~L2/awt~ where Ow is the conductivity of the inner con
ducting sheet and t its thickness. 

Effects atjunctions of FCis 

lt has been demonstrated that FCis are an efficient means to reduce the total 
pressure drop by almost 95% in fully developed flows. Howeverl the fabrication 
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Pressuregradient iJp/iJx in highly conducting reetangular ducts 
supplied with FCis as a function of the insulation quality. 

of FCis of large size can cause technical problems. lt should be mentioned that on

ly FCis with a finite length (shorter than the channel length) are possible to be 

produced. ln this case one has to put several parts of FCis into one channel. This 

can also be necessary for complex geometries. At the seam between two parts of 
FCis, the liquid metal is in direct contact with the much better conducting thicker 
channel walls. The missing insulation in theseadditional seams results in a higher 
pressure drop. To improve this situation, an overlapping region should be used, 
which will reduce the additional pressure drop. A detailed analysis of this prob

lern for a MHD flow in a circular pipe at a fusion typical high Hartmann number 

Ha= 14000 shows that the additional pressure drop at a junction of overlapping 

FCis can be reduced to a value that corresponds to the pressure drop of a fully de

veloped pipe flow (with infinitely long FCI) over a length of about 3.5L [5-68]. ln 

other words, if FCis can be fabricated with a finite length so that junctions occur 

at every 3.5L, the total pressure drop would double. ln the front channels of the 
blanket it was foreseen to use FCis with length of 1 m which corresponds to 

L= 15. Forthis value the additional pressure drop is about 0.4 MPa. There appear 

to be no-manufacturing problems in using considerably larger FCis; therefore this 

value can be significantly reduced. 

5.5.6.2 Direct insulating coatings 

The most efficient pressure drop reduction is obtained if the duct walls are di

rectly covered by insulating coatings. These coatings have to withstand corrosion 
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processes during the whole operatingtime of the blanket. Such insulations have 

been proposed by [5-66, 5-67]. For perfect insulations (K=oo) the pressure drop 

and flow pattern may be seen from Table 5.5-1. 

lf direct insulations are extremely thin (Öi< < < 1) the provided coating resistance 

K= PiÖio/L may be not sufficient to establish flow conditions like in perfectly in

sulating ducts. Reductions of K may also occur during the operatingtime of the 

blanket by impurities in the insulation material, by irradiationdarnage or by small 

cracks. The influence of homogeneously reduced insulating properties on pres

sure drop and flow pattern has been analyzed by [5-56]. Since for highly conduct

ing ducts the reduction of the coating resistance Ieads to most pronounced influ

ence on the flow this case is considered in some detail. Figure 5.5-38 shows the 

pressure gradient Vp =-K as a function of the coating resistance. For small values 

of K the pressure gradient reaches its highestvalue Vp= -1. For K> 1 the pressure 

gradient is essentially reduced. Almost insulating conditions are reached as 

K> >Ha. Values of of K of the order of Ha or smaller should be avoided in engi

neering applications even if the resulting pressure drop would be acceptable be

cause flow pattern would establish which are unfavorable for homogeneous con

vective heat removaL 

The influence of cracks in perfectly insulating coatings has been analyzed by [5-

69]. The worst case with two smallline cracks at both sides of the duct has been 

analyzed for general cross sections. For the considered example of a circular pipe 

flow the cracks Iead to an increase in pressure drop by a factor of about 13 com

pared to perfectly insulating conditions. The flow pattern shows a reversed flow 

near the cracks and increased velocity in the center of the duct. A 3D analysis 

(Ha=1000) of the flow near uninsulated small spots gives an additional pressure 

drop comparable tothat in a perfectly insulating pipe over a length of about 25L 

The pressure and current distribution along the duct is shown in Fig. 5.5-39. The 

cond ucti ng spots are at the sides z = + 1 at x = 0. 

These examples demonstrate that the number of uninsulated cracks should not 

exceed a certain Iimit. For real applications, however the situation is probably not 

as critical since there may exist a contact resistance at the crack, because the wall 

has a finite conductivity, or because of self-healing mechanisms which form a 
new passive layer at uninsulated parts of the channel wall. 
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Fig. 5.5-38: 
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5.6 Heat transfer for laminar MHD flows 

ln the following subsections the problern of heat transfer in laminar MHD flows 

in ducts of arbitrary cross-section is considered. The three-dimensional velocity 

profiles for heat-transfer calcu!ations are determined using exact solutions when

ever possible, or alternatively an asymptotic approach for high values of the 

Hartmann number. A general code for heat-transfer calculations in ducts with ar

bitrary geometry, wall conductivity, external magnetic field and thermal condi

tions has been developed and applied to several test examples. The agreement 

with known exact solutions is excellent. Finally, heat transfer in a complex blan

ket element with insulating wallsrelevant to the Dual Coolant Blanket Concept is 

presented 

5.6.1 Governing equations and boundary conditions 

Convective heat transfer in MHD flows under fusion relevant conditions is gov

erned by the set of equations describing the conservation of mass, momentum 

and charge, by Ohm's law, and by the equation for conservation of energy [5-70]. 

For the very strong magnetic fields present in any fusion application, it is assumed 

that the electromagnetic forces are dominant compared to inertia or buoyancy 

effects, which are consequently neglected. Thus the flow problern becomes in

dependent from the temperature (the latter is a passive scalar) and can be solved 

in a first step. Once the fluid velocity is calculated it is used as input for the evalu

ations of the non-dimensional energy balance 

Pe(v·V)T = -V·q+Q , (5.6.1) 

where v=(u,v,w) is the velocity vector scaled with the mean velocity vo. T stands 

for the difference in temperature measured between any position inside the duct 

and the position with the reference temperature T*o, scaled with a characteristic 

temperature difference .ö.T*; q =-VT represents the diffusive heat flux, and Q 
the volumetric heat source due to viscous and Ohm's dissipation or nuclear heat

ing, scaled by .ö.T* /L, and A.ö.T* /L2, respectively. Pe= pcpvoLIA is the Peclet num

ber. L is a characteristic length scale. All fluid properties like the density p, the 

specific heat Cp and the heat conductivity Aare assumed to be constant in the 

range of temperature considered. 
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The characteristic temperature scale LH* is chosen as q"L/A or q'"L2/A if either the 

surface heat flux q", or the volumetric heat generation q"' gives the major con

tribution to the total heat input. 

The surface heat flux determines the boundary condition for temperature 

q·n = -iJnT . (5.6.2) 

5.6.2 Heat transfer in fully developed channel flow 

The 3D heat transfer problern where the flow enters the heated section with a 
fully developed laminar velocity profile gets a unique formulation if the non
dimensional axial coordinate is scaled with Pe. 

ua~T = - V·qt + Q , (5.6.3) 

where ~=x/Pe is the longitudinal coordinate of Grätz. Using this scale the axial 

diffusive flux is of the order 1/Pe compared with the fluxes qt in the transverse di

rections and thus neglected for Pe> >1. A code for solving equation (5.6.3) has 
been used to obtain the results described below [5-71]. The problern considered is 

the convective transfer from the first wall of a poloidal channel heated by a sur
face heat flux an T=-1 at z= 1 with Q=O. Results for the temperature 
T(y=O,z= + 1) for slug flow and MHD flow (Ha= 1000, C = 0.1) are shown in fig

ure 5.6-1. One can distinguish a region where the heat transfer is determined by 
thermal boundary layers (TBL) where T-~1/3, a transition zone (TZ) where the 

thermal disturbance affects the entire cross section and the region of fully devel

oped thermal conditions (FTC) where T-~. Results are compared to those of a 

slug flow (u = 1). First the heat transfer in MHD flows is reduced due to the no-slip 

condition. Later, however, the high velocity jet at the heated wall aligned with 

the field improves the heat transfer conditions (smaller temperature at the wall) 
compared to bulk flow. 
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Fig. 5.6-1 Wall temperature along a heated duct. 
- Ha= 1000, C=0.1, ________ slug flow. 

5.6.3 Heat transfer in ducts of arbitrary geometry 

The MHD heat transferproblern in ducts of arbitrary geometry has been solved by 

using boundary fitted curvilinear coordinates and tensor formulation of the basic 

equations [5-52]. After the general geometry is mapped to the standard calcula

tion domain the basic equations are discretized and solved numerically. The 

transverse directions are treated by a fully implicit scheme while (neglecting small 

axial diffusive fluxes) the axial direction can be treated by an explicit formulation. 

This saves plenty of storage and ensures the possibility of a high numerical resolu

tion in cross-sectional planes in order to resolve thin thermal boundary layers. 

Here, the example of a circular expansion is presented with wall-normal constant 

heat flux. The geometry and results are shown in Figure 5.6-2. This example is not 

a typical application in fusion, but clearly demonstrates a wide applicability of the 

numerical code. 

The wall of the considered expansion is relatively poorly conducting (C = 0.005 at 

Ha= 1000) so that the flow behaves qualitatively as in insulating expansions. 
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ln the entrance region the flow is assumed to be fully developed with respect to 

both the flow pattern and the temperature field. The core velocity decreases con

tinuously from the highest value at z=O to zero atz+ 1. Along field lines, in the y

direction, the core velocity is constant but exhibits a sharp decay across the thin 

Hartmann layers. Such a flow pattern results in a higher heat transfer near z=O 
and consequently in lowerwall temperature T1 atz=Othan T2 near z= + 1. 

Approaching the expansion (Fig. 5.6-2b) the fluid is pushed towards the sides by 

strong MHD effects. This intensifies the heat transfer near z = + 1 with higher 

density of isotherms. ln addition the redistribution of the flow rates Ieads to a 

convective transport in the transverse direction, resulting in a stretching of iso

therms in +z directions. 

ln the cross section shown in Fig. 5.6-2c the velocity and thus the heat transfer 
near z = 0 is essentially reduced. This Ieads to two hot spots at the top and bottom 
wall in cantrast to the fully developed conditions where at the same position the 

wall temperature is lowest. Inside the cross section two relative temperature 

minima are observed. The heat which enters the core from the top and bottom 
has to be carried by conduction to the side regions where the two jets of fluid re

move it by efficient convection. 

ln the downstream part behind the expansion the flow and temperature field 
is rearranged towards the fully developed conditions. 
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c) x=2, d) x=20. Ha= 1000, c=O.OOS, Pe= 100. 
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5.6.4 Heat transfer in a complex blanket element 

Here we consider the flow in a complex element relevant to the Dual Coolant 

Blanket Concept. The geometry, corresponding to the lower part of the blanket, 

consists of an array of four reetangular channels. Three of them carry the coolant 

down at the rear of the blanket, while one duct closer to the plasma carries it up. 

The duct walls are assumed to be thin, thermally conducting, but electrically in
sulating. There is no external radiation heat flux at the outer walls so that the en

tire heating is due to internal sources only. 

The velocity profile in such an element is two dimensional in the radial poloidal 

plane [5-51]. The isotherms for Pe=100, Q=1/(5-z) are shown in Fig. 5.6-3. The 

average velocities in the rear channels are usually chosen in such a way that the 

temperature at the blanket bottom is close to being constant. The results show 

that at the dividing wallsthermal boundary layers are formed, which should be 

taken into account in thermal stress analysis. 

o.2v o.3v 0.5 v 

@8 

1.0 

:>< 2.0 

Fig. 5.6-3 

4.0 _,_ ___ ---r---~~-......_~ ......... ~~ 
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lsotherms in the lower part of the blanket 
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5.7 Heat transfer and MHD turbulence experiments 

As shown in Chapter 2 the simplest geometry of a self-cooled blanket would be 

the arrangement of square coolant ducts at the first wall. Calculations show, 
however, that for channels with thin conducting walls and for realistic boundary 

conditions (heat flux density, length of the blanket segment, allowable tempera

tures and stresses) this simple geometry is not feasible if the heat is transported 

from the wall to the bulk of the flowing liquid meta I by conduction only. 

Therefore, the potential for heat transfer enhancement by introducing a special 
kind of turbulence, as proposed in [5-72, 5-73, 5-74], is under investigation at the 

Forschungszentrum Karlsruhe. An estimate showed that, for the combination 

Iead-Iithium and martensitic steel, the effective heat transport from the heated 

wall to the bulk of the liquid meta I has tobe enhanced by at least a factor of 2 or 

3 in order to allow simple blanket designs. 

To explore the potential of such an enhancement two tasks have been started at 

the Forschungszentrum Karlsruhe in the MEKKA (Magnetohydrodynamic Experi
ments in Natrium-Kalium-Karlsruhe) facility. ln the first experiment the heat 
transfer is investigated in a duct with electrically insulated walls without and with 
mechanical turbulence promotors, the second is conducted in a duct of the same 
size, but with thin conducting walls and with MHD operated turbulence pro
motors .. 

5.7.1 Flow Measurements of MHD Turbulence in an Electrically lnsulated Duct 

{GALINKA) 

ln a new facility, GALINKA (Gallium-Indium Experiments in Karlsruhe}, different 
methods for producing turbulence in MHD flow and the effect on heat transfer 
will be studied systematically under near-fusion conditions [5-75]. This facility is a 

race track design, where all components of a liquid-metal loop: pump, flow

through meter, heat exchanger, and the test section itself, are housed in a box, 

which is placed within the magnet. The eutectic alloy indium-gallium-tin is used 

as the liquid meta I. The box is made of electrically insulating material. Two pres

sure taps are installed at the top Hartmann wall in a distance of 20 a. A travers

able potentialgradientprobe is used to measure the axial and transverse velocity 

components of the flow at the midplane and near the top Hartmann wall. 
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By analyzing the signals of the two 3-pole gradient probes (PG probes) installed in 

the mid of the test section (x=O), PG1 at the mid-plane (y=O), PG-2 positioned at 

the coordinates x=O, y=0.66 and z=O we found the following. 

The flow started to osdllate at a rather fixed Reynolds-number around 12000 

nearly independent of the Interaction parameter. These oscillations were pre

sumably generated at the upstream bend of the GALINKA channel. Frequencies in 
the range 15-40 Hz are found depending on the mean velocity. The oscillations of 

the axial velocity component of probe 1 and 2 are strongly correlated especially 

for high Hartmann numbers (see Fig. 5.7-1), demonstrating the 20 character of 

the vortex flow. 
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Fig. 5.7-1 Oscillation measurements in GALINKA: (7a) time domaine data of the 
signals of probe 1 and 2, (7b) cross correlation of the two signals, (7c) 
power spectral density of probe 1, [5-75] 

Figure 5.7-2 shows the measured dimensionless pressure drop as a function of N. 

We see that the onset of oscillations which occurs nearly independent of the 

Hartmann number at a Reynolds number of about 13000 has no influence on the 

pressure drop, leading to the conclusion that only the generation of turbulence 

results in an increase of the pressure drop and that turbulent flow itself does not 
affect the pressure drop in MHD flow. 
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Fig. 5.7-2 
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Schematic view of GALINKA and the dimensionless pressure drop as 
a function of the Interactionparameter N, [5-75]. 

The measurements in the insulated duct of GALINKA confirmed the predicted low 

pressure drop. The flow exhibits a very rigid two-dimensional vortex structure. 

5.7.2 MHD/Heat Transfer in an Electrically lnsulated Duct [5-75, 5-76] 

The test section is a reetangular channel with an aspect ratio of 2:1, where the 

Ionger side 2a (a=40 mm) is parallel to the applied field (see Fig. 5.7-3). 

Fig 5.7-3 The MHD/heat transfer test section 
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The surface of the stainless steel test section contacting the liquid metal is elec

trically insulated by a temperature resistant painting. A direct contact heater al

lows a homogeneaus heat flux of up to 20 W /cm2 over a length of 500 mm. 

A combined TEMperature and POtential gradient (TEMPO) traversing probe was 

used to measure the velocity and temperature distribution within the liquid met

al in the z-direction. 

Two pressure taps installed at the top Hartmann wall, indicated in Fig. 5.7-3 by 

D1.H, and D5.H, are used to measure the pressure drop over a length of 12.5 a. A 

detailed description of the test section and the test conditions is given in [5-43, 

5-75]. 

After finishing the experiments with the smooth channel, two mechanical turbu

lence promoters were inserted in the test section at the positions TP1 and TP6 

(Fig. 5.7-3). Forthis purpose, rods of insulating material 6 mm in diameter were 

introduced and the experiments repeated. 

Profiles of mean velocity and oscillation signal were collected for isothermal con

ditions as weil as for heat transfer conditions using the potentialgradientprobe 

without and with turbulence promotion (TPs) at x = 12,5·a for Ha= 5000 and 

Pe=540. 

The results of the pressure drop experiments are compiled in Fig. 5.7-4 Results for 

Hartmann numbers higher than 2400 and even for Interaction parameters higher 

than 2000- parameters for which asymptotic solutions should be valid- are high

er than predicted, revealing that the used painting is not a perfect insulation. This 

factwas further confirmed by the potential difference measured at the outer sur

faces of the channel between the side walland the mid of the Hartmann wall. Us

ing a simplified electrical circuit model the (pö)rns was determined from the mea

sured potential differences to be 

{pö)tns=2.4X 10-6 f1m2 . 
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The rather strong scattering of the data may be explained by changes in the wet

ting behaviour of the NaK on the insulation layer. ln the case of perfect insulating 

walls the degree of wetting has only a small influence on the pressure drop. 
Therefore, such strong scattering was not observed there (see the results of the 

pressure drop measurements in GALINKA, Fig. 5.7-2). 

The TEMPO probe was used to measure temperature profiles in horizontal planes 

of the channel at y=O (the mid-plane) and at the axial position x=12.5 (outlet 

edge of the heater). All temperatures are non-dimensionalized by q "·a/kt, where 

q" is the heat flux and kt the thermal conductivity of the fluid. 

ln Fig. 5.7-5 profiles are shown for Ha=O and 5000 and Pe=1100. Theseprofiles 
show the influence of increasing magnetic fields on the heat transfer at constant 
Peclet number. 

ln order to see the degree of mixing, an additional curve labeled "Perfect Mix

ing" is plotted corresponding to the normalized mean outlet temperature. 
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Fig. 5.7-5 Dimensionless temperature profiles 

Measured temperature profiles were compared with the results of a simple 

model for slug flow laminar heat transfer used for most self-cooled liquid metal 
fusion blanket design calculations [5-31]. According to this model the tempera
ture distribution in z- and x-direction is written as 

z 
0(z,x)=(2q"/ kf) {(a·x/n)1t2. e· 4ax- -erfz/(2Vax)} 

2 
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wheree = T-T0 anda=ktl(u·pcp) 

e1(z=O,x)=2·q"· (nktupcpJ-112. x112 . 

T 0 corresponds to the mean temperature at the inlet edge of the heater. This 

model was also used to determine the "effective thermal conductivity" kt,eff 

which gives the bestfit of the measured curves. Fig. 5.7-6 shows the ratio of kt,eff 

divided by the ordinary thermophysical value of the thermal conductivity of NaK 

as a function of the Peclet number without and with TPs for different Hartmann 

numbers. 
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The results show that in the smooth (without TP) electrically insulated channel 

the MHD heat transfer is always better than laminar slug flow heat transfer. The 

steep increase of the ratio kt,eff/kt after installing the TP's is correlated with the 

onset of MHD turbulence, measured by the TEMPO probe. The increase of kt,ff/kf 

with increasing the Peclet number ·was very pronounced and reached a value of 

7 at Pe = 2200. 

ln Fig. 5.7-7 the results of the cost-benefit analysis show that the ratio 

(kt,efflkt)I(IJ.pwith TPIIJ.Pwithout TP) 

has a maxim um of about 3 at Pe = 11 00. 
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5.7.3 MHD/Heat Transfer in a Duct with thin conducting Hartmann Walls 

ln this experiment the side wall (wall parallel to the magnetic field) of a reetan
gular test section is heated over a length of 500 mm with a radiation heater (Fig. 
5.7-8). The test section, of cross section 80 mm by 40 mm is made of stainless steel, 
the Hartmann walls (walls perpendicular to the magnetic field) are 1 mm thick, 
the side walls 6 mm thick. 

With the radiation heater a homogeneaus heat flux of up to 20 W/cm2 can be 

reached. The heater can be moved along the axis of the test section thus enabling 

the investigation of heat transfer at two positions without removing the test sec

tion from the liquid-metalloop. At the first position heat transfer in a simple ree

tangular channel will be investigated; in the second position, heat transfer in a 
channel fitted with electric-turbulence promotorswill be investigated. The turbu

lence promotors are copper strips embedded in the Hartmann wallls (see Fig. 5.7-

9), as proposed first by [5-72] and investigated for thermally fully developed flow 
by [5-77]. 

The main aim of this experiment which will start in mid of 1995 is to investigate 
the influence of dumping the vortices on the thin conducting Hartmannwall and 

the consequences on the heat transfer improvement. 
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Fig. 5.7-8 

Fig. 5.7-9 

Test section for studies of radiation heating of a duct waU. 
Dimensions in mm. 

MHD-Turbulence and Heat Transfer 

Test section with turbulence promotors. 
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5.8 Computation of blanket pressure drop 

The MHD-analysis is based on the experimental and theoretical work, described 

in the previous chapters. 

The detailed analysis has been restricted to the outboard segment since it has a 

Ionger heated length than the inboard blanket and it is exposed to the higher 

heat Ioad which results in a higher pressure drop although the magnetic field 

strength is by a factor 1.4 higher at the inboard blanket. 

The analysis of the outboard blanket is divided into basic elements (see Fig. 5.8-1) 

such as circular pipes (1), reetangular poloidal ducts (111) as weil as complex three 

dimensional geometries like the expansion zones from circular pipes to rectangu

larducts (II) and the combined 180°-turn with manifold (IV). 

r--

-

1 
~ t 

'--

3m Circular pipes with varying rnagnetic 
field B or varying flow direction 
in respect to B (1). 

e-1--1=~ Expansion/contraction manifold 

l 
11m 

B 

® 

perpendicular toB (II). 

Parallel reetangular ducts ( electrically 
decoupled) perpendicular toB (111). 

~-~ Combin~ng manifold and 180°-tum 
• I,Sm perpend1cular toB (IV). 

I 

Fig. 5.8-1 Basicelements of the Dual Coolant blanket concept 

The MHD flow in the different poloidal channels (111) is assumed to be fully devel

oped and inertialess so that asymptotic solutions can be used. lt is analyzed using 

the weil established correlations taken from [5-47]. 
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For 3-dimensional geometries like (IV), 3D pressure drop and pressure drop due to 

inertia effect are taken into account. 

ln general the following correlation holds: 

* - 2 
Llp tot = Llp tot . a o v . 8 (2.81) 

where 

Llp = Llp +Llp1 • I tot asympt nert1a 
(2.82) 

and 

Lpol (2.84) 
lp I=-o. a 

For fully developed poloidal flow the values of (dp/dx)td are compiled in Table 

5.5-1. The value of l3o for the poloidal flow in a fringing field is taken from [5-78]. 

All other geometries are analyzed with the approximation of the Core Flow Solu

tion (CFS) as described in [5-26] and [5-53], neglecting inertia effects. This code 

provides velocity distribution and pressure drop in ducts of arbitrary shape and 

thin conducting walls. Thin conducting walls could be realized by using flow 

channel inserts as described in [5-53]. 

A better way to reduce MHD pressure drop however, is to apply an electrically in

sulating coating on the duct walls, as described in Section 5.5.1.6. The minimal re

sistance of this coating to obtain conditions of MHD flow in electrically insulated 

channels was investigated by [5-55]. The requirement isthat C/Ha > 10, where K 

=PI" ö1· o/a, which for typical values of Ha = 7000 and a = 0.07 corresponds to a 

resistance of (p ö)lns>10-2Qm. The resistivity of alumina is six orders of magni

tude above this requirement. 

ln the case where flPintertial is not explicitly known the additional pressure drop 

caused by inertial effects is taken into account by correcting the results of the cal

culation with the ratio (flPtotl flPasymptl taken from experimental results of simi-
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lar flow geometries. The problern of the MHD flow in the inlet and outlet mani

fold was analyzed in [5-4], the combined 180 °C-turn with manifold in [5-51]. The 

lateral blanket module of the DCB uses circular Z-shaped inlet and outlet pipes 

which results in flow directions partly aligned with and partly perpendicular to 

the magnetic field. Such bends cause additional pressure drop due to three

dimensional (3d) currents. These Z-shaped in- and outlet pipes are analysed using 

the theoretical and experimental results of the Z-bend experiment described in 
Chapter 5.5.3.2. ln cantrast to the experiment where a duct with reetangular cross 

section was used the Z-shaped tubes have a circular cross section. Therefore the 

analysis of the pressure drop in the Z-shaped in- and outlet tubes can be regarded 

as a very conservative approach. 

Calculations of the liquid metal flow in all elements of the blanket segment have 

been performed assuming a magnetic field of 5 T and for channels with FCI' s a 

thickness of 0.5 mm. The calculation uses the thermophysical and transport prop

erties of the eutectic Pb-17Li compiled in Table 5.4-2. The results of the detailed 

analysis of the outboard blanket were scaled to the inboard blanket with the 

magnetic field (82), the mean velocity in the channels and with the characteristic 

length. 

The results of the calculations are compiled in Table 5.8-1. (The values are 0.6 MPa 

for the direct coating and 4.1 MPa for the flow channel inserts. These values re

present modest or very low pressures which can be accommodated easily.) Com

paring the results for insulated channels and channels with FCI's, one should 

keep in mind that the present designwas optimized with respect to perfectly in

sulated channels. A remarkable reduction of the pressure drop for a design with 

FCI's could be obtained by changing the flow partitioning between the rear and 
the front channels. 
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Seetion Geometry a L T V B M N Cf CI APfel 

[m] [m] [oK] [m/s] [Tesla] [/ * 104] [/ *1021 [MPa] 

1. Inlet (I) and Outlet ( 0) xf m dB/dll 0.138 0.84 275 (I) 0.72(1) 0.5-4.5 1.1-1.4 3.0-3.3 0.035 (I) :+-
in the fringing magnetie field 

V 
425 (0) 0.74(0) 0.0058 0.032 (0) 

circular 

2. Inlet pipe with bends *I ~j 0.138 2.2 275 (I) 0.72 4.5 1.1-1.4 3.0-3.3 0.2824 (I) 

Outlet pipe with bends *I 4-- 425 (0) 0.74 0.0058 0.2727 (0) 
B 

eireular 

3. Inlet and Outlet manifold ~: Q9B 0.138 0.6 275 (I) 0.72-+ 5.0 1.6-+0.65 3.2-3.3 (I) 0.0058- 0.052 (I) 

Expansion and Distribution -0.066 425 (0) 0.337 (I) 0.0114 0.060 (0) 
V 

in the subchannels 
ehange of 

1.4-+0.73 3.1-3.2(0) 

geometry 
(0) 

4. Poloidal ehannels *2 V 

B 0.066 11.0 5.0 

Rear 
Q9 

315 0.337 0.65 4.06-4.35 0.0118 0.7193 H ~ ~ 

Front V 385 1.020 0.73 1.33-1.43 0.0114 2.0420 

reetangle 

5. Manifold and 180° U-turn oo~ 0.068 0.6 350 0.337-+ 5.0 0.69-0.71 4.06-+ 0.0118 0.009*3 

reetangle 1.020 1.33 

6. FCI-overlapping reetangle 0.066 11.0 350 5.0 

Rear 0.337 0.69 4.04 0.0118 0.1616 

Front 1.020 1.34 0.0114 0.4068 

hoT AL OUTBOARD AETotal 4.0728 

Table 5.8-1: MHD-pressure drop in the outboard blanket of the DUAL-COOLANT-BLANKET-CONCEPT 

APJnsuiated 

[MPa] 

0.0153 (I) 

0.0150 (0) 

0.2028 (I) 

0.2000 (0) 

0.052 (I) 

0.060 (0) 

0.0112 

0.0293 

0.009*3 

0 

0.5946 I 
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6. Thermomechanics 

Thermomechanieal analysis of the reference Dual Coolant blanketwas performed 

in order to demonstrate that the blanket temperatures and stresses are within al

lowable Iimits. Moredetails of the calculations are given in [6-1]. A summary of 

the main results and design data is presented in Table 6-1. 

Steady-state results are reported under normal operating conditions. The primary 

sources of loading are internal coolant pressure in the He and liquid metal sy

stems, and both volumetric and surface heat Ioads. Responses to transients (inclu

ding disruptions) are reported in Chapter 11. The loadings and responses due to 

ferromagnetism are a complex subject which was not analyzed herein detail. 

6.1 Cooling system thermal-hydraulics 

Heat sources used for the thermal-hydraulics analysis are summarized in Table 6-

2. Volumetrie heating rates are provided by neutranies analysis. The spatial 

distributions of power density in the liquid metal (Pb-17Li) and the steel structure 

(MANET) have been determined using a three-dimensional Monte Carlo 

calculation (cf. Chapter 4) and are shown in Figs. 4-4 and 4-5. The volumetric heat 

generation in a single blanket segment caused by the neutron flux results in a 

heat input of about 26.7 MW and 16.4 MWfor the outboard and inboard blanket 

segments, respectively. 

For the plasma facing blanket surface, an average heat flux of 0.4 MW/m2 and a 

local maximum value of 0.5 MW/m2 have been assumed. The maximum surface 

heat Ioad is expected to occur at the equatorial zone of the torus. Taking into 

account a mean value for the surface heat flux of 0.4 MW/m2, the total heat input 

amounts to 30 MW and 19.2 MW for the outboard and inboard blanket 

segments, respectively. The power in the shield is not included in these values. 

Since the inboard blanket is divided into two halves, the power that has to be 

removed from each blanket half is 9.6 MW. 

The power removed by each coolant system can be determined from the data of 

the neutranies analysis. With the additional assumption made that the middle of 

the walls separating the helium and Pb-17Li is an adiabatic Iimit we obtain the 

power portions for the helium coolant system and the liquid metal system, as 

summarized in Table 6-2. 
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Table 6-1: Summary of Main Results and Design Data 

A) Thermohydraulks outboard inboard 
segment segment 

Firstwall heat flux [MW/m2] 
- maximum 0.5 0.5 
- average 0.4 0.4 

Max. power density [MW/m3] 
- MANET 23.9 20.3 
- Pb-17Li 19.4 17.1 

Total Power 
(nuclear-power+surface heat flux) [MW] 30 19.2 

Helium cool in~: 
- power to e extracted [MW] 6.9 5.8 
- pressure [MPa] 8 8 
- temperature inlet/outlet [°C] 250/350 250/350 
- mass flow rate [kg/s] (total for two systems) 13.2 5.55* 
- max. velocity [m/s] 66 63 
- pressure drop in segment [MPa] 0.15 0.12 
-total pressure drop in the whole helium loop, 
approx. [MPa] 0.20 0.17 

- biower performance, adiabatic ** [MW] 0.443 0.316 
(total for the entire reactor: 31.3 MW) 

Liquid metal cooling: · 
- power to be extracted [MW] 23.1 13.4 
- temperature inlet/outlet [0 C] 275/425 275/425 
- mass flow rate [kg/s] 815 ' 237 * 
- max. velocity [m/s] 1.1 0.4 
- max. interface temperature (struct./breeder) 

[o(] 443 430 
- MHD pressure drop [MPa] 
. with insulating coatings (reference case) 0.4 0.13 
. with flow channel inserts (backup solution) 4.3 1.9 

-power requirements for LM circulating 
pump** [MW] 0.043 0.008 
(total for the entire reactor: 2.3 MW) 

*) for one blanket half. 
**) biower and pump efficiency of 80% is assumed. 
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Table 6-1 (continued) 

B) Mechanical stresses in the mid-plane of the outboard 
segment, calculated for average and maximum surface 
heat fiux 

Boundary conditions: 
- internal pressure [MPa] (in case of large leak between He 
and LM) 8 

- FW surface heat Ioad [MW/m2]. average/maximum 0.4/0.5 
- temperature of shield [°C] (assumed for average and 285/300* 
maximum surface heat flux, respectively) 

Max. FVV temperature [°C] (external plasma side of FW) 490/527 

von Mises stresses [MPa]: 
- primary membrane (web plate between FW channels) 161 
limitgiven by ASME 220 

- primary membrane + bending (external plasma side of FW) 120 
Iimit given by ASME 176 

- primary+secondary (external plasma side of FW) 402/450* 
Iimit given by ASME 505/463 

max. allowable internal pressure in the segmentbox during 
Operation (extrapolated) [MPa] 11 

* For the maxi um surface heat Ioad of 0.5 MW/m2 a shield temperature of at 
least 300°( is required in ordernot to exceed the ASME Iimits for the sum of 
primary and secondary stresses. Therefore, the case of the maximum surface 
heat Ioad has been analyzed with a shield temperature of 300°C. The higher 
shield temperature would also lower the stresses in the case of average heat 
Ioad. 

Table 6-2: Summary of heat sources in the inboard and outboard 
blanket segments (MW) 

Outboard lnboard 

Volumetrie heating 26.7 16.4 

Surface heati ng 3.3 2.8 

Totalpowerper segment 30.0 19.2 

Power removed by He 6.9 5.8 

Power removed by Pb Li 23.1 13.4 

Number of segments 48 32 
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The totalliquid metal mass flow rate is determined by the allowable temperature 

rise of the liquid-metal flow between the blanket inlet and outlet. This tempera

ture rise is limited by the allowable maximum temperature at the coolant-to-wall 

interfaces as dictated by corrosion considerations. Table 6-3 summarizes this and 

other temperature and stress Iimits imposed on the blanket design. A mean exit 
bulk temperature of 425 oc has been selected to keep the maximum temperature 
at the interface of coolant and martensitic steel below 470 oc related to corrosion 
of the structural material. The minimum inlet temperature of the liquid metal is 
governed by the melting temperature of the Pb-17Li eutectic alloy which is 

235 oc. Therefore, the inlet temperature was set at 275 °C, a temperature which is 

weil above the Q.uctile-Qrittle-!ransition !emperature (DBTI) for the martensitic 

steel (MANET) of about 250 oc. This results in an overall temperature rise of 150 K 

and total mass flow rates of 815 kg/s and 474 kg/s through the outboard and 
inboard blanket segments, respectively. Since the inboard segment is divided into 

an upper half and a lower half of equal size, the rate of mass flow through each 

half is 237 kg/s. 

The inlet and outlet temperatures of the helium have been chosen to be 250 oc 
and 350 °(, respectively, in order to respect the DBTT of MANET and to assure an 

attractive thermal efficiency of electrical power generation. The helium pressure 
is set at 8 MPa in order to keep the pressure loss within reasonable Iimits. The 

helium mass flow rate calculated from the energy balance is 13.2 kg/s and 11.1 

kg/s for the outboard and inboard blanket segments, respectively. Since the 

inboard segment is divided into two halves, the helium mass flow rate for each 

half is 5.55 kg/s. Furthermore, the helium cooling gas is carried in two separate 
coolant systems. This guarantees emergency cooling in case of failure of one 

cooling system. 

The helium of the two cooling systems flows in opposite directions through the 

First Wall and the channels belong alternately to one of the two systems. This 

reduces the temperature differences within the First Wall and thus minimizes the 

thermal stresses. Table 6-1 summarizes the mass flows of all coolant systems. 

There is an additional constraint which influences the thermal-hydraulics Iayout: 

To assure a sufficiently large material strength and to leave a margin for 
temperature rises during transients, it was estimated that the First Wall 

temperature should not exceed 550 oc under steady state conditions. Fora given 

thermal loading this temperature Iimit is generally controlled by the helium 

temperature and the heat transfer coefficient in the First Wall channels. 
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Table 6-3: Maximum values obtained from the 3D temperature and stress 
analyses of the outboard blanket and maximum allowable values 

Temperature Analysis Maximum Location Design Basis 
Temperature Limit 

[oC] [o(] 

- First Wall 
. atq=0.4 MW/m2 505 top end of blanket 550 
. atq=0.5 MW/m21) 527 blanket mid-plane 550 

- Pbli/steel interface 443 top end of blanket 470 
1} assuming helium flow distribution according to mean surface heat flux 

Stress Analysis Maximum Location Admissible 
(p=80 bar) von Mises Stress 

Stress 
[MPa] [MPa] 

a) Prim~ stress blanket mid-
First all plane 
. external plasma side (T = 527 oq 120 176 
. web plate (T=330 oq 161 220 
. side wall (T = 300 °C) 178 227 

b) Prima~ plus secondary stresses blanket mid-
(~ = 0, MW /m2, T Shield = 285 oq plane 
. irst Wall 
- external plasma side )T=490 oq 402 505 
- inside wall (T= 388 oc 441 610 
-sidewall (T=300°C) 184 681 

c) Prima~ plus secondary stresses blanket mid-
(~=0, MW/m2, TshieJd= plane 
2 5/300 °C) 
. First Wall: 
- external plasma side )T = 527 °C) 470/450 463 
- inside wall (T=404 oc 517/494 596 
. side wall (T=300 °C) 173/162 681 

The helium gas enters the blanketat the top and flows downward through the 

main supply channels. After diversion at the bottom end of the blanket to the 

manifolds, it is carried into the parallel toroidal channels of the First Wall. 

Since the helium gas on its way upwards from the bottom to the top of the 

blanket is carried up to five times consecutively through the segment walls on a 

meander-shaped path (Fig. 6-1}, its temperature reaches finally 350 °( at the top 

of the blanket. 

-187-



LOWER 
HALF 

Fig. 6-1: 

Ho-1350·c 

t 

J Ho~ 254•c Ho-l 254•cJ 

~ L:!_ 

Ho~36o·c 

t I OUTBOARD I 

f ® 81 
COOLANT 
CHANNELS 

~ 
51 @ 

COOLANT 
CHANNELS 

-t-
62 ® 

COOLANT 
CHANNELS 

I 
UPPE R 

ICAL VERT 
ZONE 

t 

ONE -+ TORUSZ 

® (282 COOLANT 
ELS) 76 .:::HANN 

COOLANT 
CHANNELS 

-+ 93 CD 
COOLANT 
CHANNELS 

• 

He-113So"c Ho~ J&o·c 

t 

Ho-12&s·c Ho~l2&a·c 

~ ~ 

INBOARO 

1 
83 

COOL\NT ® 
CIW:NI:::LS ~ 

I 
! 

28 

~~~~~® 

-+ I 
33 

COOLANT@ 
CHA.XNEI.S 

l 
I 

37 

~~~~~® 
I 

-t-
42 

COOL~NT (!) 
CIIA.'\~ELS I 

l 

I 
UPPER 

TOR DIVER 
ZONE 

I 

TORU s 
ZONE 
( 140 COOLANT 

LS) CHANNE 

I 
I 

UPPER BLANKET H ALF 

Scheme of the He passag es for First Wall cooling of the outboard and 
inboard blanket segments 

-188-



The resulting maximum First Wall temperature of about 600 oc would exceed the 
admissible value. To overcome this problem, an artificial roughness is applied at 
the plasma facing channel wall in order to achieve an increase by a factor 2 in the 

heat transfer coefficient [6-1 ]. The roughness ribs with a depth 0.25 mm are 
arranged transverse to the he!ium flow direction (see Fig. 6-2). Moreover the 

helium passag es are arranged in such a manner that the helium velocity increases 

from bottom to the top of the blanket in order to achieve larger heat transfer 

coefficients at the blanket top. According to the results of a temperature 

calculation with the FE code ABAQUS [6-2], the maximum First Wall temperature 

is reduced to 530 oc which is weil below the admissible Iimit. ln these calculations 

the local peak value for the surface heat flux of 0,5 MW/m2 is considered for all 

helium passages. 
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PERPENDtCUU.R TO THE HEtftJH FlOW DIRECTION 

P'=~.58 mm, h=l.O mm, h=0.25 mm 

Fig. 6-2: Cross-section of the artificially roughened First Wall cooling channels 

Afterdefinition of the cooling systems the pressure drop of the helium flow was 

calculated on the basis of Ref. [6-3]. The total helium pressure drop between the 

blanket inlet and outlet, including all bend and flow resistances, amounts to 0.15 

MPa and 0.12 MPa for the outboard and inboard blanket segments, respectively_ 

About two thirds of the total pressure drop occur in the First Wall channels. The 
increase in pressure drop due to artificial roughness is about 0.022 MPa. This 

value is rather small because the artificial roughness is applied at only one surface 
of the cooling channels. 

The pressure drop in the liquid metal is dominated by MHD effects. Assuming 

fully-insulated electrical conditions in the poloidal ducts, the pressure drop on the 
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outboard and inboard segments will be 0.4 MPa and 0.13 MPa, respectively (see 

Chapter 5 and [6-4]). 

The power required for the helium blowers and liquid metal pumps was 
determined; it amounts to 31.3 MW and 2.3 MW, respectively, for the whole 

reactor assuming ü.S bar additional helium pressure Iosses in the heat exchanger 

and other components and an efficiency of the helium blowers and liquid metal 

pumpsofSO %. 

6.2 Thermal and Stress Analysis 

After definition of all thermohydraulics data detailed three-dimensional 
temperature and stress calculations were performed. The analysiswas carried out 
for a radial/toroidal section of the outboard blanket with a poloidal height of 
one helium channel pitch (see Fig. 6-3). The three-dimensional FE mesh was 

generated using the CAD system BRAV03/GRAFEM [6-5, 6-6]. 

6.2.1 Thermal Analysis 

For the computation of the temperature distribution in the liquid metal, the 
following assumptions have been made: 

- The liquid meta I flow is uniform (slug flow) as a result of the MHD effects. 

- Axial heat conduction in the direction of flow is neglected; perpendicular to 

the flow direction, heat is transported by conduction only. 

- The liquid metal temperature at the inlet of the respective coolant channel is 

distributed homogeneously. 

- Thermal barriers between the First Wall and the liquid metal flow due to 

insulating coatings or flow channel inserts are neglected. 
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Because of the Iack of more sophisticated computer programs for the coupled 

application to solids and fluids, the method of a moving coordinate system has 

been utilized in the computation. Quasi-time-dependent calculations were 
carried out within the calculated residence time of the fluid in the poloidal 

coolant channels and setting zero the specific heat of the solid materials. The 

different flow directions require in addition that the temperatures of some sub
regions are computed separately in an inital step. For nodes at the intersecting 

lines, the resulting temperatures have to be averaged and serve as input for a 

rerun. The same method has to be applied to the connection with the First Wall 

and the rear part of the blanket segment containing the poloidal coolant inlet 

channels. 

For the computation of the temperature field, both the mean surface heat flux of 
0.4 MW/m2 and the maximum local surface heat flux of O.S MW/m2 have been 
taken into account. The material data of Iead-Iithium and MANET steel are from 
Ref. [6-7], [6-8], and [6-9]. 

The radial distribution of the material dependent power density has been 

provided by neutronics calculations. The heat generation in the steel structure 

decreases with the radial distance from the First Wall. ln the First Wall, the 

volumetric heat generaton amounts to 23.9 MW/m3. The power density in the 

liquid metal takes a maximum value of 19.4 MW/m3 in the front channel. ln the 

poloidal direction the power density decreases with the poloidal distance from 

the equatorial plane to the top and bottom ends of the blanket as weil. At both 
ends of the blanket it takes about 70% of the maximum value of the equatorial 

plane. 

Figure 6-4 shows the result of the 3D temperature calculation. The maximum 
First Wall temperature at the blanket mid-plane is 490 oc and S27 °C using the 

mean and maximum surface heat fluxes, respectively. At the blanket top a value 

of SOS oc is reached using the mean surface heat flux. The maximumliquid metal

to-wall interface temperature is 443 oc at the blanket top end and is weil below 

the Iimit of 470 oc. The results of the 3D calculations agree weil with the 2D 

results mentioned above. 
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6.2.2 Stress Analysis 

After the temperature calculations, stress calculations were performed for a part 

of the outboard blanketat the equatorial plane of the torus where the maximum 

thermal loading is expected to occur. ln the stress calculations, a quasi-plane 

strain condition was applied to the poioidai surfaces of the model which means 

that these planes remain plane and parallel. For the breeder zone (Pb-17Li) the 

same pressure of 8 MPa was assumed as for the helium system. This is a 

conservative upper Iimit of the internal Ioad which is reached only in case of a 

large leak between the helium and the Pb-17Li systems. The temperature fields 

for average and maximum surface heat fluxes were used, as shown in Figure 6-4. 

The resulting stresses have been evaluated using the ASME code [6-10], assuming 

no degradation of mechanical properties due to neutron irradiation. 

For the shield at the blanket back side a constant temperature of 285 oc was 

assumed in the first calculation. The results of this calculation have shown that in 

the case of the maximum surface heat Ioad the average shield temperature has to 

be slightly increased to 300 oc in order to keep the thermal stresses below the 

admissible Iimit. ln the First Wall, the calculated primary von Mises stress amounts 

to 120 MPa. This value is below the Iimits for yield, rupture and 20000 h creep 

stresses allowed for MANETat 527 °C according to ASME (1.5xSm,t= 176 MPa in 

the tase of membrane plus bending stresses). 

With respect to the total von Mises stress assessment it has to be emphasized that 

the assumption of an internal pressure of 80 bar in the liquid metal is very 

conservative. Since this Ioad is present only for a limited period of time in the case 

of a leak between the First Wall and the breeding zone, the 20000 h creep stress 

Iimit has not been taken into account in assessing the combination of primary and 

secondary stresses. 

The total von Mises stress distribution is shown in Fig. 6-5. The maximum primary 

plus secondary stresses occur at the location of the temperature maximum and 

amount to 402 MPa and 450 MPa for average and maximum surface heat Ioads, 

respectively. These values are weil below the Iimits for rupture and yield stress of 

505 MPa and 463 MPa at the temperature of 490 °C (average surface heat Ioad) 

and 527 oc (maximum surface heat Ioad), respectively. A maximum allowable 

internal pressure of the blanket for a short period of time was extrapolated to 11 

MPa. The calculated maximum temperatures and stresses are summarized in 

Table 6-3. 
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Further FE-calculations have been performed to analyse the global deformation 

behaviour of the blanket, caused by gravity induced loading, internal pressure, 

and thermal loading with different types of support [6-11 ]. The influence exerted 

by the temperature in the rear shielding structure on deformation and stress is 

studied. The 20 calculation, which describes the radial/poloidal section, shows 

that the influence of the helium pressure and the gravity Ioad on the global 

displacements is negligible. The maximum thermal stress and the stress 

distribution in the First Wall depend strongly on the support conditions of the 

segment and the temperature of the rear shield plate. A relatively cool shield 

plate increases the bending of the free hanging blanket. This causes a reduction 

of the thermal stresses. lf bending is restricted by an additional support, e.g. by 

connecting the shield plates of the segmentstoarigid toroidal shell, a hot shield 

causes an increased poloidal strain and also a reduction of the secondary stresses. 

The quasi plane strain conditions assumed in the three-dimensional calculations 

for the radial!torodial section were confirmed tobe reasonable in the case that 

bending of the segment is suppressed. By optimizing the boundary conditions a 

reduction of the main compressive stresses can be achieved. 

The shield temperatures assumed in the two-dimensional calculations were in all 

cases lower than the mean value of the minimum and maximum temperature of 

the blanket structure. This allows the conclusion that also under operational 

power variations, assuming full coolant flow and constant inlet temperature are 

maintained, the temperature difference between the shield and the structure, 

and consequently also the thermal stresses will not be larger than under the 

steady state conditions described above. 

The 20 and 3D models describe large sections of the blanket; therefore the FE

mesh at the FW is not sufficiently fine to calculate accurate stresses. Hence, 

additional 3 D computation should be carried out for a locally limited segment 

applying the previously determined strains as displacement boundary conditions. 
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7. TRITIUM EXTRACTION AND RECOVERY 

The requirements on the blanket tritium removaland recovery system are to keep 

tritium inventory low in the total blanket system and to Iimit the tritium loss 

through the steam generator into the water to an acceptable value (assumed: 
20Ci/d for all blankets). The latter requirement is the crucial one for a Pb-17Li 
blanket due to the low tritium solubility of Pb-17Li which results in a high tritium 
partial pressure (the driving force for permeation) for a given concentration. 

The reference tritium removal concept is described in detail in Section 7.1. This 

concept is based on the use of a double-walled heat exchanger with a NaK filled 

gap between the Pb-17li side and the water-steam side. ln Section 7.2 an alter

native method is described based on the use of solid getters in direct contact with 

the Pb-17Li. 

7.1 Tritium Extraction with NaK Cold Trap 

7.1.1 Principal Considerations 

The reference technique for tritium removal and recovery inciudes the following 

steps: 

a) triturn permeation from Pb-17Li into the NaK-filled gap of the double

walled steam generator 

b) tritiumremoval from NaK by precipitation as tritide in a cold trap 

c) tritium recovery by thermal decomposition of the tritide at elevated tem
peratures. 

ln order to keep the tritium inventory low in the tritium extraction system (TES), 

four removal/recovery cycles per day are anticipated. Figure 7-1 shows schemati

cally the flow sheet and the investigations described in the next sections. Some 
comments are given in respect to the individual steps: 

To a): Here, advantage is taken from the hightritiumpartial pressure in Pb-17Li 

which results in relatively lowtritium inventories in the Pb-17Li and structural ma

terials as long as no permeation barriers at the Pb-17Li/steel interface and 
steei/NaK interfaces occur. 

-199-



Blanke! Double-walled 
heat exchanger 

"'--'--

Pb-17 Li -
Tritium recovery system 

r---------- ----------~ 
I I 
I I 
I I WAWIK 
I ~ ~~ 
1 Recovery from cold lrap 1 
1 (thermal decomposilion and vacuum pumping) 1 
L __________ ----------~ 

Fig. 7-1 Schematic flow sheet and specific investigations 

The build-up of oxide surface layers (which reduce drastically permeation) is not 
expected. Corrosion experiments in both Pb-17Li and NaK had shown that the 

chemical activity of the liquid metals towards oxygen is higher than that of the 
ferritic steel wall and initial oxide layers are dissolved. lf, for MHD reasons, elec

trically insulating direct coatings are used in the blanket it must be proven that 

no constituents of this coating are transported into the steam generator and give 

rise to a permeation barrier. Using an AI203 layer as coating grown on an Al rich 

sublayer, the only possibility could be the dissolution of Al in cracks or flakes of 

damaged AI203 coatings. For MHD reasons only very small sizes of these defects 

can be tolerated (some cm2 for a total blanket segment, compare Chapter 5.5) 

and additionally a fast formation of a new AI203 coating due to the oxygen 
present in the Pb-17Li must occur (self-healing of coatings, compare Chapter 3.4). 

Therefore, the transport of Al and deposition in the steam generator is expected 
to be sosmallthat it can not impede permeation significantly. 

As a consequence, the permeation step was not considered as an important de

sign issue and no R&D was performed yet. 
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Tob): Tritium must be removed at significantly lower concentration Ieveis than 

those existing in sodium loops where cold trapping is general practice. ln order to 

base a TES on this process step, it must be proven that the efficiency of cold traps 

is favourable for fusion-relevant concentration Ieveis and loading periods (which 

are much shorter than for conventional cold trap operations). 

To c): Cold trap regeneration is not standard practice in conventional applica

tions, and again no relevant results existed in respect to required temperatures 

and recoverytime periods. 

Therefore, specific investigations in respect to b) and c) were performed in the 

frame of the WAWIK programme (WAWIK = Wasserstoff-Abscheidung und 

Wiedergewinnung In Kaltfallen). 

7 .1.2 Overview of Hydrogen Removal by Cold Trapping 

For the further understanding, some fundamental aspects of cold trapping are 

briefly summarized. For more details see [7-1, 7-2]. 

Upstream of the cold trap a nonsaturated solution of hydrogen in the liquid met

al exists (temperature Ti ,concentration q, see Fig. 7-2), where the concentration is 

proportional to the square root of the partial pressure p (c= KpO.s, where K is the 

Sieverts constant). 

ln the cold trap the liquid meta I is cooled down; hydride crystals start to form be

low the corresponding saturation temperature T'. With decreasing temperature, 

the saturation concentrations Csat decreases. ideally, the liquid metal leaves the 

cold trap with the concentration Cosat. corresponding to the saturation concen

tration for the lowest temperature in the cold trap, designated with cold trap 

temperature T 0 . ln practice, this equilibrium is not reached due to nonideal pre

cipitation kinetics. 
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Figure 7-3 (see also Table 7-1 in Section 7.1.7) shows characteristic solubility data 

for different liquid metal-hydrogen systems. The termhydrogen is generally used 

if it is not differentiated between the different isotopic species. lf concentrations 
are defined with atomic fractions then the Sieverts constants K and saturation 

concentrations Csat are approximately equal for all isotopes. ln order to keep the 

permeation Iosses to the steam-water system small the Sieverts constant should 
be large and the minimum saturation concentration should be small. Figure 7-3 
shows that NaK is more favourable than Pb-17Li in respect to both requirements: 

the Sieverts constant is higher by more than three orders of magnitude and the 
minimum saturation concentration (close to the melting point of Tm= -12°C) is 

lower by six orders of magnitudes. 

However, the concentrations c0 reached in practice at the cold trap temperature 

T 0 might be considerably larger than the equilibrium values given in Fig. 7-3. This 

difference (c0 -c05at) is of prime importance for the characterisation of cold trap 

behaviour. 
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Fig. 7-3 Hydrogen solubility characteristics for different liquid metals 

The local hydride precipitation rate is generally described by the sum of two de
position mechanisms: At first, crystal nuclei must be provided. At a later stage, 
the precipitation rate is governed by crystal growth. For cold traps with large in

ternal surfaces crystal nucleation is expected to occur at the solid surfaces (het
erogeneous nucleation). 

Contradietory statements are found in the Iiterature concerning the importance 

of the nucleation process on the total precipitation process. For hydrogen precipi

tation in Na it is often assumed (see e.g. [7-3]) that the nucleation process is very 

fast and can be neglected in modeling the precipitation kinetics. ln other experi

ments [7-4] it was found that nucleation determines the location of crystals and, 

therefore, cannot be neglected. 

For crystal growth the local mass transferrate rh is expressed by 

rh = k A (C-Csat)n, 
(7.1) 

where k is the mass transfer coefficient, A is the surface relevant for crystal 

growth, c is the local concentration, and n is the order of reaction. Again, there 

are two groups of opinions: The growth rate is either diffusion controlled (n = 1) 
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(see e.g. [7-3]) or controlled by the integration of the hydride molecule into the 
crystallattice (n > 1, see e.g. [7-4]). Unfortunately, the publication [7-4] does not 

contain sufficient information in orderto use quantitativelythe results. 

ln the following, some characteristic features of cold traps as used in sodium

cooled fission reactors are outlined, for details see [7-1]. For practical applica

tions, mostly mesh-packed cold traps were used providing a large internal surface 
for crystallization. Besides obtaining a high efficiency the design goal of these 
cold traps is to reach a high loading before plugging. ln practice, often a prema

ture plugging in the cold trap occured due to improper design (high local Super

saturation concentrations) or changing operational conditions (e.g. during initial 

loop purification or after an impurity increase due to leaks). Some design rec

ommendations from [7-4] are taken into account in the schematical view of a cold 

trap shown in Fig. 7-4. The liquid metal flows downward in the annular gap which 

is countercurrently cooled from the outside and the inner tube (regenerative 

heat exchanger). The precipitation should occur in the wire mesh located in the 

annular gap having a large cross section in order to obtain small local Supersatu

ration concentrations. A noncooled mesh-packed zone is recommended to de
crease further the local supersaturation before heating up the liquid in the inner 
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tube. This heating-up reduces the cooling power and also ensures that the hy

drogen concentration at the cold trap outlet is far below saturation concentra

tion which presents plugging in the downstream piping. 

The problern of premature plugging is not relevant to the fusion blanket cold 

trap because no large hydride quantities can accumulate due to the short re

moval/recovering cycles. Therefore, a higher wire mesh density can be selected 

which improves the cold trap efficiency. On the other hand, the nucleation pro

cess might play a more significant role because of the short hydrogen removal pe

riods (about 6 hours). 

Meshless cold traps were also investigated, see e.g. [7-5], especially for the use in 

changing operational conditions. Such cold traps are supposed to be less sensitive 

to premature plugging, however, the efficiency is considerably smaller due to the 

small specific surface. A novel approach [7-6] where an enhanced mass transfer 

should compensate the reduced specific surface is shown in Fig. 7-5a. The annular 

duct is alternatively equipped with two types of concentric ring.s of metal sheet 

(or wire mesh) resulting in a meander-shaped flow. A rotational flow is superim

posed, generated by the rotating electromagnetic field of the stator of an elec

tric motor. Characteristic of such a rotational flow are boundary layers (Ekman 

liquid metal 
inlet 

a) rota tional 
flow cold trap 

stagnation zones 

b) flow distribution 
(w • 0) 

Fig. 7-5 Meshless cold trap with rotational flow 
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layers) where the fluid has a velocity component towards the rotational axis as 
shown schematically in Fig. 7-5b for the case of no cold trap throughput (Q = 0). 

This superimposed rotational flow is supposed to enhance mass transfer by two 

effects: 
thin boundary layers exist which shorten hydrogen diffusion lengths 

no flow separation zones occur (which would be very expressed if no fluid 

rotation exists) 

Results of first experiments with such a rotational coldtrapwill be also included 
in Section 7.1.5. 

7.1.3 Experimentallnvestigations 

Tritium was simulated by protium 1H. Therefore, the termhydrogen refers always 

to 1H. The experiments were performed in the WAWIK facility shown in Fig. 7-6. 

Hydrogen was permeated into the NaK through a coiled nickel tube (diameter 

3 mm, wall thickness 0.3 mm, length 20 m, permeation temperature 400 °C) and 

precipitated in one of two parallel experimental cold traps (Ecn. Hydrogen con

centrations were measured at the cold trap inlets and outlets by means of a hy

drogen meter of the nickel membrane diffusion type (operating temperature 
450 °(). 

Econo
mizer 

H2 -Measurement-system 

Fig. 7-6 WAWIK facility for hydrogen removaland recovery 
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For hydrogen recovery experiments [7-7] either complete drained ECTs or individ

ual wire mesh packings were electrically heated up and the hydrogen flow rate 

was pumped off and measured with a gasometer. More details are given in Sec

tion 7.1.6. 

Figure 7-7 showsdifferent ECTs used in the course of the investigations: There is 

without isothermal zone 

mesh-packed cold traps (MCT); 
AMcT = 1 OOOm'/m' · 

with isothermal zone 

Fig. 7-7 Experimental cold traps (ECTs) 

meshless cold trap with fluid 
rotation ("rotational cold lrap", RCT) 

no internal countercurrent liquid metal flow in order to have better defined tem

perature and velocity distributions. The lowest cold trap temperature occurs at 

the cold trap outlet. The ECTs had an inner diameter of 102 mm and a height of 
500mm. 

The experiments concentrated on wire mesh-packed cold traps (wire diameter 

dw = 0.3 mm, individual packing height Hp = 50 mm, (total height 400 mm) 

specific surface Aspec = 500 or 1000 m2/m3). The end of the 8th packing agreed 

fairly weil with the beginning of the cooling zone. lf 9 packings were used, the 

last packing was located in the isothermal zone. 

The ECTs were equipped with about 38 thermocouples arranged at different axi
al, radial and azimuthat positions. First, ECTs with a circular cross-section (Fig. 
7- 4.a) were investigated. However, it showed that azimuthat and radial tempera
ture differences occurred which were unfavourable for using the results for com-
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parisans with model calculations. Therefore, a cold trap with an annular flow 
cross-section was later investigated using a gas-filled displacement body. Tem

perature differences in a cross-section were at most 2 oc. 

With both types of cold traps, two types of experiments were performed: 

1) Short-time loadings (tJoad = 5 hours). Here, the aim was to measure the lo

cal Supersaturation (c0 - Cosat) at the cold trap outlet as a function of time 

for the following parameters: 

-cold trap temperature To 
-temperature difference between inlet and outlet (Ti- T 0 ) 

- NaK Velocity VNaK 
- number of removal/recovery cycles 

After each loading experiment the hydrogen was recovered. For short-time 

loading experimentscold traps with eight packings were better suited than 

a cold trap with an isothermal zone because the cold trap outlet concentra

tion difference (c0 - Cosat) is larger and, hence, reacts more sensitively on the 

investigated parameters. 

2) Long-time loadings (tJoad: 100- 200 hours). Here, the aim was to determine 
the hydride mass distribution in the cold trap. Theseexperiments were both 
time- and cost-consuming (the preparation and performance of the hydro
gen recovery experiments with the individual packings required some 

months; new cold trap internals were needed for each experiment). There

fore, only a few experiments ofthistype were performed. 
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7.1.4 Theoretical Work 

ln order to predict the hydrogen removal in cold traps, relationships for the local 

mass transfer and the velocity and temperature distribution in the total cold trap 

must be known. For circular flow cross-sections radial temperatures in the NaK 

are no Ionger negligible (although the Prandtl number is small, Pr = 0.1). For low 

NaK velocities, buoyancy might be of significant effect on the velocity profiles. 

A computercodewas deve!oped [7-8] where in order to determine the precipita

tion distribution, first the code solves the two-dimensional (20) incompressible 

continuity, momentum and energy equations in axisymmetric coordinates. The 

fluid properties were assumed tobe constant except for the Boussinesq approxi

mation, that density is a linear function of temperaturein the buoyancy term. 

Then, for local mass transfer, relationships according to Eq (7.1) were used; as 

long as no detailed experimental results existed, a correlation for diffusion

dominated mass transfer taken from Iiterature was used [7-9]. 

Fig. 7-8 shows the flow geometry and the boundary conditions: constant fluid 

'\1-9 tT.l. V ,_s.!.. 

0-----

x+---

To = Const 
Vo = Const 
( o = Const 

Tw - T, 

To - Tt 

Fig. 7-8 Geometry and boundary conditions for 2 D modeling 

quantities are assumed at the cold trap inlet; a linear decrease of the wall tem

perature until the end of the 8th packing and a constant wall temperature for the 
9th packing, fordetailssee [7-8, 7-10]. 
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Fig. 7-9 contains characteristic radial distributions of the normalized temperature 

(T), velocity (v), concentration (c), and deposition rate (s) for different values of 

the dimensionless axial coordinate x/R. 

Without natural convection (results not shown), the internal friction due to the 

packing forces a nearly constant radial velocity distribution except close to the 

cylinder walls. With natural convection ( Grashof number Gr = 6 · 1 07) the profiles 

differ significantly: the wall gradients become smaller for upward flow and a ve

locity maximum develops at the center line. 

A temperature maximum at the center line develops with increasing flow length 

which is reduced at the cold trap end due to the constant wall temperature. The 

local concentration and with this the local depositionrate showalso a distinct ra

dial dependency. These results indicate that for a detailed cold trap design a 2 D 

code should be used. 

For the cold trap with the circular cross-section, the temperature was not con

stant in the azimuthal direction due to asymmetrical cooling conditions. There

fore, the 2 D code could not be applied. For the cold trap with the annular gap 

the cooling conditions were improved and temperature differences were small 

both in the azimuthat and radial directions. Therefore, a one-dimensional (1 D) 

model could be used which considers a change of quantities only in the axial flow 

direction. lt proved that the axial temperature profile influences sensitively the 

local mass distribution. This is demonstrated in Fig. 7-10, showing the axial mass 

distribution for a measured temperature distribution and an assumed linear dis

tribution. 
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7.1.5 Results for Hydrogen Removal 

7.1.5.1 Mesh-packed Cold Traps 

Figures 7-11 and 7-12 show results forthe ECTwith the circular cross-section [7-9]. 

Figure 7-11 summarizes the results for short-time loading experiments; the Super

saturation at the cold trap outlet is represented as a function of the cold trap out

let temperature T 0 . Different packing numbers N and wire mesh densities were 

investigated. The experiments were performed for a constant temperature be

tween inlet and outlet of Ti- T 0 = 40 oc. 

The first number behind the measurement symbol denotes the NaK velocity v 

(mm/s); the second number denotes the totalloading time at the end of the mea

surement. The Supersaturation is lowest for ECT A with an extended isothermal 

zone. The Supersaturation increases, as expected, with decreasing Aspec· 

The most important result of these experiments is that the Supersaturation de

creases with decreasing outlet temperatures T 0 and no change of this tendency is 

observed for the lowest investigated values. This is important because it was sup

posed, at least for the H-Na system [7-11], that nucleation requires a distinct val-
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Fig. 7-11 Supersaturation at cold trap outlet (mesh-packed ECTwith circular 
cross-section) 

ue of the Supersaturation concentration which might be no Ionger achieved at 

very low cold trap temperatures. 

From these experiments it is difficult to determine the influence of the NaK ve

locity. Concerning the loading times there is the tendency that (c0 - Cosat) de

creases with t1oad· The influence of VNaK and t1oad will be more clearly shown be
low. 

Figure 7-12 shows measurements of the axial hydrogen distribution in the cold 

traptagether with the result from a 2 D calculation assuming diffusion-controlled 

mass transfer [7-9]. The agreement is satisfactory. 

The following results refer to mesh-packed ECTs with an annular cross-section, 

eight packings, and Aspec = 1000 m2/m3. With thesecold traps most of the ex

periments were performed. 

Figure 7-13 (from [7-12]) shows results for experiments with different outlet tem
peratures T 0 and (T; - T 0 ) = const = 40 oc. The values arevalid for a loading time 

of about 5 hours. Aga in (c0 - Cosat) decreases with T 0 . The Supersaturation differ

ence (c0 - Cosat) increases slightly but distinctively with increasing NaK velocity. 
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The experimental results areweil described by a diffusion-dominated mass trans

fer model, described in detail below. 

Figure 7-14 shows the corresponding cold trap efficiency f1 as a function of load

ing time where f1 is defined by 

f1 =(q -Co)/(q -Cosat) = { 1 +(co-Cosat)/(q-co))- 1 

85 
fl,% 

80 

• measurements 
--D-imodelpred~i:ct~io~n~-o--::::~~==~ 

75 
Ti = 110 C; T0 = 70 C 

70 

~.%::k 
~ T; ~ 90C; ~0 =50~ 

~.%::P:: : ~ 70C; ~o = 30C~ Ti 

0 1 2 3 4 5 
troad, hr 

(7.2) 

Fig. 7-14 Cold trap efficiency (mesh-packed ECT with annular gap, Aspec = 1000 
m2/m3, 8 packings) 

The efficiencies are surprisingly high even for the lowest temperature Ievei (hav

ing in mind that for N = 8 the efficiencies are lower than for cold traps with an 

isothermal zone). The small increase with increasing troad is caused by the increas

ing surface available for crystal growth. At the beginning of the loading period 

no significant deterioration of the cold trap behavior exists. Therefore, the nucle

ation phase is not governing the precipitation process even in the lowest concen

tration range. 

These results are characteristic of cold traps which were subjected to at least one 

recovery cycle previously. During the first loading of a new cold trap a stronger 

decrease of f1 occurred. (For blanket tritium recovery this would mean that prior 
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to tritium loading some removal/recovery cycles with protium should be run). 
With increasing cycle number no deterioration of cold trapping is expected (rath

er an improvement). This might be caused by "roughening" the wire surface by 

minor amounts of other impurities (e.g. oxides) which are not removed during 

the hydrogen recovery process. 

Figure 7-15 showscold trap efficiencies for long-time-loadings. The efficiency in

creases du ring the totalloading period due to the increasing surface available for 

precipitation. The model, compare Section 7.1.6, describes fairly weil this lang

time behaviour. 
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Fig. 7-15 Coldtrap efficiencies for long-time loading experiments (mesh-packed 
ECT with annular gap, Aspec = 1000 m2/m3) 

Figure 7-16 shows the measured axial hydrogen mass distributions. A maximum is 

observed in the first third. Again the agreements between model predictions and 
experiments are fairly good. For the experiment with Ti = 90 °(, T 0 = 50 ac an 
ECT with nine packings was used. ln order to determine more sensitively the axial 
mass distribution, the 9th packing was split into two parts for hydrogen recovery. 

A distinct precipitation still occurs in this 9th packing which decreases further the 
outlet concentration and, hence, increases the efficiency compared to a cold trap 
without an isothermal zone. An efficiency improvement of more than 5 % is ob

served (and calculated), compare the corresponding curve in Fig. 7-14. 
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ln order to model the cold trapping the surface available for crystal growth must 

be described. Figures 7-17 and 7-18 show hydride crystals, characteristic of large 

cold trap loadings (experiment in the high concentration range, see Fig. 7-12). 

Crystals of the octahedral type with maximum sizes of several tenths of a millime

ter were observed. No significant differences with respect to size were found for 

the different packings. Some residual liquid metal is seen between the crystals 

due to incomplete draining. 

The EDAX (Energy Dissipative X-Ray Analysis) method proved that all crystals in 

the total cold trap consist of pure potassium hydride. The occurrence of KH is sus

pected due to the higher chemical activity of potassium compared to sodium. 

ln the following the proposed model for hydrogen removal from cold trapping 

from NaK is summarized: 

A diffusion-dominated crystal growth process is assumed (nucleation phase ne

glected) with 

ri1 = pA k(c- Csat), (7.3) 

where p is the liquid metal density, A (m21m3) the specific surface available for 

crystal growth normalized with the cold trap volume V, k is the mass transfer co

efficient and (c - Csat) is the local difference between concentration and Satura
tion concentration. 

NaK properties are evaluated for mean cold trap temperatures according to rela

tionships given by [7-13], see Table 7-1. The temperature-dependent saturation 

concentration is determined according to [7-14], seealso Table 7-1. 

For the mass transfer coefficient k, the following relationship was found: 

Sh = (0.21 Re 05 + 0.0008 Re)Sc 0·4, (7.4) 

where the Sherwood, Reynolds and Schmidt numbers are defined by 

Sh = kd I D, Re=vd I v, Sc=viD, w w 
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where dw is the wire diameter, D the hydrogen diffusivity in the liquid metal, v 

and v are the liquid meta I velocity and kinematic viscosity. 

Equation (7.4) differs from the correlation given in [7-9] by a factor of 0.4. 

The diffusivity D is determined using the Stokes-Einstein relationship and 

propertydata [7-14] to 

D( m 2 /s) = 6·1 0 -10 (803-0.258 T) -113 · T · exp(1-3005/T). 
(7.5) 

The effective specific surface A du ring cold trap loading is expressed as the sum of 

two terms, the surface of the bare wires and an increase due to the crystals: 

(7.6) 

where Lw is the total wire length of the packings, Phyd is the hydride density 

(Phyd = 1.1 g/cm3), mhyd is the time-dependent locally precipitated hydride mass, 
and f is a roughness factor, assumed tobe f= 100. 

Equations (7.3 - 7.6) can be combined with 1d or 2d calculations of the velocity, 

temperature and concentration distributions. As shown in the previous figures, 

the 1d model proved tobe weil suited to describe the experiments in the ECT with 

the annular gap. 

7 .1.5.2 Rotational Cold Trap (RTC) 

The development of the meshless RTC can be considered as a "spin-off" of our 

work on cold traps and MHD (Chapter 5). As mentioned earlier this type of cold 

trap is of no prime interest for fusion blanket conditions but for impurity removal 

from liquid metalloops with high (or undefined) concentration Ieveis; e.g. to be 

used for impurity removal for the start-up phase. 
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Fig. 7-17 W1re mesh with hydride crystals (optical microscopy) 

Fig. 7-18 Hydride crystals (scanning electron microscopy) 
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Up to now only a few experiments were performed with the RCT. Figure 7-19 

shows a characteristic experiment: Before starting the hydrogen permeation (at 

about t = 0), the loop was operated for about 10 hours with constant inlet and 

outlet temperatures and with an electrical stator power of about 600 W in order 

to obtain a concentration close to the saturation concentration Cosat at the cold 

trap outlet. About nine minutes after the onset of permeation, the hydrogen 

front has travelled through the cold trap and a small bypass flow has reached the 

hydrogen meter. The outlet concentration c0 increases; however, reaches a fairly 

constant value after some minutes. Then, the stator power is stepwise reduced 

down to zero which results in always higher Ievels of the outlet concentration. 

For the case of no flow rotation, the outlet concentration became so large that 

the hydride started very quickly to plug probably at the cold trap outlet. 

Therefore, the stator power was again increased to 600 W and nearly 

instantaneously the outlet concentration dropped close to that value which 

existed previously. 

Figure 7-20 shows the cold trap efficiency for thesedifferent stator powers. This 

curve demonstrates clearly the improvement of mass transfer due to rotation. 
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Experimental RCT 

Fig. 7-20 Efficiency of RCT 
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Some comments should be given on the stator power measured as the product of 
current and voltage on the primary side of the transformator. This electric power 

consists of about 95 % of n apparent power". Therefore, only about 5 % of this 

value are transferred to the liquid metal. lf the power is increased from zero to 

600 W, a temperature rise and a reduction of the flow rate due to the increased 

pressure drop can be merely detected. (There is a small influence on the 

temperature distribution but this is attributed to the changed heat transfer 

characteristics). 

The comparison between the mesh-packed cold traps (MCTs) and the RCT is 

difficult due to several reasons: 

i) The RCT experiment was performed with loading periods of less than one 

hour which results in lower efficiencies compared to the results given for 

the MCTs. 

ii) The results are compared with MCTs using a specific surface of Aspec = 
1000 m2/m3 which is much higher than the value currently used in MCTs for 

high capacity. For a more characteristic value of Aspec = 300 m2fm3, the 

cold trap efficiencies are considerably smaller. 

-222-



iii) The fluid rotation is most pronounced in the area covered by the stator, 

compare Fig. 7-7. ln the zone close to the cold trap outlet, the fluid 

rotation and with this the mass transfer improvement is apparently not 

very significant. ln this zone, the specific surface area of the investigated 
RCT is small which is unfavourable for achieving high efficiencies. For 

practical applications it is, therefore, recommended to use a wire mesh 
packing at the cold trap outlet, as indicated in Fig. 7-4. Then, the largest 

portion of the hydride would precipitate in the zone which is characterized 

by large ducts which are insensitive to premature plugging and only a very 

small hydride mass would precipitate at the cold trapend which would not 

result in premature plugging. 

To summarize, one can conclude that this novel cold trap design is of special 
interest for impurity removal from liquid metal systems with high concentration 

Ieveis. 

7 .1.6 Resu lts for Hydrogen Recovery 

As mentioned in Section 7.1.2, hydrogen was recovered either from complete 

cold traps or from individual wire mesh packings. ln the form er case the hydrogen 
loading was quite small (short-time loading experiments) in cantrast to the much 

I arger loading of the individual packings. 

Hydrogenrecovery from the complete ECTs was performed without removing the 

cold trap from the loop. ln the other case the ECTs were transferred to a glove 
box, dismounted and the individual packings were positioned in the middle of a 

smaU vessel, see Fig. 7-21. 

Figure 7-22 (from [7-7]) contains a typical time-dependent graph of the hydrogen 

mass flow rate rh, the temperatures of two thermocouples inside the mesh 

packing and the recoveryrate coefficient krec assuming a first-order reaction. 

rh=-k m rec ' 
(7.7) 

where m is the actual hydrogen mass of the hydride crystals 
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Fig. 7-22 Characteristic hydrogen recovery experiment 
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ln both sets of experiments, the evacuated vessels were heated up uniformly to a 

given temperature. After opening the valve to the gas collecting system (compare 

Fig. 7-6) the temperature inside the packing fell due to the endothermic decom

position of KH (60 kJ/mol) and due to the changed heat transfer conditions. This 

period was followed by a gradual rise in temperature due to the heating at the 

vessel walls. For about 140 minutes the recovery rate coefficient k is fairly con

stant. The slight increase of krec is attributed to the slight increase of tempera

ture. 

At the end of the decomposition process (about 140 min. in Fig. 7-22) the mass 

flow rate starts to decrease strongly (in a semilog plot) and with this, the recovery 

coefficient k decreases. This process is accompanied by a characteristic tempera

ture drop which is explained by the fact that for negligible hydrogen generation 

rates the partial pressure in the vessel becomes sosmallthat heat conduction in 

the gas to the thermocouples becomes negligible. 

0 single packings 

• • 
A complete cold trap 

10-4 

1 a-s..._ _________ ---. __ _ 

1.5 1.6 

Fig. 7-23 Hydrogenrecovery coefficients 

Figure 7-23 (from [7-7]) shows the recoveryrate coefficient in a plot of log k as a 

function of the inverse temperature. There is no distinct dependence between 

the experiments with low or high loadings. The results are fitted by the following 

correlation: 
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log k (s-1) = 9.63-81.3 /T(K). 
rec 

(7.8) 

With these results, 99 % of the hydrogen is released at a temperature of 400 oc in 

about three hours. For the fusion blanket system this would mean that four 

regeneration cycles per day would be feasible which results in a quite low tritium 

inventory in the total blanket system, see Section 7.1.7. 

7.1.7 Layout of the Tritium Extraction System (TES) for Pb Li 

The critical design value for the TES is the tritium permeation loss into the steam 

generators (SG) of 20 Ci/d for the total blanket system. About 75 % of the 

heating power is transferred by the Pb-17li SGs, therefore a tritium loss of rilr, sG 

= 15 Ci/d is tolerated for this system. 

blanket 

double- walled 

T=285"C 
heat exchanger 

NaK+T 
cr=0.37 appm 

T=250"C 

Tcro=30"C 
cr=0.1appm 

Fig. 7-24 Tritium flow sheet for a DEMO reactor 

hydrogen 
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Figure 7-24 shows the flow sheet and characteristic values for the total reactor 

with a tritium production rate of rilr = 400 g/d and assuming a tritium perme

ation barrier factor of B = 50 on the steam-water side. This value is supposed to 
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be reached with an adequate steel pretreatment and water chemistry without 

requiring additional development efforts. 

The required tritiumpartial pressure PT in the NaK is determined by Richardson' s 

Law, modified by including the permeation barrier factor B 

ril 
T, loss 

<t>A PT 0·5 I (s·B), (7.9) 

where rilT, loss is the tolerable tritium loss (rilT, loss = 2.5 · 10-13 kg/s corresponding 

to 15 Ci/d), 4> is the permeability, A the steam generator (SG) surface, and s the 

tube thickness. 

A ferritic steel is assumed as SG material (whose permeability is characteristically 

one order of magnitude larger than that for austenitic steels). Since the 

permeability among ferritic steels is very similar, the data for MANET are taken, 

see Table 7-1. 

Table 7-1: Characteristic properties (Properties related to solubility characteris
tics defined for tritium. For protium use a factor (1/3)0.5 for perme
ability and diffusivity and a factor (1/3) for Sieverts Constant, and 
sat. concentration 

Quantities Cerrelations Ref. 

Na-68K 

density p (kg/m3) =803-0.258 T [7.13] 

dynamic viscosity IJ (kg/ms)=8.2·10-G p1/3 exp (0.979 p/T) [7.13] 

Sieverts constant K (w.fr./PaO.S) = 1.29·1 0-6 exp (576/T) [7.14] 

diffusivity D (m2/s)=3.81·10-15 T/IJ [7.14] 

saturation concentration Csat (w.fr.) = 10.4 exp (-6286/T)) [7.14] 

MANET 

Sieverts constant K (w.fr./Pa0.5)=3.13·10-7 exp (-3562/T) [7.15] 

permeabi I ity 0 (kg/(smPaO.S)) = 1.01·1 0-1 o exp (-5184/T) [7 .15] 

Pb-17Li 

Sieverts constant K (w.fr./Pa0.5)=4.02·10-10 exp (-162.4/T) [7 .16] 

diffusivity D (m2/s) =4.03·1 0-8 exp (-2346/T) [7.16] 

density p (kg/m3) = 1.06·1 04 (1-1.22·1 0-4 T) [7 .17] 

kinematic viscosity v (m2/s) = 1.9·1 0-8 exp (1406/T) [7 .17] 
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A total SG surface of A about 20.000 m2 is obtained for the water and Pbli inlet 

and outlet temperatures shown in Fig. 7-24 and a feed water temperature of 

TFW= 150°C. 

Combining the temperature distribution in the SG (taken from heat transfer 

calculations) with the temperature dependent permeability of the SG material 

(Table 7-1 ), the mean tritium partial pressure in the NaK filled gap of the SG 

becomes PT,SG = 4.57·10-6 Pa. With Sieverts Law 

c - K Po.s 
T~G NaK ~SG 

(7 .10) 

and evaluating the Sieverts constant KNak (Table 7-1) for a mean NaK 

temperature of 663 K, the mean concentration becomes S,sG = 7.35·10-8 at fr. 

The cold trap inlet and outlet concentrations are related by 

c = 0.5 (c + c ) 
T, SG Ti To 

(7.11) 

ril = ril (c - c ) 
T NaK Ti To 

(7.12) 

where rilNaK is the NaK mass flow rate to the cold trap. 

lf tritium is the only hydrogen isotope in the system, the resulting concentrations 

are so low that no efficient cold trap Operation is expected. ln order to shift the 

hydrogen concentration into a range which has been experimentally verified 

protium is purposely added (method of isotope swamping). The basic idea of this 

method is that hydrogen removal by cold trapping is equal for each hydrogen 

isotope. Isotope swamping, therefore, requires a subsequent isotope separation 

process. The isotope separation column of the fuel clean-up system could be 

used. 

ln order to use experimentally verified data the following values are assumed: 

cold trap inlet and outlet temperatures TcTi=75°C and TcTo = 30°( and a cold 

trap efficiency of 'lCT = 0.80. With these values the following hydrogen 

concentrations are calculated: ccTi = Csat = 1.673 · 10-6 at fr, ccTo = 5.26 · 10-6 at 
fr. 
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The mean concentration is then c = 1.05 · 10-6 at fr. which is higher by a factor of 

about 14 than the mean tritium concentration. This means that about 13 mol 

hydrogen per mol tritium must be added, a value which is very small compared to 

values of 100 or 500 proposed fortritium removal from ceramic breeders [7-19]. 

The required NaK mass flow rate to the processing units then becomes 

ril = 14.2 · ril /(c - c ) = 8787 mol /s = 296 kg/s 
NaK T cTi CTo 

(7.13) 

Fora NaK velocity in the cold trap of v = 3 cm/s and a specific wire mesh surface 

of 1000 m2/m3 a total cold trap volume of 13.86 m3 for a height of 1 m is 

obtained. 

For 4 parallel loops for the inboard segments (140 MW each) and 6 loops for the 

outboard segments (280 MW each) 2 cold traps with a diameter of 0.8 m are 

required in each inboard loop and 3 cold traps in each outboard loop. Due to the 

batchwise operation twice the number of cold traps is required for tritium 

removal and recovery. 

The total cold trap volume appears to be quite favourable although significant 

conservative assumptions were made. 

An important feature of the proposed system is that no corrosion or radioactive 

products from the Pb-li loop are transported into the tritium extraction system. 

The only impurities in the NaK-system are corrosion products generated in the 

steam generator. These corrosion products are precipitated in a special cold trap 

upstream of the hydrogen cold trap operated at a temperature somewhat above 

the hydrogen saturation concentration. 

No additionalcarrierfluid is required for tritium processing, therefore, only small 

volume flow rates have to be processed and a small number of process 

components is required. The separation of tritium from protium can be carried 

out in the hydrogen separation column of the fuel clean-up system. 

The clean-up system in the helium coolant loop for tritium permeating from the 

plasma and Pb-17li into the helium has not been considered in detail because 

tritium separation from helium is investigated in detail for helium-cooled ceramic 
breeder blankets. 
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An important feature of the blanket is the tritium inventory and most important 

the tritium inventory in the large Pb-17Li system. ln order to determine the 

tritium concentration in the Pb-17Li both the concentration differences required 

for permeation and diffusion through boundary layers in the liquid metal are 

considered. 

Figure 7-25 shows schematically the concentration distribution, for simplicity the 

quantities in the Pb-17 Li system, the structural material, and the NaK system are 

characterized by the indices 1, W, 2. 

NaK 

Pb-17Li 

Fig. 7-25 Concentration distribution 

For the tritium transport from the bulk of the Pb-17Li into the bulk of the NaK 

holds (assuming no permeation impediment at the interfaces): 

<f>A 
ril =phA(c-c )=-(c -c )=phA(c -c) 

T 1 1 1 1W s W1 W2 2 2 2W 2 ' 

(7.14) 

where h1 and h2 are the mass transfer coefficients in the liquid metals. 

With equal chemical activity at the boundaries 

c,w cw1 cw2 c2w 
-=-;-=-, 
K1 Kw Kw K2 

(7 .15) 

finally follows 

(7.16) 
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The mass transfer coefficients are determined with a Sherwood number 

correlation valid for turbulent flow: 

Sh = 0.923 ReO.B Sc0.33 = h Dp/D (7.17) 

where the Reynolds number is defined with the hydraulic pipe diameter Dp 

Using properties (see Table 7-1) at T = 663 K which is the mean permeation 

temperature, the following values are obtained 

rilr=A (4.9 ·1010+0.653·1010+0.003 ·1010)-1(ppbu05- PNaKO.S) (7.18) 

lt is seen that the diffusion through the Pbli boundary layer contributes about 

13 % to the total mass transfer resistance whereas the mass transfer resistance in 

the NaK is negligible. 

For rilr=400 g/d and A = 2·104 m2 the partial pressure in the Pbli becomes 

Pr=146.7 Pa. Fora total Pbli mass of 1.53 · 107 kg and assuming that one half is 

at the blanket inlet temperature and the restat the outlet temperature, the total 

tritium inventory in the Pbli becomes rilr,Pbli = 57.2 g. The total tritium 

inventory in the NaK (mNaK =4.1 · 104 kg) is about 0.38 g and in the steel 

(blanket, piping, SG: rilstee1=3.6 ·106 kg) is about 12 g. 

The inboard liquid metal loops are connected for reasons of redundancy as weil 

as 3 outboard loops. Therefore, three totally independent loop systemsexist with 

about one third of the inventory each (this should not imply that in case of a 

coolant accident one third of the Pb-li can flow out). Concerning the NaK system 

and cold trap each SG has an independent system, therefore, the maximum 

tritium inventory (occuring in an outboard SG) is about 0.04 g in the NaK and 15 g 

in the cold traps. 

7.2 Tritium Extraction from Pb-17Li with Solid Getters 

The use of a solid getter metal in direct contact with the eutectic Pb-17Li is anal

ternative method for tritium extraction. This method could be more advanta

geaus than the reference method if the tritium partial pressure in the Pbli could 

be maintained at such a low Ievei that no additional intermediate NaK system 

(and with this a double-walled steam generator) would be required. 
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Four main requirements have to be satisfied for using gettermetals for tritium 

extraction from Pb-17Li: 

1. The meta I must be stable in the eutectic for a long time. 

2. The Sieverts constant for the meta I must be much higher than that of Pb-17Li. 

3. The rate of tritium uptake must be high enough. 

4. Easytritium recovery must be possible. 

These items were investigated in an experimental program [7-19 through 7-22]. 

7 .2.1 Possible getter materials 

Compatibility tests are described in Chapter 8.2 of this report. lt is not possible to 

use typical hydrogen gettermetals as Y, U, Ti, Zr, or alloys of these metals. All of 

them react with Iead from the eutectic. The metals get dissolved or destroyed. 

However, vanadiumwas found very stable up to high temperatures. The Sieverts 

constant of V is four to five orders of magnitude higher than those of Pb-17Li, see 

Fig. 7-3. Therefore, vanadiumwas investigated in detail and proposedas a possi

ble getter for tritium [7-20]. 

7 .2.2 Experiments 

To study the behavior of hydrogen in Pb-17Li systems and the possibility of its ex

traction, mainly thermal convection loops (TCL) were used. The results were veri

fied in the TRITEX facility [7-23], originally built for these investigations, see 

Chapter 8.3. TCLs proved tobe more flexible. Most of the experiments were done 

with deuterium. Because of a hydrogen (protium) background, also hydrogen 

was investigated. Furthermore, results were obtained with tracer amounts of 

tritium. ln this Section, "hydrogen" means always deuterium, if not otherwise 

stated. 

Table 7-2 lists the main parameter of TCL-4; Fig. 7-26 shows the loop. 
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Table 7-2: Main parameters ofthermal convection loop TCL-4 

Structure material austenitic steel1.4571 

Main pipeinner diameter 10mm 

Covergas Ar-6.0 
(in special experiments He, Ne, 
Xe) 

Total inventory of Pb-17Li 5.5 kg 

Circulating Pb-17Li 4.6kg 

Total wetted surface 800 cm2 

Temperature 280°C to 700°C 

Flow rate at a temperature gradient 0.241/min 
of 150°C 

Surface of permeation membran 100 cm2 

sweep gas Ar-6.0 

ET1 

FT 

Fig. 7-26: Thermal convection loop 4.ET = expansion volumes. 
M = permeation membranes, TC = thermo couples, 
FT = filling tank, es= area of the cold spot, 
SD = special device for measurements of the flow rate. 
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Permeation membranes from pure iron with 0.3 mm wall were installed in two 

expansion volumes. The following effects were studied: 

Dissolution of hydrogen from a gas phase through the gas-liquid interface in 

flowing Pb-17Li. 

- The reverse effect, desorption of hydrogen into the gas phase. 

Permeation of hydroge~ through an iron membrane into the liquid meta I. 

- The reverse effect, desorption through a membrane. 

- Transport of hydrogen circulating in a loop system. 

Extraction of hydrogen by inserting a sample of getter metal in one expansion 

volume. 

Recovery of hydrogen from the gettermeta I. 
Behaviour of He, Ne, Ar, Kr and Xe. 

Measurement of the hydrogen dissolution and desorption characteristics were 

performed between 280 and 700 oc. Deuterium partial pressures ranged from 

0.05 to 1000 mbar. With the Sieverts constants from ref. [7-24], the equilibrium 

partial pressures for degassing correspond to 0.05 to 0.9 appm in Pb-17Li, values 

which are discussed for Pb-17Li blankets. 

7.2.3 Results 

Sieverts law was verified over the whole investigated pressure range. All dissolu

tion, desorption and permeation rates were proportional to the square root of 

the partial pressure [7-22]. Fig. 7-27 shows the rate of hydrogen uptake by the va

nadium getter. lt is not much different from the transport through the gas-liquid 

interface. This was also found for the iron membranes. This rate is given by 

ln{R) = -14.0- 2167/T 

R in {mol D2/m2 · s · mbarO.S). 

Clearly, the rate determining step was diffusion in a liquid metal boundary layer 

at the getter surface. Diffusion in vanadiumwas faster than in this layer, certainly 

because concentrations in vanadium were far away from saturation. 

These results show, that tritium can be removed from Pb-17Li by gettering with 

vanadium at blanket temperatures and that low partial pressures {concentra

tions) can be reached. 
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Figo 7-27: Uptake of deuterium by vanadium getter from Pb-17li. 

After removing the sample from the loop ("drain"), recovery of tritium (hydro

gen) was done by heating the metal in flowing argono An typical experiment is 

shown in Figo 7-28. 
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Fig. 7-28: Recovery of deuterium from a vanadium foil with flowing Ar-6.00 The 
foil in this experimentwas loaded in Pb-17li for 76 hours at 315°( 

-235-



Recovery can be done at the same temperature as loading; however, higher tem

peratures are more favourable. Within 10 hours, more than 90% of the dissolved 

hydrogen is released at 460°C. 

7 .2.4 Other observations 

Getter metals for hydrogen are usually also getters for nonmetallic impurities. 

However, the solubilities of oxygen and nitrogen in the eutectic are extremely 

low [7-25]. Vanadium samples, exposed to flowing Pb-17Li in TRITEX for more 

than 5000 hours at 450°( showed neither a corrosion effect nor substantial up

take of impurities. 

There was no delay when inserting vanadium into the liquid metal [7-20]. That 

means the meta I needed no activation process. 

Always at the end of operation of a TCL, the liquid metal in the expansion vol

umes was oxidized by air.This oxidation had no influence on hydrogen transport 

or gettering. 

Helium is formed in a blanket with the samerate as tritium. lt is not removed by a 

getter metal and will be transported to cover gas areas. We found helium 

solubilities about 5 orders of magnitude lower than for hydrogen [7-22]. That 

means, formation of gas bubbles has to be considered. These bubbles may trans

port some tritium to the cover gas. ln some experiments, such an effect was ob

served (e.g. [7-26]). This effects needs tobe investigated, but is expected tobe of 

minor importance for the blanket with its low tritium concentration. 

Helium is formed also by decay of tritium. lt will accumulate in the getter metal. 

Assuming an average of 1000 appm tritium in vanadium, about 100 appm He will 

be formed during a blanket lifetime. This concentration is low enough to avoid 

embrittlement. 

7 .2.5 Evaluation of the getter process 

An evaluation of the use of vanadium getters for tritium extraction from self

cooled blankets was performed [7-21]. The process was compared to the refer

ence technique described in Section 7.1. lt was found that for very high values of 

the permeation factors (e.g. B = 5000) on the steam generator surface the getter 
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technique alone will be sufficient for tritium extraction. For low values (B ~ 50) 

the required vanadium volumes would be too large for practical use. However, a 
combined method, consisting of gettering in Pbli and cold trapping in NaK, could 

be attractive for low values of B because it could result in low tritium inventories 

and small dimensions of the extraction components. 

7.2.6 Summary 

The use of solid getter metals for tritium extraction from Pb -17Li was investi

gated as an alternative technique to a separate NaK circuit. Vanadium can be 

used as the getter metal. lt is stable in Pb-17Li and allows tritium extraction to the 

required low concentrations. An efficient recovery of tritium from vanadium can 

be performed at moderate temperatures. 

For tritium extraction from the Pb:-17Li of the Dual Coolant Blanket the combined 

process V getters in Pb-17Li and cold trapping in NaK exhibits several advantages 

and should be studied in more detail. The use of the proposed gettering tech

nique could be also very promising for the Water-cooled Blanket. 
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8. Pb-17Li Physical Chemistry 

The eutectic Pb-17li is a unique alloy system proposed specifically for fusion 

applications. Many of its properties were poorly known when the concept was 

proposed, leading to speculations of several serious issues involving corrosion of 

the structural alloy, transport of corrosion and activation products, impurity 

control, and segregation and replenishment of the eutectic. These issues all have 

been addressed through a program of analysis and experiments described below. 

Corrosion experiments indicate that Pb-17Li is compatible with MANET up to 

=:::470°C. The primary corrosion mechanism is dissolution rather than internal 

depletion of constituents; the bulk properties of the structural material appears 

insensitive to the presence of the molten alloy. With insulating layers between 

the steel and Pb-17Li, the corrosion rate was drastically reduced below the Iimit 

of detection. 

ln experiments, most of the corrosion products were transported by buoyancy to 

become crusts at the cover gas interface, indicating a promising technique for 

impurity removaL Many of the remaining corrosion products were trapped by the 

electromagnetic pump rather than the cold trap. 

Some of the more exciting new results involve the chemistry of Po and Bi. Po is a 

highly radio toxic isotope (a-emitter) produced by neutron adsorption in Bi. Bi is a 

normal impurity in Pb, and is also produced by neutron capture in Pb. New 

experimental evidence suggests that Po forms the compound PbPo, which has an 

evaporation rate orders of magnitude lower than pure Po, thereby dramatically 

reducing its potential release rate. Bi is found to form the compound Li3Bi, which 

can be cold trapped. This, together with observations of Bi transporting to cover 

gas interfaces (as with corrosion products) suggests that low impurity Ieveis 

(below 10 wppm) may be obtained in the coolant. 

Finally, observations of both thermal gradient and gravitational segregation 

have been made. Using cold traps, thermal gradient segregation can be used for 

effective self-adjustment of the Li concentration in the eutectic. An effective 

technique for Li replenishment due to burnup was demonstrated by dissolving 

Li3Pb in the eutectic. 
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8.1 Corrosion ofthe Structural Material in Flowing Pb-17Li 

Corrosion tests of MANET steel in liquid Pb-17Li alloy have been performed for 

long periods of time (several thousand hours) in the pumped loop PICOLO, the 

hotleg of which was constructed of ferritic steel [8-1]. Cylindrical bars of MANET 

steel were exposed in the flowing eutectic melt at 450 to 550°C. The flow velocity 

at the surfaces of specimens was 0.3 m/s (Re = 21000), thus, turbulent flow 

conditions were maintained. The lowest temperature in the loop was 310°C. A 

magnetic trap was installed in the region of lowest temperatures. Magnetic 

corrosion products were precipitated in the cooling device and collected within 

the magnetic trap. The appearance of the deposited crystals indicated, that 

crystal growth may also contribute to the corrosion product collection in this 

trapping device. The corrosion tests were interrupted for determinations of 

materiallosses; kinetic data were gained in this way. The MANET specimens were 

examined by means of metallographic and chemical methods. 

The evaluation of long-term corrosion tests of MANET steel in flowing liquid Pb-

17Li eutectic alloy at 450 to 550°C in the PICOLO loop showed that the material 

did not suffer internal torrosion effects as the formation of element depleted 

zones. Mass Iosses of MANET steel due to corrosion in flowing Pb-17Li eutectic at 

550°C were comparable to mass Iosses of 316L(N) steel at 500°C. However, 

contrary to the uniform dissolution of martensitic steel, a highly porous layer is 

formed on austenitic steels in addition to the material loss. The corrosion was 

temporarily reduced during the initial period of contact with the liquid alloy 

[8-2]. The results of corrosion tests indicate that the reduced corrosion du ring the 

initial period of up to 2500 h might be related to the removal of the passivation 
layers of the steel. 

These material Iosses were analysed on the basis of a hydraulic model of 

dissolution and diffusion processes in the turbulent flowing liquid metal. The 

results showed that the corrosion in flowing Pb-17Li is due to a material 

dissolution mechanism [8-3]. The material Iosses under the conditions in the 

PICOLO facility are shown in Fig. 8.1-1. 

The corrosion dr as loss of wall thickness can be expresses by the equation valid 

for the parameters in the test section, i.e. turbulent flow of the liquid alloy at 

30 cm/s: 

log dr = 13.28- 10960/T 
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where dr is the corrosion rate expressed in mm/a and T is in Kelvins. This equation 

results in conservative values of the material losses, since it is valid for a 

downstream position near zero, the position of highest material losses. The 

annual material loss at 450°( and a flow velocity of 0.3 m/s is in the order of a 

layer of 13 J.Jm thickness as calculated from the equation. The mass Iosses arenot 

proportional to the flow velocity; in turbulent flow without magnetic field they 

depend on the Reynolds number at less than linearity. 

The influence of typical parameters of the fusion reactor blanket, the strong 

magnetic field and the irradiation with high energy neutrons has to be con

sidered. Since the magnetic field may suppress the turbulence of the flow of the 

liquid alloy, corrosion may be less than in the experimental facility. Irradiation 

may enhance the diffusion rates in the solid material, faster diffusion may Iead to 

higher corrosion rates. However, the system MANET steel/liquid alloy is not 

characterized by solid state diffusion, the corrosion is mainly a process of the 

solid/liquid interface. lt can, therefore, be expected that the irradiation does not 

significantly increase the liquid metal corrosion of MANET steel. The irradiation 

causes the formation of activation products, thus the liquid alloy dissolves certain 

amounts of activated material which may be precipitated in peripheral parts of 

the cooling system. 
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Fig. 8.1-1 Materiallass of MANET steel in the test section of PICOLO as a function 
of reciprocal temperature 
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The creep-rupture properties of MANET steel at temperatures up to 600°C were 

not influenced by the presence of the eutectic Pb-17Li alloy [8-4]. The bulk 

properties of the martensitic steel are not sensitive to the action of the malten 

alloy. However, the materiallass due to corrosion has an influence on the creep 

data and must be considered in the design rules. 

The compatibility of MANET steel with the liquid alloy does not reduce the 

functionality, feasibility and reliability of blanket components which are in 

contact with the flowing liquid alloy. 

The necessity to coat the steel with an insulating surface layer reduces further the 

corrosion problern in the self-cooled liquid metal blanket. Since such a coating 

has a protective effect against liquid metal corrosion, the corrosion rate was 

drastically reduced to below the detection Iimit [8-5]. The coating provides such a 

protection just at positions with most severe conditions, i.e. the highest 

temperature and the highest flow velocity. 

8.2 Compatibility of metals and alloys in static Pb-17li 

Typical corrosion experiments are done usually with more or less complicated 

loop systems. With these, the number of tests is limited. Also, corrosion rates may 

be influenced by a usually very large surface of the facility compared to small 

sample surfaces. Static tests were used, therefore, to determine relative 

compatibilities for metals and alloys over a wide range of conditions. From the 

tests, also solubilities, andin some cases diffusion coefficients could be obtained. 

More than 300 tests were performed for 25 metals and alloys. The temperature 

range was from 300 to 700°C and exposure time up to 6000 hours. The results 
were published recently [8-6]. 

Fig. 8.2-1 shows the inner part of a capsule. Up to 6 crucibles with different 

samples in Pb-17Li were heated tagether under argon. After the exposure time 

the whole eutectic was dissolved by a special extraction technique in nitric acid, 

and the solution analyzed. Metal samples were investigated by metallography, 

and in some cases by SEM and microprobe. The results can be summarized as 

follows. 
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Fig. 8.2-1: Arrangement of samples in a capsule 

Solubilities 

Fig. 8.2-2 shows solubility functions for 8 metals, most of them not reported 

before. ln addition to the functions, single values were obtained for Y, Nb and Ta. 
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Fig. 8.2-2: Solubility of metals in Pb-17Li 
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Dissolution rates 

Even if dissolution rates from tests in static Pb-17Li cannot be compared with 

corrosion rates, they give a feeling for the relative stability of metals. Fig. 8.2-3 

compares dissolution rates at the blanket temperature of 450°C. 
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Fig. 8.2-3: Dissolution rates of metals in Pb-17Li at 450°( 

Diffusion coefficients 

Diffusion coefficients in Pb-17Li could be determined for the metals, Be, Fe and V. 

From 500 to 600°(, values are between 1.E-10 (Fe and V) and 1.E-11 (Be). As 

expected, there is nearly no temperature dependence of the diffusion 

coefficients. 

Intermetallic compounds 

Y, U, Ti and Zr, as weil as alloys with Ti and Zr, form intermetallic compounds with 

Iead. These metals cannot be used in contact with the eutectic. Some compounds 

were never reported before. Especially, the compound Ti3Pb2 was investigated in 

detail [8-7]. ln this compound, titanium can be replaced partly by Zr, Mo, Sn and 

V, Iead by Al. 
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Beryllium 

Beryllium should be mentioned separately, because it was considered for liquid 

metal blankets. Be has low solubilities and dissolution rates, but it is strongly 

attacked by intercrystalline corrosion. 

Alloys, Coatings 

From the investigated alloys, Mo-Re and ferritic steels are most stable. Mo 

coatings on Ti, Ti alloys and Zr were protective only for a short time at lower 

temperature. 

Summary 

The figures show clearly, that metals like Y, U, Ti and Zr, and its alloys, cannot be 

used in contact with Pb-17Li. Also, Be cannot be used because of strong 

intercrystalline corrosion. On the other hand, Fe, Mo, Nb, Ta, V, Wand Re are very 

stable, as weil as ferritic steels. 

8.3 Removal of corrosion products 

The main impurities in a Pb-17Li blanket are corrosion products. With steel 

MANET, the corrosion function from Borgstedt (Section 8.1 ), and estimating 

temperatures vs. surfaces, 150 kg of corrosion products may be formed in the 

blanket in one year of operation, or 2 kg in one blanket module. * The solubilities 

of steel elements at blanket temperatures are below 1 wppm. Most corrosion 

products, therefore, will deposit in the form of solid particles. lt is evident, that 

kg-amounts of solid particles can easily block narrow channels, especially if 

caught by magnetic fields. Corrosion products must be removed from the flowing 

eutectic. 

8.3.1 Formation of corrosion products 

The steel MANET dissolves mainly from high temperature surfaces. There is nearly 

no leaching [8-6] of elements (Section 8.1). Near the dissolving surface, the 

*The surface area of the interface Pb-17Li/structure in a segment is = 150m2. The 
temperature at this interface is between 275 °( and 443°C. A corrosion rate of 2 kg/a for 
each segment corresponds to an average temperature of 430 oc for one third of the area 
or 410 oc for the total area. 
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concentration of elements in the eutectic is proportional to their chemical activity 

in the steel. The maximum possible concentration is the saturation concentration. 

Saturation concentrations are lower in cooler parts of the system. Here, dissolved 

elements should deposit. Therefore, cold traps were installed in many facilities. 

So far, however, efficiencies of these cold traps for corrosion product removal 

from Pb-17Li were not reported. 

The deposition starts with nucleation - the formation of micro-particles, then 

particles will grow. This nucleation may be delayed by super-saturation. Then 

nucleation may occur at positions with higher than the minimum temperature of 

a system. 

The deposition and subsequent growth of particles may be anywhere. ln 

addition, particles will be transported by flowing eutectic to other parts of the 

system. 

For non-isothermal systems, models were developed to describe mass transfer of 

corrosion products. The main part of such codes considers the hydraulic behavior 

of the liquid and particles. Usually, chemical reactions arenot included. But there 

is chemistry involved. Barbier describes the formation of MnNi in austenitic loops, 

always found at the lowest temperature. We too found this compound in thermal 

convection loops [8-9]. Tortorelli [8-10] reports particles with different Cr 

concentrations at different temperatures in austenitic steel loops. We found in 

the ferritic loop TRITEX (below) particles w~th Cr concentrations between 2 and 

80 wt.% [8-11]. 

8.3.2 Experiments 

The facility TRITEX [8-12] is used for the experiments. TRITEX was build in 1985 to 

1987 to study tritium extraction from Pb-17Li with solid getter metals. Now, 

TRITEX is used mainly for the development of purification methods. 

Table 8.3-1 shows the main parameters of TRITEX and Fig. 8.3-1 a flow sheet of 

loop 5. TRITEX is a pumped system with circulating Pb-17Li. The possible 

temperature range is 250 to 550°C and the maximum flow rate 2.5 1/min (or 

25 cm/s in main pipes). With the exception of magnetic traps, flow meters 

(vanadium), and a molybdenum Iiner in the EMP, the loop is fabricated from 

ferritic steel 1.4922. The composition of this steel is similar to MANET. Therefore 
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the same kind of corrosion products are expected as in a blanket. TRITEX is 

equipped with magnetic traps and cold traps to study purification techniques. 

These devices are removed after an experimental phase and investigated in 

detail. New and modified systems are installed for the next phase. Furthermore, 

liquid metal-covergas interface areas are investigated. TRITEX has operated so far 

in 6 experimental phases for 11000 hours. 

Table 8.3-1: Main parameters of TRITEX 

Structure material 

Main pipeinner diameter 
Circulating metal 
Covergas 

Total inventory of Pb-17Li 
Circulating Pb-17L 
Total wetted surface 

Temperature 
Flow rate main loop 
Flow rate cold trap 

8.3.3 Results 

ferritic steel1.4922 

12% Cr, 0,5 %, 0,5% Ni, 
1% Mo, 0,3% V 

15mm 
Pb-17Li 
Ar-6.0 

120 kg 
80 kg 
1.2 m2 

250 to 550 oc 
0.1 to 2.51/min 
ajustable 

Except for a first report at a European workshop in 1993 [8-9) all results in this 

chapter were unpublished. 

They should be considered as preliminary results. Most of the results were 

obtained after phase 5. The loop was not drained and all parts could be analyzed 

for Pb-17Li composition, impurity concentrations and deposited particles. 

Distribution of corrosion products 

lncluding phase 5, TRITEX had Operated for 6000 hours between 400 and 450 °(, 

always with the cold trap in bypass mode below 260 oc. The main pipes are the 

largest source for corrosion products. The flow velocity there was mainly around 

15 cm/s. With Borgstedt' s function (Section 8.1 ), about 70 to 80 grams of 

corrosion products are expected. 
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P = positions for deposition/corrosion samples 

Fig. 8.3-1: Flowdiagram ofthe loop TRITEX-5. 

Altogether, 110 grams of corrosion products were found. Remarkable is the fact 

that the largest fraction of particles was found in crusts at liquid metal-covergas 

interfaces. The buoyancy of particles in the eutectic will be responsible for this 

effect: particles are floating up to these interfaces. Because the loop was drained 

at least 10 times before the end of phase 5, crusts in the draintank contained 

45% of all corrosion products. Crust at other smaller interfaces of the loop 

contained another 11% of the particles. That means, more than half of the 

corrosion products were in crusts. Fig. 8.3-2 shows a crust deposit on the stem of 

valve 4. Often, crusts contained up to 10 wt.% particles from steel components. 

The magnetic trap was upstream of the electromagnetic pump (EMP). While the 

trapwas nearly empty (only 20 mg particles), the EMP contained another 25% of 

the corrosion products. Nearly all particles were magnetic, the EMP acted as an 

effective magnetic trap! (Such an effect was reported also from other loop 

facilities with EMP' s). 
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Fig. 8.3-2: Deposited crusts at the liquid metal-covergas interface. 
Stern of valve 4. 

The amount dissolved in Pb-17Li was 10 grams (9%). This amount may still contain 

some particles. lt is an average of a large number of samples from all parts of the 

loop, some taken du ring operation. lt corresponds to a concentration of 100 

wppm for (Fe+Cr+Ni+Mn), too hightobe dissolved. 

The remaining 11 % of particles were found in the coolerandcold trap, a fraction 

of this again in crust in the cold trap. The analysis ofthiscooler-cold trap system is 

still under way. Table 8.3-2 summarizes the distribution of corrosion products 

found in the loop. 

Table 8.3-2: Corrosion product inventory (weight fractions) 

draintank crusts 

crusts at smaller interfaces 

EM pump trapping 

dissolved in the Pb-17Li 

coolerandcold trap, including crusts 

Composition of particles 

45% 

11% 

24% 

9% 

11% 

The investigation of different particles is a difficult task. After dissolving adhering 

Pb-17Li with very mild acids, different mixtures of acids were used to dissolve 

different particles. The many results need further studies to understand all of the 

effects. 
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More than 95% of particles from the EMP were magnetk. They contained 10 to 

30 wt.% Cr and up to 0.4 wt.% Ni. lnspite of the low concentration of Ni in Pb-17Li 

(11 wppm at the end of phase 5), this metal was accumulated in particles. 

Partkies from other parts of the loop have different fractions of magnetic and 

non-magnetk particles, the latter with chromium concentrations between 2 and 

80wt%. 

Discussion 

The total amount of corrosion products is in the expected range, using the wetted 

surface and Borgstedt's function. 

The cold traps of loop 1 to 5 were not very effective for the removal of corrosion 

products. This may be an effect of bypass flow, or a feature of the design. 

Trapping of magnetic particles with magnetic traps is possible, as seen by the 

effectiveness of the EMP. However, the buoyancy of particles was not considered 

so far for particles removaL (This effect is not known from sodium systems 

because of the low density of Na compared to the density of particles). 

Partkies of many different compositions were found, with chromium 

concentrations between 2 and 80 wt.%. So far it is not possible to give 

composition/position or temperature patterns for particles. lnstead, with the 

exception of the EMP, particles of all compositions were found in all positions. 

This is in agreement with the description of corrosion product plate out, 

described above in Section 8.3.1. 

After phase 5, the loop was completely cleaned. Derived from results as given 

before, a new cold trapsystemwas installed for P.hase 6, and operated always in 

the main flow. lt consists of several parts. The first part is a .. cooler-crystallizer ... 

Seven volumes, each 40 cm3 and filled with ferritk steel wire, allows the analysis 

of deposits as a function of temperature. This part is followed by an isothermal 

section with low linear flow velocity and a large ferritic steel wire mesh surface 

for deposition. As a third part, a magnetk trap is installed before the main loop. 

Fig. 8.3-3 shows this arrangement. TRITEX has furthermore a new designed 

magnetk trap before the EMP. 
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Fig. 8.3-3: Arrangement of cold traps for experimental phase 6 

Experimentalphase 6 is finished. The investigation of the cold trap system has just 

started. No results are available. 

Summary 

Through Phase 5, the TRITEX loop has been operated for 6000 hours with forced 

convection of Pb-17Li in a ferritic steel loop. Analysis of the distribution of 

corrosion products indicated a new trapping mechanism for particles: more than 

50% werein crust deposits at interfaces to cover gas. The buoyancy of particles in 

the high-density eutectic is responsible for this effect. Whether such an effect can 

be used to remove particles from a blanket system needs further investigation. 

ln the Phase 5 experiments, effective magnetic trapping was observed in the EMP. 

Magnetic trapping is of special interest, because the blanket itself could act as a 

huge magnetic trap. However, deposition in magnetic traps depends on both the 

magnetic susceptibility of suspended particles and significant magnetic field 

gradients; therefore the piping in and out of the main magnetic field are the 

most endangered. lf the generation of suspended particles can be avoided by 

heterogeneaus nucleation in a more effective cold trap, then homogeneaus 

nucleation in the bulk coolant may be avoided, and subsequently magnetic 

trapping reduced. 

A new cold trap system was installed following analysis of Phase 5 results. This 

new system utilizes a much larger surface area in the cold traps. The investigation 

of this new purification system following experimental Phase 6 is expected to 

help design better purification systems for corrosion product removaL 
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8.4 Aerosols and activation products 

Besides corrosion products, non-radioactive as weil as radioactive impurities have 

to be considered. Some impurities will be formed by neutron transmutation of 

Iead. For example, Po-21 0, is formed from Bi-209 by neutron capture. Bi-209 is 

formed from Iead with a rate of 2 to 10 appm Bi per year [8-13]. That means, even 

with a "Bi-free" eutectic mixture at the beginning, Bi will build up during 

operation, and with this also Po-210. Other important nuclides are Hg-203 and Tl-

204, both formed from Iead. All three nuclides- Po-210, Hg-203 and Tl 204- are of 

special concern because of their assumed high volatility from the eutectic in case 

of accidents [8-14]. lt was calculated that the highest body dose results from Hg-

203, and the highest lung dose from Po-210 [8-14]. The goal, therefore, must be 

to remove Bi, Po-21 0, Hg-203 and Tl-204 from the system. At first, chemical 

activities in the eutectic, evaporation behavior and aerosol formation were 

studied. Aerosols may transport radionuclides to cover gas areas. The 

investigation of Hg-203 and Tl-204 has just started with basic consideration. 

Experiments for bismuth and Po-210 are nearly completed. 

8.4.1 Experiments 

ln allexperimental facilities (Chapters 7.2/8.2/8.3), deposits of evaporated Pb and 

Li were found. Therefore, Langmuir-type evaporation experiments were per

formed [8-15]. Langmuir evaporation takes place from free surfaces into vacuum 

or an inert gas. Results are comparable to conditions in loop experiments or in a 

blanket. 

Evaporationrates in vacuum can be calculated by a modified Knudsen function: 

ER = 1.60 · 10 6 · a · p · V MIT 

ER in g/m2 · h, M = the molecular weight of the formed gas, p = vapor pressure 

of the evaporating metal (mbar), a = an experimental factor (accommodation 

coeffi ci e nt). 

The vapor pressure for an evaporating metal in a solution is given by: 

p=p ·x·y s 
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p5 = vapor pressure of the pure meta I (mbar), x = mole fraction of the meta I, and 

y = coefficient of chemical activity. 

Accomodation coefficients a for the experimental arrangement were determined 

from evaporation rates of pure metals [8-16]. Chemical activities, specifically 

activity coefficients, were then calculated from evaporation rates of metals from 

mixtures. 

Fig. 8.4-1 shows the used facility. 140 grams Pb-17Li in a Mo crucible were heated 

in vacuum or flowing inert gas. Evaparated metals condensed in cooler parts and 

were analyzed. 

. ..... ~·="~t? 

Fig. 8.4-1 Facility for determination of evaporation rates 

8.4.2 Evaporation of Iithium + Iead, aerosols 

Fig. 8.4-2 shows evaporation rates for Pb (approximately Li + Pb) in vacuum, He 

and Ar. 

Vacuum: The temperature dependence is given by 

ln ER= 23.7- 17900/T, 
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where the heat of evaporation is -149 kJ/mol. For example, at 450°C, 0.34 g 

eutectic mixtures evaparate in 1 hour from 1m2. 

Li and Pb evaparate proportional to their chemical activities in the eutectic. The 

chemical activity of Li, derived from evaporation rates, was found in agreement 

with the Iiterature [8-16]. 
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Fig. 8.4-2 Evaporation of (Pb + Li) in vacuum and inert gas 

Inert gas: Much lower evaporation rates were measured for evaporation in an 

inert gas at 1 bar. The temperature dependence is given by: 

ln ER = 20.1 - 21030/T. 

The heat of evaporation is -175 KJ/mol, very near to the Iiterature value for Iead 

of -176 kJ/mol. At 450°C, only 0.0001 g eutectic mixture evaparate in 1 hour from 
1m2. 

Evaporation of Li and Pb tagether in an inert gas can also be expressed by the 

simple relation: 

ER= 48 · p. 

p = vapor pressure of pure Iead [8-17] in mbar, multiplied by 0.83 to compensate 

for the chemical activity in the eutectic. 

-256-



Aerosols: lt is evident from evaporation rates, that aerosol concentrations in 

gaseswill be low. ln a typical experiment, the argon flow was 50 cm3/min and the 

evaporating surface 5 cm2. At 450°(, the aerosol concentration was only 2 · 10-5 

g/m3 near the Pb-17Li surface. 

Sometimes, the eutectic mixture is compared with sodium coolant of LMFBRs. A 

similar relation for the evaporation of sodium from a pool was found by Schütz 

[8-18]. Na aerosol concentrations up to 70 g/m3 were reported at the outlet of 

vessels. This is caused by a 3 to 5 orders of magnitude higher vapor pressure for 

sodium, compared with the eutectic. 

Discussion 

From low evaporation rates it is evident that no aerosol problemswill occur with 

the eutectic du ring normal operation of a blanket. That means, also radioactivity 

transport by aerosols is negligible. However, evaporation rates are not zero, and 

deposits were found in covergas areasofall experimental facilities. Evaporation 

must especially be considered for the process of tritium extraction by gas 

bubblers or spray towers (work of JRC lspra), because the evaporating surface is 

I arge. 

8.4.3 Behavior of Po-21 0 

As mentioned earlier, Po-21 0 was considered as one of the most serious potential 

hazards in case of an accident. Therefore, experiments and analyses were 

performed to characterized the evaporation rates into inert gas and vacuum 

environments. The experiments and results are described in more detail in Ref. 
[8-16]. 

Experimental Measurements 

There is no stable isotope of Po; experiments had to be done with radioactive Po-

210. The chemistry of Po in the eutectic is always tracer chemistry. Up to 6 · 104 Bq 

Po-210/g, eutectics in the blanket are expected [8-13], corresponding to only 0.3 

appb. ln our experiments, up to 100 Bq/g were used, 1000 tim es lower than 

expected for the blanket. The results, however, will be valid for the higher 

concentrations, as reported for evaporation of Po from bismuth [8-19]. 
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Evaporationrates for Po-210 in vacuum can be calculated by 

29 M ER = 9.51·10 ·p·X·y·a· --
Po M·T 

ERp0 = atoms1m2 · h; p = vapor pressure of Po (mbar) from Ref. [8-20]; X = male 

fractions of Po in the mixture, y = chemical activity coefficient; a = 

accomodation coefficients of the experiment, M = 210 (Po-210). 

As found by Moyer [8-19] for bismuth, relative evaporation rates are independent 

of concentrations. Therefore, relative evaporation rates were calculated. 

4 1M ER =2.75·10 ·p·y·a·-· --
Po,rel m M· T 

ERPo,rel = fractions of inventory, released from 1 cm2 surface in 1 hour; m = mass 

of used Pb-17Li (g); others as before. 

Results 

Fig. 8.4-3 shows measured relative evaporation rates of Po-210 from vacuum 

experiments, tagether with the calculated function for y = 1. Measured rates are 

1000 tim es smaller than calculated ones. That means, the activity coefficient of Po 

is 0.001. lt shows only a weak temperature dependence: 

1329 
/ny=-4.77- -

T 

The activation energy is -11 kJ/mol. 

The low activity coefficient points to a chemical compound. Abakumov [8-21] has 

determined the vapor pressure of Iead polonide, PbPo. The extrapolated func

tions are included in Fig. 8.4-3. The agreement with our experimental results is 

good. That means, PbPo instead of Po meta I is dissolved in the eutectic. Except for 

a spill into the vacuum chamber, evaporation into the cover gas helium, argon, or 

in air has tobe considered. Fig. 8.4-4 compares the release in vacuum and helium 
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or argon at 1 bar pressure. As expected, release in a gas is orders of magnitude 

smaller than release in vacuum. 
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Fig. 8.4-3 Evaporation fractions of Po-210 in vacuum experiments 
Dashed line = calculated for PbPo 
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Fig. 8.4-4 Evaporation fractions of Po-21 0 in vacuum and helium experiments 
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Discussion 

All previous calculations of polonium release from Pb-17Li did not consider the 

formation of PbPo, evaporation rates were assumed too high. Even for the case 

of a spill into the vacuum chamber, release of Po-21 0 is a factor 1000 lower. 

Mostly, however, we have to consider a spill in an inert gas or air. ln this case, 

evaporationrateswill be 106 times lower than assumed without PbPo formation. 

Release of Po-210, therefore, will not be a problern in case of a Pb-17Li spill. 

8.4.4 Behavior of bismuth 

Only some preliminary results will be reported in this section [8-22]. 

There was an early requirement to keep the concentration in the blanket below 

10 appm [8-23]. We found concentrations between 5 and 30 appm in thermal 

convection loops (TCLs, Chapter 7.2) and in the pumped loop TRITEX 

(Chapter 8.3). The initial concentration in these facilities was 30 to 50 appm. 

Furthermore, Bi was added to one TCL, equivalent to 400 appm. The 

concentration decreased within a few days to the low values. ln thermal gradient 

capsules [8-24], values as low as 0.5 appm were found. 

ln all these facilities, the eutectic was in thermal gradients with a solid Pb-17Li 

phase. Bi forms the very stable intermetallic compound Li3Bi [8-25]. This 

compound is migrating into the solid to low temperatures. ln these 11 diffusion

type cold trapsn of facilities, enrichments have been found up to 10 wt%. 

Sometimes, Li3Bi was also found floating at covergas interfaces because of its low 

density of 5 g/cm3, compared to Pb-17Li with 9.5. Fig. 8.4-5 shows the Bi 

distribution in a thermal gradient capsule [8-24]. 

ln the meantime, first solubility functions for Bi in Pb-17Li were determined. The 

results confirm the observations from loop facilities. That means it will be possible 

to maintain less than 10 appm Bi in the eutectic with simple devices. 

8.4.5 Summary 

ln agreement with theoretical considerations, evaporation rates of Pb-17Li are 

low. Very low concentrations of aerosols are formed in a transporting gas. Only 

for some special cases, aerosol formation should be considered. 
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Fig. 8.4-5: Distribution of Bi in a thermal gradient 

Po-210 does not cause any problems in case of an accident. Because of the 

formation of PbPo, the releaserate is three to six ordes of magnitude lower than 

previously anticipated. 

Bi can be removed from Pb-17li systems to below the required 10 appm by simple 

diffusiontype cold traps. 

8.5 Behavior of Iithium replenishment 

The name Pb-17li stands for a mixture of 17 at. % Li with 83 at. % Pb. (Actually, 

liPb is dissolved in Iead and not Li). Often, however, Li concentrations in 

experimental facilities were lower. An assessment by Hubberstey [8-26], 

supported by its own measurements, showed, that the eutectic mixture contains 

only 15.7 at. % Li. This was confirmed by our measurements [8-24]. Even if the 

new eutectic composition is 15.7 at% Li, the writing Pb-17li will be used in this 

report. 

We found also, that the Li content of a presumably homogeneaus solid sample 

was scattered over a wide range of concentrations. ln some cases this was clearly 

an effect of gravitational segregation. But thermal gradients have also an 

influence on Li distribution. The second item in connection with an operating Pb-

17Li blanket is replenishment of Li during operation. Li is consumed by burn-up, 

and lost mainly by oxidation [8-27]. Lithium has to be added to have a constant 

tritium breeding rate, and to keep the solidification point at 234°C. 
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ln an experimental program, the effect of Pb-Li segregation, and the way to add 

Iithium to a system, were investigated. 

8.5.1 Gravitational segregation 

Fig. 8.5-1 shows the Li distribution in a 10 kg bar Pb-17Li from Metaux Speciaux. 

While the average concentration was as specified 17 at.%, concent.rations 

between 15.5 and 20.7 at. %were found in different parts. Clearly, the effect of 

gravitational segregation can be seen. The lowest values at the bottom are near 

Hubberstey's 15.7 at.%, highest values are found at the top. During cooling 
11 excess 11 LiPb is crystallizing and floating up because of the higher density of the 

eutectic. II Excess II means more than required to have a solidification at the 

eutectic temperature 234°C. 
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Fig. 8.5-1: Distribution of Li in a 10 kg bar Pb-17Li from Metaux Soeciaux [8-24] 

This shows, that sampling for analysis has tobe done with great care, otherwise 

results are not representative for a system. We recommend grab-samples from 

molten stirred Pb-17Li and to dissolve the whole sample for analysis [8-24]. 
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8.5.2 Thermalgradientsegregation 

Thermal gradient segregation occurs, if the Li concentration is not exactly 

eutectic. ln this case, LiPb (Li-excess) or Pb (Li-deficiency) will plate out at 

temperatures corresponding to the solidus curve of the phase diagram. 

Thermal gradient capsules were used to study the effect in detail. They were 

filled with different initial Li concentrations in the Pb-Li mixture. Especially 

horizontally heated capsules show dramatic effects. Fig. 8.5-2 shows the 

arrangement of a capsule in a furnace, Fig. 8.5-3 results from two capsules. The 

initial concentration in capsule 8 was just below the eutectic, a Iead phase is 

found at low temperatures. The initial concentration in capsule 9 was higher than 

the eutectic, a LiPb phase is formed at low temperature. Remarkable is the fact, 

that in both capsules the new eutectic concentration was found over the whole 

range of malten Pb-17Li [8-24]. 

Fig. 8.5-2: 
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Thermal gradient capsule 

Thermal gradients can always be found in loop systems. Suchpartsare in thermal 

convection loops (Chapter 7 .2), as weil as in TRITEX (Chapter 8.3) in form of freeze 

valves, they acts as diffusiontype cold traps with a solid phase. ln all facilities, the 

Li concentration in the circulating eutectic was araund the new eutectic value. 

"Excess" Iithium from the original17 at.% was found in cold spots. 

Thermal segregation will cause a kind of "self adjustment" of the Li 

concentration. This could be favorable for a system. All which is needed is a 

sufficient large diffusiontype cold trap with a solid phase in Pb-17Li systems. But, 

if this effect can be used for a blanket needs further analysis. 
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Fig. 8.5-3: 
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Distribution of Li in two capsules heated for 760 hours 
horizontally in a thermal gradient 

Replenishment of Iithium 

During blanket operation, Li is consumed by burn-up and oxidation. lt has to be 

added to have a constant tritium breeding rate. Lithium metal cannot be used 

because of two reasons. The very large density difference between Li (0.5 g/cm3) 

and Pb-17Li (9.5g/cm3) causes quickly floating-up to upper parts of the system. 

On the other hand, Li metal may be covered by high melting Li-Pb compounds 

after dipping in the eutectic. Particles can be formed, circulating around with the 

risk for blocking narrow ch~mnels. 

Usually only smaller amounts of Li have tobe added. The mentioned intermetallic 

compounds can be used for this. Li3Pb was fabricated by melting the elements 

together in an argon filled glove box. lts melting point is 658°C. Cooling curves of 

a whole batch can be used as a simple thermal analysis for characterization (Fig. 

8.5-4). Never any segregation between Li and Pb was seen in samples after 

solidification. This compound dissolves in near eutectic mixtures at 330°( with a 

constant rate of 0.14 g/cm2·h, slowly enough for the purpose of adjustment. 

The adjustment was demonstrated with a thermal convection loop [8-28]. lt 

Operated originally with pure Iead and was converted into a Pb-Li loop by adding 

Li3Pb (Fig. 8.5-5). 
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Fig. 8.5-4: Cooling curve of a 500 g batch of Li3Pb 
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Fig. 8.5-5: Addition of Li3Pb to a thermal convection loop 
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8.5.4 Summary 

When analyzing samples from Pb-Li systems, gravitational as weil as thermal 

gradient segregation of Li and Pb was found. 

The first effect is especially of importance for sampling. lt is recommended to 

dissolve always a whole grab sample for analysis. 

The effect ofthermal gradient segregation may be used for self-adjustment of Li 

in all kinds of Pb-Li systems. All which is needed is a sufficient large diffusiontype 

cold trap with a solid phase. 

Li replenishment can be done by dissolving Li3Pb. This compound is easy to 

fabricate. The replenishment was demonstrated with a thermal convection loop. 

lt operated originally with pure Iead and was converted into a Pb-Li system. 
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9. Ancillary Loop System 

Foreach of the two coolants- Pb-17 Li and helium- a completely different system 

is required for heat and tritium extraction. All methods and components of the 

helium system are very similar to those designed for helium-cooled solid breeder 

blankets and are described for example in [9-1 ]. 

ln the Iead Iithium loops both heat and the tritium are transported to the steam 

generators (SG) for extraction. Double walled tubes are used in these heat ex

changers where the liquid metal flows around the outer tube, the water in the in

ner tube and a secondary liquid metal (NaK) in the concentric gap between the 

tubes. Tritium diffuses through the outer tube wall into the NaK and is removed 

by batchwise cold trapping of this liquid metal. This tritium removal method is 

described in Chapter 7.1. The main reasons for selecting this steam generator de

sign are 

a) The I arge surface area required in the SG' s for heat extraction can be used at 

the same time as a permeation window to remove the tritium bred in the 

blanket from the Pb-17Li. 

b) Cold trapping of NaK is an attractive method to recover tritium. 

c) The high solubility of tritium in NaK results in a very low tritium partial pres

sure, minimizing permeation Iosses to the water. 

9.1 Steam generator design 

The basic design of such SG's are described in [1-6]. Straight tubes are used and 

the design is similar to the one successfully operated in the Experimental Breeder 

Reactor (EBR-11) [9-2]. ln the case of the EBR-11, the gap between the concentric SG 

tubes is filled with stagnant helium, connected to a plenum at one end of the 

tubes for leak detection. ln the fusion reactor, however, NaK is flowing slowly 

through the gap. This requires a NaK plenum at both ends but the same design 

and fabrication technology as used for EBR-11 can be employed. 

Large emphasis has been placed on design measures to avoid darnage propaga

tion in case of a water leak into the NaK. Wastage protection sleeves are ar

ranged in the region of the plena (see [1-6]). An extensive study [9-3] showed 

that the potential for liquid metal-water reactions is much smaller than in a single 

wallfast breeder SG and that no failure propagation (i.e. no connection between 

water and Iead Iithium) has tobe anticipated. 
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9.2 Circulation pump 

A singlestage radial centrifugal pump is proposed to circulate the Pb-17Li cool

ant. lt is arranged in the cold leg of the Pb-17Li primary loop and has a free sur

face with an inert cover gas. There is a hydrostatic bearing with Pb-17Li as work

ing fluid at the bottom of the vertical pump shaft. Similar pumps are used in fast 

breeder reactors but the high density of Pb-17Li allows to achieve a head up to 4 

MPa with a single stage. Such pumpsarealready in use for similar fluids like Iead 

and bismuth. 

9.3 Power conversion system 

A system designed for an entirely self-cooled Iead-Iithium blanket is described in 

[1-6]. ln that case, the Pb-17Li temperatures at SG inlet/outlet were 400°/275 oc. 
Processes with two candidate steam conditions had been assessed: 

a) saturated steam at 70 bar 

b) superheated steam at 350 °( and 50 bar 

lt was shown that a slightly higher overall efficiency could be achieved with su

perheated steam but the small difference probably does not justify the additional 

complexity. For the same reason a system based on the use of saturated steam is 

proposed for the Dual Coolant Blanket. The conditions in this system are nearly 

the same as in a Pressurized Water Reactor (PWR) and result in about the same 

thermal efficiency ( ~ 34.5 %). The use of two different coolants makes the power 

conversion system more complex in any case. 

The boundary conditions for the power conversion system are listed in Table 9-1. 

Alllisted values of mass flux ratesandthermal powerarevalid for the entire sys

tem. 
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Table 9-1 Boundary conditions for the power conversion system 

a) Parameter of the cooling loops 

Total powertobe extracted, MW 
- inboard blanket segments, MW 
- outboard blanket segments, MW 
Temperature inlet, SG, oc 
Temperature outlet SG, oc 
Systempressure (max)MPa 
Mass flux rate Kg/s 

b) Parameter of the steam system 

Steam pressure 
Saturation temperature 
Feed water temperature 
Total thermal power 
Power required for preheating 
Power required for evaporation 
Water flow rate (feed water, steam) 

Helium 

510 
180 
330 
350 
250 
8 

990 

7MPa 
286°( 
150 °C 

2040 MW 
603MW 
1437 MW 
956 kg/s 

Pb-17Li 

1530 
420 
1110 
425 
275 
2 

54300 

Helium loops cooling the firstwallas weil as the circulating Pb-17Li cooling the 

breeder zone have to deliver the heat to the same steam cycle. 

A comparison of the heat delivered by helium with the power required to heat 

the feed water up to the boiling point indicates that the helium system could be 

used for preheating. ln this case, however, the liquid metal temperature would 

be too low forapositive temperature difference at the pinch point in the Pb-17Li 

SG. A split of the feed water flow rate to the helium and Pb-17Li systems in the 

same ratio as the thermal power would Iead to a negative temperature differ

ence at the pinch point in the helium SG. 

The given temperatures as listed in Table 9-1 require an overproportional water 

flow rate to the helium SG leading to an overproportional steam generationrate 

in the Pb-17 Li SG. This distribution of the flow rates can be seen in Fig. 9-1. 
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Fig. 9-1 Flow rates in the steam generating system 
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The selected flow distribution results in a steam quality at the exit of the helium 

and Pb-17Li SG of XHe = 0.25 and XLM = 0.53 respectively. Figure 9.2 shows the 

temperature-thermal power diagram for both steam generators. 

The temperature differences at the pinch point are 27 K (helium) and 17 K 

(Pb-17 Li). This Ieads to a total heat transfer surface area in the helium and Pb-17 

Li SG's of 15.000 m2 and 21.000 m2 respectively. The surface area in the Pb-17Li 

SG is in the optimum range required for tritium extraction. However, it would be 

desirable to reduce the size of the helium SG in order to reduce tritium perme

ation. This would be possible if either the helium or the Pb-17Li temperature at 

the SG exit could be increased by 10 to 30 K. 

An important point in the thermal design is the water inlet temperature at the 

Pb-17 Li SG. A value of 250 oc has been chosen in order to avoid freezing of the 

Pb-17Li (melting point 235 °C). This temperature can be controlled by adjusting 

the recirculation rate and consequently the steam quality at the exit of the 

Pb-17Li SG. 
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Fig. 9-2 Temperature-thermal power diagram for the steam generators 

9.4 Subdivision of the primary systems 

Separated cooling systems are proposed for the inboard and outboard blanket 

segments since the pressure drop is different in the two regions. Additionally, the 

helium cooling is subdivided into two completely separated systems in order to 

provide high redundancy for afterheat removaL For safety reasons the Pb-17Li 

cooling system of the outboard region is subdivided, too, into two independent 

systems in order to reduce the mass of activated liquid metal in one system. There 

are at least 2 parallelloops in each of the seven independent cooling systems for 

redundancy and maintenance reasons. This subdivision of the primary loop sys

tem is listed in Table 9-2. 

The result of this redundancy in all primary systems is a decisive increase of the 

availability. However, it requires a considerable increase in costs by both the rath

er large number of loops and the overcapacity installed in the cooling system. The 
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Table 9.2 Subdivision of the primary loop systems 

inboard outboard 
blankets blankets 

Helium: 
- number of independent systems 2 2 

- number of parallelloops in each 2 3 
system 

- design value foreachparallel 90MW 90MW 
loop 

Pb-17 Li: 
- number of independent systems 1 2 

- number of parallelloops in each 4 3 
system 

- design value for each parallel 140MW 280MW 
loop 

total installed cooling capacity of the helium system is 76% high er than the pow

ertobe extracted. For the Pb-17Li loops the overcapacity amounts to 46%. 
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10. Testing of Electricallnsulators 

ln the Dual Coolant blanket concept the electrical insulators on the steel walls (see 

Chapter 3.5) serve to reduce the MHD pressure drops, which are related to the 

interaction of the flowing liquid alloy with the magnetic field of the torus. They have 

to insulate the liquid meta I against the solid walls of the blanket du ring its whole life 

time. Therefore, they have to withstand liquid metal corrosion as weil as the 

influence of irradiation for long periods of time. Tests of the corrosion resistance of 

the alumina layers on aluminized MANET steel and of the electrical resistance in 

contact with the liquid alloy at temperatures around 450 oc have been performed 

and are described in Section 1 0.1, the results of irradiation tests with alumina in the 

dual beam facility are reported under 10.2, and the work to prepare the irradiation 

tests of alumina in the HFR reactor at Petten under 10.3. 

10.1 Tests in Pb-17Li 

Cylindrical specimens of MANET steel were coated with an aluminum containing 

intermetallic layer by means of the hot-dip process, and this layer was covered with 

an oxide layer of about 5 IJm thickness. High temperature oxidation at 950 °( was 

used to produce this alumina layer. The coated specimens were finally heat treated 

at 750 °( in order to condition the MANET steel. The specimens were inserted into 

the PICOLO loop for corrosion tests in flowing Pb-17Li alloy at 450 oc. 
The specimens were placed in the central position in the test section of PICOLO, five 

of them were mounted in series. Thus, the liquid alloy passed the specimens in the 

annular shaped channel of 4 mm width. The flow velocity in this channel was 

maintained at 0.3 m/s (Re = 21000), the temperature difference between the test 

section (450 oq and the coldest point of the circuit (magnetic trap, 300 oq was 150 K 

[10-1]. 

Specimens of the coated MANET steel were exposed in the flowing liquid alloy for 

between 1000 and 10000 hours. lnterruptions of the tests allowed specimens to be 

extracted in a way that the materialswerein contact with the environment for 1000, 

2000, 3000, ... and 10000 hours. 

The specimens were wetted by the liquid Pb-Li alloy, which froze on their surfaces 

when the specimens were taken out of the test section (under Ar atmosphere). 

Before the examinations of the material the adhering alloy must be removed. This 

was performed by washing in an aqueous solution of acetic acid and hydrogen 

peroxide, subsequent neutralization, washing in water and drying. 
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The corrosion effects were evaluated by means of microscopic examinations. 

Weighing was not sensitive enough to detect the very small changes of the mass of 

the specimens. Metallographie cross sections allowed very exact measurements of 

the diameters of the cylindrical bars and of the thicknesses of the layers before and 

after exposure to the liquid alloy. Scanning electron microscope was additionally 

applied for the detection of geometrical changes. Energy dispersive X-ray analysis 

(EDX) and Auger electron spectroscopy (AES) were used to Iook for changes of the 

com positions. 

The examination of the exposed specimens resulted in encouraging data. The 

appearance of the surfaces did not indicate any attack of the liquid alloy on the 

coatings, this finding was supported by the cross-sectional views which showed 

unchanged thicknesses of the oxides layers of corroded specimens in comparison to 

unexposed ones [1 0-1] as is obvious from the micrographs in Fig. 10.1-1. This stability 

against corrosion was consistent with earlier findings concerning the chemical 

stability of AI203 in Pb-17Li melt at temperatures up to 600 oc [1 0-2]. 

The thickness and the chemical composition of the intermetallic layer remained 
unchanged in the corrosion tests at 450 oc even after 10000 hours of exposure. The 

results of EDX measurements in cross sections of the specimens are shown in Fig. 

10.1-2. The composition of the intermetallic ,layers is characterised by the Al content 

of 40 at% which showed some scatter but not a trend with the exposure time. The 

thickness of the aluminide layer is also not affected by diffusion of Al due to the 

thermal or chemical conditions. This indicates that the MANET steel should not suffer 

any changes due to the ingress of Al into the structure [10-3]. 
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a) after fabrication 

b) after 10000 hours exposure to Pb-17Li at 450 oc 
Fig. 10.1-1 Micrographs showing the AI203Iayers on the aluminide 
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a) before exposure to Pb-17 Li 

b) afterexposure in Pb-17Li at450°C 

Fig. 10.1-2 Composition and thickness of aluminide layers on MANET steel 
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A simple experimental set-up to measure the electrical resistance of a limited coated 

surface in contact with malten Pb-17Li at elevated temperature was established 

inside a pure argon glove box. The principle of this set-up is shown in Fig. 10.1-3. 

1 .-

Power Source _,_ 

MANET I Ab03 Ampere Meter /' 
-

r-
~ 

' - ,t-

" ' ' 
' ' ' H eater 

' ' 
' ' Pb-17Li 

' _, 
- I 

' 
I ' ' ' " ' ' " " " '-I 

Fig. 10.1-3: Experimental set-up to measure the resistance of AI203-aluminide 
coating on steel in argon atmosphere 

The set-up allows the measurement of the electrical current passing through the 

insulating layer on the MANET steel specimen at a valtage in the order of 1 -2 V. The 

apparatus is already proved, it is ready for studies of the quality of layers and the 

healing of layers in contact with the liquid alloy. 

10.2 Results of Irradiation Tests with Alumina in the FZK Cyclotron Facility 

Weil known in the Iiterature is the radiation induced conductivity (RIC), which is due 

to the excitation of electrons from the valence into the conduction band by x- and 

y-rays or charged particles. RIC has often been found to be in a wide range propor

tional to the density of this energetic ionizing particles and immediately disappears 

when the particle current is turned off. Even under intense neutron irradiation 

where the ionizing dose rates usually are much smaller compared to charged particle 
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irradiations, RIC is orders of magnitude above the thermal induced conductivity at 

elevated temperatures. Recently, E. Hodgson discovered an additional considerable 

increase in the conductivity, called radiation induced electrical degradation (RIED), 

during electron irradiation when an electric field is applied. ln cantrast to RIC, RIED 

has found to be of permanent character. The prime objectives of the present inves

tigations were to produce data on the in-situ and postirradiation conductivities o 

and oo und er fusionrelevant loading conditions. 

Ceramic specimens have been cut from plates made of polycrystalline AI203 (99.9%, 

Vitox) and AI203 (99.2 %, Wesgo). The main impurities analysed with chemical meth

ods are: MgO (0.09%), CaO (0.03%), Na20 (0.03%) and Fe203 (0.03%) in Vitox

alumina, as weil as MgO (0.31 %), CaO (0.095%), Na20 (0.027%) and Fe203 (0.076%) 

in Wesgo-alumina. All numbers are given in weight-%. To ensure weil defined mea

surements of the volume conductivity, a guarded circuit design with three electrodes 

was used (Fig. 10.2-1). The substrate consisted of a hollow fatigue specimen with a 

square cross section developed for in-beam creep-fatigue experimentsandwas made 

of the European ferritic/martensitic reference steel MANET. 

The setup shown in Fig. 10.2-1 served several vital function: (i) The solid state bond

ing between ceramic and MANET-steel removes effectively the heat deposition of 

the a-particle beam and minimizes thermal gradients. Even in the alumina samples 

with its very low thermal coefficient of linear expansion the calculated temperature 

gradient amounted to less than 3 K during these irradiations. (ii) The solid state 

bonded Ieads guaranteed constant and small ( < 1 Q) contact resistance. (iii) An iso

lated, calibrated tiny thermocouple brazed between ceramic and MANET substrate 

allowed to measure directly the temperaturein the centre of the beam spot. 

All irradiations were performed using the high energy Dual Beam Facility of the 

Forschungszentrum Karlsruhe, where a-particles ( > 104 MeV) and protons ( < 30 

MeV) can be focused onto a common target (see Table 10.2-1). For these investiga

tions, however, only the a-particle beam has been used. 
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Fig. 10.2-1: Experimental set-up of the electrical conductivity measurements. A guarded circuit design was used to detect · 
and rule out any leakage currents due to surface contaminations during irradiation. 



Table 10.2-1 Irradiation conditions under which the conductivity 
measurements were performed 

Ceramic thickness 

E-.field (DC) 

a-particle energy 

Displacement rate (total) 

lonizing dose rate 

Irradiation temperature 

Beam size 

a-particle beam current 

Vacuum (total pressure) 

(0.25- 0.47) mm 

100 kV/m 

104 MeV 

(1.2-2.5)x1 0-7 dpa/s 

< (0.9-2.0)x1 06 Gy/s 

250,350,450,550°( 

0=4mm 

(0.9-2.0) IJA/beam area 

(5 + 4)x1 0-6 mbar 

Standard methods have been used to measure the DC resistance or conductivity 

of the ceramic specimens. Of special importance for elevated temperature irra

diations und er an electric field is the avoidance of significant errors due to carbon 

layers which may grow during the extended measuring periods at the specimen 

surface leading to short-circuiting currents. Therefore, the gap resistivity Rg be

tween central and guard electrode has to be far above the volume resistivity of 

interest Rp=Up/lp. where Up=(25-47) V is the applied voltage and lp the mea

sured current through the central electrode. 

ln the high purity Vitox-alumina the electrical conductivities a and ao show at 

450°C the highest irradiation induced electrical breakdown ever observed (Fig. 

1 0.2-2). The ao measurements were always taken three minutes after turning off 

the a-particle beam. Because the resistivity between the central electrode and the 

guard ring kept a high value of Rg = (6 + 2)x1 011 Q du ring the 115 hours of irradia

tion, any surface layers formed du ring irradiation and leading to short-circuit cur

rents can unambiguously be ruled out. Therefore, a and ao represent volume con

ductivity, that is, significant RIED occurs. 

Afterirradiation ao still shows and Ohrnie behaviour in Vitox-alumina and in con

trast to unirradiated ceramies almost no temperature dependency (Fig. 1 0.2-3). 

The irreversible nature of RIED is confirmed. lt is important to note, that the Satu

ration Ievei near 4x1 0-2 (Om)-1, reached already after 0.054 dpa, is above the criti

cal value of about 10-3 (Om)-1 necessary to avoid MHD pressure drop with 10 1Jm 
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coatings in flowing liquid metal coolants. While at 350°C the electrical degrada

tion is still pretty high, practically no RIED was observed at 250°C (Figs. 10.2-2 and 

1 0.2-3). At 250°( a is governed by RIC, that is by the particle beam current, and 

the out-of beam conductivity ao always was below the Iimit of resolution of 

about 10-12 (Om)-1. 

ln cantrast to Vitox-alumina no RIED at all has been observed up to darnage Ieveis 

of about 0.05 dpa in Wesgo-alumina (Fig. 1 0.2-4) at 450°C [1 0-9] and AIN [1 0-5]. 

The initial ao values even decrease during the early stage of irradiation. Conse

quently, thesegrades reveal a much higher resistance to darnage accumulation. 

At a given temperature, the difference between the in-situ conductivity a and the 

out-of-beam conductivity ao is due to RIC. ln general, RIC is strongly correlated 

with the Gy-production and in our experiments rang es typically from 10-6 to 10-7 

(Om)-1. Therefore, the total conductivity ao during irradiation can be either gov

erned by RIC (e.g. in Wesgo-alumina) or by RIED (e.g. in Vitox-alumina). 

The general consensus of the present data, that RIED sensitivity is at least greatly 

retarded in AI203 grades with higher amounts of impurities, is a promising result 

for coating developments, but has tobe confirmed also at much higher dpa-doses 

on suitable coatings. 

10.3 Irradiation in the HFR-Petten 

Since 1989, when Hodgson discovered the so called "radiation induced electrical 

degradation (RIED)" effect [10-6], many irradiation experiments have been done 

[10 -7- 10 -13] with electrons, protons, alpha's and neutrons and AI203 as isolator 

material. During most of these tests, the electrical conductivity did not exceed 

1·10-30-1m-1 and often showed a saturation effect. Only two experiments yielded 

values up to 4·10-20-1m-1 but at higher ionizing to displacive ratio of at least 

1.6·1 012 Gy/dpa [10-12] or a temperature of 590 °( [10-13]. On the other hand, in 

none of the experiments a displacement dose of 1 dpa was exceeded. 

To investigate the behaviour of AI203 under fusion relevant conditions, 

experimentswill be carried out in the HFR Petten. With the assumption that the 

thickness of such insulators is about 10 IJm, the insulator conductivity must not 

exceed 10-30-1 m-1. The operating conditions in the blanket are: coolant 

temperature up to 450 °(, applied electrical field 1 kV (DC)/cm, neutron flux 

(En >0.1 MeV) 8·1 014n/(cm2·s), which equals a displacement rate of 5·10-7 dpa/s, 
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and a gammadoserate of 1·103 Gy/s. The resulting ionizing to displacive ratio is 

2·109 Gy/dpa. The expected blanket segment lifetime is 20000 hours of full power 

operation, corresponding to a displacement dosein AI203 of 36 dpa, which is the 

goal fluence of the experiments. 

ln the first test series, four highly pure (99,8 %) bulk plates of 14 mm diameter 

and 0.5 mm thickness will be used. They are on both sides covered with vapor

deposited metal electrodes to be connected with the electricalleads for voltage, 

guard and current. The probes are separately placed insideinner capsules, which 

are evacuated. These inner capsules are placed inside outer capsules, which are 

cooled by reactor water. By changing the gas-mixture inside the gaps between 

inner and outer capsules the temperatures of the inner capsules can be 

controlled. The outer capsules will be inserted in a special rig of the type TRI0-

131, which will be placed into one of the experimental in-core positions of the 

HFR Petten. The actual capsule design of the irradiation device is shown by 

Fig. 10.3-1. The irradiationwill startat the end of 1995. 

TRIO chamel 

Cooling waler 

Cover lube 
Supporl ring 

Ouler capsule 

1---+--I-Hflt--~ Gasline 
I !+rtt---tM- T riax cable 

~·~~':I r--w+---l!.."n ~~==w-m-~scan Wire 

...-+-rn::~i- Flux O~leclor 

-#!Ht----1lft- Vacuum 

~i+'-#f.----il?.!- Thermocou~:e 

Gas gap 

Fig. 10.3-1 Capsule for n-irradiation of AI203 in HFR Petten 
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11.0 Safety and Environmentallmpact 

This section summarises the safety considerations performed for the Dual Coolant 

blanket (Section 2.2) in the frame of the blanket concept selection exercise as 

briefly described in [11-1] in five chapters: (1) blanket materials and toxic materi

als inventory, (2) energy sources for mobilization, (3) fault tolerance, (4) tritium 

and activation products release, and (5) waste generation and management. The 

assessment is based (in cantrast to [11-1]) on the latest cooling system design, 

comprising 10 Pb-17Li circuits and 10 helium circuits for the first wall cooling. The 

results are highlighted below: 

Blanket and loop material inventories 

The total blanket volume (all inboard and outboard segments, full toroidal cov

erage) amounts to 1020 m3 with fractions of 40/41/16/3 percent for steei/Pb-

17Li/helium/void, respectively. The loop arrangements account for redundancies, 

leading to an overpower capacity of 50 % from nominal. Considering this fact, 

the total Pb-17Li inventory amounts to 14.8 x 106 kg and the total helium inven

tory amounts to 6300 kg (970m3) with 53-60% of the inventory being in the pip

ing. 

Toxic material inventories 

The tritium inventories in fluids are small, i.e., 57 g in Pb-17Li, <6.3 g in helium, 

and :::::0.4 g in NaK. The major part (100 g) is in the cold traps. Activation products 

inventory in MANET decays slowly, reaching hands-on Ievels only after very Jong 

times (105 years). The Al contained in the insulation Jayer contributes to Jess than 

1%. 

Energy sources for mobilization 

The main energy sources for mobilization result from decay heat and work poten

tial of helium. The chemical energy potential of Iithium is also high but the extent 

of reaction is very limited. The decay heat would cause adiabatic temperature 

rises in isolated parts of the blanket of about 0.15 K/s in the first wall, 15 K/day in 

the shield andin the Pb-17Li, and 50 K/h in'the mixedmaterial of the outboard 

blanket. The helium inventory from one outboard cooling subsystem would 

pressurise the vacuum vessel in the case of a LOCA to 0.45 MPa which is below the 

expected design pressure. The release times are short (few seconds) and the mo

mentum forces of a double-ended major pipe breakarehigh (2000 kN). Chemical 
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reactions between Pb-17Li and water, air, nitrogen, and concrete have been re

viewed and found to be moderate. 

Fault tolerance 

lnduced peak stresses caused by disruptions are predicted to be moderate (73 

MPa), but the modelling needs refinement. Short term LOCA temperature excur

sions in the blanket structure of the order of 100 K above steady state Ieveis for 

the assumed cases do not threaten the blanket integrity. 

Tritium and activation product release 

The early and chronic dose for overly conservative tritium releaseseenarios from 

Pb-17Li, helium, and NaK are close to, or beyond, dose Iimits presently discussed. 

An activation products release scenario from a major Pb-17Li spill yields a mod

erate early dose of 10 mSv. Hg-203 is by far the dominating nuclide contributing 

with 98.9% followed by Po-21 0 and tritium. 

Waste generation 

The total amount of structural material from one complete set of blanket seg

ments (without demountable and permanent shield) to be disposed of amounts 

to 1400 tons (180m3) with decay heats one year aftershutdown ranging from 1.6 

x 104 W/m3 for first wall material down to 2.6 x 102 W!m3 for the removable 

shield. 

11.1 Blanket Materialsand Toxic Materials lnventory 

11.1.1 Volumes and Volume Fractions in the Blanket Segment 

The total volume in different parts of the Dual Coolant blanket and the volume 

fractions of steel, Pb-17Li, helium and void have been calculated for the inboard 

blanket and for the outboard blanket. The basis for the calculations is the vertical 

cross section for the DEMO reactor and the midplane cross sections of inboard 

and outboard blanket segments as shown in [11-1]. The main dimensions used in 

the calculations are tabulated in Table 11-1. 
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Table 11-1 MAIN DIMENSIONS OF BLANKET 

ltem Length (cm) 

Outboard Blanket 
Majorradius to first wall at midplane 827.4 
Radius of curvature of first wall (poloidally) 475 
Poloidal angle of circular section relative to midplane (deg.) -52 to + 481) 
Radius of first wall upper section 650 
Length of upper section 240 
lnboard Blanket 
Radius of first wall at midplane 430 
Length of vertical section 800 
Length of upper divertor section (45 degrees inclined) 250 
Length of lower divertor section (-45 degrees inclined) 250 

1) Note that this is not identical to the assumption 0 = + 45 omadein the 
neutranies analysis of Chapter 4. 

The computed volumes for the blanket sections (outboard central part with up

per extension, and inboard central part with top and bottem extensions behind 

the divertors) are listed in Table 11-2. The total blanket volume amounts to about 

1020 m3 with volume fractions of 40/41/16/3 percent for steei/Pb-17Li/He/void, 

respectively. 

Table 11-2 VOLUME OF DUAL COOLANT BLANKET (in m3) 

Blanket Part Steel Pb-17Li Helium Void 

Outboardcenter 199 269 112 13 

Outboard top 44 59 24 4 

Outboard total 243 328 136 17 

lnboard center 90 52 16 8 

inboard top 36 20 6 3 

inboard bottom 36 20 6 3 

lnboard total 162 92 28 14 

Outboard + lnboard total 405 420 164 31 

Total blanket volume 1020 
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ln the outboard blanket most of the steel is located in the back of the blanket 

with only 3% of the total steel volume being in the first wall region. The Pb-17Li 

volume contained in the first channel row (next to the first wall with upward 

flow) amounts to about 16% of the total Pb-17Li volume in the blanket segment. 

ln the inboard, the fraction of steel in the first wall is also about 3 % of the total 

steel volume. The fraction of Pb-17Li in the first channel row is here 34%. A more 

detailed Iist of the steel volume in the firstwalland of the Pb-17Li volume in the 

first channel row for the different blanket parts is given in Table 11-3. 

Table 11-3 VOLUME FRACTIONS OF STEEL AND Pb-17Li IN DIFFERENT 
BLANKET PARTS 
Volumes are given in m3 andin percent ofthe total material volume in 
the respective blanket part 

Steel volume in first wall PB-17Li volume in 

Blanket Part first channel row 

(m3) (%) (m3) (%) 

Outboard center 5.89 2.96 41.7 15.5 
Outboard top 1.51 3.4 9.6 16.2 

Outboard total 7.4 3.04 51.3 15.6 

lnboard center 2.88 3.18 17.6 33.8 

inboard top 1.09 3.0 6.7 33.4 

inboard bottom 1.09 3.0 6.7 33.4 

lnboard total 5.05 3.1 31.0 33.6 

Outboard + lnboard 

total 12.452 3.06 82.3 19.6 

11.1.2 Coolant lnventories 

Coolant inventories in the primary cooling circuits of the dual coolant blanket 

have been calculated for the piping system along with estimates for other com

ponents like steam generators, pumps, purification systems, and expansion ves

sels. 
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The loop arrangements and thermal power per loop have been taken as de

scribed in Chapter 12, accounting for redundancies. This Ieads to larger power ca

pacities as compard to the nominal power to be removed from the blanket seg

ments. Hence, the loops (except for the feeders between the ring collectors and 

the blanket segments) become substantially larger than would be required for 

the nominal power capacity. Table 11-4 gives an overview of the nominal thermal 

power to be removed by Pb-17Li and helium from the inboard and outboard 

blanket segments. lt also shows the redundancy factors foreseen and the re

quired power capacities in the external loops, which results from equation 11.1. 

As a consequence of this Iayout the feeders have to be dimensioned for their 

share of the nominal power, whereas the externalloops (including the ring col

lectors and the components) have tobe dimensioned for the case that one circuit 

of the subsystem has failed (Table 11-4). 

Table 11-4 THERMAL POWER AND REDUNDANCY FACTORS FOR PRIMARY 
COOLING CIRCUITS 

Thermal No.of 
Power capacit~ 

power blan- No.of Redun-
per circuit 

Blanket Region and 
ket primary dancy 

or total (MW) 

Coolant 
perseg-

(nominal 
ment seg- circuits factor 
(MW) ments 

power 

in brackets) 

Outboard blanket 23.1 48 2 x3 1.5 277 (185) 

(Pb-17Li) 

lnboard blanket (Pb-17Li) 13.8 32 1x4 1.33 147(110) 

Total blanket (Pb-17Li) 1550 80 10 2250 (1550) 

(48 Outboard + 

32 lnboard Segments) 

Outboard blanket 6.9 48 2x3 1.5 83 (55) 

(helium) 

lnboard blanket (helium) 5.8 32 2x2 2 93 (46) 

Total blanket (helium) 517 80 10 870 (517) 

(48 Outboard + 

32 lnboard Segments) 

Total blanket 

(Pb-17Li + helium) 2067 80 20 3120 (2067) 
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Note: The redundancy factor is expressed in the same terms as the unavail

ability assessment (Chapter 12). Allsubsystems consisting of n circuits 

(n = 2,3, or 4) are designed in a 2-out-of-n redundancy, meaning that 

two systems must fail for the planttobe unavailable, For instance, for 

a 2-out-of-3 subsystem to be unavailable, 2 circuits must fail. Hence, it 

is available, if 1 circuit fails, in which case the remaining circuits have 

to take 1.5 times·the nominal power. ln the same way the redundancy 

factor of 2 corresponds to a 2-out-of-2 subsystem, and the redundancy 

factor of 1.33 corresponds to a 2-out-of-4 subsystem. 

The required power capacity per circuit (in the event that one circuit of a subsys

tem had failed) has been calculated by use of the following equation. Note that 

due to the redundancy the overall power capacity of the cooling systems (3120 

MW) is 51 % larger than the nominal power to be removed from the blanket 

(2067 MW). 

P segment n segment f 
Required power capacity per circuit redundancy ( 11.1) 

ncircuit 

where 

Psegment thermal power per segment 

nsegment number of blanket segments 

ncircuit number of primary circuits 

fredundancy redundancy factor (see Table 11-4) 

11.1.2.1 lnventories in Piping 

For the Pb-17Li circulation in the outboard blanket six circuits with steam gener

ators, pumps, purification stations, and expansion vessels are foreseen as outlined 

in [11-2], serving the 48 outboard segments. Each three of such circuits are joined 

at the ring collectors to form two 2-out-of-3 Pb-17Li subsystems, each of which 

supplies the coolant for one 180 degree sector of the torus. lf all circuits are in

tact, one circuit per subsystem is in stand-by or, alternatively, all three circuits per 

subsystem are operated at reduced power. 

Likewise, for the Pb-17Li circulation in the inboard blanket four circuits with 

steam generators, pumps, purification stations, and expansion vessels are fore

seen, serving the 32 inboard segments. They are joined at the ring collectors to 

form one 2-out-of-4 redundancy. lf all circuits are intact, one circuit is in stand-by 

or, alternatively, all four circuits are operated at reduced power. 
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Pipe lengths for the hot leg, cold leg, ring collectors, and feeders have been es

timated to be on the order of 116 m per outboard loop (130 m per inboard loop), 

not accounting for parallel branches. Pipe diameters result from the flow rates 

necessary to remove 277 MW thermal power for the outboard circuits and 147 

I'J!W for the inboard circuits, respectively, with inlet/outlet temperatures of 

275/425 °( and an assumed flow velocity of the Pb-17Li of 1 m/s. Typical pipe di

mensions for the outboard/inboard circuits are 1.15m/0.83m for the main loop, 

0.94m/0.72m for the ring collector, and 0.33m/0.25m for the feeders. 

Concerning the helium loops for the outboard first wall cooling the loop arrange

ment is similar tothat of the Pb-17Li system. Again, six main circuits with steam 

generators, circulators and clean-up systems serve the 48 outboard first wall seg

ments. For redundancy purposes each three of such circuits are joined at the col

lectors to form two 2-out-of-3 helium cooling subsystems for the outboard first 

walls. ln cantrast to the Pb-17Li system each of the first wall cooling subsystems 

serves the full 360 degree sector of the torus in two parallel streams, requiring 

two inlet and two outlet helium feeders persegment. lf all circuits are intact, one 

circuit per subsystem is in stand-by, or alternatively, all three circuits are operated 

at reduced power. Pipe lengths are assumed tobe similar as for the helium cooled 

solid breeder blanket, i.e., 172 m per outboard loop, not accounting for paralle,l 

branches. Pipediameters in the different pipe sections result from the flow rates 

necessary to remove 83 MW per circuit, given inlet/outlet temperatures of 

250/350 oc and a system pressure of 8 MPA with an assumed flow velocity of 60 

m/s. Typical pipe diameters are 0.76 m for the hot leg, 0.7 m for the cold leg, 0.6 

m for the ring collectors, and 0.15 m for the feeders. 

Finally, the helium loops for the inboard first wall cooling arealso arranged simi

lar to those of the Pb-17Li system. Four main circuits are foreseen, serving the 32 

first wall segments. For redundancy purposes each two of such circuits are joined 

at the collectors to form two 2-out-of-2 helium cooling subsystems. As for the 

outboard each of the two first wall cooling subsystems serves the full 360 degree 

sector of the torus in two parallel streams. lf all circuits are intact, one circuit per 

subsystem is in stand-by, or, alternatively, the two circuits are operated at re

duced power. Pipe lengths are assumed to be similar as for the outboard except 

for the ring collector length and feeder lengths, resulting in a totallength of 220 

m per inboard loop, not accounting for parallel branches. Typical pipe diameters 

are 0.8 m for the hot leg, 0.73 m for the cold leg, 0.55 m for the ring collectors, 

and 0.14 m for the feeders. 
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11.1.2.2 lnventories in Components 

The assumed coolant inventories in the circuit components are rough estimates. 

The dominating components are the steam generators, for which a first Iayout 

has been performed (see C.hapter 12). Based on the dimensions reported, the Pb-

17Li inventories result to approximately 22.5 and 11.3 m3 for the 277 and 147 MW 

steam generators in the outboard and inboard circuits, respectively. The helium 

inventory in the 83 MW steam generator for the outboard first wall cooling cir

cuit would be approximately 9.4 m3 andin the 93 MW steam generator for the in

board first wall cooling circuit would be approximately 10.5 m3. Helium and Pb-

17Li inventories in the blanket segments are evaluated in 11.1.1. 

11.1.2.3 Summary of Coolant lnventories 

Coolant inventories in primary cooling circuits (excluding ancilliaries, such as stor

age tanks) are summarized in Table 11-5 for the Pb-17Li and helium circuits. The 

total Pb-17Li inventory amounts to 14.8 x 106 kg (1571 m3) and the total helium 

inventory amounts to 6293 kg (969 m3). Also given in the table are the data for 

the subsystems. This is important in assessing leak rates in case of pipe rupture, 

without the capability to i~olate the failed circuit in time. Thus, one Pb-17Li out

board cooling subsystem with three circuits contains 569 m3 of Pb-17Li. The in

board cooling subsystem with four circuits contains 433m3 of Pb-17Li. Only part 

of this can be drained by gravity in case of a pipe rupture or blanket segment fail

ure. The respective first wall cooling subsystems carry 298m3 (1934 kg) of helium 

to the outboard and 187m3 (1213 kg) to the inboard. Most of the coolant inven

tory is in the piping (53-60 %), only 18-22% being in the blanket proper. 

11.1.3 Toxic lnventories 

Radioactive inventories in the different regions of the blanket (first wall, breed

ing zone and shield) as weil as in the cooling systems have been assessed in two 

categories, i.e., tritium and other activation products. No intentional chemical 

toxins, like beryllium, are foreseen in the dual coolant blanket concept. lnven

tories are discussed for the whole blanket system, if not otherwise stated. 
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Table 11-5 COOLANT INVENTORIES IN PRIMARY CIRCUITS (SUMMARY) 

Pb-17Li Helium 

Circu it or System 
Volume Mass Volume Mass 

(m3) (kg) (m3) (kg) 

Outboard cooling circuit 190 1.8 X 106 99.4 645 

lnboard cooling circuit 108 1.03 X 106 93 606 

Outboard cooling 569 5.49 X 106 298 1934 

subsystem {3 circuits) 

lnboard cooling 433 4.1 X 106 187 1213 

subsystem {4 circuits for 

Pb-17Li, 2 for helium) 

Alloutboard cooling 1138 10.8 X 106 596 3868 

circuits 

{% in blanket/piping/ (29/53/18) (23/55/22) 

components) 

All inboard cooling 433 4.1 X 106 373 2425 

circuits 

{% in blanket/piping/ (21 /60/18) (8/68/24) 

components) 

Total cooling circuits 1571 14.8 X 106 969 6293 

(not including 

anci lliaries) 

11.1.3.1 Tritium lnventory 

The tritium inventory in the breeder (Pb-17Li) is determined by the recovery pro

cess (permeation through the outer wall of the steam generator tubes into the 

NaK circuit) as outlined Chapter 7.1. Given an equilibrium partial pressure of 147 

Pa and a Pb-17Li mass of 15 x 106 kg (see Section 11.1.2.3), the total tritium inven

tory in the breeder (excluding the recovery system) amounts to 57 g. ln one cool

ant subsystem for the outboard consisting of 3 circuits the tritium inventory is 21 

g. ln the subsystem for the inboard consisting of four circuits the tritium inven

tory is 16 g. 
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A considerable amount of tritium ( ~4 gld) will permeate into the helium coolant 

passing the first wall channels, if no credit is taken of any permeation barrier, e.g. 

the AI 203 electrical insulation at the steei/Pb-17Li interface. This tritium is as

sumed to be permanently removed in a tritium extraction plant, so that the 

tritium concentration in the helium can be kept low, say < 1 wppm [11-3], corre

sponding to a total triturn inventory of <6.3 g in 6300 kg of helium. This is parti

tioned into four subsystems as outlined in section 11.1.2.1. 

The tritium inventory in the NaK circuits has been derived in Chapter 7 tobe 0.38 

g in a total of 4.1 x 104 kg of NaK. Each steam generator has an independent NaK 

system with cold traps. Therefore, the maximum tritium inventory occurring in a 

single NaK subsystem for the outboard is about 0.04 g. This issmall compared to 

the tritium trapped in the cold traps (see below). 

Control of the tritium Iosses to the steam circuit is a common critical issue, requir

ing permeation barriers, a low tritium partial pressure in the NaK circuits (or in 

the first wall helium coolant, respectively) and control of the water/steam circuit 

chemistry. Estimates revealed for the NaK/water tubes in the steam generators a 

tritium permeation rate of 0.12 g/d (1200 Ci/d) for ferritic steel (for 10 steam gen

erators) without any permeation barrier. Thus, barrier factors on the order of 120 

need tobe achieved in order to reduce the Iosses to 10 Ci/d. The first wall helium 

cooling system has to cope with similar problems. A tritium loss of another 10 Ci/d 

seems to be feasible [11-4]. The total tritium Iosses of 20 Ci/d (0.002 g!d) would 

accumulate to 1.7 g of tritium in the entire water/steam system after 20000 h of 

operation. This is considered tobe acceptable (compare [11-2], [11-4]). 

The tritium inventory in the recovery system is dominated by the inventory in the 

cold traps and amounts to about 15 g for the cold traps in one NaK circuit for an 

outboard steam generator (see Chapter 7.1) and approximately 100 g for all cold 

traps. 

The tritium build-up in the structural material after 20000 h has been evaluated 

for the outboard blanket. The poloidally averaged concentration as a function of 

radiusfalls off linearly in a semi-logarithmic scale by four orders of magnitude, 

i.e., from 3x1 o-s g per kg of MANET in the first wall to 3x1 0-9 g per kg of MANET 

in the back plate (20 cm shield). The tritium profile weighted. with the corre

sponding mass distribution of steel results in a total tritium inventory of 2.2 g in 

the central part of the outboard blanket (excluding the upper cylindrical part), 
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that is about 1.3 g in the first wall, 0.9 g in the steel of the breeding zone, and on

ly 0.003 g in the back plate. 

For the upper part of the outboard blanketasweil as for the inboard blanket the 

tritium inventory has not been elaborated. Due to the small amount it is assumed 

that this is of the same order as the inventory in the central part of the outboard, 

leading to a total tritium inventory in the whole blanket structure of ===4.4 g 
(===2.6 g in the first wall, 1.8 g in the breeding zone, and 0.006 g in the back 

plates). However, this does not account for the tritium implanted in the first wall 

from the plasma. This may be much higher and is currently assumed to range bet

ween 3 g and 300 g. lt should also be noted that the solubility of tritium in MA

NET at a partial pressure equal tothat in the Pb-17Li ( === 150 Pa) is on the order of 

10-5 g per kg of MANETat 350 °C. This is in the same range as the build-up in the 

first wall discussed above but is much higher than in the breeding zone and back 

plate. Nevertheless, a substantial take-up of tritium from the Pb-17Li will be im

paired by the electrical insulation layer. 

An overview of the mass and tritium inventories in the breeder material, coolants 

andin the majorradial zones of the structural material is given in Table 11-6. 

Table 11-6 RADIOACTIVE INVENTORIES IN BLANKET AND RELATED 
SYSTEMS 

Totalmass Tritium 
Blanket region or system inventory (g) 

(kg) 

Breeder material (Pb-17Li) 1.5 X 106 57 
Primary first wall coolant (helium) 6300 <6.3 
Tritium removal fluid (NaK) ' 41,000 0.38 
Steam system not assessed <1.7 
Tritiumrecoverysystem mainly in cold ===100 

traps 

Structural material 

Firstwall 105 2.6 
Breeding zone 1.3 X 106 1,8 
Shield 1.8 X 106 0.006 
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11.1.3.2 Activation Prod ucts I nventory 

Activation of Pb-17Li: The specific activity in Pb-17li has been assessed in Chapter 

4. For example, the specific activity in the outboard blanket (averaged over the 

liquid metal in the central plus the upper blanket part) after decay times of 0 s, 1 

d, and 1 year amounts to 3.3 x 1013, 7.0 x 1011, and 3.0 x 109 Bq/kg, respectively. 

Corresponding values obtained for the inboard are almost the same. lt is to be 

noted that the specific activity shortly aftershutdown is dominated by the short

lived Pb isotopes, in particular Pb-207, so that after a few seconds the initial val

ues are already reduced by one order of magnitude, and after about 1 day by an

other. 

ln the neutranies calculations performed for this analysis it was assumed that the 

Pb-17li remained stationary in the blanket for the 20000 hours of operation. Giv

en the liquid metal inventories in the blanket proper (excluding external circuits) 

of about 900,000 kg inboard and 3,100,000 kg outboard would result in a total 

activity in the Pb-17li after decay times of 0 s, 1 d, 1 y of 1.3 x 1020, 2.8 x 1818, and 

1.2 x 1016 Bq, respectively. 

Due to the circulation the specific activity will be altered. As a first approach it is 

assumed here that the specific activity is diluted by the ratio of the total Pb-17li 

inventory in the cooling circuits to the inventory in the blanket itself. This ratio 

(and hence the dilution factor) is 3.5 for the outboard cooling system and 4.7 for 

the inboard cooling system. The total radioactive inventory is assumed to be un

changed. Table 11-7 summarises the specific and total activity in Pb-17li in the in

board and outboard for various decay times. 

Activation of Structural Material: The specific activity of the structural blanket 

material (MANET) has been assessed in Chapter 4 but has been reformatted here 

with view to safety aspects. Average values are deduced for major blanket re

gions (inboard, outboard), radial zones (first wall, breeding, shielding), and var

ious decay tim es (0 s, 1 d, 1 y, 10 y, 500 y). 

For instance, the specific activity in the "first wall region midplane average out

board" after decay tim es of 0 s, 1 d, 1 y, and 10 years is, respectively, 6.6 x 1014, 

4.0 x 1014, 2.4 x 1014, and 2.0 x 1013 Bq/kg. lt is the highest specific activity in the 

blanket. Corresponding numbers at the inboard are about 10% lower. ln cantrast 

to the activity in Pb-17li the decay in MANET is very slow, i.e., only by a factor of 

three within the first year. ln the radial direction the decrease is about one order 

of magnitude from the first wall to the breeding zone, and another order of mag-
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nitude from the breeding zone to the removable shield. Typical radial profiles 

and decay curves are given in Chapter 4. 

Table 11-7 SPECIFIC AND TOTAL ACTIVITY IN Pb-17Li AFTER VARIOUS 
DECAY TIM ES (including dilution factors of 3.5 for the outboard 
and 4.7 for the inboard due to circulation) 

Blanket Region 
Os 1d 1y 10y SOOy 

lnboard or Outboard 

Specific Activity lnboard (Bq/kg) 7.0E12 1.5E11 6.9E08 7.9E07 1.0E06 

Specific Activity Outboard (Bq/kg) 9.3E12 2.0E11 8.5E08 1.1 E08 1.1 EOG 

Total Activity lnboard (Bq) 2.0E19 6.0E17 2.8E15 3.2E14 4.2E12 

Total Activity Outboard (Bq) 1.0E20 2.2E18 9.2E15 1.2E15 1.2E13 

Total Activity lnboard plus 

Outboard (Bq) 1.3E20 2.8E18 1.2E16 1.5E15 1.6E13 

Looking at the poloidally averaged values of the specific activity in the same ra

dial zones which combine the respective radial zones in the central and top part 

of the outboard, andin the central and divertor parts of the inboard one observes 

a reduction relative to the midplane values by typically a factor of 0.7 in the out

board and 0.4 in the inboard. 

The poloidally averaged values have been used to compute the total activity in 

the corresponding blanket regions by weighting them with the mass inventory of 

MANET. Summing up over all blanket regions results in a total activity after 0 s, 

1 d, 1 y, and 10 years of 7.5 x 1019,4.0 x 1019, 2.2 x 1019, and 1.8 x 1018 Bq, respec

tively, in a total steel mass of 3.2 x 1 OG kg. 

To summarise the activity in MANET, Table 11-8 lists the total activities after a 10 

year decay period in the first wall, breeding zone, and removable shield (each 

one for inboard and outboard) and the corresponding steel masses. This division 

is of interest for waste purposes. 
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Table 11-8 TOTAL AND MIXED MEAN SPECIFIC ACTIVITY IN DIFFERENT 
REGIONS OF THE BLANKET STRUCTURE 

' 

Total 
Mixed mean 

Steel Specific 
Blanket Region Activity 

lnventory Activity 
lnboard or Outboard after 10 y 

(103 kg) after 10 y 
(Bq) 

(Bq/kg) 

Firstwallregion inboard 39 1.5E17 3.8E12 

Firstwallregion outboard 58 8.0E17 1.4E13 

Breeding region inboard 454 8.8E16 1.9E11 

Breeding region outboard 793 6.2E17 7.9E11 

Shield region inboard 759 7.5E16 9.9E10 

Shield region outboard 1019 4.1 E16 4.1 E10 

Activation of lnsulating Layers: The activation of the insulating layer (Al plus 

AI203) has not been elucidated but an estimation based on the effect of 500 

wppm Al impurities in MANET is presented below. 

lf all the channel walls in contact with Pb-~7Li would be covered with a 10 J..lffi 

thick insulation layer consisting mainly of pure aluminum, this would result in a 

total Almass in the blanket of 360 kg. The Al blended with the steel contained in 

the first wall and in the breeding region would correspond to an extra Al con

centration in MANET of 175 wppm and 300 wppm, respectively, i.e., less than the 

original Al impurity of 500 wppm. The contribution of the 500 wppm of Al in MA

NET to the total specific activity in MANET results from activation calculations de

scribed in Chapter 4 and is only 0.005 at shutdown (mainly from Al-28) and falls 

off sharply to the order of 10-10 after one month. At very long decay times (1 os 
years) it comes back to the order of 10-3 due to the long-lived Al-26 isotope. A 

similar behavior is found for the y-dose rate. Here the contribution of the 500 

wppm of Al in MANETamounts to a fraction of 0.015 at shutdown, falls off to the 

order of 10-8 after 1 year and comes back to 0.03 after 1 os years. Consequently, 

the contribution of a 10 J..lrll insulation layer equivalent to an extra Al content of 

200-300 wppm is below the 1 % range in terms of specific activity and y-dose rate. 

Even a 50 J..lm thick layer would be uncritical. 
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A different problern may arise in the Pb-17Li doserate due tosputtering and cor

rosion products carried by the liquid metal. This has not been assessed and is to be 

seen in the context of on-line purification (Chapter 8). 

11.2 Energy Sources for Mobilisation 

Energy sources in upset or accidental conditions are seen in (a) plasma disrup

tions, (b) delayed plasmashutdown after cooling disturbances, (c) decay heat, (d) 

work potential for pressurised coolants, and (e) exotherrnie chemical reactions. 

This section summarises the energy sources for the dual coolant blanket based on 

the inventories described in 11.1. An overview of the energy sources (a) to (e) is 

given in Table 11-9. 

Table 11-9 ENERGY SOURCES FOR MOBILISATION 

Value 
Energy source 

(GJ) 

Plasma disruptions (localised) :::::::1 

Delayed plasmashutdown (reference scenario) 11 
Decay heat integrated over: 

1 minute 1.2 
1 hour 50 

1 day 550 

1 month 3200 
Work potential of helium coolant 9.1 
Chemical energy potential 

Li/water reaction 2300 
Li/oxygen reaction 3900 

11.2.1 Energy Liberated du ring Plasma Disruptions 

Plasma disruptions can cause local evaporation of first wall material or 

mobilisation of adhesive dust. This is a common and unresolved problern of first 

wall protection and dust processing and is not considered here. The energy source 

is essentially the stored energy in the plasma which is typically of the order of 1 GJ 

and, hence, issmall compared to other energy sources discussed in the following 

subsections. 

-303-



11.2.2 Energy due to Delayed Plasma Shutdown 

Delayed plasmashutdown after a sudden cooling disturbance will bring any first 

wall to melt within seconds. The energy source is simply the time integral of fu

sion power from the cooling disturbance to complete shutdown. For instance, for 

the reference plasma shutdown scenario (plasma isshutdown 1 s after cooling 

disturbance; at that time the internal heat SOL!rce disappears instantaneously and 

the first wall surface heat flux decreases linearly down to zero in 20 s) the energy 

transmitted to the first wall is 4.2 GJ and to the blanket 0.8 GJ per GW of fusion 

power (ignoring that a large fraction of the 4.2 GJ goes to the divertor). This 

scales up to 9.2 GJ to the firstwalland 1.8 GJ into the blanket for a 2.2 GW reac

tor. 

11.2.3 Decay Heat 

The decay heat is the governing feature in managing the cooling disturbances 

like LOCA, LOFA (Section 11.3) and, in particular, loss of site power or loss of heat 

sink. The decay heat in the entire blanket amounts to 52 MW aftershutdown and 

declines to 11.8 MW after 1 h, 1.53 MW after 1 d, 1.07 MW after 1 month, and 

0.48 MW after 1 year. The accumulated decay heat at several times after shut

down is listed in Table 11-9, ranging from 1.2 GJ for the first minute period to 

3200 GJ du ring the first month. 

The decay heat source has to be seen in connection with the thermal inertia of 

the blanket and related cooling systems. High thermal inertia Iimits temperature 

transients and amplitudes in upset or faulted conditions and, thereby, contri

butes inherently to minimise potential consequences for a primary initiating 

event and eases plant control. A measure for the thermal inertia is the adiabatic 

temperature rise of the isolated blanket or of parts of the blanket, like the first 

wall, the breeding zone, or the shielding (that is the removable back plate). These 

temperature vs. time curves are plotted in Figure 11-1 and it can be seen that the 

transient for the isolated first wall is very steep, reaching a temperature rise of 

300 K after about 40 minutes. ln contrast, the isolated shield warms up very slow

ly (about 10 K per day), and likewise the Pb-17Li alone. Fora mixture of the whole 

blanket structure (first wall, breeding zoneplus shield) including the liquid meta I 
the temperature rise amounts to approximately 280 K within the first day. So in 

general, the adiabatic transients (except in the first wall) are moderate, leaving 

sufficient time for afterheat removal measures, including establishing a natural 

circulation heat transport. Temperature transients in the first wall are discussed in 

11.3. 
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Figure 11-1 ADIABATIC TEMPERATURE RISE OF BLANKET MATERIALS DUE TO 
DECAY HEAT. Curves relate to isolated materials in the first wall, 
(MANET), breeding region (MANET or Pb-17Li), and shield region 
(MANET), and to a mixture of all materials in the entire outboard blanket. 

11.2.4 Work Potential of Helium Coolant 

The first wall cooling system contains 6300 kg of helium at 8 MPa and inlet/outlet 

temperature of 250/350 °C, i.e., a mean temperature of :::::300 oc. The work poten

tial relative to ambient conditions for the total helium inventory is 9.1 GJ. A more 

realistic scenario is the adiabatic expansion of the helium inventory from one out

board cooling subsystem, comprising three primary loops with an inventory of 

about 2000 kg (see Table 11-5). The corresponding work potential would be 2.9 

GJ. Upon release this helium would pressurise the vacuum vessel (assuming a free 

volume of 5000 m3) in the event of an in-vessel pipe rupture to 0.45 MPa. This is 

probably below the expected design pressure and, hence, would not require an 

extra expansion volume. ln case a high pressure resistance of the vacuum vessel 

could not be achieved, the required expansion volume would be 14000 m3, when 

assuming 0.2 MPa as absolute end pressure. 
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The releasetim es for the helium of one of the two independent outboard cooling 

subsystems (300 m3) in case of a double-ended pipe break of different cooling 

pipes in the primary loop were investigated. Analytical computations assuming 

reversible adiabatic expansion of the pressurised helium yielded draining tim es of 

1.8/2.9/46 s for inner pipe diameters of 760/600/150 mm which belong to the hot 

leg, ring collector, and feeders, respectively. 

To obtain an estimate of the effects of wall friction and heat transfer from the 

pipe walls to the helium during outflow, a simple RELAP model was established. 

The simulated pipe lengths were 100/100/30 m for the diameters 760/600/150 

mm mentioned above. Computations with this model resulted in draining times 

of 2.5/4.3/72 s for the respective diameters. The Ionger release times are due to 

dissipation of kinetic energy by friction and due to decreasing density of the out

flowing gas stream by heat supply from the pipe walls. Figure 11-2 shows the 

depressurisation of one of the two outboard first wall cooling subsystems after a 

double-ended break in either the hot leg, ring collector, or in one feeder. 
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Figure 11-2 DEPRESSURIZATION OF ONE OUT OF TWO OUTBOARD COOLING 
SUBSYSTEMS. Curves refer to a double-ended pipe break in either the 
hotleg {760 mm), ring collector {600 mm), or in the feeder {150 mm). 
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The momentum forces of the gas stream immediately at beginning of discharge 

were calculated according to the mass flows and velocities obtained with the 

RELAP model to 2000/1100/54 kN per side for the pipe diameters of 

760/600/150 mm. 

The minimum releasetime for the helium in case of a double-ended break of a 

COOiing channel in the first Wall (CrOSS sectional area 25 mm X 25 mm, reversible 

adiabatic expansion) was estimated to 22 minutes. This long time span is due to 

the small cross sectional area of a first wall cooling channel, which Iimits the 

outstreaming mass flow to some kilograms per second. 

lt should be noted that there exists a potential for the release of the helium of 

both cooling subsystems at the same time into the vacuum vessel in case of a 

crack in a segment box extending over adjacent cooling channels, each one per

taining to one cooling subsystem. Then the end pressure and, if necessary, the ex

pansion volume discussed above would be doubled if the failure occured in an 

outboard first wall. A similar occurrence in the inboard first wall would have less 

consequences because of the smaller helium inventory. 

11.2.5 Exotherrnie Chemical Reactions 

Chemical reactions may occur between Pb-17Li and water, air, nitrogen if used as 

inert gas in rooms, and concrete in various accident scenarios. These processes 

have been reviewed in [11-5] and found to be moderate. A summary of the ex

perimental evidence from a Iiterature review is given below. 

11.2.5.1 Pb-17Li-Water Reactions 

ln cantrast to pure Iithium the reaction of Pb-17Li with water in an open pool has 

been found to be modest or mild in a wide range of melt temperature (up to 

600 °C) [11-6][11-7]. Water addition to excess alloy melt at 600 °C led to an in

crease in the temperature to 652 oc. The amount of hydrogen released during the 

reaction was 0.22 mol H2/mol H20. 

Small scale reaction kinetics studies have shown low reactivity of Pb-17Li with wa

ter compared with other alloys with higher Iithium concentration and Iithium 

[11-8]. For instance, the reaction rate of Iithium with steam was found tobe two 
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orders of magnitude higher than that of Pb-17Li at 400 °C. Measured mean reac

tion rates were 0.05 moll(m2s) and 4.0 mol/(m2s) for Pb-17Li and Li, respectively. 

On the other hand, an intermediate scale Pb-17Li alloy-steam reaction test [11-9] 

identified areas of concern to be pressurization of containment and generation 

of hydrogen, aerosols, moderately high temperatures and corrosive reaction pro

ducts. ln this test, steam at 335 °Cwas injected into 200 kg of Pb-17Li at 500 oc at a 

rate of 5 g/s for 325 s. Practically all of the Iithium in the alloy reacted to form 

Li20 and LiOH. The amount of hydrogen generatedwas 0.56 mo/H2Imo/H20. The 

Iead in the alloy did not react with steam at this temperatures. The bulk Pb-17Li 

temperature rose to 870 oc. Aerosols produced from steam reactions of Iithium 

amounted to 0.25 mg per kg alloy. The maximum suspended mass concentration 

of Iead and Iithium was 3.9 and 8.4 mg/m3, respectively. 

At Westinghouse, 500 g of water were injected into 200 kg of alloy at 532 oc [11-

10]. One mole of hydrogen was formed for each mole of water reacted, and aero

sols were released. 

More recently, a cooperative CEC-DOE fusion safety testwas conducted by inject

ing 1.2 kg of water into 475 kg of Iithium-Iead alloy at 500 oc [11-11 ]. 99.8 % of 

the water reacted and 0.57 mol of hydrogen was released per mol of water react

ed. The water injection was self limiting. The maximum pressure attained in the 

reaction module was limited to that of the water supply pressure. Aerosol pro

ducts identified were mainly Iead and Iead oxide. 

Simulation of water leakages into liquid alloy with the BLAST facility (lspra) has 

shown that mixing is the governing factor in the Pb-17Li-water interaction pro

cess [11-8][11-12]. lt was found that the pressurization in the reaction vessel de

pends strongly on the hydraulic constraints of the Pb-17Li pool. With a low flow 

resistance between the reaction vessel and the expansion vessel the pressuriza

tion in the reaction vessel did not exceed the water injection pressure. However, 

with a large flow resistance pressure pulses in excess of the injection pressure 

were observed [11-12]. With view to the vapour explosion hazards it has been 

concluded in [11-12] that the BLASTexperiments indicated that the chemical re

action is self-limiting and, due to the hydrogen generation and production of sol

id LiOH and Li20, the melt is partially isolated from the water so that energetic 

vapour explosions appear unlikely under the mixing conditions tested. Reserva

tions have been made to this statement for smallleakage. 
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11.2.5.2 Pb-17Li-Air Reactions 

The reaction of an eutectic Iithium-Iead pool with air (humidity less than 70 %) is 

negligible. Even at 900 oc no violent reaction could be observed [11-13]. 

Low reaction rates (weight gain) at temperatures up to 500°( have also been re

ported in [8-27] to range between 0.5 (mg/cm2)/h at 300°C and < 100 (mg/cm2)/h 

at 500°( in "room air" and 1 - 2 orders of magnitude less in dry air. Unlike the oxi

dation of molten Iead which is diffusion-controlled, the mechanism of oxidation 

of molten Pb-17Li has been found tobe complex. 

Fusion safety tests with Pb-17Li alloy breedermaterial have been conducted by 

Westinghouse Hanford Company in cooperation with CEC in lspra. HEDL tests in 

air with up to 200 kg of Pb-17Li and spill temperatures of 714 ocshow no tem

perature increase [11-10]. At 450 oc no aerosol formation and no containment 

pressurization was observed, only a thin oxide layer was formed on the surface. 

At 700 °C, some Iithium aerosols and Iead aerosols were released. 

Similarly, JRC-Ispra tests have confirmed that no ignition occurred in 700-800 g of 

Pb-17Li tests up to 1050 oc [11-13]. But, in heating the alloy to 1050 oc in an open 

crucible, oxide layers were formed and removed du ring heat-up. 

An alloy spray in air reaction test (HEDL) indicated that there was no significant 

containment pressurization or temperature increase due to chemical reactions. 

Pb-17Li at 720 oc was sprayed into air producing Iithium and Iead aerosols [11-1 0]. 

According to Piet et al. [11-14], the low severity of the Pb-17Li-air reaction comes 

from (a) the lower amount of Iithium in Pb-17Li (0.68% by mass), (b) the ability of 

the Iead to act as heat sink, and (c) Iithium becoming depleted near the Pb-17Li 

surface. Furthermore, the chemical activity of Iithium is relatively low even in the 

liquid alloy [11-15]. 

11.2.5.3 Pb-17Li-Nitrogen Reactions 

A Iithium-Iead alloy pool reaction test with nitrogen showed that nitrogen is the 

least reactive of atmosphere gases. The alloy-nitrogen reaction up to 500 °C pro

duced no aerosols, very little heat and no combustible gas [11-15]. 
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11.2.5.4 Pb-17Li-Concrete Reactions 

A medium scale Pb-17Li-concrete reaction testwas performed at HEDL [11-10]. 

200 kg of Iithium-Iead alloy at 600 °C were poured on top of a basalt concrete test 

article. The reaction was quite mild. ln fact, heaters had to be turned on to keep 

the test at 600 oc. Hydrogen gaswas released, about 0.45 mo/H2/mo/Li, close to 

the maximum of 0.5 mo/H2/mo/Li. Thus, the Pb-17Li did react with water of the 

concrete. However, there was no reaction with solid concrete constituents. 

11.3 Fault Tolerance 

The following analyses of electromagnetic forces and temperature transients 

have been performed in order to show whether this blanket system is tolerant 

against transients and accidental conditions. 

11.3.1 Behavior du ring Electromagnetic Transients 

Electromagnetic forces and induced stresses caused by disruptions have been ana

lyzed with the CARIDDI code. The 30 eddy current code has been improved in sev

eral aspects, so that it is possible now to take into account toroidally conducting 

structures and to model a dynamic plasma behavior. Additionally, an interface to 

the FEM structural program ABAQUS has been developed. 

With the latest version of CARIDDI which is now running on UNIXworkstations 

further computations for the Dual Coolant blanket concept were conducted. For 

example, the loading of the blanket subjected to a so-called design plasma dis

ruption (20 MA decaying linearly within 20 ms) was determined. The maximum 

von-Mises stress of 73 MPa occurs in the internal radial wall next to the side wall 

(see Figure 11-3). Because of the assumed rigid fixing at the back side the eddy 

current damping of the structural parts is small (Figure 11-4) and may be ne

glected. 

With the aid of the new features of CARIDDI and with a simple model for the 

blanket the influence of the electrically conducting firstwallwas investigated. ln 

contrary to earlier investigations the time function of the plasma current was not 

prescribed any more. lnstead, the plasma could evolve freely. Nevertheless, the 

results proved the former expectation that a toroidally conducting first wall will 

reduce the induced currents and forces. Although the magnetic induction in-
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creases decisively in the domain of the blanket, the former will be reduced by a 

factor of 3 to 5. This is caused by the increased time constant of the resistive

inductive system built up of the plasma, the first wall, and the blankets. This in

creased time constant is linked to smaller time gradients of the magnetic induc

tion. 

An important effect neglected up to now is the large toroidal current (some 

MAs), which together with the magnetic field of the poloidal field coils will pro

duce extra forces. They will try tobend the first wall around the toroidal axis. Fur

ther computations are needed in this area. 
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Figure 11-3 DISTRIBUTION OF VON-MISES STRESSES WITH FIXED BACK PLATE. 
(one quarter model, assuming symmetry in the y=O planeandin the 
z=O plane) 
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Figure 11-4 MAXIMUM VON-MISES STRESS WITH FIXED BACK PLATE 
(1 =without, 2 =with current damping) 

11.3.2 LOCA Temperature Transients 

Temperature transients have been studied for instantaneous loss-of-coolant sce

narios with leaks in one of the three primary coolant subsystems attached to one 

blanket segment (2 helium subsystems for the first wall and one Pb-17Li subsys

tem for the breeding zone), andin the NaK circuit. 

11.3.2.1 LOCA in a First Wall Helium Subsystem 

The analysis has been performed with the FIDAP code for a reference loss of cool

ant accident scenario as already defined in 11.2.2. Since the cooling of the first 

wall is done in multiple passes, a representative 3D model containing a half

channel of both cooling systemswas generated for each pass. The helium inlet 

temperature of a pass is determined by the outlet temperature of the preceeding 

pass. lt was assumed that there is no heat exchange between the first wall and 

the breeding zone. The calculations were carried out with the average value for 

the surface heat flux of 0.4 MW/m2 to determine the transient helium tempera

ture. For the calculations of the temperature distribution in the structure, carried 

out in a second step with a finer 20 mesh, the peak value of 0.5 MW!m2 was 
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used. The value of the internal heat sources depends on the poloidal and radial 

position and is taken from neutranies calculations. 

The maximum steady state temperatures obtained are 515 oc in the equatorial 

midplane and 521 °C at the blanket top. This is in good agreement with the calcu

lations carried out with ABAQUS. The maximum transient temperature, reached 

about 13 s after LOCA occurrence, were obtained at the toroidal side of a blanket 

segment, where the hotter coolant channels belonged to the cooling system that 

failed. They are 615 °C in the equatorial midplane and 620 °C at the blanket top 

(Figure 11-5). The temperature increase from 521 oc to 620 oc causes a reduction 

of the allowable primary stress according to the ASME code from 234 to 166 MPa 

which is still larger than the actual primary stresses caused by the coolant pres

sure. Therefore, a failure of the structure is not expected. However, a thermal 

stress analysis with computed transient temperature distributions has still to be 

carried out. A more detailed description of the results and the calculational meth

od is given in [11-16]. 

11.3.2.2 LOCA in the Pb-17li Circuit 

A LOCA in the Pb-17Li circuit can cause (a) loss of liquid metal flow in the blanket 

in case of an ex-vessel leak or (b) a drainage of the Pb-17Li from a blanket seg

ment in case of a major in-vesselleak. For (a) the decay heat in the structure plus 

Pb-17Li per outboard segment would be about 0. 77 MW at shutdown (2.8 % of 

the normal power), leading to a hypothetical adiabatic temperature increase of 

0.4 K/s in the Pb-17Li in the front channel row next to the first wall. This tempera

ture would stabilize at TPb-17Li < T He+ 160 oc if the first wall cooling remained in

tact (THe=helium coolant temperature) and ignoring in a conservative way the 

heat dissipated to the rear part of the blanket segment. For case (b) with all Pb-

17Li removed but with the first wall cooling systems operating an estimation re

vealed a maximum structure temperature Tstructure<THe+ 100 °C. At THe= 350 °C 

this is slightly above the normal operating temperature. These transients do not 

threaten the integrity of the structure. 
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Figure11- 5 TEMPERATURE HISTORY ATTHE TOROIDAL SIDE AT SELECTED 
POINTS (Curves A, B, and C refer to points at the first wall plasma facing 
surface with A=at the failed channel, B =at the rib, and C=at the intact 
channel). 

11.3.2.3 LOCA in the NaK Circuit 

A LOCA in the NaK circuit with the consequence of substituting the NaK in the 

steam generator tube gaps by the cover gas, e.g., argon, would impede the heat 

transfer coefficient in the steam generator by 1 to 2 orders of magnitude, leading 

to a strong temperature increase of Pb-17Li at the steam generator outlet. This 

transient arrives with a delay of :::::30 s at the blanket inlet and after a further 75 s 

at the blanket outlet. Therefore, in order to avoid excessive temperatures in the 

blanket the plasma has tobe shutdown within approximately 60s after drainage 

of the NaK. The afterheat of less than 3 % of the normal power generation can 

then be dissipated by the failed steam generator in combination with the first 

wall cooling circuits. The scenario does not present a safety concern, but the tem

perature transients need further attention with regard to design Iimits. 
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11.4 Tritium and Activation Products Release 

11.4.1 Release du ring Normal Operation 

ln normal operation the total release of tritium and acivation products to the en

vironment should not exceed 1 TBq/d as a guide line. The release is expected to 

be dominated by the liquid tritium effluents arising from the cooling loops via 

permeation in the steam generators into the secondary water/steam cycle. For 

these discharges an upper Iimit of 20 Ci/d (0.74 TBq/d) is assumed to be achiev

able (see 11.1.3.1). This leaves little margin for other effluents, for instance origi

nating from primary coolant leakages (into the containment and from there via 

the plant air detritiation system into the environment) and from other fuel cycle 

equipment. Those have not been assessed here but conservative estimates per

formed in the frame of the safety and environmental assessment of fusion power 

(SEAFP) indicate that they may also range up to close to 1 TBq/d, so that the total 

releases would exceed the 1 TBq/d guideline. Further assessment is needed in this 

area. 

11.4.2 Tritium Release in Aceidental Situations 

For a first judgement on the radiological hazard potential an assessment has 

been made on the early dose and chronic dose to the most exposed individual at a 

distance of 1 km from the point of release caused by the tritium inventory escap

ing into the vacuum vessel or containment in the case of a LOCA, and from there 

into the environment. ln this chapter the tritium release from the various cool

ants and the radiological consequences are discussed. 

The accidental tritium release into the vacuum vessel or into the containment in 

the case of a LOCA is summarised in Table 11-10 along with the radiological con

sequences to the most exposed individual. The scenario starts from the total 

tritium inventory in the various coolants (Pb-17Li, helium, and NaK as intermedi

ate fluid in steam generators) from which a certain fraction can escape into the 

vacuum vessel or some other compartment of the containment upon a LOCA. The 

envisaged escape fractions are assumed tobe a proportion of the escaping fluids 

and are as follows: 

Forthebreeder material one half of one outboard Pb-17Li subsystem (15 % of 

the total inventory) is assumed to drain by gravity. The other half will remain in 

the blanket segmentsnot affected, in the piping, and components located below 
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the ring headers (which connect the main circuits with the individual blanket seg

ments at some elevated Ievei). lf the LOCA occurred ex-vessel the escape fraction 

would probably be even smaller than 15 %. These assumptions do not take any 

credit from isolation valves which would likely reduce the escape fraction to a 

few percent. For the primary first wall helium LOCA the whole inventory from 

one subsystem would escape either into the vacuum vessel or into another com

partment. The largest subsystem (for the outboard) comprises 31 % of the total 

helium inventory (Table 11-5). The NaK system for tritium removal is divided into 

10 subsystems (one subsystem per steam generator) with one of the outboard 

subsystems containing about 12 % of the total NaK. This can be released into the 

containment but not into the VV. 

Table 11-10 EARLY AND CHRONIC DOSE FOR ACCIDENTAL TRITIUM 
RELEASE FROM FLUIDS 
(Estimates for in-vessel and ex-vessel LOCAs without retention) 

Total 
Fraction escaping 

into Source Early Chronic 
tritium 

Type of fluid 
inventory 

term dose dose 
Vacuum Contain- (g) (mSv) (mSv) 

(g) vessel ment 

Breeder Material 57 :::::0.15 <0.15 :::::10 2.2 13.7 

(Pb-17Li) 

Primary first wall 6.3 0.31 0.31 :::::2 0.51 3.1 

coolant (helium) 

Tritium removal 0.38 0 0.12 0.04 0.012 0.07 

fluid (NaK) 

For the mechanisms that f.ollow the fluid escape into the vacuum vessel or con

tainment, i.e., tritium mobilization (predominantly in eiemental form), oxidation, 

transportation within the containment, and.finally release into the environment, 

it is assumed in a conservative way that no retention occurs in either of these 

mechanisms. ln that case all the tritium contained in the escaped fluid is released 

to the environment in the form of HTO (the more dose effective form compared 

to HD. To compute the early dose (7 days exposure plus 50 years integration, no 

ingestion) from the tritium source term a conversion factor of 0.26 mSv/g-T, and 

for the chronic dose (EDE, 50 years exposure plus 50 years integration, with inges-
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tion) a factor of 1.6 mSv/g-T has been used [11-17]. These factors vary with release 

seenarios by about 3 orders of magnitude as investigated in [11-18] and the cho

sen values range close to the upper bound (of 1 mSv/g-T for the early dose and 4 

mSv I g-T for the eh ronic dose). 

Thus, the predicted early dose and the chronic dose, respectively, to the most ex

posed individual resulting from tritium release range from very low values for a 

NaK spill (0.01 and 0.07 mSv), and still low values for primary helium blowdown 

(0.5 and 3.1 mSv) to considerable values for Pb-17Li spills (2.2 and 13.7 mSv) when 

applying this conservative scenario. The tolerable dose Iimits on the other hand 

arestill under discussion and the spectrum of national regulations is rather wide. 

Recent recommendations discussed in ITER for various classes of event sequences 

range from 0.1 mSv/a for likely sequences (f> 10-2/a) over 5 mSv/event for un

likely sequences (10-2/a >f> 10-4/a) to 5-50 mSv/event for extremely unlikely se

quences ( 10-4/a >f> 10-6/a), where f is the rate of occurrence. ln SEAFP a value of 

100 mSv/event is suggested as a yardstick with the understanding that doses of 

this Ievei trigger the consideration of evacuation but do not yet mandate it. 

Hence, depending on the classification of the events regarded in Table 11-10 and 

on the established dose Iimits the early and chronic doses obtained for the tritium 

releases for in-vessel and ex-vesseiLOCAs will probably comply with the dose Iim

its. lf a conflict should arise a less conservative assessment would have to be un

dertaken that could bring down the doses by at least two orders of magnitude, 

for instance in the areas of mobilization, chemical form of the liberated tritium, 

and confinement retention (for the latter compare the example in 11.4.3). 

11.4.3 Activation Products Releasefora Pb-17Li LOCA 

As an example for the potential activation products release from the liquid meta I 

breeder to the environment and its radiological consequences to the public a ma

jor spill of Pb-17Li into the vacuum vessel is discussed in terms of activation pro

ducts inventory, Iiberation of liquid metal (LM) into the vacuum vessel, mobiliza

tion of radionuclides from the spill, retention by the containment, release to the 

environment, and the radiological impact to the most exposed individual. The as

sessment is made on a nuclide-by-nuclide basis revealing the Hg-203 isotope as 

the major contributor to the early dose. 

The underlying scenario for the in-vesseiLOCA in a Pb-17Li subsystem (similar to 
the one discussed in 11.4.2) is as follows: 
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• The plant has operated for 20000 hours at full power, radioactive nuclides 

generated are taken from FISPACT calculations for the outboard front chan

nels at midplane, which are assumed to be diluted by radial and poloidal 

averaging and by circulation in loops (dilution factor fo) 

• Majorbreak in the Pb-17Li confining walls of the outboard segment 

• Drainage of one half of one Pb-17Li subsystems inventory into the vacuum 

vessel (2.1 x 106 kg), postulating that isolation valves fail to close 

• Collection of spilled Pb-17Li mass at the bottom of vacuum vessel without 

break of vacuum (non-oxidizing atmosphere) rendering a spill height of 2m, 

a spill surface of 200m2, and a mixed mean temperature of 350 °C 

• Evaporation of radionuclides into VV at low pressure (vacuum) foratime pe

riod of 7 days after which the melt is assumed tobe solidified, no condensa

tion within the VV. 

• Break of vacuum in the VV andrelease of 100% of evaporated nuclides into 

the second containment (instantaneously) 

• Release of fraction, fR, of the nuclides from the containment into the atmo

sphere within 1 hour (usual release scenario), where fR = containment reten

tion factor 

• Dispersion of released source term and 7 day early exposure to the most ex

posed individual at 1 km distance (without ingestion). 

Then the 7 day early dose, ED, is computed by equation 11.2. 

(11.2) 

where 

a; peak specific activity of nuclide i in 1 kg of Pb-17Li irradiated in outboard 

front channels at midplane (stationary) after 20000 h, 

fo; dilution factor for peak specific activity due to radial and poloidal averag

ing and due to circulation in loops for nuclide i, 

-318-



fM; evaporation fraction of nuclide i (mobilization factor) from spilled Pb-

17Li with free surface of 200m2 during given time period, 

fR; containment retention factor as a result of plate-out at cold walls and/or 

vent/filter system for nuclide i, 

M spill mass of Pb-17 Li at bottom of VV, 

d; specific early dose of radionuclide i per unit source term (1 E9 Becquerel) 

released at the containment boundary. 

Table 11-11 lists all these factors for the twelve leading nuclides out of 73 nuclides 

that have been traced, and their contribution to the early dose to the most ex

posed individual. The following comments refer to the choice of parameters in 

addition to the defintions given to equation 11.2: 

Table 11-11 THE TWELVE LARGEST CONTRIBUTORS TO THE EARLY DOSE 
OF Pb-17Li SPILL (Spill of 2.1 x 1 QG kg of Pb-17Li rendering 200m2 
of free surface) 

Peak 
Dilu-

Contain-

specific 
Evapo- Specific Early 

Nuclide tion ration 
ment 

early dose dose 
activity retention 

factor fraction (Sv/1E9Bq) (Sv) 
(Bq/kg-LM) factor 

Hg-203 1.43E+ 11 0.033 1.00E+OO 1.00E-02 1.1 OE-07 1.09E-02 

Po-21 0 1.08E+09 0.11 S.OOE-04 1.00E-02 6.44E-05 8.03E-05 

HTO 1.41 E+09 1 1 0.01 7.03E-10 2.07E-05 

Zn-65 3.74E+09 0.033 1.00E-04 1.00E+OO 3.38E-07 8.76E-06 

Cd-113m 1.96E+08 0.033 1.00E-04 1.00E+OO 2.93E-06 3.98E-06 

Cd-109 4.02E+08 0.033 1.00E-04 1.00E+OO 3.26E-07 9.08E-07 

Bi-210 1.26E+09 0.11 1.00E-06 1.00E+OO 1.46E-06 4.25E-07 

Ag-110m 2.67E+09 0.033 1.00E-06 1.00E+OO 1.47E-06 2.72E-07 

Tl-202 8.80E+10 0.033 S.OOE-06 1.00E-02 1.08E-07 3.29E-08 

Co-58 8.24E+08 0.033 1.00E-06 1.00E+OO 3.93E-07 2.24E-08 

Pb-203 6.82E+12 0.033 1.30E-07 1.00E-02 3.28E-08 2.02e-08 

Zn-69m 1.12E+08 0.033 1.00E-04 1.00E+OO 2.18E-08 1.69E-08 

Total early dose 1.10E-02 
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The specific activity for the nuclides (except for tritium in HTO form) is taken from 

activation analyses [11-19]. The activity for HTO of 1.41 x 109 Bq/kg-LM corre

sponds to the tritium inventory of 57 g in 15 x 106 kg of Pb-17Li (Table 11-6). 

The dilution factor accounting for the radial and poloidal averaging of the spe

cific activity and for circulation in external loops has generally been assumed to 

be 1/30 (with 1/3.5 for circulation multiplied by 1/8.6 for averaging). This assump

tion seems appropriate for long-lived isotopes resulting from simple reactions in 

the neutron and gamma field, like Hg-203, Zn-65, Cd-113m, Cd-113, Ag-11Om. 

The Po-21 0 build-up does not follow this simple rule and an approximate dilution 

factor of 0.11 has been deduced from investigations performed by Fischer et al. 

[11-20]. The same factor has arbitrarily been assumed for Bi-210 (although in this 

case of no importance). Finally, the tritium activity in Pb-17Li is not diluted in the 

circuit, since it is determined by the extraction process for which 57 g tritium in 

15 x 106 kg of Pb-17Li have been predicted. 

Evaporation fractions (mobilization data) from a Pb-17Li spill are reported in [11-

21] for a number of elements, like Po, Bi, Pb, Tl, Hg, and Li. They have been adapt

ed for a spill temperature of 350 oc and a free surface of 200m2 in vacuum for the 

elements mentioned. For the other elements, where no such data are available, 

mobilization data collected in the SEAFP study are adopted which, however, in

clude already the containment retention factor (see below). 

The containment retention factor was generally set to 0.01, presuming that 99 % 

of the airborn nuclides will condense at containment walls and/or will be re

tained in the containment air detritiation system. Forthoseelements where only 

combined mobilization fractions (including evaporation and retention as men

tioned above) are available, the containment retention factor was set to 1. 

The specific early dose per unit source term released into the environmentwas 

used from dose calculations performed by Raskob [11-17] [11-18]. They hold for a 

seven day exposure in 1 km distance without ingestion, release height of 10m, a 

release duration of 1 h, (weather condition data set 4826). 

The result of this conservative LOCA scenario for a spill of one half of the Pb-17Li 

inventory contained in one subsystem show that the total early dose resulting 

from 73 nuclides amounts to 11 mSv, a moderate value when compared to the 

dose Iimits already discussed in 11.4.2. lt must be noted that 98.9 % of the early 

dose arises from a single nuclide, Hg-203, due to the extremely high vapour pres

sure of mercury, leading to a complete release of Hg-203 from the spill. This will 
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be a matter of further investigation [11-21]. The contribution of Po-210 and 

tritium to the early dose are only 0.7% and 0.2 %, respectively. (Note that in this 

scenario the containment retention factor for HTO was set to 0.01 instead of 1 as 

used in 11.4.2.). 

11.5 Waste Generation and Management 

Only the decommissioning waste (no operational waste) is considered here. The 

masses, volumes, radioactivities, and afterheat are summarized in Table 11-12. 

The total amount of radioactivity in the blanket structure (MANET) sums up to 7.5 

x 107 TBq at shutdown for all inboard and outboard segments according to 

11.1.3.2, one half of which being in the small volume of the first wall and only 

= 5 % being in the large volume of the removable shield. The contribution of 

each radionuclide has been calculated as described in Chapter 4 for different 

cooling times. The dominating nuclides vary with time and activation parameter 

(specific activity, y-dose rate, ingestion dose rate, inhalation dose rate). For exam

ple, Fe-55 and Mn-54 dominate the specific activity at a cooling time of 1 year, 

and Nb-91, Ni-63, Nb-93 dominate after 100 years. The contact y-dose rate in the 

first wall ranges up to 1.1 x 1 os Sv/h, declining slowly. The IAEA low Ievei waste 

(LLW) Iimit of 2 x 10-3 Sv/his reached after about 1 os years, and the hands-on Iim

it of 2. 5 x 1 o-s Sv/h is metnot sooner then 3 x 1 os years. 

The total amount of radioactivity in Pb-17Li is 1.3 x 1 os TBq at shutdown, decay

ing by seven orders of magnitude within 100 years. (The numbers quoted in Table 

11-12 for Pb-17Li have been derived from radially and poloidally averaged values 

for the different blanket parts and account for a dilution factor due to external 

circulation of 3.5 for the outboard and 4.7 for the inboard.) The following 

nuclides dominate the specific activity by more than 65 % at various times: Pb-

207 (after 0 s), Pb-203 and Pb-204 (after 1 h), Pb-203 (after 1 d), Hg-203 (after 1 

month), Tl-204 (after 1 year), Pb-205 and Ag-1 08 (after 100 years). The contact y

dose rate of Pb-17Li reaches the LLW Iimit without any purification after 300 

years, the hands-on Iimit after a few 1000 years. ln view of the high Iithium en

richment needed (90 atom-% Li-6) the liquid metal breeder is envisaged to be 

used for several blanket life times or even for more than one reactor life time, 

since the burnt amount of Iithium can be replaced easily. 
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Table 11-12 RADIOACTIVE WASTE OF THE BLANKET SYSTEM 
(after 20000 hours of full power operation) 

Blanket Total Total 
Total radioactivity Decay 

heat in Bq after 
region mass volume 

after 1 y 
orsystem (kg} (m3) 

10y SOOy (W/m3) 1y 

Breeder Mate- 15 X 106 1600 1.2x1016 1.5x1015 1.6x1 013 0.57 

rial (Pb-17Li) 

Structural 3.2x106 407 2.2x1019 1.8x1018 7.9x1014 see below 

material (total) 

Firstwall 1x1os 13 1.2x1019 9.4x1017 1.8x1 014 1.6x1 04 

Breeding zone 1.3x106 162 8.5x1018 7.1x1017 4.7x1014 1.1x1 03 

Shield 1.8x106 231 8.9x1 017 1.2x1017 1.4x1014 2.6x102 

lnsulating layers 360 0.13 7x109 7x109 7x109 3x10-2 

11.6 
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12. Reliability and Availability 

12.1 lntroduction 

The reliability of the blanket segments and associated cooling circuits determines 

the availability of the entire blanket system and, hence, affects the availability of 

the whole plant. The blanket segments are particularly important because no re

dundancy is possible; i.e., all segments must be operable at the same time. ln case 

of a defect, the affected blanket segment must be exchanged. The time needed 

for this procedure - the mean time to repair (MTTR) - is also a decisive factor for 

the overall blanket system availability. 

The system availability of the Dual Coolant blanket has been analyzed in order to 

obtain preliminary quantitative estimates. To accomplish this, the systemwas di

vided into two subsystems: the blanket segments and the external systems. Since 

the external cooling circuits are composed primarily of components using estab

lished technology, the component failure rates can be estimated relatively easily. 

However, no experience is available for the blanket segments, in which case the 

failure rates have been determined "synthetically". 

Basic events which may Iead to segment failure have been defined and their caus

es broken down into tractable "reliability indicators" such as number and length 

of welds, number and dimensions of bends, etc. Data for these reliability indica

tors are obtained by transfer from other technologies, combined with assump

tions based on expert opinion to establish a common reliability data base. ln this 

way, failure rates can be determined for the basic design elements and the net 

system availability can be calculated. The results of the evaluation are useful for 

comparative evaluations; they do not provide a reliable absolute quantification. 

They are also useful for identifying the mai.n contributors to unavailability, and 

thus the most important areas of research and development which could Iead to 

higher availability. 

The methodology and the basic failure rate data are consistent with the analyses 

performed on the three other DEMO blankets. Therefore, a quantitative compari

son of the availabilities of the alternative blanket design candidates is possible. A 

preliminary comparison is given here; more extensive comparisons have been 

performed as a part of the blanket comparison and selection exercise (BCSE). 
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Prior to evaluating the availabilities, Section 12.2 presents a summary of the 

methodology and data used in the evaluation. Section 12.3 then presents the re

sults for the blanket segments and external systems, and Section 12.4 summarizes 

the important conclusions. 

12.2 Methodology 

The quantitative evaluation of reliability and unavailability is performed using 

standard methods of fault tree analysis [12-1, 12-2, 12-3]. Failure rates and MTTR's 

are determined based on published data [12-4, 12-5, 12-11], with some adjust

ments which were agreed upon with EU partners within the BCSE. The analysis as

sumes only OR connections (no AND connections) in the fault tree, which signifi

cantly simplifies the solution. To evaluate new design elements, for which data 

were not available, the failure rates were estimated by defining basic events 

which Iead to failure and the characteristic reliability indicators which contribute 

to those failure modes. 

A basic difference arises between calculations of operational unavailabilities as 

compared with safety analyses. ln the safety area, unavailability values are nor

mally ~ 1, suchthat the last term in the OR connection relation: 

can be neglected. ln the area of operational unavailability, with values of UoR 

closer to 1, all terms in the equation must be kept. 

12.2.1 Basic events 

ln fault tree analysis, basic events are failures of the essential components which 

Iead to failure and the need to replace a segment (an OR condition). A problern 

arises because any highly reliable complex technology simply does not produce 

enough failures over a reasonable period of time to produce confidence in the 

failure rate data. On the one hand, the number of components is small, and on 

the other hand the operatingtime needed to get reliable data is extremely large. 

This is not only a question of time, but also a financial problem. 

By dividing the system into smaller parts, such as welds, bends, tubes, etc., useful 

conclusions about reliability/availability can be produced. Therefore, the basic 
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events are characterized by a set of .. characteristic reliability indicators .. which 

are design features that have a controlling influence on the basic events. The spe

cific failure rates for these reliability indicators can be estimated from existing lit

erature. Additional input is needed to characterize the tolerance of the segments 

to certain types of failures and admissible types of defects (e.g., tolerance of a sin

gle failure in a double weid, or of smallleaks in the case of double containment). 

The quantitative results obtained from this method are only relative. Use of the 

same data base in comparing design optionswill eliminate inconsistencies, but 

the absolute Ievei of the availability may be too high or too low. lmprovements in 

the absolute values of the results will be obtained ultimately through R&D and 

operating experience. 

12.2.2 Failure rates and repair tim es 

Common failure rate and MTTR assumptions were obtained by consensus within 

the BCSE, and are provided in Table 12-1. The assumed time to replace a complete 

blanket segment is 3 months, or 2160 hours. 

A special problern exists in the analysis of the liquid meta I double wall steam gen

erator (SG), which has a unique design. An internal industrial study was per

formed by Siemens, considering all of the data available internally by the indus

trial partners, and the results are published in [12-6]. They are in reasonable 

agreement with the values in Table 12-1 which were obtained by the completely 

independent FZK assessment. 

12.3 Evaluation results 

12.3.1 External cooling system evaluation 

Redundancy is provided in all of the coolant systemssuchthat a single circuit can 

fail completely with no influence on the availability. The definition of redun

dancy used here is the number of components or circuits which must be inoper

able in order to cause system unavailability as compared with the total number of 

components or circuits in the system. Most of the systems used for the Dual Cool

ant blanket employ 11 2-out-of-n .. redundancy, meaning that 2 circuits must fail to 

create unavailability with a total of n circuits. 
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Table 12-1 Agreed values of failure rates and MTTR for the different 
EU blanket concepts 

Common MTTR 
FAlLURE MODES agreement 
EXTERNAL CIRCUITS Failure rate 

[17h] [h] 

Pipe failure {He) 3.0·10-9 100 

Pipe failure {Li Pb) 3.0·10-9 200 

Pipe failure (H20) 3.0·10-9 100 

SG failure 140 MW (Li Pb) 2.0·10-5 1200 

SG failure 280 MW (Li Pb) 4.0·10-5 1200 

SG failure 90 MW (He) 7.4·10-6 1000 

SG failure 180 MW (He) 1.2·10-5 1000 

SG failure 467.5 MW {H20) 2.3·1 0-5 1000 

SG failure 300 MW {H20) 1.5·1 0-5 1000 

SG failure 322.4 MW {He) 7.9·10-6 1000 

SG failure 115.7 MW {He) 4.4·10-5 1000 

Valve failure {H20) 1.0·10-6 100 

Valve failure {He) 1.0·10-6 100 

Valve failure {Li Pb) 3.0·10-6 200 

Pump failure {Li Pb) 5.6·10-6 200 

Pump failure {H20) 1.0·10-6 100 

Biower failure {He) 1.0·1 0-5 100 

Collector failure {H20) 1.0·10-8 100 

Collector failure {He) 1.0·10-8 100 

BLANKET SEGMENT 

EB weid [1/m] 1.0·10-9 

Diffusion weid [1/m] 1.0·10-8 

Longitudinal weid [1/m] 1.0·10-9 

Butt weid [I/weid] 1.0·10-9 2160* 

Pipe bend {180°) 1.0·10-8 

Pipe bend {90°) (assumed 1/2 180°) 5.0·10-9 

Straightpipe [1/m] 1.0·10-10 

Breeder rod [I/rod] 1.0·10-9 
rr MTTR for the exchan g e of a com ,lete se ment p g 

-328 -



The liquid metal cooling system consists of inboard and outboard parts. The in

board part is composed of a single system with 4 circuits using the "2-out-of-4" 

principle. The outboard part is composed of 6 circuits subdivided into 2 systems, 

each using the "2-out-of-3" principle. Each circuit removes 140 MW for the in

board and 280 MW for the outboard cooling system. 

The principle is shown in Fig. 12-1. The simplified drawing shows only one of the 

redundancy groups for the outboardliquid metal system. Theinlet and outlet col

lectors are displayed in a simplified manner. The connections between the blan

ket segments and the collectors are likewise simplified and not completely dis

played in the figure. 

INBOARD COOLING SYSTEMS OUTBOARD COOLING SYSTEMS 
He-COOUNG SUBSYSTEM 1 (2/3) 

r·-·-·-·-·-·-, 
He-COOL!NG SUBSYSTEM 1 (2/2) BLANKET I 

r ·- ·- ·- ·- · ;r-'1 SECTOR 45x 
I co/f!,1;~or I He-COOUNG He-COOLING :::=:;:::==: 
. He-sc vatve . SUBSYSTEM 2 SUBSYSTEM 2-+--t 

I 

I 

16 BLANKET .SECTORS, EACH 
SECTOR CONTA!NS 2 !NBOARD 
AND 3 OUTBOARD SEGMENTS 

L---------' 

Fig.12-1 Flow diagram of the external cooling systems for the Dual Coolant 
blanket concept 
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Table 12-2 Pb-17Li and He steam-generator (SG) data 

Location lnboard Outboard ln-/Outboard 

Design power per unit [MWth] 140 280 90 

Primary medium (Pm) Pb-17Li He 

No. of SG's 4 6 4 6 

Redundancy in cycles 2v4 2v3 2v2 2v3 

tpm in [oC) 425 350 

tpm out [oC] 275 250 

PPmin [bar] 2 80 

tH20 in [oC] 250 150 

tH20 out (oC] 286 286 

PH20out [bar] 70 70 

Tube OD/ID [mm] 24/20-30/26 23/19 

Bundle type Straighttube Helical coil 

Bundle hight [m] 24.9 23.4 4.3 

Bundle OD [m] 1.04 1.51 2.42 

Heat transfer area [m2] 1323 2646 1516 

.Öppm [bar] 0.89 0.78 0.32 

.ÖPH20 [bar] 1.3 1.2 1.52 

Failure rate [1 0-5/h] 2.0 4.0 0.74 

There are two independent systems for the inboard FW He system according to 

the "2-out-of-2" principle and two independent cooling systems for the outboard 

FW according to the "2-out-of-3" principle. Corresponding data are listed in Ta

ble 12-2. The Q-T diagrams are shown in Fig. 12-2 for the 140 MW liquid metal 

SG's and in Fig. 12-3 for the 90 MW He SG's. The Q-T diagram for the 280 MW liq

uid metal SG's is equivalent to Fig. 12-2 when the abscissa is linearly compressed 

according to the larger power. 

A previous version of the cooling system was based on the assumption that the 

liquid metal cooling consisted of 80 circuits: the outboard blanket has 48 circuits 

arranged in 16 2-out-of-3 systems and the inboard blanket has 32 circuits ar

ranged in 16 2-out-of-2 systems. The SG design calculation data for the previous 

version are given in Table 12-3. 
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Tab. 12-3 Pb-17Li and He-steam generator (SG) data for previous version 

Location lnboard Outboard ln-/Outboard 

Design power per unit [MWth] 30 35 80 

Primary medium (Pm) Pb-17Li He 

No. of SG's 32 48 4 6 

Redundancy per sector 2v3 2v3 2v2 2v3 

tpm in (oC) 425 350 

tpm out [o() 275 260 *) 

PPmin [bar] 2 80 

tH20 in [OC] 250 170 

tH20 out (oC) 286 286 

PH20 out [bar] 70 70 

Tube OD/ID [mm] 24/20-30/26 23/19 

Bundletype Straighttube Helical coil 

Bundle height [m] 11.0 11.0 7.0 

Bundle OD [m] 0.82 0.90 2.60 

Heat transfer area [m2) 426 497 2275 

.ßppm [bar] 0.13 0.13 0.16 

.ßpH20 [bar] 1.1 1.1 2.4 

Failure rate [1 o-5thL 0.58 0.68 1.1 
*)Input for Iay-out calculatJOn 

The Q-T diagrams are shown in Figs. 12-4 and 12-5. The FW He cooling circuits are 

arranged in two 2-out-of-2 redundancies for the inboard part and two 2-out-of-3 

redundancies for the outboard part. 

The external cooling circuits are composed of components with established tech

nology; therefore, failure rate data is generally available. One exception is the 

novel three-fluid steam generator. ln this case, failure rates were calculated by 

the method described in Section 12.2 [12-6, 12-12]. The result of the fault tree cal

culation is presented in the form of a block diagram, as introduced in [12-3]. The 

block diagram shows the influence and interconnections of very extended fault 

trees in a clear and simple way, and also indicates at which points the design is 

adequate and at which points improvements could be obtained. Each horizontal 

path in the diagram is equal to an undesired event, which in this case means a 

plant shutdown. 
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Fig. 12-2 Q-T-Diagram for the 140 MW liquid meta I double wall steam generator 
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Fig. 12-3 Q-T-Diagram for the 90 MW He steam generator 
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Fig. 12-4 Q-T-Diagram for the 30 MW liquid meta I double wall steam generator 
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Fig. 12-5 Q-T-Diagram for the 80 MW He steam generator 

-333 -



The blockdiagram for the external cooling cycles is related to the failure modes 

given in Table 12-1. The blockdiagram shown in Fig. 12-6 contains the 7 com

pletely independent systems (4 He and 3 liquid meta I). 

Fig. 12-7 contains the expected values of unavailability for the 7 individual sys

tems according to Fig. 12-6. The largest part comes from the outboardliquid met

al cooling system - nearly 95%. The overall unavailability becomes 1.46% I which 

represents an availability of 98.5%. 

The previous Iay-out of the cooling systeml consisting of 80 Pb-17Li 30 or 35 MW 

each) and 10 He circuits (80 MW each) as shown in Table 12-3 resulted in an avail

ability of 99.2%. 

He inboard system 
2 out of 2 

He inboard system 
2 out of 2 

He outboard syslem 
2 out of 3 

He oulboard syslem 
2 out of 3 

Liquid meta! oulboard 
svslem 2 out of 3 

Liquid meta! outboard 
syslem 2 oul of 3 

Fig. 12-6 Block diagram for the cooling 
system of the Dual Coolant 
blanket 

7.66 ·10-5 

7.66 ·10-5 

6.84 ·10-5 

2.30 ·10-4 1.46·10-2 

2.30 ·10-4 

6.95 ·10-3 

6.95 ·10-3 

Fig. 12-7 Expected unavailabilities 
for the cooling system of 
the Dual Coolant blanket 
concept 

The system according to Figs. 12-1 I 12-6 and 12-7 was also considered for a higher 

degree of redundancy in the outboardliquid metal system by connecting the two 

2-out-of-3 redundancy groupsl which would yield a 3-out-of-6 redundancy. The 

overall availability for the external systems in this case increases from 98.5% to 

>99.9%. This parameter variation shows that there is ample room for improve

ment with no changes in the size of the SG 1
S and circuitsl in case the value of 

98.5% is judged tobe too low. 
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12.3.2 Blanket segment evaluation 

The basic events to be considered for the blanket, together with their reliability 

indicators, are given in Table 12-4a. 

The first events- FDDo,i and DWDo,i (the index o stands for outboard and i stands 

for inboard)- describe the behavior of the first wall. Du ring the BSE all EU blanket 

options have used an equal value for the unavailability of the FW, thereby mak

ing the relative rankings independent of the FW analysis. For simplicity, these 

events are combined into the basic event FWSo,i· 

The considered events include one or multiplediffusionweid failures. This event 

occurs only if the FW is damaged in such a way that the coolant (He or Pb-17Li) 

leaks into the vacuum chamber. This is also possible by failure of an e-beam dou

ble weid. The two welds of a double weid could be considered as completely in

dependent. For conservatism, a mean value between completely independent (an 

AND connection) and completely dependent (an OR connection) is assumed. The 

mean value of the failure rate is calculated by the relation: 

u, = U2 =~·MTTR (independent singleweid failure) 

UoR=U1+U2-U1·U2 

and for U1 = U2~U1·U2 

UoR=U1+U2=2 U 

UAND= U1·U2 
Ü=v'2ü3 

~=Ü/MTTR 

The basic events FCD0 i in Table 12-4a describe the connections between the FW 
I 

and the vertical plates of the stiffening grid which are connected by a weid. A 

weid failure here is not necessarily associated with a plant shutdown. Multiple 

weid failures are tolerable. Only a failure in the FW structure itself represents an 

event leading to shutdown. 

FLDo,i describes the flow supply system from the blanket segment box, which is 

bounded by the first wall and the manifolds on the side opposite of the plasma, 

and Ieads to the external cooling system. The key values for determining the fail-
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ure rates are the calculated failure rates as listed in Table 12-4b. These values are 

based on the values of the reliability indicators also given in the table. 

The block diagram for thf:! failure analysis of the blanket segment is given in 

Fig. 12-8. The Iimit here is the connection to the external cooling system. Fig. 12-9 

contains the expected values of unavailability for the basic events in this special 

case. The values inside the blocks (inside the boxes) are related only to one seg

ment. ln other words, the basic events for the outboard part are multiplied by 48 

and for the inboard part by 32. The values outside the boxes represent the ex

pected unavailability values for the whole system: 8.9% for the outboard blanket 

and 3.78% for the inboard blanket. The overall unavailability is 12.3%, or the 

availability is 87.7%. 

The unavailability contribution of the FW is 9.4%. This results in a failure rate of 

4.4x10-5/hr, taking into consideration the MTTR of 2160 hours. The overall blan

ket availability without the FW increases to 96.8%. The contributions to the avail-

ability from the various events are: 

inboard outboard 

FDD 70.0% 76.5% 

DWD 0.05% 0.07% 

FCD 3.6% 3.0% 

LDD 11.7% 7.0% 

FLD 14.7% 14.0% 

This means that more than 70% of the overall availability of the blanket is deter

mined by the diffusion welds in the FW. 
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Table 12-4a Main basic events for the Dual Coolant blanket concept 

Characteristic Characteristic 
Ba sie Description Basis reliability basic Remarks event assumption for indicators data generation 

FDDn Darnage of the FW structure. Diffusion welds {DW) Length of DW Failure rate This assumption includes a safety 
Leakage of He, Pb-17Li or besides the EB-welds neighbouring the according DW potential. One or more failures of 

n=O=out- both into the vacuum EB-double-welds the DW are tolerable. Only in 
board chamber. connection with a FW-structure 
n=1=in- failure an undesirable event 
board occurs. 

DWDn Darnage of the FW structure Length of the EB- Leng ht of the Failure rate Consideration as two independent 
cause by EB-double-weld welds welds according EB- single welds. Only if both welds fail 
damage. Leakage of Pb-17Li weid at the sametime the undesired 
into the vacuum chamber. event occurs. 

Conservatively assumed mean value 
between complete independent 
and dependency. 

FCDn Darnage of the FW structure Length of the Length of the Failure rate 0.1 of One or moreweid failures are 
caused by a darnage of the longitudinal welds welds in contact the longitudinal tolerable. Only in combination with 
connection between the FW fixing the flow withthe FW. weid a FW structure failure an undesired 
and the vertical flow leading leading plates at the eventissupposed.Takeninto 
plates. FW structure account of the basis of a 

longitudinal weid failure 

LDDn Leak detection in the back of Length of Length of welds Failure rate of the A single failure is considered as an 
the segmentbox longitudinal welds longitudinal weid undesired event. 

FLDn Darnage of the flow leading Tubes, bends, welds Length of the Failure rates A single failure is considered as an 
system outside the blanket and collectors outside tubes, number of according to the undesired event. 
main structure. the blanket segments bends, length of noncorrected 

until the border to welds. source. 
the external cooling 
systems. 

Between the He and the Dual Coolant Concept there are by the similarities in design many similarities in the basic events. Leakages inside the 
blanket segments are tolerable. Only if the coolability is remarkably disturbed than the undesired event occurs. At the present time it is possible 
to define the leak size. Answering the question about the critical size of the leakage must be part of future R&D work. 



Table 12-4b Dimensions of the reliability indicators and the calculated 
failure rates for the main basic events for the Dual Coolant 
Blanket concept 

Ba sie Figures of reliability Calculated-
failure rate A Remarks event indicators [m] [1/h] 

FDD0 68.8 6.88·10-7 

DWD0 43.2 5.90·10-10 0 =V2·U3 
U=i\·MTTR 
~=li/MTTR 

FCD0 264 2.64·10-8 

LDD0 60 6.0·10-8 

FLD0 He: 
Length of tubes: 21.6 m 
No.of90°: bends12 
Length of welds 20.4 m 
Pb-17Li: 
Length of tubes: 7.0 m 
No. of 90°: bends 4 
Length of welds 21.2 m 1.24·10-7 

FDDi 39.4 3.94·10-7 

DWDi 26.8 0 =V2·U3 
U=i\·MTTR 

2.88·10-10 ~=0/MTTR 

FCDi 198 1.98·1 0-8 

LDDi 60 6.0·10-8 

FLDi He: 
Length of tubes: 32.0 m 
No. of bends 90°: 8 
Length of welds 10.6 m 
Pb-17Li: 
Length of tubes: 16 m 
No. of bends 90°: 4 
Length of welds 7.5 m 8.29·10-8 
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r--------, 
1 FWS0 1 
I I 

FDDo ~ 1.49 ·10 -3 l; 76.5% 
I 

rfl 1.27 ·10 -6 : ~ 0.07% t.: ________ :.J 8.9 ·10 -2 

H 5.70 ·10 -5 
: 

2·93% 

-1 1.3 ·10 -4 : 6.7% 

-l 2.69 ·10 -4 J 13.8% 
1.23 ·10-

-r--------, 
I FWSi I 
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1(8.51 .10-4) FWSil 
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FCDi ~ 4.28 ·10 -5 J 3.55% 

LDDi -1 1.3 ·10-4 I 10.8% 

FLDi 4 1.79 ·10 -4 : 
14.9% 

Fig. 12-8 Block diagram for the blanket Fig. 12-9 Expected unavailabilities 
segments of the Dual Coolant for the blanket segments 
concept of the Dual Coolant concept 

12.4 Conclusions 

The preliminary analysis of the Dual Coolant (DC) blanket indicates that the over

all availability is -86.4%. This value seems to be satisfactory, but improvements 

are desirable, and also attainable. 

The overall availability is dominated mainly by the segment failure rate, which it

self is dominated by the diffusion welds in the first wall. The failure rate data 

used in the analysis are considered to be conservative. Confirmation and further 

improvements in the reliability of the blanket segments are expected from 

present and future R&D work. lmprovements of the external systemsarealso pos

sible, which would raise their availability from 98.5% to 99.5% or more. 

There are several sources of uncertainties in these analyses. First of all, there are 

significant uncertainties in the basis failure rate and MTTR data base. The "syn-
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thetic" technique depends on assumptions and engineering judgements. Never

theless, the results are sufficient to perform a relative assessment between the DC 

blanket and the other EU DEMO blankets. Relative application of the failure ana

lysis is expected tobe more accurate than the absolute values themselves. 

For the comparison, basic events and failure rate data for the reliability indicators 

were agreed upon amongst the different parties involved in the BCSE. Further

more, the first wall failure rate calculated for the DC blanketwas assumed for all 

concepts. This eliminates differences due to the leading source of unavailability. 

All four blanket concepts have been analysed using basic failure rates and Mean 

Time To Repair (or Replace) as listed in Table 12-1. The fact that double walled 

tubes are used in the segments of the WC concept has been taken into account by 

assuming one order of magnitude lower failure rate compared to a single 

tube/single weid case. The results are listed in Table 12-5 for both the blanket 

segments and the external cooling systems. 

For the blanket segments the DC concept has the highest reliability due to the rel

ative simplicity of the design but the differences between the concepts are small. 

lt should be mentioned that the impact of coating failures has not been assess be

cause their is no data base available. 

For the external systems it is obvious that the availability depends mainly on the 

degree of redundancy. Rather extensive redundancies are proposed for DC and 

BOT, resulting in an availability of the cooling system of 99.4 % and 98.5 % re

spectively. No redundancy is proposed for the WC concept and the calculated 

availability of the cooling system is 87.8 %. lt is not clear if the Iayout of the BIT

external cooling systems allows full power operation in case of a SG or a biower 

failure. A value of 61.3 % has been calculated without any redundancy. lf full 

power operation is possible in case of a SG failure, the availability of the cooling 

system would be 93.4 %. 

ln principle the same availability of the cooling systems could be achieved for all 

four concepts be providing adequate redundancy. There is a trade off between 

availability and the costs of the cooling system. 
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T bl 12 5 C a e - ompanson o f th 'I bTf f th d'ff e ava1 a 1 1 1es o e I t t eren conce_Q s 
BOT Dual Coolant BIT Water Cooled 

FW availability 90.6% 
(U=9.4%) 

Availability of 
the blanket 

93.0/95.3% 96.8% 93.3% 95.4% 

without the FW (7.0/4.7 %) (3.2 %) (6.7%) (4.6%) 
part 

Availability of 84.3/86.3% *) 87.7% 84.4% 86.3% 
the blanket 
including FW (15.7/13.7%) (12.3%) (15.6%) (13.7%) 
part 

Availability of 
the external 

99.4% 98.5% 61.3% 87.8% 

cool i ng system (0.6%) (1.5%) (38.7%) (12.2%) 

Overall 83.8/85.8% *) 86.4% 51.7% 75.8% 
availability (16.2114.2%) (13.6%) (48.3%) (24.2%) 

Values in italic are the unavailabilities U = 1-V (U = Unavai/ability, V=Availability) 

*) Reference design (with bends)/modified design (without bends) 

References: 

[12-1] DIN 25 424, Teil2, Fehlerbaumanalyse, Beuth Verlag GmbH; Berlin 1990. 

[12-2] Reactor Safety Study, WASH 1400, NUREG 75/014, PB-24 3203/204, Oct. 
1975. 

[12-3] L. Caldarola, A. Wickenhäuser; The Boolean Algebra with Restricted 
Variables as a Tool for Fault Tree Modularization, 
Kernforschungszentrum Karlsruhe, KfK 3190, Aug. 1981 (EUR 7056e). 

[12-4] R. Bünde, S. Fabritsiev, V. Rybin; Reliability of welds and brazed joints in 
blankets and its influence on availability; Fusion Engineering and Design 
16(1991) 59-72, North Holland. 

[12-5] L. C. Cadwallader, S.J. Piet; 1988 Failure rate screening data for fusion re
liability and risk analysis, EGG-FSP-7922, January 1988, ldaho National 
Engineering Laboratory. 

[12-6] H. John, H. Schnauder, E. Bogusch, J. Wehling; Reliability investigations 
and improvements of the cooling system of a self-cooled liquid metal 
breeder blanket; Fusion Technology 2(1992) 1399-1403. 

[12-7] S. Malang, K. Schleisiek, et al.; Dual Coolant Concept, 
Kernf_prschungszentrum Karlsruhe KfK 5424, Nov. 1994. 

[12-8] M. Dalle Donne, et al.; European DEMO BOT Solid Breeder Blanket, 
Kernforschungszentrum Karlsruhe KfK 5429, Nov. 1994. 

-341-



[12-9] L. Giancarli, et al.; Water-cooled Pb-17Li DEMO blanket line EU reference 
conceptual design and performance presentation; DMT 94/538 
(SERMA/LCA/1678, CEA October 1994). 

[12-1 0] M. Eid, et al.; Helium-cooled ceramic breeder-in-tube blanket line, CEA 
Report DMT 95/576 Sermal/1682, ENEA Report RI-RCT 94/2, November 
1994. 

[12-11] R. Bünde; Reliability, availability, and quality assurance considerations 
for fusion concepts, Fusion Engineering and Design 29(1995)262-285. 

[12-12] R.A. Müller, H. Schnauder; The evolution of heat-Exchanger design for 
sodium-cooled reactors, Atomic Energy Review, Vol. 13, No. 2, 215-223 
(1975). 

-342-



13. Conclusions 

This report summarizes the R&D work of liquid meta I breeder blankets for fusion 

reactors carried out in the years 1992 to 1995 in the frame of the European Fusion 

Technology Program. The main objective of the work was the development of 

blankets for a future DEMO reactor. However, also a liquid meta I blanket for ITER 

was studied. Several design options have been studied ranging from full self

cooling to full helium cooling. Pb-17Li was used as breeder/multiplier material. ln 

general, the results obtained confirm that liquid metal blankets are attractive 

options for experimental and power reactors. 

A reactor with relatively conservative features (neutron wall Ioad 2.2 MW/m2, 

thermal efficiency > 30 %, martensitic steel (MANET) as structural material and 

blanket life-time 20 000 h) had been specified as a common basis for the 

European DEMO blanket development. 

The design studies described in this report together with the accompanying R&D 

show that the requirement of the specified DEMO reactor can be met with self

cooled blanket concepts. A Dual Coolant Blanket Concept has been selected as 

reference solution where the First Wall (FW) is cooled by helium and the breeder 

zone by circulating the Pb-17Li breeder to external heat exchangers. The main 

results are: 

• Self-cooled liquid metal breeder blanket are in principle the mostsimple 

concepts since no separate coolant requiring large internal heat transfer 

surfaces is needed. 

• Cooling of the FW with helium Ieads to the potential for high safety and 

reliability due to a leak tolerant design, arealdouble containment of the 

liquid metal breeder, redundant cooling systems, large margins for in

ternal pressure and additional Ioads, e.g. caused by plasma disruptions. 

There are three independent cooling systems, each of them sufficient for 

after heat removal below normal operating temperatures. A LOCA with 

delayed plasma shutdown results in a temperature increase of less than 

100 K for a few seconds only. 

• The radiological hazard from accidental release of Pb-17Li is very low and 

mainly determined by 203Hg. The release of 210Po is no Ionger a feasibility 

issue since both the generation and the release rate of this isotope are 

orders of magnitude lower compared to previous investigations. 
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• An availability of 87.7% has been calculated for all blanket segments, 

assuming a mean time to replace a blanket segment of 3 months. About 

70 % of this 12.3% unavailability are caused by failures of the FW. The 

unavailability of the external cooling systems has been reduced to 1.5% 

by providing redundancy of these systems. This Ieads to an overall 

availability of 86.4%. 

• Large progress has been made in theoretical and experimental 

investigations of MHD issues. This allows the conclusions that MHD 

pressure drop is no Ionger an important issue if the feasibility of 

insulating coatings or flow channel inserts can be proven. Velocityprofiles 

and turbulent motions are no important issues for a concept with helium 

cooled FW. However, more knowledge in these field is required before 

the feasibility of more advanced blanket concepts based on liquid metal 

cooled FW can be judged. 

• Detailed neutranies calculations have shown that tritium self-sufficiency 

can be easily achieved with self-cooled Pb-17Li blankets. The shielding 

efficiency of such blankets is rather poor but can be increased by using a 

neutron moderatoreither in the outer part of the blanket/shield or in the 

vacuum-vessel. 

• The feasibility of the proposed tritium extraction method from Pb-17Li, 

based on diffusion through the steam generator tubes into a secondary 

liquid metal (NaK) where is removed from by cold trapping, has been 

proven experimentally. Sufficiently low tritium permeation Iosses can be 

achieved and the regenerationtime of the cold traps allows for a cycling 

time of less than one day for the batchwise tritium recovery. 

• The performance of the blankets in terms of allowable power density and 

achievable thermal efficiency is limited by the temperature of the FW 

determining the Iimits for mechanical stresses. This Iimit is reached a long 

time before corrosion of the structural material by the liquid meta I could 

become a problem. Corrosion is further reduced by electrically insulation 

alumina coatings. 

• The remaining feasibility issue is the fabrication of insulating coatings and 

their performance under long-time neutron irradiation. This 

development requires an ongoing effort over the next three years 

including new fabrication technologies and testing in fission reactors. 

• However, self-cooled liquid metal breeder blankets must not be judged 

on the basis of development risk only. The development potential should 

become an at least as important criteria as the development risk. Self-
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cooled blankets have the potential to become attractive concepts for 

commercial power reactors since their performance can be improved 

decisively by design modifications and by employing the attractive 

features of more advanced materials (e.g. vanadium alloys, Iithium). 

- 345-


