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ABSTRACT

Liquid Metals and solid breeders are candidates for use in fusion
reactor blankets. Both types of blankets have major advantages.
However, there are critical issues that can severly limit their
potential economic, safety and environmental advantages. This
paper focuses on those key issues that are related to thermo-
mechanical performance of liquid metal and solid breeder
blankets. The primary material and configuration desi gn options
are described. The key thermomechanical issues are elucidated,
and, in many cases, quantified. Recent progress in model
developments and experiments is summarized.




1. INTRODUCTION

The economic, safety and environmental attractiveness of future
fusion reactors will be determined, to a large extent, by the
choice of materials for and the performance of the blanket. The
primary objectives of the blanket are: 1) to convert the kinetic
energy of fusion neutrons and secondary gamma rays into heat,
and 2) to breed tritium at a rate adequate for attaining tritium fuel
self sufficiency. The blanket is exposed to an intense radiation
environment. Radioactivity and associated decay heat can be
produced in the structure, breeder, multiplier coolant, and other
blanket components. ‘Hence, material choices have large impact
on safety and environmental impact. The unique combination of
conditions in the fusion environment such as intense radiation,
strong magnetic field and vacuum as well as the requirements for
high temperature operation to improve economics and
temperature control to influence tritium transport, make the
design of the blanket a challenging task.

Liquid metals and solid breeders are the primary concepts being
considered in fusion programs around the world. Other

concepts such as molten salts and aquious solutions have been -
proposed but they are much less favored than the primary

options.

Liquid metal and solid breeder blankets have major advantages.
However, there are critical issures that can seriously limit their
economic, safety, and environmental potential. This paper is
concerned with an important subset of those issues; namely the
key issues related to the thermomechanical behavior of the blan-
ket. Both liquid metal and solid breeder blankets are addressed.
The primary materials and configuration design options are
described. The key thermomechanical problems are elucidated,
and, in many cases, quantified. Recent progress in analytical
and numerical model development and in experiments is
summarized. Priority items for future R & D are indicated.




2. Liquid Metal Blankets and High-Heat-Flux Components

2.1 Introduction

Liquid metals are potential candidates for both the breeding
material and coolant in blankets and high heat flux components
such as divertors and limiters. As breeders, pure lithium or the
eutectic Li)7Pbgs have high potential tritium breeding ratios. As
coolants, liquid metals have good heat removal capabilities and
can operate at high temperature, allowing for efficient power
conversion. Other significant advantages include negligible
radiation damage to the breeder, flexible operating conditions,
and overall design simplicity. In addition, liquid metals have
recently been proposed as a protective medium to reduce the
problems of erosion, heat removal, and radiation damage in high
heat flux components (HHFC).

However, a number of problems and uncertainties limit the
attractiveness of liquid metal components. These are listed in
Table 1, and discussed in detail in [1]. Magnetohydrodynamic
(MHD) effects are unique to liquid metals, and serve to reduce
the thermal-hydraulic performance by greatly increasing the
pressure drop and reducing the heat transfer coefficient through
laminarization of the flow. Material interactions lead to
limitations on allowable operating temperatures, and the potential
effects of chemical reactions under accident scenarios may lead

to restrictions in the use of liquid metals — particularly pure .

lithium. Overall, large uncertainties in the thermomechanical
behavior of liquid metal components make it difficult to ensure
adequate pcrformanc__e [2].

During recent years, efforts thoughout the world have provided
improved understanding of the thermomechanical problems of
liquid metal components and the development of design solu-
ions.

Substantial progress has been made in modeling and under-
standing MHD fluid flow and pressure drop in laminar duct
flow. Numerical models have been developed to provide the
capability to analyze more complex geometries than earlier
analytic techniques. Both numerical and analytic solutions have
been obtained in a number of simple geometries for both con-
ducting and insulating ducts. Other areas of recent activity in-
clude non-laminar, two-phase, and free surface flow with liquid
metals. -

New design solutions have evolved in an attempt to exploit the
benefits and reduce the problems inherent to liquid metals.
Examples of these include, for example: MHD flow tailoring,
innovative use of insulating materials, two-phase Li/He flow,
and novel power conversion systems. These are discussed in
more detail in Section 2.4.




Table 1. Generic Liquid Metal Blanket
Issues - -

Tritium fuel self-sufficiency
Magnetohydrodynamic effects
fluid flow and pressure drop
heat transfer
Material interactions
corrosion/mass transport
chemical reactions
Structural response in the fusion
environment
irradiation effects on
material properties
response to complex loading
conditions
failure modes
Tritium recovery and control

Experimental data have been scarce, but are making a large
impact. For example, observations of fluctuations in the flow
may lead to substantial enhancements in heat transfer co-
efficients. Corrosion experiments have provided data to better
define the operating limits and to provide insight into the
dominant processes, which will help to design systems which
minimize the negative impacts. These new developments have -
improved the potential of liquid metal systems as candidates for
use in future fusion reactors.

2.2 Design Options
A. Blankets

Research and conceptual design studies over the past 15 years
have led to the adoption of a limited set of material choices for
liquid metal blankets. These are listed in Table 2. The exact
choice of materials involves a complex set of trade-offs, in-
volving different issues and design strategies. Each combination
of materials implies a unique set of issues.

An even wider. variety of choices exists in defining a
configuration that results in optimum performance. For
blankets, the two major classes of designs are self-cooled and
separately-cooled. Separately-cooled designs use stagnant or
slow-flowing liquid metal breeder with either water or helium
coolant. The most prominent candidate at this time is a water-
cooled Lij7Pbg3 blanket [3]. Figure 1 shows a NET design
which contains water coolant tubes running through the breeder,
all encased in a circular U-tube {3].




Table 2. Liquid Metal Component Material

Options
Breeders Li, Li;7Pbg3
Coolants self, He, H2O
(Li17Pbg3 only)
Structural materials stainless steel, V-alloy
Protective films Li, Ga, Sn (HHFC)

The issues for separately cooled designs are generally similar to
self-cooled designs, except for the reduction or elimination of
MHD problems (at the expense of tritium breeding capability,
material campatibility, and design complexity). In this paper,
the thermomechanics of self-cooled designs will be examined as
representative.of the entire class of liquid metal blankets.

A number of self-cooled blanket designs are described in
[4,5,42]. Self-cooled blankets use the liquid metal
simultaneously as breeder and coolant. Both Li and Lij7Pbgs
have been proposed in a variety of configurations. Previous
designs, such as the BCSS toroidal/poloidal flow concept,
attempted to alleviate MHD problems by incorporating relatively
complex flow paths, including bends, manifolding, orifices, etc.
Figure 2 shows a.schematic of the BCSS design [42]. More
recently, a self-caoled NET design has been proposed with
similar features (see Fig. 3) [8]. '

Some recent designs attempt to resolve MHD problems using
simpler flow paths and structure geometries. These "advanced"
designs rely on techniques such as flow channel inserts or "flow
tailoring”, as described in Section 2.4. For example, Fig. 4
shows a cross section of a TPSS design which uses simple
straight flow paths [13]. These simpler designs are expected to
provide higher reliability and more predictable thermal-hydraulic
characteristics.

B. High Heat Flux Components (HHFC)

Two important and different concerns have led to the
consideration of liquid metals for high heat flux components
such as divertors and limiters. First, safety concerns over the
use of water-cooled components in a reactor with lithium-con-
taining blankets make it highly desirable to provide a viable non-
water coolant. Second, the design margin and lifetime of diver-
ors and limiters are currently very small. This limitation on the
lifetime is caused by the rapid erosion of solid materials on the
plasma side of divertors and limiters. Liquid metal films on the
plasma side of limiters and divertors can protect the solid ma-
terial. Designs for renewable liquid metal films have been
developed and can potentially extend the lifetime of diver-




tors/limiters. Furthermore, the liquid metal film may possibly
remove a large part of the heat load.

Designs with liquid metal coolants in closed configurations
closely resemble designs using water. Extra attention is given to
the flow paths to align the flow direction with the magnetic field
to the maximum extent possible. Even then, the use of efficient
insulating coatings is necessary to achieve even moderate design

windows (in the range of 5-10 MW/m?2 surface heat flux
removal) [6].

Free surface configurations offer the possibility of removing
surface heat fluxes of 30 MW/m2 or more. If plasma con-
tamination can be avoided, liquid metal protecton could extend
the lifetime of high heat flux components considerably.as. The
most promising liquid metals are Li, Ga and Sn. Many design

variations have been proposed [7,8,9]. These are summarized
in Table 3. s

Table 3. Options for Free Surface
Contact Devices

Continuous Films
Free-falling film
Pumped film

Droplets

Droplet cloud
Electromagnetic droplet jet

2.3 Description of thermomechanical issues

Several of the prevailing issues for liquid metal components are
interlinked by simultaneous design constraints on allowable
temperatures and stresses. These issues are generically referred
to as "thermomechanical" issues. They include thermal-
hydraulics, material interactions (which set temperature limits),
and structural mechanics.

To understand the interrelationship between these issues,
consider a simplified design consisting of a single straight duct
heated by a surface heat flux and bulk heating, with the coolant
entering from the bottom and exiting from the top (see Fig. 5).

Figure 5 Liquid Metal Coolant Duct
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The MHD pressure gradient in a straight duct is given approximately by:

Vp=opvB2 @ o=
ofa

where o is the fluid conductivity, v is the average velocity, B is
the magnetic field strength perpendicular to the flow direction,

and @ is the wall conductance ratio — a nondimensional
parameter comparing the electrical conductance of the wall to that
of the fluid with (t) as the thickness of the wall and (a) is the
duct dimension in the direction of the magnetic field.

In order to propel the fluid across the region of finite MHD
pressure gradient, an external pressure head must be supplied.
This results in relatively large pressures and pressure stress near
the inlet to the coolant duct. The pressure stress is normally
proportional to the ratio of duct width to wall thickness:

op ~9-‘t’—3~ owvB2L (2

Notice, the pressure stress is independent of the channel
dimensions: the only effective means to reduce stresses is to
keep the velocity low.

However, the flow rate must be relatively high to remove heat
adequately to maintain all the temperatures within material and
structural limits. These limits arise from considerations of
corrosion and mass transport, thermal stresses, and material
behavior under irradiation, The peak structure temperature,
T¢M, is given by:

Ts™ = Tin + ATpuk(v) + ATgiim(v) + AT
3




where ATpyuik,ATfiim and AT, are the average temperature rise in

the coolant bulk, coolant film and the structural wall,
respectively.

The maximum temperature at the interface between the coolant

and structure, Tjp™ is limited by corrosion considerations and
is given by:

Tint™ = Tin +ATpuik + AT fiim 4)

Figure 6 shows a typical design window, which includes a
maximum limit on flow speed due to pressure stresses and
minimum limits to provide adequate coolin g to maintain the

peak structure and interface temperatures within design targets.




Figure 1. Example Design Window for a Li/V
Blanket
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Uncertainties in the thermomechanical behavior of liquid metal
components exacerbates this problem. The design window is
based on imperfect understanding of both the physical pheno-

mena as well as the appropriate design limits, so that components -

must be designed with additional margin to cover the
uncertainties.

1. Fluid Flow and Thermal Performance Uncertainties.
Prediction of MHD velocity profiles and pressure drop is difficult
in actual reactor components. The predictive capabilities which
exist today are limited to relatively simple geometries operating
under idealized conditions. Large uncertainties remain in the
MHD flow behavior of more complex components under three-
dimensional magnetic fields, including effects due to the complex
fusion environment (thermal and radiation-induced changes,
transients, etc.). The velocity profiles are a particular concern,
because small changes in geometry can lead to large changes in
the velocity profile. The total pressure drop in many designs is
less sensitive to local changes, and can be estimated with greater
accuracy using simple correlations.

The velocity profiles are also important because they determine
temperature profiles, which in turn affect most of the important
phenomena in blankets and high heat flux components. Local
features of the velocity profiles can directly influence the location
and magnitude of hots spots, which usually determine operating
limits.




2. M&m&magmugmm Liquid metals can interact
strongly with the structural and containment materials, leading to
corrosion and material properties degradation, amd high mass
transfer rates. The nature of the interaction ‘depends very
strongly on the exact material composition as well as the oper-
ating conditions, including temperature and impurity concen-
trations. Generally, higher temperatures result in higher in-
teraction rates, such that this class of issues results in temper-
ature limits of operation. Much work needs to be done to define
the important reactions which govern the interactions, establish

acceptable design limits, and develop methods to reduce the
problems.

3. Structural mechanics uncertainties. Structural responses are
very complex in liquid metal components, both because the
loading conditions are strongly affected by MHD effects and
because materials behavior in the fusion environment is largely

unexplored. Limits on Tg™ and Tip™ are, therefore, uncertain.

The general design strategy for self-cooled blankets is shown in
Figure 7. As described above, straight flow paths lead to unac-
ceptably high pressure drop and/or high temperatures at the first
wall. Design solutions require some combination of reduced
pressure drop to allow higher flow speeds, or improved heat
transfer coefficient. The most attractive methods to reduce the
pressure drop include the use of flow paths parallel to the mag-
netic field (which: generally implies manifolding and bends),
reduction in wall conductance through the use of insulating

materials, or reduction in the fluid conductivity using two-phase -

flow. Attractive methods to enhance heat transfer include flow
profile control ("flow tailoring") or enhanced mixing. These
methods to improve liquid metal blanket thermal-hydraulics are
discussed in more detail in Section 2.4.

Free surface applications of liquid metals have their own unique
set of issues. MHD issues are important for most designs
concepts. The nature of free surface flow is substantially
different from closed channel flow, and new issues arise, such
as thickness and stability of film flows. In addition, a host of
new issues arise due to interactions with the plasma, such as
sputtering, evaporation, and behavior during disruptions [10].




Figure 7. General Design Stategies for Self-Cooled
Liquid Metal Blankets




2.4. Recent Progress
2.4.1 Design concepts

Liquid metals have been adopted frequently over the past 15
years in conceptual design studies for magnetic confinement
fusion reactors, dating at least as far back as UWMAK-I [18].
Table 4. summarizes some of the more recent designs using
liquid metals.

Table 4. Some Recent Liquid Metal Blanket Designs

Breeder/Coolant
Tokamaks
NET LiPb/LiPb
NET LiPb/H,0O
OTR LiPb/LiBiPb
BCSS Li, LiPb
TPSS Li/Li
HFCTR Li/FLiBe
IBC Li
Mirrors
TASKA Li/Li
TASKA-M Li, LiPb
MARS LiPb/LiPb
Hybrid Li/Li -
RFP's
CRFPR LiPb & H,O
TITAN Li
IBC Li

Most early blanket designs used relatively simple flow paths.
Low surface heat flux or low toroidal magnetic field make the
thermomechanical design problem much easier for mirrors and
RFP's. For tokamaks, design complications necessary to
reduce MHD effects were proposed, but there was little
analytical capability or experimental data to support the designs.
Simple correlations for both pressure drop and heat transfer
coefficient were used ~ usually based on formulas for straight
ducts, or empirical corrections for simple bends. Designs
involving compiex manifolding and mutiple-channel con-
figurations were either avoided or modeled in a very approx-
imate way.

Since the early 80's, several new ideas have been studied to help
alleviate the thermomechanical problems associated with liquid
metals. Some of the more promising of these include:

1. Insulators

2. Flow channel inserts




. Flow tailoring

. Instability enhancement

. Two-phase flow

power conversion

A bh W

1. Insulators

For conducting ducts, the magnitude of MHD currents in fully-
developed flow is determined by the conductance of the walls,
which act as series resistances in the MHD circuit. In this case,
the pressure gradient is proportional to the wall conductivity and
thickness as given by Eg. 1.

As discussed previously, reducing the thickness is an ineffec-

tive means to expand the design window, because the stresses
become larger.

For noncoriductin g ducts, the current passes through Hartmann
layers, and the pressure gradient is given by:

1
Vp = ofv B2H—a )

where Ha=aB o¢/ . Typically, Ha~10% and ®~10-2, so a
fully-insulated duct can have 2 orders of magnitude lower
pressure drop than a conducting duct (excluding the effect of
bends, manifolding, and other perturbations to the flow).

The most promising structural materials are all good conductors,

so the only way to fully insulate the coolant is by the use of
coatings. Insulating coatings must possess simultaneously good
dielectric properties, compatibility with the liquid metal, and
radiation tolerance. An evaluation-of insulating coatings iden-
tified CaO, BN, and possibly AIN as the most promising mater-
ials [12]. Properties of these materials under fusion conditions
are still largely unknown, and much more research will be
needed before their feasibility can be assured.

2. Flow channel inserts

Insulators can be used in a laminated configuration without the
need for direct contact between the insulator and the coolant.
Laminated structures provide a thin cladding between the
insulating medium and the coolant (see figure 8). This scheme
greatly decreases the problems with insulator material behavior,
since integrity of the insulator is no longer crucial. In this
concept, the coolant containment and structural functions are
decoupled, so that a.decrease in cladding thickness will not
cause increased stresses. The use of insulators as coatings as
well as laminates is treated in more detail in [20,21].




Figure 8. Laminated structure for MHD pressure
drop reduction
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A new concept which has several engineering advantages is the
flow channel insert {5]. Flow channel inserts are made by seal-
ing a thin insulating material between two thin metal clads. This
material is then formed to the shape of the channel and then in-

serted inside. Fabrication is relatively easy. By providing a slot

or hole between the insert and the structure, the thin cladding is
not subjected to large stresses due to the coolant pressure.

3. Flow tailoring

Another recent innovation is the development of methods to
control MHD velocity profiles by proper design of the duct
geometry, wall thickness, and wall conductivity [14].
Countering the traditional view of the magnetic field as having a
universally negative impact on liquid metal blankets, so-called
"flow tailoring” techniques use the magnetic field to assist in
directing the flow towards regions of maximum benefit. This
usually involves directing more flow close to the first wall,
where the surface heat flux can cause large temperature gradients
in both the structure and coolant.

Two primary forms of flow tailoring are achieved by varying
either the wall conductance or the cross sectional shape. Recent
experiments in a variable cross-section channel have shown
good agreement between data and model predictions using the
core flow approach (described below) [15]. For constant flow
rate, flow tailoring normally reduces the peak wall temperatures,
but increases the pressure drop due to added perturbations to the




flow. On the whole, there is a net increase in the design
window.

4. Instability enhancement

It has long been known that magnetic fields suppress random
turbulence in liquid metal flows [26,45]. This causes the heat
transfer coefficient to degrade substantially, and also creates a
fully three-dimensional temperature field in liquid meal blankets
(since the thermal entry length becomes quite long). Vorticity
parallel to the field is known to be much less strongly
suppressed as compared to vorticity perpendicular to the field,

thus leading in some cases to a two-dimensional form of
turbulence -

Studies of the 2-dimensional structure of MHD turbulence at low
magnetic field have been ongoing for many years [46,50]. In
addition, as long ago as 19635, Hunt proposed that side layers
could, in some cases, have a destabilizing effect on the flow
even at very high magnetic field — contrary to the common
assumption at that time [16]. An earlier work by Lehnert
observed a similar phenomenon [51]. However, it has been
only recently that data and analysis have indicated that instability

could exist and/or be enhanced at reactor values of the magnetic
field [17,18]. .

It is believed that p_:erpcndicular vorticity can be enhanced either -

through the placement of obstructions in the flow aligned with
the field, or by simply exploiting the side layers which occur
naturally when a duct wall is parallel to the field. Recently,
linear perturbation analysis of Hunt's problem has indicated that
the critical Reynolds number drops by 2 orders of magnitude as
the magnetic field increases and narrow side jets form [19].
Data at high magnetic field in rectangular ducts have shown
levels of fluctuating velocity as large as the average velocity
[18]. This suggests that large improvements in the heat transfer
coefficient may result without accompanying increases in the
pressure gradient. Experiments are now being planned to
turther cxplore this effect [20].

S. Two-phase flow ‘

An effective method to reduce the MHD pressure drop is to
reduce the fluid conductivity. A two-phase mixture of liquid
metal and gas is particularly attractive, since the conductivity of
the gas phase is very low. This technique has been proposed
using a mixture of liquid lithium and helium, operating in an
annular-dispersed flow regime. Several studies of two-phase
flow have been done in recent years [25,43].




Two-phase flow is very complicated, and most of the studies to
date have been empirical. The two-phase mixture has less heat-
carrying capacity than pure liquid; however, by reducing the
MHD pressure drop, it is possible to increase the flow rate and
thus enhance heat transfer. Studies have shown that there is a
net advantage relative to single-phase flow when the design is
optimized. However, additional issues arise, such as corrosion
at high velocities and flow stability.

6. LMMHD power conversion

One of the attractive features of liquid metals is the potential for
high temperature operation, leading to high thermodynamic
efficiency for power conversion. To further: exploit this
advantage, power cycles have recently been studied using liquid
metal MHD power conversion [21,52,53].

Liquid metal MHD power conversion is uniquely suited for use
with liquid metals. - In one possible application, a working gas is
added to the liquid metal coolant after it passes throu gh the blan-
ket. The gas expands, driving the 2-phase mixture through an
external magnet. The interaction of the magnetic field with the
working fluid creates an electromotive force, which drives DC
current through an external circuit. Following the MHD gen-
erator, the gas and liquid metal are separated. The liquid metal is
returned to the blanket, and the gas is passed through heat ex-
changers to reject heat, completing the thermodynamic cycle.

2.4.2. Major eiperimental facilities and recent results -

The major facilities for liquid metal fusion research are MHD
loops and corrosion loops. Several of these are currently in
operation in the U.S., Japan, Europe, and the U.S.S.R. In this
section, some of the more important facilities are described, and
recent results are discussed.




1. MHD facilities

For MHD fluid flow, the most important parameters which
determine the features of the flow -

include the Hartmann number (Ha) and interaction parameter

(N):
2
Ha=aB g N=——ILII{a
\, m e

Re=22 (6

It is desirable to achieve parameters in experimental facilities
which are close to those under fusion conditions. Given
prototypical material properties, it is desirable to have both high
magnetic field strength and large volume in order to maintain Ha
and N high, as well as to provide the ability to fit relatively
complex geometric elements within the magnet.

Figure 9 shows parameter ranges for several existing
experiments as well as the range for typical tokamak fusion
blankets. For convenience, most MHD facilities use simulant
materials which are safer and/or easier to handle than Li and
LiPb. The most common are Na-K and Ga-In-Sn eutectics.




Figure 9. Parameter Ranges for MHD Facilities
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ALEX is the major MHD facility in the U.S. [22]. The facility
consists of a large dipole magnet with maximum field strength of
~2 T and volume of ~0.3 m3. The NaK loop provides a maxi-

mum flow rate of 26.5 I/s. ALEX began operating in 1985,
Data has been taken for straight conducting ducts with circular
and rectangular cross sections. Recently, a flow tailoring test
section was testéd, having a varying rectangular cross section
and different conductivities on the different walls. Data includes
pressures, electric potentials, and velocity profiles.

The two largest MHD facilities in Europe are: MEKKA at KfK
in Germany [23], and MALICE at CEN/SCK in Belgium [24].

»

2.4.3. Modeling and Analysis

For reactor design purposes, the most important parameters to
predict are the pressure gradient (and total pressure drop) and
temperature profiles. The velocity profiles are important pri-
marily because of their influence on temperature profiles.




Calculational techniques for pressure drop representative of the
state of the art 15 years ago are given in [26]. Relatively ac-
curate formulas were available for fully-developed flow in
straight ducts. To account for bends and other three-dimen-
sional effects, reactor design studies primarily relied on simple
correlations based on experimental and analytical investigations.
Detailed MHD velcocity profiles were previously available for
only a limited set of geometries. Even in these cases, often the
nature of analytic solutions made it very difficult to incorporate
the results into a numerical heat transfer solution.

Early heat transfer calculations are summarized in [26,27].
Generally, heat transfer coefficients were determined based on
simplified (such as slug flow) or assumed velocity profiles.
Since most MHD flow profiles are laminarized by a strong
magnetic field, entry lengths for temperature profile development
are long, resulting in fully three-dimensional temperature
profiles — even when the velocity profile is fully-developed.

2.4.3.1. MHD fluid flow modeling

Modeling of MHD flow several years ago was dominated
primarily by analytic solutions using asymptotic techniques
[28,29]. The concept of core flow and MHD boundary layers
was firmly established, and a general technique for calculating
velocity profiles and pressure drops for-pure core flow was
known [30]. The core is a region in which viscous and inertial
effects are negligible, which, in most cases of fusion interest,
covers the majority of the duct. In this region, the full -
momentum equation:

NG V¥ = VprIxBresv2y ()

reduces to the simple linear equation:

Vp=]xB (8)

Here the momentum equation has been normalized with the
characteristic nondimensional MHD parameters Ha and N — the
Hartmann number and interaction parameter, which measure the
relative magnitude of the viscous and inertial forces as compared
to the elecromagnetic body force.

MHD boundary layers form in regions where inertial and/or
viscous forces are significant. The behavior of Hartmann layers
and side layers has long been understood on a physical basis.

A number of simple single-duct geometries had been analyzed,
including various wall conductance ratios, cross section shapes,
expansions and contractions, and variable transverse field
strength. Some analysis of bends and flow parallel to the mag-




netic field was performed. The number of papers in the liter-
ature covering these topics is too large to list.

Prior to the 1980's there was virtually no capabilities for accu-
rate analysis of fusion components, which are often composed
of curved pipes with bends, manifolding, and complex magnetic
fields. For analysis of more complex components, a numerical
solution technique was needed. First attempts at numerical
modeling were performed by several researchers with limited
success [31,33]). In most cases, the solutions were obtained
only for very low Ha and N — in the range of 5-10. Solutions at
higher parameter ranges were very difficult due to the compu-
tational problems associated with the solution of the full MHD
equations.

MHD effeots in liquid metal components are strongly affected by
the geometry of both the magnetic field and structure, as well as
the material properties and flow conditions. Table 5 lists the
important factors which must be considered in developing MHD
models. The number of possible design variations for self-
cooled liquid metal blankets is large. However, to simplify the
task of analysis, the majority of designs can be broken down
into the elemental parts. The principal geometric elements of

liquid-metal-cooled blankets are summarized in Table 6,

Recent attempts at numerical modeling of MHD fluid flow
follow one of two major approaches:

1. core flow solutions, which assume that the magnetic field is
large enough to neglect inertial and viscous effects, and 2. full
solution of the MHD equations, including all terms in the
Navier-Stokes equation. In addition to these, a number of

analytic and approximate solutions for specific geometries have
been developed recently. '




Table 5. Classification of Important Parameters for
MHD »
Fluid Flow and Pressure Drop Calculations:

Duct geometry
Wall conductance regime
thin conducting ducts
insulated ducts
Magnetic field geometry
Relationship between the duct and
magnetic field geometries
Flow regime (Ha, N, Rep, etc.)

Table 6. Geometric Elements of Blankets and Hi gh
Heat Flux Components

straight uniform ducts
varying cross-section
smoothly-varying cross-section
(e.g., flow tailoring or toroidal
contouring) : '
abruptly-varying cross-section
(e.g., an orifice or section of a

bends
smooth bends ,
a. no parallel flow
b. parallel flow
abrupt bends
a. no parallel flow
b. parallel flow
internal flow redirection
(e.g., helical vanes)
multiple-channel ducts and manifolds
- wall conductance tailoring

manifold)

1. Core flow approach

Different numerical methods have been developed to solve the
core flow equations. While it is straightforward to solve directly
the three-dimensional system of 8 equations in 8 unknowns, it is
computationally much more efficient to reduce the equations
using various techniques. It is possible, using the unique fea-
ures of the core equations, to reduce the problem to a two-
dimensional problem with 4 equations and 4 unknows. The
complete three-dimensional flow field can be represented in
terms of these four two-dimensional functions. The two major




techniques for solving the reduced core equations are: direct

Integration by Kulikovskii's method and the iterative solution
method.

Applications of the direct method are described in [30,34,35]. A
variety of geometries and wall conductance ratios have been
analyzed, including circular and rectangular ducts, conducting
and insulating walls, and varying transverse and longitudinal
fields. At this time, analysis using the direct solution has not
been reported for multiple-channel configurations.

The iterative method was developed to solve complex geo-
metries, in which the direct method may be difficult to form-
ulate. The iterative method solves the same set of equations as
the direct method, but does so in separate steps. The electrical
and fluid parts of the equations are solved separately, resulting
in a much simpler set of equations.

The first application of the iterative method examined a multiple
channel bend with the flow turning from perpendicular to par-
allel to the field direction [1]. This first model was simplified in
such a way as to yield only approximatie solutions. Subse-
quently, the method' was improved to exactly solve the core
equations, and it has been applied to a variety of problems,
including varying cross section, varying field, bends, and mul-
tiple-duct configurations [36,49]. :

2. Full Solution

The Full Solution is a general method for MHD flows in the
sense that no fundamental approximations are made to the
system of equations. All of the terms are retained in the Navier-
Stokes equation, and the equations are treated in a fully-three-
dimensional way. The Full Solution has advantages over the
core flow approach in certain situations, including: 1. parameter
ranges in which inertia and viscosity cannot be neglected, 2.
certain geometries where inertial effects can be significant even
at high Ha and N (for example, abrupt changes in geometry or
flow sitvations which have a large paraliel component of
magnetic field), 3. situations where heat and mass transfer
strongly depend on the detailed characteristics of boundary
layers, 4. transient problems where the flow behaviors in
boundary layers and in the core are different. The Full Solution
approach has a wider potential range of applicability compared
with other approaches. However, numerical difficulties have
limited the ability to-solve problems in which the interaction
parameter (N) and Hartmann number (M) are large.

Before 1984, the accomplishments of this solution approach
were very limited. The effect of changing the orientation of the
applied magnetic field and wall conductivity on the fully
developed velocity profile in a duct had been examined. Also,




developing flows in a two-dimensional channel (with N = 3.5)
and fully developed flow in a duct with an arbitrary cross section
(with M ~ 5) had been studied.

Since then, the capability for numerical prediction of MHD
flows has been enhanced greatly. The main accomplishments
have been an extension of the parameter ranges which can now
be investigated, and expansion of the dimensionality from two-
to three-dimensional problems.

In 1986, Ramos and Winowich [63] obtained a velocity field of
steady, two-dimensional MHD flow in a channel with N=10,
M=100. In 1987, Abdou et al. [54] investigated a two-
dimensional MHD flow in a channel. They studied two cases:
1) magnetic field parallel to the main flow direction, and 2)
magnetic field perpendicular to the flow direction. For the first
case, they obtained the profiles of the velocity and temperature in
the region of developing flow. For the second case, fully
developed velocity. profiles at different combinations of M and
Re (orders of both up to 100) were obtained and the effect of the
magnetic field on heat transfer in the entry length region was
studied.

It has been understood that realistic MHD flows include three-
dimensional effects. Recent efforts that focused on the
prediction of three-dimensional MHD flows have been greatly
aided by the development of fast-running computers with large
memory capacity. and the use of sophisticated numerical

methods. Aitov [44] calculated a flow in a channel with sudden -

expansion with N order of up to 100 under a uniform magnetic
field. The duct walls are all electrically insulating. In this
research he found out that inertial effect cannot be neglected in a
flow where M is much larger than N, even under a strong
magnetic field. In 1989, Sterl solved MHD flows in a
rectangular duct with a nonuniform magnetic field with M=100
using the thin wall approximation [38]. The solution procedure
employed the use of Fast Poisson Solver with uniform grid. In
1989, Kim and Abdou [37] predicted MHD flows in a
rectangular channel with/without sudden expansion under a
uniform/nonuniform magnetic field. Flow fields were calculated
for arbitrary wall conductivities with M=N=100. In this work,
the sizes of the terms in the equation of motion were estimated
and it was shown that the inertial term cannot be neglected in a
sudden expansion. Also, they studied the effect of the direction
of magnetic field on the flow field.

Heat transfer characteristics can be obtained from the predicted
velocity field. In 1988, Kim and Abdou calculated velocity and
heat transfer for a three-dimensional MHD flow in a straight
rectangular channel with nonuniform magnetic field for M=100,
N=100, Pe=150 [48]. The duct walls are thermally and
electrically conducting.




The recent development of the solution method enables one to
solve flow and temperature fields in a three-dimensional
geometry which can be configured by Cartesian coordinates with
an arbitrary combination of the electrical conductivities of duct
walls under an arbitrarily applied magnetic field.

As mentioned in brief earlier, numerical difficulties are usually
met when the interaction parameter (N) and Hartmann number
(M) are larger. These difficulties are associated with possibly
large discretization error and slow computation with the use of
small relaxation parameters. Therefore, the main efforts should
be focused on the improvement of numerical scheme that would
provide accurate results with high speed of computation even
with high interaction parameter and Hartmann number. For the
practical application of the liquid metal MHD flows, prediction
of the flow fields in a realistic geometry should be enabled. For
this purpose, MHD flows in a body-fitted coordinate should be
investigated. Also, transient behavior of MHD flows should
also be studied to fully understand the flow characteristics in the
application.

3. Analytic solutions

In addition to the numerical solutions described above, analytic
solutions for individual geometries have been ongoing over the
past years. Analytic solutions are now available for conducting
and insulating ducts with varying cross section, varying trans-
verse magnetic field, and single-channel bends.

4. Approximate methods

A small amount of analysis has been done using "approximate"
methods to estimate pressure drop ‘and in some cases velocity
profiles [1]. These methods usually make apriori assumptions
about either the shape of the velocity profiles or direction of the
streamlines. For example, a possible approach is to assume slug
flow conditions. By assuming a known velocity field, it is
much easier to compute the electric fields and currents, and thus
the pressure field. This approach allows solutions in very
complex structures, since the MHD equations are not solved
directly.




2.4.3.2 Heat Transfer

Strong magnetic fields are known to laminarize MHD fluid flow
[26,45]. In this case, the energy equationm is relatively
straightforward to solve. However, since the velocity profile is
generally three-dimensional, analytic solutions for heat transfer
are extremely limited. Numerical solutions for laminar flow

conditions have been obtained primarily in straight ducts
[39,40].

One of the important issues remaining for laminar MHD heat
transfer is the effect of MHD boundary layers. For example, it
was shown in [85] that the peak wall temperatures are strongly
dependent on the velocity profile in side layers. Small changes
in the direction of the magnetic field can lead to changes in the
width, shape, and peak velocity in side layers, leading to sig-
nificant changes in the wall temperatures.

Another important issue for heat transfer is the possible presence
of nonlaminar flow at high magnetic fields. Experiments have
been performed in Israel and the Soviet Union [17] at relatively
low magnetic field strength, but the results suggest that two-
dimensional turbulence might be enhanced even at reactor values
of the magnetic field strength. Modeling of nonlaminar flow is

very difficult, and little work has been done to help predict the
effects on heat transfer. -




TABLE 7

TABLE OF MAIN SOLID BREEDER BLANKET MATERIAL
AND CONFIGURATION OPTIONS

MATERIALS
Solid breeder

Multiplier
| Structure
Coolant
Purge
MATERIAL FORM

Solid breeder
and Multiplier

Configuration

Li»O, Li 4510y, LiAlO, LiyZrOg
Be or possibly nonewith Li,O

Ferritic or Austenitic
Helium or Water

Helium + %H2

Sphere-pac or sintered block

Breeder-in-tube, Breeder-outside
tube, Layers




3. SOLID BREEDER BLANKETS

3.1 INTRODUCTION

Interest within the fusion community in solid lithium
compounds as tritium breeders in power reactor blankets has
grown considerably since the late 1970's. The solid breeders
offer potentially attractive alternatives to liquid breeders. They
avoid MHD problems, and in general have minimal or no
chemical reactivity with candidate blanket coolants and other
materials in reactor nuclear systems. However, there are issues
which need to be addressed such as the potential effects of
radiation on tritium release characteristics,temperature control of
solid breeders, and the need for a neutron multiplier.

3.2 DESIGN OPTIONS

The main solid breeder material and configuration op-
tions for a fusion reactor blanket are summarized in Table 7.
The options apply for commercial fusion power reactor or for an
experimental reactor which would typically operate at a much
lower power density and which would require tritium breeding
but not necessarily power production. The four breeding
materials shown will require the use of a neutron multiplier (Be)
to achieve adequate tritium breeding, with the possible exception
of Li,O which has the highest Li atom density. Li5O is also

attractive based on tritium release followed by Li22r03 and
Li4SiOy. Li5O is also favored based on low activation and so is
Li4SiO,4. However, Li5O in particular is hygroscopic and
exhibits poor chemical stability. LiAlO, has the poorest tritium

breeding and tritium release characteristics but is the most
chemically stable which warrants its inclusion as a solid breeder
of interest [54,57].

Be is probably the only multiplier of interest in conjunc-
tion with solid breeders, mainly because Pb, the primary alter-
native, suffers from stringent maximum temperature limitations
based on its low melting point and corrosion characteristics, and
from a relatively high threshold for the (n,2n) reaction.

o




The material form options for both the solid breeder and
Be are sintered block and sphere-pac. For Be, the sintered block
provides benefits of high thermal conductivity and possible de-
sign simplicity. Issues include effects of thermal expansion,
thermal stresses and prediction of thermal resistance at clad
interfaces. The sphere-pac form which is basically a packed par-
ticle bed is of particular interest for Be for cases where tem-
perature control is required (e.g. to accommodate power
variation) since the particle bed thermal conductivity could be
controlled through purge gas adjustments. However, the
effective thermal conductivity of a Be packed bed is significantly
lower than that of a sintered block. For solid breeders, the
attractiveness -of sphere-pac rests mainly on its potential for
uniform and predictable behavior under operating conditions as
opposed to a sintered block which might crack or fragment due
to high thermal stresses and whose interface conductance might
vary considerably. -

The choice ofstructural material will depend on the
operating conditions of the reactor. Cyclic operation, for ex-
ample, could favor austenitic if the temperature is pulsed below
and above the low ductile-to-brittle transition temperature of
ferritics. However, ferritic steels can operate at higher tem-
peratures and result in lower long-term. activation compared to
austinitic steels. The vanadium alloys generally favored for
liquid breeders are not considered with solid breeders because of
incompatibility with .water coolants and with impurities e.g.
oxygen, normally present in helium coolants.

He and H,O have been used extensively in fission

reactors and their problems are considered to be well under-
stood. They are the coolant choices here. Neither is influenced
by the magnetic field. Water has excellent heat transfer charac-
teristics and enjoys a well-developed technology for use in
power conversion systems. Its primary disadvantages are lower
thermal energy conversion efficiency and the high pressures re-
quired for containment in a power reactor. The primary
advantage of helium is that it can be operated at high temper-
atures without an absolute need for very high pressures and it is
chemically inert. Its principal disadvantage relates to its low
volumetric heat capacity-and radiation streaming [72]

A purge gas, normally low pressure helium, flows
through the solid breeder and is solely used for in-situ removal
of the tritium generated there so that it can be transported out of
the reactor to be processed and used as fuel for the fusion reac-
tion, thereby closing the fuel cycle. The purge flow rate is low.
Helium is the preferred purge gas since it is inert and tritium
removal from helium has been demonstrated in several experi-
ments. The addition of a small volume fraction of H, in the

purge (<1%) facilitates the tritium recovery through isotope
swamping.




Of the three configuration options listed in Table 7, the
breeder-outside-tube (BOT) option is particularly well suited
for the power reactor water coolant case. The high pressure
coolant flows in tubes which can accommodate the pressure
with the minimum amount of structure and could be double
walled for added reliability. The breeder is located outside the
tubes and the configuration results in minimum volume-
fractions of neutron-absorbing steel and adequate volume
fraction for tritium breeder as compared to the other
configurations. Fig. 10 shows an example of such a blanket
[42] which is modular (i.e., the blanket is made up of a
number of adjacent modules) with a semi-cylindrical actively
cooled first wall. The interior of the blanket is all breeding
zone. In this case, the first 20 cm of the breeding area contains
a mixture of 90/10 Be and. LiAlO, breeder to provide the

neutron multiplication’ for enhancing tritium breeding. The
remaining 32 cm is all LiAlOz. Both LiAlO, and Be are in

sphere-pac form with packing fractions of 80%. The sphere-
_pac form provides the possibility of adjusting the effective
thermal conductivity through control of the helium purge
pressure so as to effectively keep the solid breeder temperature
at the desired operating level for adequate tritium release. The
blanket is cooled with pressurized water flowing in double-wall
coolant tubes with a maximum pressure of 15 MPa, and inlet

and outlet temperatures of 280°C and 320°C respectively. The
tubes are spaced according to the blanket power density which
decreases exponentially with distance away from the plasma.

Figure 11 shows an example of 4 helium-cooled layered
solid breeder blanket with the solid breeder contained in plate-
type geometry [42]. It is a pressurized module design contain-
ing the 5 MPa helium. To provide adequate tritium breeding,
beryllium rods are placed in front of the solid breeder plates for
neutron multiplication. The plate geometry maximizes the blan-
ket breeder volume-fraction. A separate helium purge passes
through the breeder plates for tritium extraction. Coolant helium
flows through the module side inlet channels toward the plasma,
cools the first wall and turns at the apex of the module. It then
flows radially upward to cool the beryllium rods and breeder

lates.
P The two blanket examples above are for power reactors.
For a fusion experimental reactor, such as the International
Thermonuclear Experimental Reactor (ITER), the blanket re-
quirements are different. ‘Tritium still needs to be produced but
power generation is not required. Thus, safety and reliability
considerations point to a tritium-producing blanket with moder-
ate coolant temperature and pressure. A worthwhile objective is
to try to decouple the breeder operating temperature which

should be high (typically 400 - 800°C) for tritium release from




the coolant temperature. which should be low for reliability and
safety. A U.S. design for such a blanket is illustrated in Fig. 12
[58],59. It uses a layered configuration whereby the temper-
ature difference between the solid breeder and water coolant is
provided by a Be layer. The two layers of Li5O breeder have

minimum and maximum temperatures of 395°C and 487°C
while the water pressure and water inlet and outlet temperatures

are 0.6 MPa, and 20°C and 40°C respectively. The layered
approach in this context is believed to have advantages of
simplicity and relative economy. The Be layer can either be a
thick sintered block layer or a thinner sphere-pac region. The
advantages of the sintered block form here are its high thermal
conductivity and relative design simplicity, while the sphere-pac
form offers advantages of potential breeder temperature control.
A Japanese blanket design for ITER proposes the use of
a 75/25 homogeneous mixture of Be and Li,»O pebbles of 1 mm

diameter with maximum packing fraction of 60% [59]. The
configuration is shown in Fig. 13 and has the 1 MPa water
coolant flowing in tubes with inlet and outlet temperatures of

50°C and 100°C respectively. The proposed breeder temper-
ature control is a pressure-controlled helium gas gap surround-
ing the coolant tubes. The breeder region is purged by helium.
This type of Be/solid breeder homogeneous mixture is believed
to provide for maximum tritium breeding. However, the com-
patibility of Be and solid breeders, particularly in the radiation
environment, still needs to be assessed.

Fig. 14 shows cross-sections of a European concept for
a solid breeder blanket for an ITER-type device such as net [5].
The proposed concept is modular and consists of radial layers of
Be and solid breeder. The coolant is 6MPa helium with inlet and

outlet temperatures of 200°C and 450°C which are close to
power reactor conditions. Thus, whereas the two previous
concepts are for the basic blanket and they focus on moderate
temperature and pressure for reliability and safety, the goal here
is to operate a blanket test module at its maximum possible per-
formance for the given conditions of the experimental reactor.
Two independent coolant systems are used for safety reasons.
In the breeding region the coolant flows through tubes within the
Be layers while the helium purge flows through the breeder plate
region which contains sphere-pac Li4S10 4+ The Be and

Li4SiO,4 layers Have thicknesses of 21lmm and 6 mm

respectively resulting in reasonable tritium breeding. Similar
blankets with a BIT configuration are described in References
[61,62].

The next section will cover in more detail
thermomechanics issues relevant to the different solid breeder
configurations.




3.3 SOLIC BREEDER ISSUES

Several major solid breeder issues and problems are broadly
associated with the thermomechanical area. They include:

1. Breeder/multiplier tritium inventory , recovery and
containment

2. Breeder/multiplier/structure mechanical interactions;

3. Operation under off normal and accident conditions;

4. Structure mechanical behavior; failure modes and reliability;
5. Corrosion and mass transfer.

I should be noted that attaining adequate tritium breeding ratio is
a critical issue [9] for solidbreeder blandets, which stron gly
influences the thermomechanical design issues. These issues are
discussed below.

33.1B ltiplier Tritium Inventory. Recovery an
Containment :

Tritium recovery and control require understanding the
retention and transport of tritium within the breeder and
multiplier. The objective is to minimize the inventory of
radioactive tritium in the solid breeder and multiplier which
could be liberated under accident conditions. Typically, as
shown in Fig. 15, the tritium atom bred in the solid breeder
diffuses through the solid breeder grain, then through the grain
boundary to the bulk/pore interface where tritium adsorption
from the bulk to the pore surface occurs. Tritium then desorbs
to the pores in molecular form, diffuses along interconnected
porosity, and is finally convected by the helium purge to the
processing systems where it is recovered. All the above
transport mechanisms are strongly influenced by the operating
temperature range. For example, the characteristic time for
tritium diffusion in LiAlO, can increase by an order of

magnitude under a temperature decrease of 100 K, as shown in
Fig. 16. In addition, characteristics of the purge such as its
composition and flow rate also play an important role. Tritium
containment also falls under this broad category ; the main
concern is the permeation of tritium from the purge to the main
coolant. -

The combination of an allowable temperature window set
by tritium release considerations with a low thermal conductivity
and a high volumetric heat generation close to the first wail
results in strict design constraints. It also affects the degree of
operating flexibility of the blanket. Table 8 shows the thermal
conductivity of and typical temperature limits imposed on the
four major solid breeders of interest. The lower temperature
limit is generally dictated by the need to have fast enough tritium
transport processes, such as intergranular diffusion, to prevent
high tritium inventories. The higher temperature limit is usually
based on the occurrence of sintering which would close the solid




breeder pores, thereby hampering tritium release. The higher
temperature could also be limited by mass transfer
considerations; e.g. mass transfer of Li OT in Li2O.

bolid Breeder Thermal Conductivity Tax T inin

at 1000 K (W/m - K) (K) K)

. 1IMW-yr/m?2
Unirradiated irradiation

Li»O 38 . 25 1073 673
LinZrO, 1.8 1.3 1242 573
[i,4Si0,4 2.0 1.5 1000 623
LiAIO, 2.5 2.0 1242 673

able 8 Examples of solid breeder thermal conductivity and
lower and upper opera_ting temperature limits [54,63]

The imposed design constraints can be illustrated by
using Li,O as an example and assuming a typical heat generation

of 50 W/cm?3 in the first solid breeder region. Even when
making full use of the Li20 temperature window, the allowable

solid breeder first region thickness is limited to only about 9
mm. This thickness would be reduced even further to account
for uncertainties and/or variation in the power level. These
uncertainties range from basic properties such as the thermal
conductivity of irradiated materials to complex integrated effects
such as the thermal resistance of the interface between the
structure and solid breeders in a fusion environment. These
constraints on the solid breeder region thickness result in multi-
layer designs or multi-row designs for the BIT or BOT
approaches. Since each solid breeder region must be cladded,
the volume fraction of structure increases with the number of
solid breeder regions thereby reducing the tritium breeding
performance. Thus, one of the challenges of designing a solid
breeder blanket is to optimize the design within the given
constraints so that the resulting volume fraction and location of
solid breeder, multiplier and structure yield the maximum
possible tritium breeding to amply cover uncertainties in the
breeding predictions [64].




The purge flow characteristics can affect the tritium
release behavior. For example, addition of small volume
percentage of oxygen tends to increase the tritium inventory.
Addition of up to about 1% by volume of hydrogen has the
opposite effect and is thus used to boost the tritium release. For
example, Fig. 17 shows the effect of increasing the hydrogen
content in the purge from He = 0.01%H, to He = 0.1% Hy on

the tritium release for a Li22r03 sample in the MOZART

experiment [65]. The tritium release is increased tremendously
before returning to the steady state level. This can be explained
by the hydrogen swamping the adsorption sites on the solid
breeder and thus releasing the tritium originally covering the
sites. Another consideration that seems to be in conflict with
tritium release is tritium permeation from the breeder to the
coolant. Adding hydrogen to the purge gas can increase tritium
permeation while adding oxygen can reduce it.




Flow rate is another purge characteristic which can
influence the tritium release since the partial pressure of tritium
in the purge is directly proportional to its flow rate for a given
tritium generation rate. The partial pressure of tritium in time
influences tritium adsorption and dissolution in the solid
breeder. Even though the purge flow rate is small since tritium
removal is its only function, the flow inside the breeder area for
the purge is also small for maximization of solid breeder volume
fraction inside the clad. The resulting pressure drop for the
purge can thus be high enough to constrain the flow rate.

For example, Fig. 18 shows the purge pressure drop
along a sphere-pac solid breeder channel as a function of the
porosity for different Reynolds numbers and sphere diameter to
channel width ratios [66]. The corresponding pumping power

for a typical total blanket flow rate of 3m3/s is also shown and
can be seen to be reasonably low for sphere diameter-to-channel
width ratios greater than 0.1 and porosities greater than 0.2. For
porosities of about 0.15 - 0.2, as proposed in past designs [42],
the pressure drop is a binding constraint, being about 1 MPa for
a Re of 10. Typically the purge pressure is kept lower than the
coolant pressure to minimize tritium contamination of the coolant
in case of leaks. For a commercial helium-cooled reactor, the
coolant pressure is about 5-6 MPa[42] whereas for an ITER-like
reactor the coolant pressure is closer to 1 MPa[58]. From Fig.
18, increasing the Re from 10 to 100 would increase the
pressure drop by one order of magnitude, which is
unacceptable. '

Finally, trittum containment concerns relate mainly to
uncertainties in permeation affecting safety (tritium loss rate to
the environment), waste management (tritium imbedded in
blanket structure), and maintenance (tritium levels in the primary
system and reactor hall). Permeation barriers, such as an oxide
layer, substantially help in reducing permeation. Imposed limits
on permeation in effect are limits on the tritium partial pressure
in the purge and, thus, on the purge flow rate for a given
generation rate. Figure 19 shows the limiting HT partial
pressure for a LiAlO,/H,O/HT9/Be blanket [42] assuming 100
wppm H, in the purge as a function of the permeation limits for
a possible range of barrier factors (represented by IF). It is clear
that barrier factors can considerably alleviate the constraint on
the purge mass flow rate.

These are the types of considerations which are part of
trade-offs, in this case effectively between purge flow area and
tritium partial pressure, exerting opposite constraints on the
purge flow rate, for solid breeder blanket design.




3.3.2 Breeder/Multiplier/Structure Mechanical Interactions

The interface between the breeder/multiplier and the
surrounding blanket, normally through a metallic cladding, can
be an area where stress and heat transfer limits occur.
Uncertainties include the mutual loads and responses imposed
by the elements on each other. These can be caused, for

example, by swelling, (which is of particular concern for Li20O
and Be as shown in Figs. 20 and 21.

Changes in the effective gap thermal resistance at the
breeder and clad interface affects the operating temperature range
of the breeder for a given coolant temperature since it changes
the temperature rise between the coolant and breeder. In this
case, the separation distance between the solid breeder and clad
boundaries is a key factor that can change during operation due
to a number of processes including: (1) differential thermal
expansion between solid breeder and structural materials, (2)
solid breeder cracking and cracked fragment relocation,

(3) solid breeder densification due to thermal/radiation-enhanced
sintering, L )

(4) solid breeder thermal and radiation-enhanced creep, (5)
solid breeder radiation-induced swelling, and (6) time-
dependent deformation, such as creep and swelling of the
structural materials. ~» ,

The effect of the separation between breeder and clad and
of the temperature on the gap conductance is illustrated in Fig.
22 for the upper bound case when the separation is much larger
than the temperature jump distance [41]. The effect of changes
in the separation on the gap conductance is more marked at high
temperatures and correspondingly, the effect of an increase in
temperature on the gap conductance is substantially higher for
the smallest separation (1mm in this case). The temperature
effect on the gap conductance here is basically due to the helium
thermal conductivity increasing with temperature. Note that for
comparable geometriés, the effect of a change in the separation
on the overall region temperature drop will be much more severe
for a Be/clad interface than for a solid breeder/clad interface
since the thermal conductivity of Be is higher than that of a solid
breeder by a factor of 60 or more.

This particular thermomechanics area is an important
consideration in the choice of material form based on analyses in
references such as [54,42,67,68]. The sintered block form
offers high conductivity (in particular for Be) and potential
design simplification but suffers from gap conductance
uncertainties, thermal stress and cracking problems. The
sphere-pace resolves the cracking problem and is not as
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vulnerable to changes in gap conducture. However, its thermal
conductivity is lower than that of the sintered block
(substantially lower in the case of Be).

Information required to reduce uncertainties in this area
and to help in the choice of the material form include: (i)
swelling data for breeder ceramics and Be as a function of
temperature, microstructure and reactor-like fluence, and (ii)
effective thermal conductivity data including the interface
conductance for Be and breeder ceramics (for both sintered
block and sphere pac forms) as a function of temperature,
porosity and reactor-like fluence. :
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3.3.4 Off-Normal and Acci

Among the off-normal conditions of concern are those
operation changes that can affect the solid breeder operating
temperature range causing it to violate either the low or high
temperature limits. For example, both power reactors and
experimental reactors will be required to operate at power levels
different from their design points. Operation at power levels as
low as about 5% may be necessary for extended periods for
such purposes as startup and low-power operation during the
licensing period, or checkout of newly-installed components
such as replacement steam generators. In addition, uncertainties
in the thermal behavior of the blanket such as gap conductance
might result in the solid breeder operating range being lower or
higher than the design point, in particular for an experimental
reactor blanket. Clearly, a blanket that can be designed to handle
power variation and related uncertainties would provide
substantial operation flexibility and be particularly attractive.

An example of a design decoupling the solid breeder
temperature from the coolant temperature is shown in-fig. 13. In
this design, a thin helium gap provides the required thermal
resistance. Because of the low conductivity of helium, this gap
is small, about 1mm, and can possibly be used to control the
solid breeder temperature through adjustment of the gap gas
pressure (or even composition). However, such a small gap is
vulnerable to geometry changes during operation. Another
means of decoupling the solid breeder and coolant temperatures
is shown in the design of Fig. 12, where a large Be region
provides for the temperature drop between the hot solid breeder
and cold coolant. In any case, a certain amount of power
increase can be accommodated by allowing the solid breeder
operating temperature range to rise within the allowable
temperature window. For the design of Fig.12, active control
over the Be thermal conductivity would substantially increase the
allowable power variation for the blanket. For example, Figure
23 shows the allowable power increase for the blanket of Fig.
12 as a function of the uncertainty in the Be region thermal
conductivity for different controllability levels. The initial Li,O

operating temperature range is 400°C - S00°C and two cases of
maximum allowable Li»O temperature are shown: (1)800°C on

the left vertical axis and 1000°C on the right vertical axis. The
dashed line corresponds to a sintered block Be region and
includes the decrease in Be thermal conductivity with rising
temperature. For an assumed uncertainty of 20% in the Be
thermal conductivity and a maximum allowable Li,O

temperature of 800°C, the allowable power increase in increased
from about 15% to 60% going from a sintered block case to a
mere 30% controllability case. This active control could be
provided by the Be purge pressure, flow rate or composition
changes if the Be sphere-pace form is used. Few experimental
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data are available for packed bed effective thermal conductivity
as a function of pressure for Be-like solid thermal conductivity
and helium. However, Fig. 24[69] gives an indication of the
effect of pressure of single-size packed bed with 40% porosity
for Zr and N, whose ratio of conductivity is of the same order

as Be and He. The effective packed bed thermal conductivity
increases by about 80% when the pressure is increased from 0.1
atmto 1 atm.

There are of course other variables that need to be taken
into account such as the effect of surface characteristics, lower
porosity and multi-size packing. These need to be addressed
experimentally but the indications from existin g data and models
are encouraging in that use of sphere-pace Be could provide
substantial design flexibility in enabling power variation
accommodation by packed bed thermal conductivity adjustment
through purge gas control. .

Ideally, a blanket should be designed so as to be able to
passively accommodate accident conditions since it is difficult to
design an emergency cooling system. Of the two commonly
considered accident scenarios, loss-of-flow-accident (LOFA)
and loss-of-coolant=accident (LOCA), LOCA is most severe.
The safety objective is to prevent the afterheat causing
volatization of activation products. The economic objective is
even more binding since it is to protect loss of investment by
insuring that the material (solid breeder, structure and multiplier)
temperatures do not exceed the limits beyond which the materials
could operate and would then have to be replaced.

Reference [70] discusses thermal limits for passive
safety of fusion reactions for four different blankets, including a
Li,O/He/HT-9 blanket. The focus is on establishment of limits

for first wall loads to achieve passive protection of the plant as
well as public safety. Fig. 25 shows an example temperature
history following a LOCA in first wall and shield of the Li,O

blanket for SMW/m?2. In this case the analysis recommends a

limit of 3-6MW/m? for the neutron wall loading based on acute
structural failure considerations.

Another example of LOCA analysis, this time for a
helium-cooled solid breeder blanket proposed for ITER[71], is
discussed in Ref [73]. The resuits indicate that use of the helium
purge can greatly help to accommodate a main flow LOCA. Fig.
26 illustrates this paint by showing the first wall temperature
history following & main flow LOCA for different purge
velocities. Use of the purge, though, is an active measure and
the ultimate objective is still to design a blanket which can
passively accommodate LOCA for all flows.
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3.3.5 Structure Mechanical Behavior, Failure Modes and
Reliability

The major concerns in this category of issues can be divided into
three areas [74]: structure mechanical response, thermal power
transient response, and electromagnetic response. The structural
mechanical response to the environmental conditions includes
the mechanical behavior of the various structural elements during
blanket operation. The major material properties which lead to
loading within the structure are differential thermal expansion
and the differential dimensional stability of the material at
various locations throughout the blanket. These phenomena lead
to loading of the structure which is relieved by creep or crack
growth. These responses are then responsible for deformation
of the structure which may cause operational or maintenance
problems, or may lead to failure of the structure. The
thermal/power transient response of the structure must also be
understood so that potential failures due to this response can be
minimized through appropriate design. Normal transients
associated with the periodic cycling of the plasma burn can be
expected whether or not the fusion device is run in a cyclic or
steady-state mode. Off-normal power transients associated with
disruptions for example can also be envisioned. These
phenomena can lead to failure of the.structure and must be
adequately explored. - finally, electromagnetic forces can also
lead to loading of the structure. This loading can be either
steady state or transient ifi nature. Of particular concern are the
transients associated with plasma disruptions. These can lead to
large instantaneous leads on the structure, and the magnitude of
these loads must be understood.

In order to effectively design blanket components with
adequate structural lifetimes, it is necessary to develop
understanding of these phenomena in complex geometries and
over applicable environments. Perhaps the largest effort for this
issue will be the development of computer models which can be
used to assess blanket designs. The modelling needs include
relevant material ptoperties correlations and the extension of
fracture mechanics analysis to relevant geometries. Such models
couid then be used to develop design criteria for the structure.

Parameters affecting structural mechanical behavior
include both environmental parameter ranges and design related
factors. The important environmental parameters are the
maximum temperature and associated temperature gradient, and
the peak fluence and associated flux gradient. The temperature
gradient is the driving mechanism in the differential expansion.
Both the temperature and flux gradients are responsible for the
differential swelling if the material swells during its anticipated
lifetime. The variation of these environmental parameters
(particularly temperature and magnetic field) with time are also
important when considering transient response. Examples of
environmental ranges for present solid breeder blanket designs
are given in the BCSS report [42]. The major design related
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factors include both geometry and the joint configurations. The
overall geometry leads to possible regions of stress
concentrations within the structure which become potential
failure sites. The joining of materials within the structure such
as weldments will probably be required due to the complexity of
the blanket designs. These also represent regions of dissimilar
response or stress points whose responses are unknown and
difficult to model.

Reliability is an important consideration but can only be
thoroughly characterized through integrated experiments under
conditions as prototypical as possible. Determination of mean-
time-between-failures and mean-time-to-replace for the different
components becomes important to evaluate the overall effect on
the fusion reactor availability. More details can be found in
references {1] _

3.3.6 i . .

The material interaction issues may be divided into
interface (corrosion) and bulk (mass transfer) processes [74].
These interactions and their uncertainties are briefly discussed
below.

Coolant/Structure: For water or helium coolants and
stainless steel structure, corrosion is acceptable but not
negligible [75]. Concerns include identifying and achieving
optimum coolant chemistry, corrosion product deposition and
activity levels, and stress corrosion cracking{76]. Significant
discrepancies in corrosion rates exist between laboratory
experiments and operating values. The optimal coolant
chemistry for fusion.will be different because of the different
operating conditions (higher energy neutrons, neutron
sputtering, magnetic fields, structural alloys). However, while
further development will certainly be required for commercial
reactors, it does not pose feasibility concerns.

The possibility of magnetic field effects on corrosion
was considered in STARFIRE[76). Possible mechanisms were
identified, but none appeared to be a major concern for
steel/water systems. :

Several experiments have
investigated the reactions between structural alloys (steels,
transition metals) and solid breeders (LiyO and ternary oxides)

[77-80]. Early tests indicated severe corrosion by Li20 within

short periods of time (100 hrs). Subsequent experiments
identified the importance of LiOH and have led to breeder
operating limits in order to prevent LiOH formation near the
cladding. Under these conditions, the reactions are fairly limited
with 10mm scales forming over 1000 hrs, and a decreasing
reaction rate. Very little reaction has been observed between the
ternary oxides and steel (HT-9, 316SS) in sealed tube
experiments.

Uncertainties include the effects of the burnup-induced
stoichiometry changes, purge composition, and the corrosion

15




rate at end-of-life (> 20,000 hrs). Although not apparently life-
limiting, understanding the extent and kinetics of the reactions
defines temperature and possibly purge composition limits, and
supports efforts to understand the influence of the clad surface
0{1 greeder OXygen activity and on tritium permeation through the
clad.

Multiplier/Structure: Beryllium, the preferred multiplier,
can react with steel to form a hard surface coating. It has an
affinity for nickel, so NiBe is the most common compound with
high nickel steels (FeBe2 and BeC are also formed). Overall,

however, the interaction with stainless steels would be small at
the structural temperatures [77].

ipli : some blanket designs propose a
direct mixing of beryllium multiplier and solid breeder in order
to enhance neutronics and tritium recovery, and simplify the
thermomechanical design. . However, there are thermodynamic
concerns because of the affinity of Be for oxygen. The extent
and consequences of this mixing will depend on the source of
oxygen (whether the oxygen activity is maintained by the
"system" or the breeder) and on the reaction kinetics. ~ It is
possible that the reaction rate may be acceptably slow after an
initial BeO surface layer has formed. A BeO/breeder
combination might be chemically acceptable if no further mixed
oxides form (e.g., BeAl6Olo), or at least do not degrade the

behavior. The development of a phase diagram for the
breeder/beryllium system is needed.

ipli : Beryllium is reasonably compatible
with many blanket coolants, and is in direct contact with the
coolant in several designs [42]. Significant reaction with

oxygen occurs over 600-800°C, after which the reaction
increases rapidly until excessive embrittlement and possibly
burning occurs. The behavior with nitrogen is similar but
slower [76]. consequently, beryllium appears compatible with

reactor-grade helium up to about 700°C, with a protective oxide
layer forming{28). ‘High purity beryllium is compatible with
low-temperature high-purity water, but corrosion occurs if the
water is slightly ionized or if the beryllium is commercial-grade
purity. There are no conclusive data with respect to high
temperature water. Porous beryllium has a higher corrosion rate
due to the increased surface area [76,81).

lemmm d((’l:;ntact with l;lllgcm;n coolant (either
directly or through leaks)y not raise signi t compatibility
issues for present lithium-based oxide breeder materials which
are anticipated to operate with helium purge streams in many
designs [57]. Contact with water can lead to formation of
corrosive LiOH in Li,O and must be avoided.

+ The deposition of corrosion
products within the coolant stream may influence local heat
transfer and flow (e.g., around spacers or other channel
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discontinuities) and radioactivity levels (e.g., around valves).
Present reactor experience provides design guidelines for
minimizing these effects. It also appears than magnetic
corrosion product particles will not be significantly restrained
relative to the coolant flow [76].

B : Experience with fission reactor

fuels suggests that 10"/ MPaisa critical value for the onset of
appreciable vapor phase transport in a static atmosphere.
Thermodynamic calculations for the Li20, LiAlOZ and Li 4510 4

systems indicate significant LiOT and Li vapor pressure at
higher temperatures (1000°C) and even at 600°C for Li50 [82].

The transport of material within the breeder can lead to
restructuring, grain growth and pore closure, which could
significantly impact. tritium recovery and breeder
thermomechanical properties.

The loss of breeder material through removal of vapor is
probably most significant for
Li 20. Measured weight loss of Li,O in flowing He at 550°C
was 12%/yr with 93 ppm H,O in the helium, 3.8%/yr with
1ppm H5O, and 3.2%/yr in 1 ppm H,O and 1ppm Hy [77].
This is 2-3 orders of magnitude greater than those predicted
from equilibrium reaction kinetics, but could be explained by a
corrosion process with the container material. Further data,
including measurement of vapor pressures and material removed
up to high burnup, would be desirable. Other breeders may also

have significant vapor pressures and scoping tests could be
useful. : .
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3.4 Examples of R

The FINESSE study {74,55-57], carried out in the U.S.
with participation of specialists from Canada, Europe and Japan
has analyzed and quantified the important fusion technology
issues and defined the major experiments and facilities required
to resolve these issues. A test sequence for the major solid
breeder blanket-tasks developed as part of the study is shown in
Fig. 27. In time, there is a progressive increase on the level of
integration of the experiments. Much of the recent progress has
been achieved by obtaining fundamental property data and by
performing fission experiments which can be classified into two
areas: (1) solid breeder material irradiation experiments, and (2)
in-situ tritium recovery experiments. Since experiments can
never cover all possible ranges of relevant parameters, a
modelling effort is required parallel to the experimental program
to interpret experiments and to enable interpolation between and
extrapolation beyond available experimental data. Furthermore,
models are the primary tools for design.
Properties |

The property data base on the major solid breeders has
been considerably extended. A summary of the overall
properties of solid breeders and Be can be found in Ref. [54]. A
more thorough summary of the mechanical properties of Li,0,

Li 4Si04, LiA102 and Be is given in Ref.[83] while Ref. [84]

covers in details the physical and thermal transport properties of
lithium ceramics. The thermodynamics and tritium related
properties have also been measured and can be found in a
number of references such as [54,82,85-87]. Experimental
measurements of effective thermal conductivities to reproduce a
Be packed bed configuration in conjunction with the proposed
control of the Be region thermal conductivity for power variation
accommodation for ITER[88] have recently been made.

LXDCIIments

(1) Solid ] :
Table 9 summarizes the material irradiation experiments
completed and active worldwide since 1984. Solid breeder
materials have been irradiated in both thermal and fast reactors to
investigate the impact of irradiation on stability, trititum and
helium retention, and thermal conductivity. Relatively low
lithium burnups when compared to present commercial designs
were achieved, except for FUBR-1B whose burnup is
comparable to multiplied blankets. Among the findings is the
considerable swelling of LiyO as opposed to the ternary

ceramics, LiAlO, in particular. BEATRIX-II will also consider
the compatibility of lithium ceramic in contact with Be.

(2) In-situ Tritium Recovery: Worldwide (except
USSR) completed and on-going in-situ tritium recovery
experiments are summarized in Table 10. In many experiments,
such as TRIO[89], MOZART(65}, and VOM-23H[90], addition
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of hydrogen to the helium purge gas was found to substantially
boost the tritium release by effectively causing a reduction in the
tritium surface inventory. From the MOZART experiment [65]
as an example, Li»O was found to have excellent tritium release

behavior as evidenced by Fig. 28 which shows the tritium
residence time for MOZART samples of LiyO, Li22r03 and

LiAlO, as a function of temperature for the case of an helium
purge with 0.1% Hy Li>ZrO5 performance is close to that of
Li,O while LiA102 is found to have poorer tritium release

characteristics.
From the LISA experiment [91], LiySi0 4 exhibits

reasonably good tritium release characteristics but not as good as
the MOZART Li30 and LiyZrO; samples. Note, however, that

specifics such as the sample microstructure, for example, can
play an important part in the release behavior and attempts at
generalizing results must be done very carefully. This is where
modeling plays a key role to enable extrapelation of results from
specific cases to a range of parameters.

Modeli

A fundamental part of the R&D plan for solid breeders is
the development of predictive capabilities which are necessary to
design, construct and operate the solid breeder blanket
component. This requires a highly interactive program of
theory, modeling and experiments. Theory and modeling are
both used in planning and designing experiments to maximize
their benefits, and-in understanding experimental data and
extrapolating them to different parameter ranges of interest.

Recent progress in modeling includes (1) modeling of
tritium transport in solid breeders, (2) modeling of purge gas
behavior and (3) modeling of pebble bed conductance as a
means of controlling the solid breeder temperature.

iti ing: Models have focused on the
processes of tritium diffusion through the grain and desorption
from the grain surface and have been able to reproduce
reasonably well the tritium release observed experimentally
particulariy for temperature transients [90,92,93]. A
comprehensive model for tritium transport is MISTRAL[93]
which includes the processes of tritium diffusion through the
grain and grain boundary, adsorption from the bulk, desorption
to the pores (and ‘adsorption from the pores), and diffusion
along interconnected porosity. The key processes are the
surface processes (adsorption and desorption) which need to be
correctly included in the model in particular for modeling purge
hydrogen concentration transients.

Purge Modeling: Modeling of the helium purge
characteristics for flow through a solid breeder or Be packed bed
using the Modified Darcy's equations [66] showed the constraint
due to the pressure drop in particular for low porosity cases.
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The flow rate design window will be dictated by the maximum
allowable pressure drop on the upper end and by the maximum
allowable tritium partial pressure based on permeation limits on
the lower end.

Packed Bed Conductance: Modeling the effective
thermal conductivity of solid breeder and Be regions is
becoming increasingly important in particular when considering
the need for solid breeder blankets to accommodate power
variations. A packed bed configuration offers the potential of
varying the effective conductivity through purge flow rate,
pressure and/or composition changes. several models exist for
estimating the effective conductivity of a packed bed as a
function of various parameters (e.g. Refs. [94,95]). However,
in the case of high conductivity Be particle packed bed,
parameters such as the contact area and surface characteristics
become particularly important. A modeling effort is underway
to build up on past efforts and to develop a model particularly
suited for high conductivity particle packed beds [88[.

iC: i : Unfortunately, very
little effort has been spent on the purely thermechanical testing of
solid breeder blankets due mainly to resource limitations and
perceived priorities. The available resources have been focused
mostly on tritium related experiments which are thought to
address key issues for: solid breeders. One of the few purely
mechanical tests is described in Ref.{96) and addresses the
structural response of a NET canister type blanket elements
under accidental overpressure.
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Mechanisms of Tritium Transpor|
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