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3. LIQUID METAL BLANKETS

3.1 1Introduction o N

In order to assess the feasibility and attractiveness of fusion nuclear
components, it is necessary first to characterize the environment in which
they will operate and to provide at least general design features: for
example, possible geometries, materials, etc. In the past several years,
fusion reactors have  become sufficiently well characterized to allow for

detailed, self-consistent designs of nuclear components, including the blan-

ket.

However, current designs of liquid metal blankets possess a large number
of uncertainties, covering a wide range of technical disciplines., 1In many
cases, the level of uncertainty is so great and the amount of data so small
that a judgement on blanket feasibility cannot be confidently made at the
present time. A large and comprehensive program of research and testing will
be required in order to reasonably meet the goal of providing information to
judge the feasibility and attractiveness of fusion reactor blankets. Using
the reactor and blanket designs which are known today, the most critical
uncertainties in blanket operation have been identified and possible scenarios

for resolving these uncertainties have been examined.

The results and conclusions have been made as generic as possible.
Nevertheless, in many cases it is necessary to adopt a specific design or set
of designs for quantitative analysis., Throughout this study there are impli-
cit and explicit assumptions regarding the blanket and its operating environ-
ment. This 1is true in the definition of the issues, in the evaluation of
dimensionless ratios and properties, and in the choice of experiments. When
specific parameters or design features are critical, the BCSS self-cooled
lithium design with vanadium alloy structure[ll and the MARS self-cooled LiPb
design with ferritic steel structure[z] are used. Reference values of the
major device parameters are given in Table 3.1-1. Assumptions about the

" blanket operating environment can have as strong an impact on testing as the

designs themselves,

3.1.1 Overview of Chapter 3
The major blanket issues are first surveyed in Section 3.1. The survey




Table 3.1-1. Major Device Parameters and Blanket Characteristics Considered

neutron wall load 5 MW/m?

surface heat flux 0-1 MW/m?

peak magnetic field in blanket up to 7 T

flow path length up to 9 m

blanket fluence lifetime 10-15 Mw-yr/m2

burn cycle long burn and steady state
channel geometry self-cooled geometries

is brief, since a more thorough study has already been completed[3]. In
addition, further details exist in the separate subsections of this chapter.
In Section 3.2, existing data and experimental facilities are summarized in
order to provide a frame of reference for the proposed new experiments. New
testing needs are then considered and the key experiments are described in

Sections 3.3-3.6.

The experiments are classified according to their level of integratiom.
An increased level of integration corresponds roughly to increasing design
detail and an increasing number of environmental conditions. The type of
information obtained from an experiment depends strongly on the level of
integration. Less integrated tests explore individual phenomena and verify
detailed theoretical models. More highly integrated tests provide verifica-
tion of global systems models and serve to partially validate component

operation,

In FINESSE, five classes of tests have been defined, as shown in Table
3.1-2. Section 3.3 describes basic measurements, 3.4 describes single and
multiple effects tests, 3.5 describes partially integrated tests, and 3.6
describes integrated tests. The experiments are described in enough detail to

determine the major cost items and the nature of the information which will be
obtained.
For blanket research and development, more emphasis has been placed on

the required testing rather than required theory, It is acknowledged that a

substantial theoretical and modeling effort will also be required to adequate-—



ly resolve  the issues. In general,  experiments and theory go hand-in~hand:
experiments are designed to validate theory, as well as to provide empirical
information and for proof testing. Experiments act as more visible elements
in the development program and amount to larger single expenditures. It is
intended that more detailed analysis of theory needs will be performed in the

future.

In order to minimize the cost of performing experiments, it is important
to determine the essential parameters which affect the phenomena being ex-
plored and their relevant ranges. In some cases this requires detailed
analysis to obtain appropriate scaling relationms. We have attempted to
provide a sound basis for the choices of sizes and parameter ranges for the
proposed experiments. In some cases, the existing data are so scarce that

scaling of design parameters is difficult.

Table 3.1-2. Levels of Integration and Types of Information

Obtained from Experiments

Basic Measurements properties; no geometric effects

Separate Effects phenomena exploration under individual

_environmental conditions; simple geometries

Mutiple Effects phenomena exploration, multiple environments,

more relevant geometries; semi-empirical

Partially Integrated component/sub-system verification and empirical

correlations with most environmental conditions

Integrated component/sub-system verification under all
environmental conditions; evaluation of

reliability and failure modes




Having defined the testing needs and the minimum requirements for ade-
quate testing, it is possible to define facilities and test scenarios. The
facilities are defined by identifying the major elements, so that the general
characteristics of the facilities can be understood and order of magnitude

cost estimates can be made.

Section 3.7 contains rough cost estimates for the key experiments identi-
fied. Both capital costs and operating costs are treated, including staff
requirements to operate the experiments and to analyze data. Finally, in
Section 3.8, the experiments are considered together as constituting a com-
plete test plan. Characteristics of test plans are discussed and several
alternatives are given. These alternatives attempt to indicate the effect of
cost costraints, number of design options, time constraints, and other aspects
of the test plan. A method for evaluating test plans is presented such that

the cost and benefit of different possible nuclear technology development

pathways can be compared.

3.1.2 Summary of Critical Liquid Metal Blanket Issues

A testing issue is defined as an uncertainty which has a significant
impact on blanket behavior. . The signifiéance of an issue 1is related to the
level of uncertainty and the potential impact. Issues which have such a large
impact on blanket design that their resolution could rule out the blanket on
strictly technical grounds are called feasibility issues. The resolution of
other, less serious issues may demonstrate that a particular blanket is

economically or environmentally undesirable. These are known as attractive-

ness issues.

Table 3.1-3 summarizes the different types of issues. Generally, a
feasibility issue is more important than an attractiveness issue, but in many
cases the difference between feasibility and performance 1is only a matter of
degree, such that a judgement on the nature of the issue is subjective. The
testing issues have been described in great detail in previous work[z] and are
also summarized in Chapter 2. Table 3.1.4 reviews the broad categories of
most critical issues, each of which contains many aspects, or sub-issues,
These broad issues are described here to give a general understanding of the
nature of the issues and their uncertainties. More detail can be found in the

individual sections describing the experiments.

3-4



Table 3.1-3. Characterization of Issues

- Feasibility Issues

May Close the Design Window

May Result in Unacceptable Safety Risk

May Result in Unacceptable Reliability,
Availability, or Lifetime '

Attractiveness Issues
May Reduce System Performance
May Reduce Component Lifetime
May Increase System Cost
May Have Less Desirable Safety or

Environmental Implications

Table 3.1-4. Generic Liquid Metal Blanket Issues

1., MHD Effects
A. Pressure Drop and Pressure Stresses
B. Fluid Flow and Heat Transfer
2. Materials Interactions (Corrosion)
A. Mass Transport
B. Structural Properties Degradation
3, Tritium Control |
A, Tritium Extraction from the Breeder
B. Tritium Transport in the Primary Cooling System
4, Irradiation Effects on Material Properties
5. Structural Response in the Fusion Environment
6. Failure Modes | ’
7. DT Fuel Self-Sufficiency




In general, the magnetic field plays an impogtant role in many aspects of
liquid metal blanket operation. Because of its dominant influence on the vel-
ocity profiles, both heat transfer and mass transfer are strongly affected.
Hence, thermal stresses, pressure stresses, and failure modes are all highly
dependent on magnetohydrodynamic (MHD) effects. MHD provides a great deal of
added uncertainties to problems which are either simple to describe or well
studied in the absence of a magnetic field. The critical MHD uncertainties

relate to pressure drop, fluid flow, and heat transfer in complex geometries.,

Materials compatibility is a special problem for liquid metal blankets,
both because of a general lack of data and because the design window can be
strongly affected. Both lithium and LiPb are much more corrosive than sodium,
which is relatively well-studied. Relatively low temperature limits due to
dissolution of steel force us to explore advanced high temperature alloys,

such as vanadium alloy, as well as innovative techniques for impurity control.

Tritium inventory control in liquid metal systems is generally easier to
handle as compafed to solid breeder blankets. The principal problem areas
relate to efficient extraction from the breeder and adequate control over
permeation. At present, the issue of tritium control in lithium blankets is
not considered a feasibility issue. For Li,,Pbgs, the very low solubility
leads to very high required extraction efficiency in order to maintain loss
rates through the heat exchanger within acceptable limits., Effectiveness of

tritium permeation barriers and double-walled piping are both important

issues,

The mechanical response of liquid metal blankets is very complicated,
owing to the complex loading conditions (MHD pressure stresses, thermal
stresses, etc.) and to the effects of irradiation on the basic materials
behavior. Irradiation swelling and creep, changes in ductility and other
basic properties, helium embrittlement, and other irradiation effects are all
important to a greater or lesser degree in the primary candidate structural
alloys, which includes austenitic and ferritic steels, and refractory alloys.
" Modes of failure have been examined, but determination of unknown failure

modes, failure rates and probabilities will require integrated testing.

The final issue listed in Table 3.1-4 is tritium breeding. The margin
for tritium self-sufficiency 1is fairly high in self-cooled 1liquid metal

blankets. This margin could be reduced in helium cooled designs and may
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Figure 3.1-1. Thermomechanical design window

become critical if partial coverage is mandated by blanket cooling con-

straints.

The importénce of feasibility issues is well characterized by the design
window concept. An example of a design window is illustrated in Figure 3,1-1,
which demonstrates the importance of heat transfer, fluid flow, corrosion, and
pressure stresses in determining the feasibility of a self-cooled blanket with
poloidal manifolds and toroidal first wall cooling channels. The MHD pressure
drop is directly proportional to the velocity of the coolant. In the inboard
blanket of the reference design (B=7T), the maximum allowable pressure stress

under irradiation (105 MPa @150 dpa) limits the coolant velocity to approxi-

mately 30 cm/s.

Conflicting with this requirement is the need to adequately cool the
structures in order to maintain temperatures below the limits imposed by

corrosion mass transport and materials properties degradation at high tempera-
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ture under irradiation, For vanadium, the maximum interface and structure
temperatures have both been recommended to be approximately 750°C (BCSS).
(For steels, the iﬁterface temperature limit is generally lower than the
structure temperature limit.) The minimum necessary flow velocity depends on
the amount of energy deposited in the blanket, including both bulk heating and
‘first wall surface heating. The heat source 1is roughly proportional to the
neutron wall load, which must exceed a certain value governed by economic

considerations. These simultaneous requirements present a very narrow design

window, as indicated in Figure 3.1-1.

In Figure 3.1-2, the uncertainty in blanket behavior is plotted over the
design window. The overall 1level of uncertainty in the temperature was
estimated by assuming a 30% reduction in the heat transfer coefficient due to
the effects of MHD velocity profiles. This also corresponds roughly to a
reduced maximum allowable structure temperature of 650°C or a reduced maximum

allowable interface temperature of 550°C. The overall level of uncertainty in
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the pressure drop was estimated to be approximately 50%, due primarily to 3-

dimensional MHD effects.

Any phenomenon for which the uncertainty is bomparable in size to the
design window is a critical feasibility issue. Therefore, MHD pressure drop,
MHD fluid flow, corrosion, and materials properties under irradiation are all
critical issues for the feasibility of liquid metal blankets. Tests have been
identified for each of these in an attempt to reduce the. uncertainties to

sufficiently low values to allow for a confident determination of feasibility.

References for Section 3.1

1. D. L. Smith, et al,, Blanket Comparison and Selection Study, Argonne
National Laboratory, ANL/FPP-84-1, September 1984.

2. C. D. Henning, B. G. Logan, et al., "Mirror Advanced Reactor Study - Final
Report,” Lawrence Livermore National Laboratory, UCRL-53480 (1984).

3. M. A. Abdou, et al., "FINESSE: A Study of the Issues, Experiments, and
Facilities for Fusion Nuclear Technology Research & Development (Interim
Report)”, UCLA, PPG-821, also UCLA-ENG-84-30 (1984).



3.2 Survey of Existing Data and Facilities

3.2.1 Survey of Existing Data

3.2.1.,1 Materials Properties Data

The properties of 1lithium are well known, and have been assembled into
the Materials Handbook for Fusion Energy Systems.[ll Selected properties can
also be found in the appendix to this chapter, including thermophysical and

chemical data.

In contrast to lithium, thefe is a general lack of materials properties
data of LiPb. Over the past two years, the material properties data base of
17Li-83Pb has been built significantly, but much of the important information
is still unavailable. Furthermore, the accuracies of the available data are
uncertain. Those material properties which have been measured are listed in
Table 3.2~-1. The properties which have not been measured are listed in Table
3.2-2., For most cases, only a few scattered data points are available at

best, The appendix contains data for the properties of LiPb which are known.

Table 3.2-1. Material Properties Available for LiPb

Progertz

Phase Diagram
Sievert's Constant
Lithium Activity

Density

© & o o o

Thermal Expansion
Coefficient

Electrical Conductivity
Vapor Pressure
Neutronic Data

Specific Heat < 3000C

o o & o o

AH of melting
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Table 3.2-2. Material Properties Unavailable for LiPb
(suggested design values are based on lead properties)

Thermal Conductivity

Viscosity

Specific Heat » 3000C
Solubility of Iron, Nickel, etc.
Diffusivity of Tritium

AH of Reaction with Water

AH of Reaction with Air

3.2.1.2 Data on Liquid Metal Corrosion

Experimental data on the corrosion behavior of several austenitic and
ferritic steels in liquid lithium and 17Li-83Pb environments have been ob-
tained in static liquid—-metal pots or capsules as well as in circulating sys-
tems such as thermal convection loops (TCLs) and forced-circulation loops
(FCLs).2724%  The experimental conditions for the corrosion data in liquid
lithium and 171L1i-83Pb are summarized in Tables 3.2-3 and -4, respectively.
Relatively little data are available on corrosion in 17Li-83Pb environment.
Recent experiments with static and circulating 17Li-83Pb indicate that the
dissolution rates are substantially greater than those in lithium. In both
environments austenitic stainless steels, e.g., Types 316 and 304 stainless
steel and primary candidate alloy (PCA) develop a ferritic layer due to
preferential depletion of nickel and to a lesser extent chromium from the
surface; whereas, the ferritic steels, e.g., HT-9 alloy and Fe-9Cr-1Mo steel,
show little or no surface degradation. Intergranular penetration of both
ferritic and austenitic steels has been observed in lithium containing high
(>1000 ppm) concentrations of nitrogen,

For most studies, the corrosion behavior has been evaluated in terms of
weight loss per unit surface area and/or as depth of internal corrosive pene-

tration., However, the rate of weight loss is expressed either as the average

value for the entire time of exposure or as the steady-state value attained
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after the initial transient period of high dissolution rates. For austenitic
stainless steels, the difference between the average and steady~state dissolu-
tion rates can be significant, particularly for long exposure times. Further-
more, the system parameters such as flow velocity, AT, surface area of the
liquid-metal system, and liquid metal purity vary significantly for the vari-
ous investigations. The existing experimental data are insufficient to accur-
ately establish the influence of the different material and system parameters

on the .corrosion behavior of structural materials.

3.2.1.3 Data on MHD Effects in Liquid Metals

Recent studies indicate that local heat transfer and stress on structural
members are critical issues for design. Those issues depend directly on MHD

effects.

The theory for fully developed flow in circular and rectangular straight
ducts is fairly well understood. Although experimental confirmation of the
theory has been limited to the Hartmann Number of M < 500, the theory is ex-
pected to be valid to the reactor region of M ~ 105. The uncertainties of MHD
are centered around three—dimensional effects, The three-dimensional effects
can be caused by one or a combination of the following factors, all of which
will probably be present in fusion reactors: (1) changing of B; (2) changing
of v; (3) changing of fluid cross-section area; (4) changing of conductivity

(thickness) of duct wall; and (5) interaction of eddy current.

The region of experimental data available and that required by fusion
liquid metal blankets are shown in Fig. 3.2-1. The only three-dimensional
data that include velocity profiles measurements have been obtained at the
interaction number of N ~ 1 and M ~ 102, and in nonconducting ducts. No
experiments have been performed with parameters and complicated configurations

relevant for fusion reactor blankets.

3.,2,2 Test Facilities

3.2.2.1 Corrosion Loops

There are six lithium or 17Li-83Pb loops available in the U.S. These are

capable of performing different functions.
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(a) ANL Loops

Two liqiud metal loops are available at ANL, Both are forced-convection
loops. The first is designed primarily for low-cycle fatigue tests in a flow-
ing lithium envirounment of controlled purity. The second is designed to meas-

ure dissolution rate in flowing 17Li-83Pb.

The facility for conducting fatigue tests in a flowing lithium environ-
ment consists of an MTS closed~loop servo-hydraulic fatigue machine with an
associated forced-flow liquid lithium loop. A schematic diagram of the test
facility is shown in Fig. 3.2-2, The lithium loop, which is comnstructed of
Type 304 stainless steel, consists of three test vessels and a cold-trap puri-
fication system. The quantity of lithium in the loop was ~20 liters, and the
lithium within the test vessel was recirculated at ~1 liter/min. The cold-
trap temperature was maintained at ~480 K. Filtered lithium samples were ob-
tained for analysis of nitrogen and carbon in lithium. The hydrogen concen-
tration in lithium was established by equilibrating yttrium samples in lithium
and using the reported data on the distribution of hydrogen between ytrrium
and lithium. During the fatigue tests, the concentration of carbon and hydro-
gen in lithium was ~8 and 120 wppm, respectively. The nitrogen concentration
was maintained at ranges of 100-200, 500-700, or 1000-1500 wppm (designated

low-, medium—-, and high-nitrogen, respectively).

Corrosion tests were also conducted in a forced-circulation, 17Li-83Pb
loop consisting of a high-temperature test vessel with a heat-exchanger sec-
tion and a cold leg. The eutectic alloy was prepared in a separate vessel and
transferred into the loop. The total volume of the loop is ~2 liters. A
schematic of the loop and the mixing vessel is shown in Fig. 3.2-3. Flat cor-
rosion specimens, ~70 x 10 x 0.3 mm in size, of Type 316 stainless steel,
prime candidate alloy (PCA), Fe-9Cr~1Mo steel, and HT-9 alloy were exposed to
flowing 17Li-83Pb at 727 and 700 K (454 and 427°C) for up to 3300 h. The

specimens were periodically removed from the loop for weight-change measure-

ments.,

(b) ORNL Loop
The natural convection loop used by ORNL is shown in Fig. 3.2-4, The

velocity of 2.5 cm/s is driven by a temperature difference of 150°C. The loop

is designed to allow the coupons to be inserted and removed from the hot and
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cold legs without stopping the lithium flow. 1In this way specimen weight and
microstructural changes can be measured as a function of exposure time. In
addition, the location of specimens in both the hot and cold legs permits the
measurement of any mass transfer tendencies. Samples of lithium for chemical

analysis can also be taken without disrupting flow.

The 1lithium used in the loop was purified by cold trapping and subsequent
heating at 815°C for 100 h in a titanium-lined pot containing zirconium foil.

Typical impurity concentrations of the purified lithium were 30 to 80 wt
ppm of nitrogen and 30 to 130 wt ppm of oxygen as measured by a micro~-

Kjeldahl technique and neutron-activation analysis, respectively.

(c) Bimetallic Lithium—Pumped (BLIP) Loop of ETEC

The BLIP loop (Fig. 3.2-5) is a small, self-contained assembly mounted on
a support skid. It was designed to provide a small-scale, experimental oper-~
ating lithium loop for prototype testing of an electromagnetic pump, permanent
magnet flowmeter, purification system plugging meter, bellows—seal globe
valves, and analysis of dissimilar metal interactions. The loop was installed

in the Static Sodium Test Facility of ETEC.

Construction of the skid-mounted BLIP loop was completed in 1979 and
testing was initiated in FY-1981. The areas of major concern addressed by
testing were:

o Efficiency of the isothermal purification tank.

e Operation of the electromagnetic pump, flowmeter, and plugging tank.

e Stability of carbides in 2-1/4 Cr-1Mo material.

o Extent of nitrogen absorption by stainless steel pipe.

o Migration of lithium into cover gas supply lines.

(d) Experimental Lithium System (ELS) Loop at Hanford

ELS contains 3800 liters of lithium in a stainless steel system, com-
prised of a main loop and a smaller chemistry loop. The main loop electromag-
netic pump circulates lithium isothermally to 427°C, and flow rates to 38
liter/s through a jet-forming nozzle (“the target”). The chemistry loop has a
cold trap, hot trap, plugging temperature indicator, sampling apparatus, and

an impurity addition device., ELS is computer controlled and capable of con-
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tinuous unattended operation. A unique feature is the ability to operate with

either argon cover gas or a vacuum at the free surfaces of the lithium.

An isometric view of the system is shown in Fig. 3.2-6. the main loop
includes an Annular Linear Induction Pump (ALIP), throttle valve, EM flowme-
ter, target, surge tank, air-dump heat exchanger, and dump tank. The supply
line from the pump to the target is a 10-cm (4-in.) Schedule 40 pipe, and the
return line is a 15-cm (6-in.) Schedule 40 pipe. The target forms a lithium
jet 10 cm wide and ~2 cm thick, with a velocity of 17 m/s. In FMIT the deu-
terion beam will continuously deposit 3-1/2 MW in a volume of ~5 cmd3 within

the jet.

A smaller insoluble side loop -- the chemistry loop -- circulates lithium
through a stainless steel mesh cold trap, titanium foil hot trap, flow-through
tube sampler, thief sample, and plugging temperature indicator (PTI). Charac-
terization capability includes a resistivity meter for determining approximate
lithium impurity concentrations. This side loop also has a section for test-

ing small valves, orifices, and mechanical fittings.

(e) University of Wisconsin Lithium Loop

The flow loop, shown schematically in Fig. 3.2-7, is constructed entirely
of Type 316 stanless steel. The loop is filled with "low sodium”™ natural
lithium which was hot trapped with titanium at 600°C for one week and was then
charged to the loop through a 7-micron stainless steel filter. High purity

argon is used as a cover gas to protect the lithium from the atmosphere.

Four sets of coupons are tested simultaneously in parallel channels in an
isothermal hot zone of the loop at a temperature up to 500°C. The 16 coupons
in each test section are held together coaxially by split-tube stringers to
form a continuous tubular assembly with the inner wall exposed to the lithium

stream.

3.2.2.2 LMMHD Loops

In 1984, the U.S. D.0.E. Blanket Technology Program implemented experi-
mental and analytical tasks in LMMHD. A facility is currently in preparation
at Argonne National Laboratory and will consist of a NaK loop and two Tesla

split-frame copper and iron magnets. Figure 3.2-8 shows a schematic of the
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loop. The properties of NaK allow a good simulation of the liquid metals of
interest for fusion (lithium or LiPb) under experimentally acheivable condi-
tions, NaK was favored over lithium or LiPb because operation at room temper-
ature simplifies both the requirements for the loop and the instrumentation of
the test assemblies, For example, epoxy-sealed couwponents can be used and
there is at least limited experience with hot film anemometry in NaK systems.
NaK was selected over mercury because its thermophysical and electrical prop-
erties are much closer to lithium and its higher conductivity will permit

magnetic interaction parameters about two orders of magnitude higher than

mercury.

The facility will be completed early in 1985. General features of the
loop are 300-400 gpm maximum flow, 50-100 gal of fluid volume (depends on test
article), and 100-150 psi maximum pressure and magnet pole face 0.8 x 1.9 m
with an 0.2-m separation.

Upgrading the magnet to 2.8 tesla by adding pole-face inserts and addi-
tional coils is an attractive future option. The MHD effects generally scale
with the square of the field (BZ). For example, an increase from 2.0 to 2.8

Tesla would double the magnetic interaction parameters.

The loop and test articles will be instrumented to measure local pres-

sure, flow, local velocities and voltages, and (electrical) currents.

References for Section 3.2

1. Materials Handbook for Fusion Energy Systems, Department of Energy Report,
DOE/TIC-10122 (April 1980).
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3.3 Basic Measurements

As discussed on Sec. 3.2, most of the basic information for lithium is
available. An exception is the diffusivity of tritium in 1lithium, which may
have a major impact on tritium recovery. There has been only one measurement

and its accuracy is uncertain.

For 17Li-83Pb, the picture is completely different. Not only are many of
the useful material properties not available, but the exiting data cannot be
confirmed either because there is only one measurement or the data are not
consistent between different measurements. The total set of material data has
to be carefully re-assessed and re-evaulated to ensure its accuracy. The set
of material properties required include all of those given in Tables 3.2-1 and

3.2-2. The method to measure these properties is straightforward.
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3.4 Separate and Multiple Effects Experiments

In this section, separate and multiple effects testing needs and associa-
ted modeling are reviewed for each class of issues. The important test
conditions are considered, and scaling is explored to reduce the cost of
obtaining the required information. From the testing needs, the reqired
experiments and individual facilities are defined. The resolution of testing
issues generally requires a combined program of modeling and experimentation.
The ultimate goal is to develop and demonstrate the predictive capabilities

needed to design blankets which can be shown with confidence to operate within

acceptable safety margins.

For some 1issues, such as thermomechanical response and failure modes
under irradiation, the safety margin can be small compared to the design
requirements and the contributing uncertainties. There are many interrelated
factors which determine the structural response, such as MHD-related loading
conditions, materials behavior under irradiation, component fabrication tech-
nique, and even neighboring component interactions. Very integrated tests are

required to satifactorily resolve this issue.

For more specific issues, such as MHD pressure drop, the number of
relevant environmental conditions is substantially 1less - in this case,
primarily the magnetic field and geometry. It is possible that testing in
separate and multiple effects non-neutron test stands alone can adequately

resolve this sub-issue.

Separate and multiple effects testing are important for two reasons:
first, they are the principal means to verify theory and modeling efforts to
obtain predictive capabilities. Second, some of the largest uncertainties may
be resolved under a limited number of environmental conditions. This allows
for a cost effective means to screen candidate designs and demonstrate feasi-
bility. ‘

It is desirable to experimentally verify the performance of liquid metal
blankets under actual reactor conditions, i.e., with reactor relevant dimen-
sions, magnetic field strength, etc. However, it is expensive to perform
experiments under full scale conditions. In separate and multiple effects
testing, the number of unknowns (or variables) 1s generally small enough such

that adequate information can be obtained under reduced test conditions. If
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the conditions are reduced too much, phenomena in test stands may be quite
different from those in a real blanket. 1In determining the size and parameter
ranges of experiments, it is therefore important to explore the relevant

phenomena involved and the allowed ranges of operation.

Table 3.4-1 shows the separate and multiple effects testing issues which
are treated in this section. For each issue, the suggested testing scenario
is defined. A test scenario considers several factors which define the
usefulness of the experiments, including:

a, required facilities

b. the relationship between individual experiments

c. the development requirements for executing the tests, for example,
instrumentation, provision of bulk heating, etc.

d. the relationship to theory and modeling efforts

e. the relationship to other program elements, for example, PIC testing
f. the nature of testing for different assumption of blanket materials
and design choices

g. different possible approaches to testing and model verification, for

example, analytic, empirical, and semi-empirical methods
Generally, one or two "milestone" facilities exists for each class of

issues., The features of these milestone facilities are described in suffi-

cient detail to allow rough cost estimates and evaluation of the benefits of

Table 3.4~1. Separate and Multiple Effects Testing Issues

MHD Pressure Drop
MHD Fluid Flow

Heat Transfer

®» o o o

Mass Transfer
Tritium Recovery
MHD Insulators

Electromagnetics

Tritium Breeding
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the experiments. The major cost items, such as magnets, heaters, instrumenta-
tion, etc., and operation of the facility are described. In some cases,

milestone experiments are already planned or in place.
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3.4.1 MHD Flow Phenomena

3.4.1.1 1Introduction

Magnetohydrodynamic (MHD) effects are recognized as being responsible for
major feasibility issues for self-cooled 1liquid metal blankets. As a result,
the design of liquid metal blankets is driven primarily by MHD considerations.
The &etails of the designs, which seek to cool adequately the first wall,
while maintaining acceptably low stresses in the pressure containing struc—
ture, depend strongly on the particular reactor parameters, most notably the
neutron wall loading, the toroidal magnetic flux density, and the reactor
linear dimensions. On the other hand, the geometry of the reactor imposes
certain common features to all liquid metal designs. It is reasonable then to
direct initial experimental and analytical investigations in MHD to such
generic features and effects. The experience, data, and calculational tools
obtained from such investigations will allow the development of advanced
blanket designs on firmer footing than has heretofore been possible. The
second round of testing can then be directed towards resolution of design
issues peculiar to the advanced designs, and then finally towards designs

concept verification.

Before proceeding with the development of modeling and testing needs, it
is fruitful to review briefly the state of the art in MHD so that the proposed

work can be put into proper perspective,

The details of any magnetohydrodynamic flow depend on the associated
geometry and a number of non-dimensional parameters, These parameters, which
arise naturally from the governing equations, are the magnetic Reynolds
number, Re , the Hartmann number, M, the interaction parameter, N, and the
wall conductance ratio, C. The governing equations are the Navier-Stokes
equations, with the inclusion of a pondermotive force, -the conservation of
mass equation, Maxwell's equations, and Ohm's law. Because in the fusion
blanket environment Re << 1, the induced magnetic field is negligible and the
problem is greatly simplified to one governed by the equations of conservation
of mass, momentum, and electric change, and Ohm's law, It is important to
realize that our current 1inability to resolve all MHD-related issues does not
result from ignorance of the basic governing laws and equations but from the

difficulty of solving these equations for cases involving geometries other
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than simple ones.

The general theory of flow of cdnducting liquids in strong magnetic
fields and the ekact solutions‘obtainéd so far have established the general
features of such flows. The range of the parameters relevant to fusion,
namely M and N largef than'the order of 103 and C of the order of 10"2 or
smaller, allgw further'simplificatidn of the theory by placing the problems in
the thin conducting wall regime. Also, in most cases, N is sufficiently large
so that the non-linear inertia terms in the equations of motion can be neglec-
ted in the solution. 1In fact, after solutions are obtained, the neglected
inertia terms are computed and the range of'parameters for which such terms
are indeed negligible is established. It is a fortunate coincidence that the
regime of inertialess flow in thin conducting wall conduits is that which is
of relevance to most fusion applications., 1In such a regime, the concept of
characteristic surfaces, which can offer valuable qualitative information as

to the character of the flow, has been established.

In summary then, the theory of inertialess flow in thin conducting wall
conduits is firmly established and the geuneral features of such flows are well
understood. Based on such understanding, conceptual blanket designs can and

"have been developed.

Although the theory is well established, the fact remains that no firm
experimental validation exists, mainly because of the difficulty of conducting
experiments and obtaining local measurements in liquid metals, and the expense
associated with large and powerful magnets. A rational approach to testing

involving MHD-related issues would involve three steps.

a. Testing for well defined cases for which analytical scolutions exist.

Such testing will allow validation and increased confidence in the theory.
Because analytical solutions exist for only a few cases, which do not cover
the entire range of anticipated flow behavior, confining testing to these
cases will not be an adequate validation of the theory. For this reason, this
step should involve testing and a companién analytical effort aimed at obtain-
ing solutions for a broad range of cases, which, although simple in geometry,
are believed to encompass “the range of flow phenomena relevant to fusion.
This parallel approach is necessary so that analysis will guide and help plan
the experimeﬁts, whereas the ’experimental results will provide information

needed to validate and/or>refine the analysis.
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b. Testing for more complex cases for which analytical solutions are not

feasible. The added understanding and experience gained in the first step
should make it possible to arrive at a valid qualitative description of the
flow phenomena in cases for which a detailed analytical solution is not
possible. It is also hoped that such experience and understanding will allow
the development of computer models for engineering computations of MHD flow
under conditions of relevance to fusion, Testing will be aimed at validating

such computational tools and/or obtaining quantitative experimental informa-

tion.

c. Testing of blanket modules. Successful completion of the first two

steps will enable the development of detailed blanket designs. If the resul-
tant blanket module is more complex than the geometries explored in the first
two steps, appropriate testing of the module should be carried out. Even for
similar geometries, testing of a full scale blanket module, fabricated by
prototypic fabrication methods, most likely will be deemed necessary.

3.4,1.2 Scaling of MHD Flow Phenomena

As explained in Section 3.4.1.1, the character of the MHD flow in a
fusion Blanket is determined by the magnitude of the Hartmann number, M, the
interaction parameter, N, the wall conductance ratio, C, and the geometry. An
experiment conducted for M, N, and C values identical to those in the blanket,
and with the same geometry, will provide all the information needed to trans-
late the results of the experiment to the prototypic blanket., Such experi-
ments are not always practical because it is not possible to achieve prototy-
pic M and N values without large and powerful superconducting magnets.,
Understanding of MHD flow phenomena, existing analyses and experimental data,
and high interaction MHD flow theory can be used to relax testing require-
ments., For example, in fully.developed 1éminar flows, the accelerations and
the inertia terms are identically equal to zero. Therefore, the interaction
parameter is irrelevant for testing of fully developed flows, provided it

exceeds the rather low value required for suppression of turbulence.

The 1limited usefulness of achieving high prototypic values for the
interaction parameter can be demonstrated by the following line of reasoning.
The interaction parameter is a measure of the relative importance of the

pondermotive forces as compared to the inertia forces acting on a fluid
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element, As N inéreases, the inertia terms become smaller. Beyond a certain
value of N they become, for all practical purposes, negligible. Theoretical
considerations can, for a given case, give an order of magnitude of N such
that the "inertialess" regime has been reached. An experiment can verify this
estimate and define it more accurately. Increasing N beyond this limit is

pointless, A fluid cannot be more or less inertialess.

In general, the inertialess limit of interaction parameters depends on
the case at hand, namely the geometry, the Hartmann number, and the conduc-
tance ratio. In most cases, the conditions at the blanket are expected to be
such that the flow is inertialess there. The experiment should then be
designed so that the estimated (by analysis) value of interaction parameter
can be achieved. The precise value can be obtained experimentally by.increas—
ing the interaction parameter, with constant M and C, until an appropriate
non—-dimensional measured parameter (for instance, the non-dimensional pressure
drop Ap/gVBZa) does not vary with further increases in interaction parameter.
In practical terms, this is achieved by varying the average velocity. ;Such a

“variation does not affect the Hartmann number,

As an example of this approach, consider the problem of a circular duct
in the gradually varying transverse field that exists in the vicinity of the
edge of a magnet pole face. Analytical solutions have been obtained[1] for
this problem for 1 >> C > Ml and ¥ > C—5/3, the latter condition being
necessary for the inertialess regime., These conditions are evidently satis-
fied for the range of parameters of the fusion blanket. If testing of this
case is required, all that is needed is that the above inequalities be satis-
fied. For an experimental test section with C = 0.05, the interaction parame-
ter needs to be much larger than 150 and the Hartmann number needs to be much
lareger than 20. Clearly, a test with M = N = 103 will more than satisfy
these conditions. Data from such a test can be used with confidence at the
blanket conditions of M and N of 104—105. The small possibility that as yet
not known phenomena will become important and manifest themselves at M and N
values higher than 103 cannot be strictly excluded. Such a possibility can be
minimized by increasing, as much as practical, the M and N values for the
testing, Indeed, this can be done with a variety of conducting fluids and
reasonably sized conventional -electromagnets with magnetic flux densities not

in excess of the iron saturation value of about 2 T.
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The aforementioned estimates of M and N values for adequate testing are
not valid for all cases. A rectangular duct in the same fringing field will
most likely require different values for M and N, as will the cases of abrupt
variation of magnetic field, bends in planes normal to B, expansions and
contractions, etc. It is because of this dependence of adequate testing
values of M and N on the case at hand that it is important to carry on a
parallel analytical effort to plan, conduct, and interpret the tests. For the
same reason, it is important to plan the test program to inclqde an adequately
broad range of cases, so that a useful theoretical and experimental basis is
formed. A basic repertoire of such cases should include uniform ducts of
rectangular and circular cross sections in slowly and abruptly varying magne-
tic fields, rectangular and circular cross section bends in planes normal to
the magnetic field, ducts with axially varying cross sectional areas, etc,
Analyses for these cases either exist or can be developed., Testing of these
cases will constitute the first step in the MHD test program referred to in
Section 3.4.1.1, Scaling for each case will be developed as the analysis is
carried out. Since experiments at M and N up to an order of 104 are possible,
and this range is adjacent to the range of 104-105 in the blanket, it is
expected that the scaling laws will be such that experimental results will be

applicable to the blanket environment.

The second step of MHD testing will involve testing of configurations,
e.g., manifolds, for which detailed analysis 1is not feasible. However,
experience and knowledge gained during the first round of testing will be
useful in establishing the qualitative features of the flow and the scaling
laws. Again, since the range of 104 for M and N, which is easily achievable
experimentally, is not too far from the prototypic range, meaningful results

can be achieved.

3.4.,1.3 Analysis of Minimum Test Requirements

Characteristics of MHD Flow in Blankets[2]

a., Discrete Boundary and Shear Layers The three non-dimensional parameters

mentioned above denote the ratios of forces acting on the liquid metal. The
Reynolds number, Re, is the ratio of inertial force to viscous force. The

interaction parameter, N, is the ratio of electromagnetic force to inertial
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S =—Shear Layers
B =—— Boundary Layers

Magnetic Field Lines

Figure 3.4-1. Prototype ducting, showing regions for analyzing
the flow when Ha, N, and Re are large

force. And the Hartmann number, M, is the square root of the ratio of

electromagnetic force to viscous force). In fusion reactor blankets, these

parameters are usually very large.

Re > 1
N »1 (3.4-1)
M >1

Therefore, inertial and viscous forces are negligible compared with the elec-
tromagnetic force, except in boundary layers or shear layers, where large
gradients and/or large velocities make them significant. Figure 3.4-1 shows
these regions; inertial and viscous force free cores, boundary layers, and
shear layers. The existence of discrete boundary and shear layers is a unique

feature of MHD flow in fusion reactor blankets,
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b. Boundary Layers In boundary layers, electromagnetic and viscous forces

are both significant. Therefore, the Hartmann number is an important parame-
ter. When the layer cuts magnetic field lines (perpendicular to the field),

the boundary layer thickness § is expressed as follows:
i (3.4-2)

where a is channel half width in the magnetic field direction., The thickness

of boundary layers parallel to the field is greater, given by:

Figure 3.4-2 shows the velocity profile in a layer parallel to the field. It
can be seen that if the Hartmann number is larger than 100, as in a real

blanket, a thin high velocity layer exists.

c. Shear Layers Abrupt changes in either the slope or electrical conductivi-

ty of any boundary surface leads to the development of large velocity gradi-
ents whose magnitudes are limited by the inertial and/or viscous forces.
These discontinuities exist only in extremely thin layers - shear layers -
which are parallel to the magnetic field. As long as there is flow normal to
the layer, the inertial force balances with the electromagnetic force in
fusion reactor blankets. The existence of discrete shear layers where the

inertial force balances with the electromagnetic force requires:
Re > Ml/2, (3.4-4)
where the shear layer thickness § is expressed as follows:

o N 1/3 (3.4-5)

d. Thin Conducting Wall The ratio of wall thickness to channel half width

multiplied by the conductivity ratio of the wall to the fluid is named the
wall conductance ratio. The MHD pressure drop in a straight channel is
usually proportional to the wall  conductance ratio, C, as long as . the

following relation holds:
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wlecgl (3.4-6)

In a fusion reactor blanket, C usually satisfies the thin conducting wall

condition.

e. Flow Development Subject to Recirculating Current Spatial changes in

boundary conditions of either flow or magnetic field generate currents in a
plane perpendicular to the magnetic field as shown in Fig. 3.4-3. In a liquid
metal blanket, it is not the inertia of the fluid but the recirculating
current which affects the flow development. The recirculating current is

considered to extend over the length 1, of the channel, where le is given by:

1
. c1/2 (3.4-7)
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as long as equation (3.4-6) is valid. Usually, channels are longer than 1, in

fusion reactor blankets.

f. Suppression of Turbulence[3] Since electromagnetic forces tend to sup-

press turbulence, flow in a liquid metal blanket 1is considered to be laminar.
The transition Reynolds number under parallel field is expressed by equation

3.4-8 while that under transverse field is expressed by equation 3.4-9,
Refv 60 M (3.4-8)
Re,~ 500 M ‘ (3.4-9)

Experiments at relatively low values of M and N indicaté a small level of
residual turbulence (1-27%) sometimes exists inside the magnetic field. It has
recently been sdggested that larger fluctuations can be generated by discon-
tinuities in the flow path, even at very high M and N values.4 The existance
and level of turbulence at high magnetic field requires further experimental

and theoretical verification,

g. Small Magnetic Reynolds Number The magnetic Reynolds number Rem denotes

the ratio of induced magnetic field strength to applied field strength. It is

usually far smaller than unity in real blankets.

h. Léakage Current Effects[s] When a channel is insulated from the remainder

of the blanket, the induced currents cannot leak from the channel, But
usually channels are not insulated in current fusion blankets designs. As
long as there is an electric potential difference between adjacent channels,
eddy currents cross the channels. The leakage currents not only affect the
MHD pressure drop but also affect the velocity profile. MHD flow behavior in
a channel depends on the éharactefistics of eddy current circuit, which may

pass through the whole blanket.

Minimum Requirements — Non-Dimensional Parameter Ranges

It is desirable to build experiments with the same conditions as real
blankets., However, it is usually expensive because it requires a large test

section and strong magnetic field.



In the event that the exact conditions cannot be simulated, it is most
important to provide that the important non-dimensional parameters, such as
the Hartmann number, are all preserved. But preservation of all of the
relevant non-dimensional parameters is not easy. In order to preserve the
Hartmann number, the product of channel width and magnetic field strength must

be kept constant. Both of them cannot be reduced.

. It is possible to obtain enough information from experiments with reduced
non-dimensional parameters as long as the phenomena in test stands are similar
to those in real blankets. For example, if the Hartmann number is reduced,
the peak velocity in a wall jet is reduced as can be seen in Fig. 3.4-2.
There 1s a certain relation between the peak velocity and the Hartmann num-
ber. If the relation is obtained under reduced conditions, the peak velocity
in a real blanket can be extrapolated. However, there 1is a limit to the
degree to which extrapolation is possible. If the Hartmann number is reduced
excessively, the wall jet disappears. It is obvious that the jet behavior in

blankets cannot be extrapolated from the results without wall jets.

Experiments must be made in the parameter ranges where the phenomena are
essentially the same as in blankets. In the following, the minimum required

parameter ranges are discussed.

Figure 3.4-4 shows the proposed parameter ranges required for MHD fluid
flow tests. An interaction parameter of hore than 1000 is required to keep
the shear layer thickness sufficiently thin. The value of Re/MI/2 should be
larger than 10. If it is smaller, then the electromagnetic force balances not
with inertial forces but with viscous forces in shear layers, and the
phenomena in the layers are different from those in blankets. The Reynolds
number should be smaller than 60 M so that the turbulence is suppressed

regardless of angle between flow and field directionms.

When the above conditions of N > 1000, R.e/Ml/2 > 10 and Re < 60 M are
satisfied, the Hartmann number is inevitably larger than 464, hence boundary
layers are sufficiently thin.

The thin wall channel condition must be preserved in experiments. The
ratio of channel length L to entry length le must not be changed excessively.

These requirements are easily satisfied by preserving aspect ratios of the

channel. However, it is not always necessary to preserve the ratios., They
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Figure 3.4-4. Required parameter range for MHD pressure drop and fluid flow

can be changed by factors, but changes by orders of magnitude are not recom—

mended.

The aspect ratios should not be changed excessively from the viewpoint of
leakage current effects, But the requirements from the viewpoint of leakage
current are so severe that they cannot always be satisfied. Complete verifi-
cation of the effects requires a model including an entire blanket component.
This type of testing should be done using partially integrated test facili-
ties. In single effect experiments, a single channel may be used except for

special purposes.

Other Restrictions

Experiments with both a strong magnetic field and a large test section
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are expensive to construct. Magnetic field strength should be reduced as much
as possible, However, channel width cannot be reduced excessively, since
measurements in very small channels are difficult. There is a certain range
of channel width for which the experiment is effective. Measurability defines
the lower limit of flow velocity., The limit depends on the measuring tech-
nique. Excessively high velocity 1s undesirable because it induces high MHD

pressure drop which requires a large pump and strong channel walls.

Figure 3.4-5 shows the required condition of experiments with lithium
plotted in a velocity vs. field strength plane. Since the non-dimensional
parameters are functions of channel size, a, the required magnetic field
strength and velocity ranges change with a. There is a trade-off between the
field strength and the channel size. If a large channel is used, the field
strength need not be very high. If a small channel is used, the field must be

high.
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Figure 3.4-5. Required conditions for MHD flow tests with lithium
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A magnetic field strength of about 2 T is considered to be the upper lim-
it for use of normally conducting magnets. Channel half width of 1 cm ~ 10 cm
is considered to be reasonable. From the viewpoint of measurement, flow velo-
city should be higher than 5 cm/s. It is not necessary to be higher than the
velocity in a real blanket. Two types of testing condition are recommended:

B~0.5T, an~10cmVa~10 cm/s and B~ 2 T, a ~ 1 cm, V ~ 10 cm/s.

Experimentally required conditions for experiments with other 1liquid
metal as a working fluid are different from that with lithium, since the
properties are different. Figures 3.4-6 and 3.4-7 show the required
conditions when NaK and mercury are used in experiments, Since the properties
of NaK are not widely different from those of lithium, the requirements differ
from those in lithium experiments only by a small factor. If other conditions
are the same, magnetic field in NaK experiments should be about 50% higher

than in lithium experiments. The properties of mercury are quite different,
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Figure 3.4-6. Required conditions for MHD flow tests with NaK
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Figure 3.4~7. Required conditions for MHD flow tests with mercury

A higher field by almost an order of magnitude is necessary in mercury

experiments with the same channel size and flow velocity.

3.4.1.4 Modeling Needs

As explained in previous sections, the modeling needs necessary for
planning, conducting and interpreting the first round of testing will be
satisfied by detailed analytical solutions for the cases to be investigated.
Such analyses are painstaking and quite involved. As such, they are not
suitable for the routine engineering calculations needed for the design
development process. On the other hand, the current prevailing view is that
straightforward numerical solution of the governing equations 1is not at

present feasible. This is because the three-dimensional nature of the prob-
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lem, coupled with the large number of unknown variables (velocity and electric
current components, pressure, and voltage), and the fine mesh sizes dictated
by the thin boundary and shear layers, will impose extraordinary memory size

on the computer, A different approach is clearly needed,

The alternative is suggested by the fact that the amount of information
needed for engineering evaluation need not be as extensive as that provided by
analytical solutions or detailed numerical computations, Becéuse the boundary
and shear layers are very thin in high interactive and high Hartmann number
cases, what matters for pressure drop, heat transfer, and corrosion calcula-
tions is not the detailed structure of flow and current within the layers, but
rather the integral values of current and volumetric flow rate in the layer.
For these reasons, approximate semianalytic schemes, where a set of trial
functions with undetermined coefficients is assumed for the velocity, current,
pressure, and voltage distributions, and the coefficients are determined by
some error minimization requirements, appear to be adequate and appropriate.
It is hoped that, as the analytical and experimental work needed for the first
round of testing progresses, certain common features and properties of the
flow, voltage, and current distributions will emerge to facilitate the devel-
opment of a model based on such a semianalytic scheme, Subsequent testing of

more complex cases can be used to validate and/or refine the model.

3.4.1.,5 Facility Requirements

Ideally, test conditions should be at the same values of M, N, and C as
those which prevail in the blanket to exclude any possibility of the existence
of phenomena, as yet unknown, which manifest themselves only at very high M
and N. Given the current understanding of MHD phenomena, it can be argued
that the possibility of substantial differences in the character of the flow
between M and N of the order of 10% and M and N of the order of 10° is very
small (provided, of course, the inequalities which determine the prevailing
regime are satisfied in both cases). On the other hand, the saturation
magnetic field of iron and the economics of conventional and superconducting
magnets make experiments at a Hartmann number of 104 much cheaper than experi-
ments at M f 105. It seems that the price of eliminating an improbable event
is very high, It makes good economic and technical sense to carry out testing

at M f 104, particularly so because some of the proposed tokamak[6] and all of
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the mirror devices have Hartmann numbers not exceeding this order of magni-

tude.

Experiments at M ~ 104 can be conducted with conventional electromagnets
of flux density of 2 T and pole face separation of 10-20 cm., The léngth of
the pole face should be 1-2Z m to accommodate the entrance lengths in the
magnetic field, with the longer lengths being more desirable., The estimate
for the required length of the magnet arises from an estimate of the extent of
three-dimensional disturbances corresponding to abrupt variations of trans-
verse magnetic field in circular ducts.- This estimate is kaCl/z, where k is
an undetermined constant of order one and a is the duct radius. Although the
value of k is not known, it is very likely that it will be smaller than oue
for the gradually changing fringing field at the ends of the magnet. Practi-
cally achievable values of C = 0.03 and a = 5 cm will then yield entrance
lengths shaller than 30 cm. The pole face width should be sufficient to

provide room for the instrumentation of the test section.

Some attention should be given to magnetic flux uniformity throughout the
cross section. of the test éection. Uniformity of magnetic flux density is
desirable not because such uniformity 1s prototypic but because it will
simplify the companion analyses and will make the interpretation of the test
results unambiguous. The required uniforming varies with the particular test
section and the test objectives. A field uniformity of * 17 over the test

article cross sectional area is believed to be adequate and desirable.

The interaction parameter which can be achieved depends to a large extent
on the low limit for measurable velocities and the density of the working
fluid. Alkali metals, Li, Na, K, and the eutectic alloys of Na and K hold a
35 to 75-fold advantage in achievable interaction parameters over mercury. Of
the former candidates, the eutectic alloys offer the advantage of testing at
room temperature with a penalty in achievable interaction parameters of a
factor of 2, 1If NaK is used as a working fluid with the aforementioned 2 T

electromagnet, an interaction parameter of 104 can be achieved at an average
velocity of about 5 cm/s.

In summary, a 2 T conventional electromagnet, a test section with
C~ 0.03-0.05 and transverse dimension of 10 cm, and a loop with NaK as a

working fluid with capacity of 0.5-100 1/s, can provide a room temperature

test capability with M ~ 104 and N ~ 5 x 102~104. Other alkali metals (Li,
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Na, K) can also be used with a small improvement in maximum interactidn
parameter. Such an improvement will come with the added complication in logp
cost and operation and difficulty in conducting local velocity measurements

that comes with the high operating temperatures for such working fluids.

" The aforementioned testing needs refer to the first two steps in the MHD
testing program. For the third step, which involves full scale testing of
blanket modules, different testing needs will arise. Such needs depend
heavily on the proposed blanket designs. A design like the 1liquid metal
design proposed in the BCSS[7] requires a very large testing volume. Because
_concerns about interchannel current loops have been raised for such a design,
it will be necessary to test a large portion of a blanket sector to address
these concerns. This will require available dimensions in the direction of
the magnetic field vector in excess of 2 m. A solenoidal magnet then will be
much more suitable than a dipole one. On the other hand, if designs like
those proposed in the TPSS[6} which utilize simple poloidal coolant channels
are to be tested, the required dipole magnets need not be much bigger than the
ones described earlier in this section (although they will most pfbbably be

required to have flux densities at or near prototypic values).

Testing will involve measurement of pressures, voltages, and velocities
throughout the test section. The measurement limits are responsible for the
limitation in interaction parameter than can be achieved in the test section.
For the 2 T magnet and NaK loop discussed above, the interaction parameter is
given by N = 6 x 104/V, whefe V is the average velocity in cm/s. To achieve
N ~ 104, a minimum velocity of 6 cm/s is required. For this velocity, the
transverse induced voltage is of the order of 0.01 volts and the pressure
gradient is of the order of 2-3 psi/m. These values are certainly measurable
with good accuracy. Measuring local velocities of 5 em/s will be more diffi-
cult. A liquid metal electromagnetic velocimeter can be used, provided its
output, which is 0.2 mV at this velocity, can be read with good accuracy and’
low noise level, The theory of MHD flow at high M and N indicates that there
is a simple correlation between velocity distributions within the duct’ and
voltage distributions on the surface of the duct. This aspect of the theory.
can be confirmed at higher velocities, where local velocity measurement isi
easier, and can then be used to deduce velocity distributions at low velocity

levels. Since at lower velocities the interactioun parameter is higher, the
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voltage distribution/velocity distribution correlation will be all the more

valid. This correlation, properly confirmed, can be used extensively in

future tests to minimize penetrations into the test vehicle and to obtain flow

distribution information during testing at high temperatures, where direct

local velocity measurement will be much more challenging.

References for Section 3.4.1
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3.4.2 Heat Transfer

The objectives of the heat transfer experiments are (1) to obtain proper
understanding of the relationship between temperature profiles and the rele-
vant dimensionless parameters, and (2) to discover phenomena which are not

anticipated that may have significant impact on the components.

This section addresses heat transfer related issues for the liquid metal
blanket with particular emphasis on the scaling relationships required in

order to obtain meaningful results from the experiments,

3.4.2,1 Testing Needs

For non-neutron testing, the testing needs for heat transfer are similar
to that of MHD tests. The various basic geometries described in the previous
section for momentrum transfer are certainly needed for heat transfer. 1In
addition to velocity distributions, measurements of temperature distributions
are needed for heat transfer experiments, It is particularly important to
obtain detailed three-dimensional temperature distribution in the component in
order to ensure that there are no unexpected phenomena which resulted in local
hot spot with unacceptable temperatures. The numbér of data collected must be

large enough to adequately verify the analytical or numerical model.

In addition to the basic (simple) geometries that need to be tested,
there is also a need to test various manifolds in a blanket. This is of
paramount importance since poor flow distribution could cause local hot and
cold spots and could result in unacceptably high structural temperature or
high thermal stress, Manifold geometry depends on the particular design, and
at present time, no detailed wanifold geometry has been identified. When
blanket design becomes better defined, it may be possible to identify several

basic manifold geometries for flow distribution testing,

Transient testing is also essential to verify the performance of a given
blanket. This includes normal operation (start-up and shutdown) and off-
normal operation (accidental conditions, such as loss of flow)., At present,
there is very little data on the transient behaviors of liquid metal flow and
heat transfer. Again transient behavior depends strongly on blanket design.
However, transient phenomena exploration using the simple geometries described

in Section 3.4.2 will be useful in discovering unexpected phenomena and the

3-51



data obtained can be used to calibrate the computer model.

3.4,2.2 Modeling Needs

If a liquid metal blanket is going to be built, there is a definite need
for a general purpose, thermal hydraulic design code. Large scale experiments
are extremely expensive and ;herefore are feasible only for verifying the
final design. During the design stage, computer modeling and small scale
experiments are used iteratively to improve our understanding. The range of
applicability of closed-form analytical solutions is limited and not flexible
enough as a design tool. Currently, there is a lack of design tools which are
flexible enough to address many of the critical feasibility and design issues

of 1liquid metal blankets.

The general purpose, thermal hydraulic, design tool should be flexible
enough to include the following capabilities:

° Geometry effect.

° Three-dimensional effect on velocity and temperature distribu-
tions.

o Effect of internal structure on fluid flow and heat transfer.

® Effect of property variations with temperature.

® Steady-state and transient anélyses.

To develop a design code which include all these capabilities is a long term
(5-10 years) and formidable undertaking. With proper planning, different

capability can be implementated at different stage of the development program.

3.,4.2.3 Analysis and Scaling for Heat Transfer Tests

Heat transfer related issues for liquid metal blanket include not only
the liquid metal inself, but also the structural materials (particularly the
first wall)., The maximum structural temperature (usually at the first wall)

determines the temperature level at which the blanket can operate, while the
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temperature gradient in the bulk structure determines the thermal stress. In
the following sections, the scaling relationships are described for the first
wall and blanket under steady-state conditions. Scaling relationships under
transient conditions are not discussed here as a result of lack of understan-

ding of unsteady state liquid metal flow in a magnetic field.

Heat Transfer in First Wall

Axial Conduction

The heat transfer mechanism in the first wall is through conduction only
and can usually be approximated by considering conduction in the radial
direction (the direction of the thickness of the first wall). Axial
conduction is negligible provided that the first wall is thin compared to the

axial length of coolant channel,
t
E—(( 1 o (3.4-10)

where t 1s the thickness of the first wall and g is the axial length of the

coolant channel.

Nuclear Heating

For tokamaks, the effect of nuclear heating is usually small compared to
the effect of surface heat flux on the first wall. Nuclear heating is negli-

gible provided that

Q -
2 << 1 (3.4-11)

where Q is nuclear (volumetric) heat rate in the first wall, and q is the

surface heat flux. If (3.4-11) is satisified, then the scaling relationship

for the first wall become

k AT
fw
where k is the thermal conductivity of the structural material, and Awa is

the temperature rise across the first wall over a thickness of t.



For a tandem mirror, the surface heating level is usually very small, and

the heat transfer problem in the first wall is not critical.

Effect of Temperature on Property Values

When either q or t becomes large, the temperature variation across the
first wall becomes significant and the effect of temperature on the thermal
conductivity has to be taken iInto consideration. Equation (3.4-12) can be
rewritten into an integral form. This 1s 'a particular concern for a

component (such as the limiter) exposed to high surface heat flux and with a

relatively thick coating.

Heat Transfer in Liquid Metal Blanket

Dependence on Velocity Profile

In liquid metal blankets, flow is laminarized by MHD effects., Since heat
is transmitted in the direction perpendicular to the flow only by conduction,
temperature distribution in the fluid depends strongly on the velocity pro-
file. There may be a large temperature gradient perpendiéular to the flow
direction, though thermal conductivity of liquid metal is high. Dependence of
heat transfer on the velocity profile is greater in MHD flow than in turbulent
flow. Thus, the scaling considerations described in Section 3.4.2 for MHD
flow must be satisfied. Therefore the Hartman number, the interaction parame-
ter, the Reynolds. number, the wall conductivity ratio, etc., all must satisfy

certain requirements described previously in Section 3.4,2.

Long Thermal Entry Region

In laminar flow, the temperature distribution develops very slowly, since

heat is transmitted only by conduction. The thermal entry length as follows:
o~ e (3.4-13)

where o is the thermal diffusivity of the fluid, a is the channel width, and V

is the velocity. Usually channels in liquid metal blankets are shorter than

L5 therefore, the temperature profile will not be fully developed.
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Natural Convection

The ratio of buoyant force to electromagnetic force is written as fol-

lows:
fb T .
T = 2EAT (3.4-14)
EM ng V¢

where g is the acceleration of gravity, p, 8 and gg are the density, the
volume expansion coefficient and the electrical conductivity of the fluid,
respectively, B is the field strength and AT is the temperature difference
that drives the natural convection. The ratio 1is wusually very small in

blankets, hence natural convection is suppressed there.

Axial Conduction

Though the velocity of coolant is low in blankets, heat conduction in the
flow direction is négligible compared with heat carried by convection. The

ratio is written as follows:

q
_cond, _ 3_L (3.4-15)
qconv.

where L is the channel length., The nominal value for this dimensionless group

is ~107° in a typical blanket.

Thermoelectric Effects

There is usually a large radial temperature gradient in fusion reactor
blankets. Liquid metal coolant is surrounded by hot and cold walls, If the
temperature difference is large and the thermoelectric power of the wall is
different from that of the liquid metal, electric currents will circulate.
The intensity ratio of thermoelectric current to MHD current can be written as
follows:

(Sf - SW)AT

TR
Lyp

where S; and S are the thermoelectric powers for the fluid and the wall, AT-
is the temperature difference between the hot and cold walls, The ratio is

about .0l in blankets.,
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Effects of Bulk Heating

The heat transfer characteristics in liquid metal blanket are affected by
bulk heating in the coolant. If the velocity profile and bulk heating are
symmetric, the temperature difference between hot and cold walls is not
affected by bulk heating. If the velocity profile is skewed toward the hot or

cold wall, bulk heating will reduce or increase the temperature difference,

respectively,

Nuclear heating affects the average coolant temperature rise through the
blanket. This plus the nuclear heating in the structure material determines
the average temperature of the bulk structure. The average bulk structure
temperature is often needed in order to determine the thermal stress of the
structure in the blanket. Therefore, nuclear heating (or volumetric heating)

will be important if thermal stress is to be modeled correctly.

Minimum Requirements for Model Testing

Table 3.4~2 summarizes the requirements and the non-dimensional parameter
ranges for designing heat transfer tests of a liquid metal first wall/blanket,
The parameter ranges listed in Table 3.4~2 should be maintained in the model

tests so that the physical phenomena are similar between the model and the

actual blanket.

It is apparent that heat transfer testing is more demanding than the MHD
testing since there are additional requirements to be satisfied, It is
desirable to use lower heat flux from economic consideration. This can be
accomplished by increasing the first wall thickness while reducing the surface
heat flux (maintain q « t the same between model and actual blanket) in the
model test. However, in order to obtain the correct temperature and tempera-
ture gradient in the first wall of the model, the wall thickness cannot be
increased, The surface heat flux can be reduced by using a structural materi-
al with a thermal conductivity smaller than that of the actual material. To
maintain the correct temperature distribution in the liquid metal blanket, the
parameter for thermal entrance length (which is equivalent to the dimensiona-

less residence time) should be kept approximately the same between the model

and the prototype blanket.
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Table 3.4-2. Requirements for Non-Nuclear Heat Transfer Tests

of a Liquid Metal First Wall/Blanket

1. First Wall

® Negligible Axial Conduction

t
—~<K 1
L
™ Negligible Nuclear Heating
2«
2q
or
k Awa L
qt
2. Liquid Metal Blanket
° Correct Velocity Distribution
Mx 104 ~ 107
N > 103
1> ¢ > Ml
° Suppression of Turbulence
Re < 60 M
'y Flow Developing Length
1/2
% =« 1
™ Thermal Entrance Length
Ra . 1n—2
5 10
va
™ Suppression of Natural Convection
P—g%l«l
VOB¢
° Negligible Axial Conduction
[
i K1
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The ratio of buoyant force to electromagnetic force should be as small in
test stands as it is in a real blanket. The ratio of the quantity of heat
conducted in the flow direction to that carried by convection to MHD current
is usually small, but not always negligible in a real blanket. This 1is
especially true at the channel inlet, where large axial tempetature gradients
may exist. It is not necessary to preserve this ratio in a test stand, but
some attention should be given it. The effect of viscous heating in the
boundary layer is usually small compared to that of surface heat flux. Joule

heating in the liquid metal is usually small compared to the nuclear heating.

In addition to the desirable feature of lower surface heat flux in the
model testing, it 1s also desirable to reduce channel length since a long
channel requires a long magnet, The channel 1length is restricted by the

requirements of flow development and thermal entrance lengths shown in Table

3.4'—2-

Table 3.4-3 lists the values of the variables and the materials proposed
for the heat transfer tests and the corresponding conditions in a fusion
blanket., Based on these values, the scaling parameters listed in Table 3.4-2
can be calculated and the results are shown in Table 3.4-4. Comparison
between Table 3.4-2 and Table 3.4-4 indicate that all the requirements are

satisfied. Thus, relevant results can be expected from the proposed model

tests.

If other liquid metal is used in heat transfer experiments, the differ-
ence in the properties must be considered. In NaK experiments, a 1little
higher magnetic field is necessary to attain a high interaction parameter as
discussed previously. The thermal diffusivity of NaK is about 40% higher than
that of lithium, which makes thermal entry length shorter. These facts are

not desirable, but may be acceptable, since the differences are not so large.

3.4.2.,4 Test Scenarilos

Heat transfer tests can be conducted in the sequence and schedule shown
in Table 3.4-5. Initial emphasis is given to steady-state and transient tests
of simple geometries, such as single pipe, bend, etc., described in Section
3.4.3.1. At later stage of the program, a few promising manifold geometries
will be selected for testing., It should be noted here that the word manifold
includes not only the inlet and outlet of the blanket, but also flow distribu-
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tion system inside the blanket, such as the manifold/first wall channel geome-

try of the toroidal/poloidal flow blanket of the BCSS project.

3.4.2.5 Facility Descriptions

The test facility will be a 1liquid lithium loop that has the character-
istics given in Table 3.4-6. A heat source must be provided to satisfy the
surface heat flux requirement. Depending on the geometry of the magnet and
the test section, additional space may be needed to insert the heating element
between the test section and the magnet. The pressure drop of the system must

satisfy the velocity requirement in the test section.

Table 3.4-3, Comparison of Parameters Between Proposed Experiments
and Actual Fusion Environment

Experiments
(Heat Transfer) Fusion

Structural Materials stainless steel HT-9/V-alloy
Geometry circular/ circular/

rectangular rectangular
Axial Length (g) 2-3 m 3-5 m
Radius? (a) 0.05 m 0.05 = 0.50 m
Wall Thickness (t) 5-10 mm 2-5 mm
Magnetic Flux Density (B) 0-3T 4~7T
Velocity (V) 0.1-0.5 m/s 0.1-1.0 m/s
Surface Heat Flux (q) 0.3-0.7x10% W/m? 1.0x10% w/m?

(from one side only)

Coolant lithium lithium
Toin 250°C 300°C

dExtra space required for heater.
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Table 3.4-4. Compariéon of Dimensionless Parameters Between Proposed
Experiments and Actual Fusion First Wall/Blanket

Experiments Fusion
M = Ba / o/x 104 104 - 10°
R, = pVd/y _ 6 x 104 10% - 10°
N = /R 103-10% 10% - 10°
o t
6 = 0.035 (<<1) 1072 - 1073
g a
2 -4
028AT/VoB 10 <1
g¢1/2/a 10 10
t/h 0.005 (<<1) } 0.005
kAT, 1 1
qt
an/Va® 2 x 1072 1072 - 1073
Mg 3 x 102 102
60M 6 x 100> R, 10° - 10° > R,
1072 1074 - 1073

SF

3-60



Table 3.4-5. Sequence and Schedule of Heat Transfer Experiments

Time (years)
0 1 2 3 4 5 6 7

Design and Construction = = ==w===—-
of Test Loop

Steady-State Tests of
Simple Geometries

Transient Tests of
Simple Geometries

Manifold Tests  eeeeeeee—————

Table 3.4-6. Major Characteristics of the MHD Heat Transfer Facility

Test Section Length 2 m
Magnetic Flux Density 2 T
Liquid Velocity in Test Section 0.5 m/s
Test Section Radius 0.05 m
Surface Heat Flux 0.5 MW/m2

(on one side of test section)

References for Section 3.4.2
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J. A. Shercliff, "Thermoelectric Magnetohydrodynamics”, J. Fluid Mech.,
91-2, p. 231 (1979).

M. A. Abdou, et al,, "FINESSE: A Study of the Issues, Experiments, and

Facilities for Fusion Nuclear Technology Research & Development (Interim
Report)", UCLA, PPG-821, also UCLA-ENG-84-30 (1984).
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3.4.3 Materials Interactions and Mass Transfer

3.4.3.1 Testing Needs for Materials Interactions and Mass Transfer

Introduction

Materials interactions place restrictions on the blanket operating
temperature, on primary coolant system impurity levels, and on acceptable
materials combinations. The processes associated with mass transport and
materials interactions are complex and vary from one materials combination to
the next. For this reason, a large number of separate issues exist, many of
which can have substantial impact on the feasibility of certain designs and

materials combinations.

The resolution of materials interactions issues in liquid metal blankets
will require a large amount of testing, both to verify theoretical models and,
in cases which prove to be theoretically intractable, to establish empirical
correlations. - This extensive need for testing stems from the complexity of
the basic corrosion processes and the dependence on many system parameters.
Existing test results are in general piecemeal. Most of the existing test
information in liquid metal systems has been developed Ifor fast breeder
reactor materials with sodium coolant, making the results only partially
applicable, Frequently the only available fusion-relevant information is

qualitative observation under a very limited range of conditions,

Table 3.4-7 summarizes the corrosion-related concerns in liquid metal
blankets. The two main categories of effects are (1) mass transport issues

and (2) structural properties degradation,

Mass transport involves the entire primary coolant system, including the
primary heat exchanger, impurity control system, and to some extent the

tritium extraction system. The most critical mass transport issue perceived

today (for steel structural materials) is the concern over redeposition in the
colder regions of the primary coolant system, leading to flow restrictions.
Redeposition rates limit the allowable operating temperature of many current
designs. Transport of activation products from the blanket is also a serious
concern, but it is generally conceded that hands-on maintainance will not be
practical for any liquid metal cooled system. Remote maintainance complicates

the system design, but is not considered a feasibility issue.
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Table 3.4-7. Materials Interactions Issues

A. Mass Transport
1. Wall thinning
a, uniform dissolution
b. localized dissolution
c. spalling and non-dissolutive processes
2. :Corrosion/redeposition phenomena
a. localized deposition

b. activation product transport and maintainance procedures

B. Structural Properties Degradation
1. Liquid metal embrittlement
2. Effects of removing alloying elements (decrease in strength, etc.)
3. Embrittlement due to interstitial element transport
a. Effects on surface chemistry
b. Effects on structural properties
4., Stress—corrosion interactions

5. Radiation-corrosion interactions

Structural properties under the combined influence of radiation and
corrosion 1limit the 1lifetime of the blanket and the allowable operating
conditions - both temperature and impurity levels. In addition, failure modes
will be closely tied to the blanket materials properties. This subject area
includes several effects which are highly dependent on the material. In
addition to the type of material (e.g., ferritic steel, austenitic steel,
refractory alloys), corrosion phenomena also depend on changes in alloying
elements, iﬁpurity levels, or manufacturing techniques. The dominant
corrosion effect for austenitic steels is selective dissolution of alloying
elements, with subsequent formation of a weak ferrite layer. This surface
layer is porous and can spall off in wmacroscopic pieces. For refractory
alloys, dissolution is slow and the primary concern 1is interstitial element

transport. The effects of hydrogen, oxygem, carbon, and nitrogen on the DBTT
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Figure 3.4-8. The effect of impurities on the DBTT of unalloyed vanadium
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of unalloyed vanadium is shown in Figure 3.4-8. It suggests that the presence

of interstitial impurities may raise the DBTT significantly.[l]

Synergistic effects due to the combined influence of corrosion, radia-
tion, and the stress field may enhance the rate of materials properties
degradation beyond the simple sum of the effects. Whereas the
radiation/corrosion interaction is not observed in sodium-steel systems,
insufficient data exists to indicate that other alkali liquid metals are
"immune. Stress/corrosion enhancement of embrittlement has been demonstrated
in non-stress-relieved iron, but little is known for the steels and refractory
alloys considered for fusion. Due to a general lack of data on synergistic

effects, the seriousness of this issue is difficult to assess currently.

List of Testing Needs

Because of the scarcity of existing data for relevant materials combina-
tions under reactor-relevant conditions, the need for further testing is
obvious. However, it is important not to assume that a perfect understanding
or a complete ability to calculate materials interaction phenomena is required

in order to satisfactorily resolve the issues and construct a workable blan-
ket.

The following list presents the testing needs, in roughly increasing
levels of dintegration, which are felt to be necessary to demonstrate the
feasibility and attractiveness of the blanket with respect to corrosion

issues., Table 3.4-8 summarizes these testing needs.

1, Corrosion rate basic phenomena and temperature limits. There are

several different phenomena associated with corrosion. For different materi-
als combinations and under different conditions, the most critical corrosion
issue may change. A clear example is the difference between stainless steels
and refractory alloys. 1In general, stainless steel corrosion is dominated by
dissolution, whereas refractory alloys have very low solubilities and tend to
be dominated by interstitial element transport. It is important to determine
the nature of the basic phenomena for materials combinations of interest in

order to improve our understanding of the issues and to limit the amount of

data which must be gathéred.

3-65



Table 3.4-8. Materials Interactions Testing Needs

1. Corrosion rate basic phenomena and temperature limits

2. Materials development and screening

3. Temporal dependence of corrosion processes

4, Effects of velocity magnitude and profile

5. Changes in materials (structural) properties

6. Magnetic field interactive effects

7. Stress—corrosion interactions

8. Radiation-corrosion interactions

9. Out-of-blanket loop effects

10, Limits on maximum allowable impurity levels and
ability to control them

11. Corrosion and re-deposition inhibition techniques

In order to determine the suitability of the various materials combina-
tions in fusion reactor applications, the most important parameter is the
maximum allowable temperature which corrosion processes dictate, After
identifying the controlling processes, accurate estimates of maximum allowable
temperature must be found. In some liquid metal designs, the temperature
window of operation is very narrow (less than 50°C), making accurate knowledge

of corrosion rates essential.

2. Materials development and screening. New materials are being devel-

oped for fusion applications in order to reduce the amount of induced radioac-
tivity and to improve structural properties under irradiation. New candidate
alloys and coolants must be screened to verify chemical compatibility in the
fusion system., In addition, materials compatibility should be a cornerstone
in the development of new materials, Alloy tailoring (for example stabilized

SS 321 in a vanadium systemlz]) can be an effective means to control corrosion

problems,

3. Temporal dependence of corrosion processes. Most corrosion data has

been accumulated over periods of exposure that are far shorter than the expec-
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ted service life of some nuclear components. It is known that some chemical
processes undergo transitions in behavior, after which the time dependence of
the corrosion rate and the nature of the processes themselves change. An
example is the "burn-in" period of 1500-3000 hr, for stainless steels, during
which a depleted surface layer is produced. The burn-in phase is controlled
by nickel and chromium diffusion through the near-surface matrix. After burn-
in, the dissolution (including spalling) of the ferrite layer controls corro-
sion.[3] Another observed phenomenon which occurs after a delay period is the

[4]

penetration of lithium at grain boundaries.

4., Hydrodynamic effects. Mass transport rates and processes vary with

both the magnitude of the fluid velocity and the spatial profile. For exam—
ple, with materials combinations that are normally rate-controlled at low
velocity by the liquid phase can change to solid phase rate-controlled at high
velocities. The greatest influence of the velocity profile occurs near the
walls. Boundary layer velocity profiles and geometric effects leading to

boundary layer disruptions can control the overall mass transport phenomena in

the primary cooling system.

5. Changes in structural properties. Chemical interactions will alter

the properties of in-blanket structure, out—of-blanket materials, and the
coolant. The greatest concern lies with structural properties changes, such
as embrittlement (loss of ductility), loss of strength, changes in ductile-to-
brittle transition temperature (DBTT) and fatigue properties, However, other
changes in materials properties may also be important to some extent, for

example surface electrical resistivity, which is important for MHD effects.

6. Magnetic field interactive effects. The primary impact of the

magnetic field is to affect mass transport through effects on the flow charac-
teristics and on heat transfer. It is well known that MHD forces cause very
narrow boundary layers, streaming flows, laminarization, etc. The flow
profile dominates liquid-phase transport and therefore can be a controlling
factor in corrosion rates and in the chemical processes themselves. Other
effects, such as increased particle formation, may also be affected by the
magnetic field. To date, corrosion test information in a magnetic field has

not been published; however, experimental work is on-going at CEN in MOL,
Belgium,

7. Stress—corrosion interactions. Stress is known to accelerate corro-
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sion in some cooling systems - most notably water—-cooled steel systems. The
stress—corrosion interaction may also be important in liquid metal cooled
systems., For example, it has been shown in a lithium—iron system that stress
accelerates grain boundary attack, The mechanism involves creep strain which
disrupts the protective corrosion product layer, constantly exposing bare iron
surfaces to the lithium.[sl The danger exists primarily for non-stress-
relieved portions of the material. Sufficient stress relief should be found

in all blanket components, except possibly near welds.

8. Radiation—-corrosion interactions. Since both corrosion and irradia-

tion contribute to weakening of materials at grain boundaries, it is natural
to expect some sort of interaction between these two effects, Sodium-stain-
less steel systems have not been observed to posess a strong synergism between
corrosion and radiation (the whole is not substantially greater than the sum
of the parts). However, it 1is not known whether other alkali metals will
display this interaction. The degree to which a synergistic effect occurs
should be measured for fusion materials, since their structural properties are

a crucial parameter for blanket feasibility.

9. Stability of coatings and/or laminates. Insulating coatings or

laminates can be used to significantly reduce the MHD pressure drop for liquid
metal blankets. The integrity of these coatings or laminates depends on many
factors, including chemical interaction with the coolant. If the insulating
medium is breached or 1its resistivity substantially reduced, the blanket may
cease to operate within its allowed temperature and pressure limits. The

reliability of these coatings should also be demonstrated.

10, OQut-of-blanket loop effects., The entire primary cooling system is

closely tied to the corrosion processes. As the coolant travels through the
various parts of the system, it encounters widely different temperatures and
flow conditions., Transport and redeposition of dissolved material and
impurities throughout the entire primary loop is a critical issue. This
effect could be further complicated if the primary cooling system consists of
more than one alloy. For example, in systems with a vanadium blanket, the
out—of-blanket components (pumps, heat exchangers, piping) will probably be
some form of steel. In addition, other materials such as insulators or seals

may contribute to impurities in the primary coolant.

11. Impurity levels and control., Only a limited amount of information
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is available on the effects of impurities on corrosion. There are two aspects
of this issue: (1) the effects of impurities must be studied in order to
establish impurity 1limits in the cooling system, and (2) techniques for
controlling impurities must be developed and proven such that the maximum
allowablé limits can be obtained. Hot trapping and cold trapping are two such
techniques which may be used in reactors to either absorb or precipitate
impurites. The production and transport of impurities in the primary cooling

system are important effects which require testing.

12. Corrosion and redeposition inhibition techniques Aluminum dissolved

in lithium has been shown to reduce the corrosion rate of 316 SS by a factor
of 5.;6] Other techniques to treat surfaces or inject coolant impurities may
be useful in controlling corrosion. The basic processes of corrosion

inhibition and the inhibitor systems themselves should be further explored and

tested.

3.4.3.2 Modeling Needs

Our present understanding of mass transport in liquid metal systems is
very limited. Unlike heat transfer processes, which are well-characterized
once the velocity field is known, corrosion mass transport depends on a large
number of system parameters, including velocity, temperature, impurities, and

geometry.

Most analytical modeling efforts in the past have treated stainless steel
systems., These efforts have historically focussed on the dissolution of wall
material into the flowing alkali coolant. The models compute diffusion
through the boundary layer and bulk convection of solute in the coolant. It
is common to assume that the controlling process is diffusion of alloy
components through the boundary 1layer adjacent to the wall and that the

velocity profile is hydrodynamically fully developed.

Some @odels consider corrosion mass transfer as a local phenomenon and
model only straight channels, while other models investigate the loop as an
entire system using boundary layer theory. Predictions from both local and
system models are usually in error in overpredicting by factors ranging from

three (71 to a hundred (8l when compared with experimental data.

The large discrepancies between theory and experiment suggest one or more
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of the following explanations:

1. Boundary layer models are not sufficiently sophisticated to model
the corrosion process. Other processes (solid state diffusion, surface
dissolution kinetics, etc.,) may be controlling, which invalidates the simple
boundary layer results,

2. Data used as parameters in boundary layer models (mass diffusivity,
solubility, etc.) and/or the assumed boundary conditions are in error. The
discrepancies between model and experiment may be due to parameter
uncertainties rather than modelling errors.

3. The experimental apparatuses used for corrosion research are
usually quite complicated and include features not included in most models
(cold traps, EM pumps, etc.). The geometric configurations and uncertainties

in velocity profiles make accurate modeling of corrosion experiments

difficult.

Analytical treatments of corrosion concentrate on the liquid side diffu-
sion/convection processes and ignore chemical, solid-phase and kinetic pro-
cesses. Several mechanisms might be important and are not currently included
in modeling, including solid phase processes, interface processes, particulate
kinetics and transport, and liquid phase reactions.

1. Solid phase processes. In stainless steels, the initial transient

and long term steady-state behavior are attributable to the selective leaching
of alloying elements from the solid phase, In vanadium alloys, impurity
accumulation causes the eventual degradation of the mechanical properties of
the solid phase. By neglecting the resistance to mass transport in the solid
phase, corrosion models would tend to overpredict corrosion rates.

2, Interphase and interface processes. It usually has been assumed

that liquid phase transport is the rate limiting step for corrosion product
transport in modeling. However, dissolution kinetics can also be an important
rate limiting step. Therefore, the usual assumption that the 1liquid is
saturated at the interface (which is the boundary condition for liquid phase
transport calculations) may not be valid. Additionally, the formation of com~
pounds at the interface could greatly alter the transport rates and cause
discrepancies in modeling and experimental results.

3. Particulate kinetics and transport processes., Particle kinetics

and transport are most important in dissolution dominated materials (austentic
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or ferritic stainless steels) and probably less important in refractory alloy
systems. Because heat transfer is much faster than mass transfer, the coolant
can become super-saturated. The dissolved material, instead of depositing on
surfaces, forms particulates and is carried around by the coolant. These
particulates will nucleate and grow in the cold sectioné, deposit on selected
locations, and dissolve in the hotter sections. In the cold regions, particu-
late formation will reduce the deposition rate. In hot regiomns, particulate
re-solution will act to repel the driving force for wall dissolution by pro-
viding local sources of solute., At selected locations, particularly if the
boundary layer is disrupted (such as the entrance region to a strong magnetic
field), particulates will be deposited on the wall and cause major problems.
The rate of particle nucleation is a thermodynamic function., The growth and
dissolution mechanism are functions of fluid residence time and other flow

parameters.
4, Liquid phase reactions and compound formation. Corrosion products

and reactants are usually modeled as inert elements moving through the system
of interest. The dissolved elements and the impurities may form compounds.
Lack of data on the compounds formed and their thermodynamic properties makes

it difficult at present to include this mechanism in present day models.

3.4.3.3 Analysis and Scaling

Materials interactions depend on a large number of environmental condi-
tions in the blanket and primary cooling system. In general, the most criti-
cal are materials, temperature level, and impurity level. Use of the correct
materials is an absolute requirement, since the phenomena change dramatically
from one material combination to the next. Similarly, corrosion processes are
activated by the temperature of the material: dissolution rates generally
scale exponentially with temperature. The influence of impurities is not
well~characterized, except to the extent that the types and level of impuri-

ties are known to be critically important.

Also important to corrosion are the thermal hydraulic conditions in the
primary cooling system and the long time of exposure. Thermal-hydraulic
factors include velocity magnitude and profiles, geometry, magnetic field (MHD

effects), and temperature gradients, which arise due to heat sources.

3-71



Table 3.4-9. Reactor Relevant Conditions Required for Testing
of Heat, Mass, and Momentum Transport Issues

Momentum Heat Mass
Transfer Trans%er Transfer
Magnetic Field X X X
Velocity X X X
Geometry X X X
Temperature Gradient X X
Temperature X
Impurity Level X
Material X
Long Time Exposure X
X

Geometry Qutside the
Magnetic Field

Table 3.4-9 summarizes these important environmental conditions and
contrasts them with the conditions required for heat and momentum transport
testing. Clearly, the number of relevant parameters is so large for mass
transport that simple scaling techniques which often work with single and
multiple effects phenomena are difficult to apply. Certain conditions simply
cannot be scaled due to their critical and/or unknown influence on materials
interactions. In section 3.4.4.5, the individual tests are described and the

dominant environmental conditions are given for each.

3.4.3.4 Test Scenarios and Test Strategies

Two key decisions will have a dramatic impact on the test scenario for
mass transport and materials interactions issues, These are: 1., choice of

materials and 2. desired level of theoretical understanding.

Materials Selection
In liquid metal blankets, the potential coolant and/or breeder materials

include lithium and Lil7Pb83 for self-cooled blankets, and helium in separate-
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ly cooled systems (including either separate blanket coolant or separate
first-wall coolant). The possible candidate structural materials include an
austenitic steel prime candidate alloy (PCA), a ferritic steel HT-9, and a
vanadium-based refractory alloy V-15Cr-5Ti. A reduction in the number of
breeder/coolant/structural materials combinations is crucial in order to

construct an effective test strategy under a limited funding scenario.

Modifications in the alloying constitiuents, impurity levels, or manu—
facturing techniques away from the reference alloys will be considered as
"innovative" materials research. Because the three reference materials
represent a very broad range of issues, concentrating on their testing will
provide relevant information regardless of the final choice of material, 1In
addition to this technology carry-over, there is a recognized need for special

testing of innovative materials.

The test strategy for materials interactions must be sensitive to re-
strictions which arise from thermomechanical, irradiation, and safety issues.
The emphasis in a balanced overall test strategy should be placed on materials
combinations which are most promising from an overall perspective. For self-
cooled blankets operating at a neutron wall loading of 5 MW/m2 or . more,
ferritic steel has a marginal design window and austenitic steel is impracti-
cal., This design window is based on a combination of thermomechanical and
corrosion phenomena, including pressure drop, heat transfer, and materials
dissolution. A more complete explanation is presented in section 3.l. For
separately-cooled or MHD insulated blanket designs, the thermomechanical
design window dis broader, so austenitié steels may still be attractive.
However, since self-cooled, uninsulated blankets are the primary design
candidate, refractory alloys should be given increased emphasis and austenitic

steels decreased emphasis.

Level of Theoretical Understanding

For every issue, there is a spectrum of testing approaches, ranging from
only theoretical modeling and model verification on one extreme to only
development of empirical correlations on the other extreme., A minimum level
of theoretical understanding is desirable for several reasons, including:

l. to extrapolate (and scale) test results beyond the range of testing condi-

tions, 2. to incorporate results for other materials systems and other
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applications, 3. to understand failures or unexpected results when they occur,

and 4. to evaluate the impact of corrosion on safety.

However, extensive modeling and testing to validate the models can be
very expensive, Even in a very theoretical development scenario, experimental
demonstration of the phenomena ultimately must be performed. It is conceiv-
able to eliminate the theroy effort and simply operate experiments under all
anticipated conditions —— both normal and off-normal -- in order to generate

empirical results for allowable temperature, impurities, materials combina-

tions, etc.

Particularly with corrosion issues, scaling of phenomena beyond the range
of conditions encountered in testing is- likely to be highly risky. This is
due to the large number of relevant environmental conditions and the sensiti-
vity of corrosion processes to these conditions. Therefore, modeling and
model verification may be much more difficult as compared to other issues,

such as heat transfer, fluid flow, and pressure drop.

A comprehensive program of corrosion testing for fusion applications will
necessarily proceed through stages, starting with the simplest possible
scoping experiments which narrow the materials and design choices, and pro-
gressing to very integrated, prototypical tests which verify the compatibility
of materials in a particular component design over long periods of time and in
a relevant environment, The testing approach will change throughout the test
sequence. By their nature, the simpler tests will be amenable to analysis and
will benefit from analysis by 1. allowing materials selection without inte-
grated testing and 2, providing insight on materials improvements and innova-
tion. But in order to establish a "relevant” environment for verification
testing, it may be necessary to include radiation damage effects, magnetic
field effects, bulk heating, etc. The combination of these integrated envi~

.ronmental conditions probably can come only from a fusion reactor test device.

To summarize, the anticipated phases of testing and their testing ap-

. proaches are:

1. early screening of individual alloys (analytic/empirical)

2, refinement of basic properties which are still poorly known
(empirical)

3. critical feasibility experiments (primarily analytical)

4, primary coolant system verification (empirical)
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3.4.3.5 Facility Descriptions

In this section, specific facilities are described, including the major

facility components, such as loop hardware, heat sources, magnetic fields,
impurity control systems, etc. In section 3.7, cost estimates for the more

critical of these facilities are developed.

Table 3.4-10 summarizes the types of experiments which might be used to
address the testing needs described in section 3.4.4.2, progressing from basic
to integrated tests. Besides basic measurements (described in section 3.3)
and the Thermomechanics Integrated Test Facility (described in séction 3.5),

these are all considered single and multiple effects tests.

The different tests are distinguished primarily by ’the environmental
conditions they contain, with the more basic tests containing the fewest
conditions. In Table 3.4—i0, distinguishing faciiity characteristics are
given for each class of facility. These are not the complete list of test
elements and environmental conditions for each facility, but only the major

additional features which make the facility unique from the previous ones.

Thermal convection tests, as with basic properties measurements, provide
the three most important environments - materials, temperature, and impurities
- as well as a temperature gradient and long-time exposure. Forced convection
loops have all of these features and also provide relevant coolant velocity
and simulation of interactions with other cooling system components, such as
pumps. In systems tests, the details of corrosion in the structure become
less important; exploration of cooling system operation is the primary
objective. These systems tests can be viewed as forced convection loops with
attached subsystems, such as a complete impurity control system (including,
for example, a corrosion inhibitor susbsystem). Synergistic tests fall in a
separate category, since they investigate specific issues under a limited
number of environmental conditions. These tests will probably be performed in

a thermal convection experiment with stress or irradiation present.

There are several requirements which are shared in common with all
materials interactions facilities, as summarized in Table 3.4-11. For exam-
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