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METALLURGICAL PROCESSING 

Abstract 

A review of recent research activities in liquid metal magnetohydrodynamics (LM-
MHDs) is presented in this article. Two major research areas are discussed. 

The first topic involves the thermomechanical design issues in a proposed tokamak 
fusion reactor. The primary concerns are in the magneto-thermal-hydraulic performance 
of a self-cooled liquid metal blanket. 

The second topic involves the application of MHD in material processing in the 
metallurgical and semiconductor industries. The two representative applications are 
electromagnetic stirring (EMS) of continuously cast steel and the Czochralski (CZ) 
method of crystal growth in the presence of a magnetic field. 
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1 Introduction 

The study of the motion of electrically conducting fluids in the presence of a magnetic field can be traced to 
the days of Michael Faraday and Bigclow over 160 years ago [1], [2], [3]. The area of study is appropriately 
called magnetohydrodynamics (MHD) but hydromagnctics and magncto-fluid-mcchanics have also been used. 
As Faraday and his contemporaries recognized, there are two consequences from currents which ensue in 
conducting fluids when subjected to a magnetic ficid. Firit, the induced magnetic field generated by these 
currents influences the external magnetic field. This phenomenon is characterized by the magnetic Reynolds 
number Rem, which expresses the ratio of the induced magnetic field to the external magnetic field. Second, 
the pondcromotive force (JxB), originating from the interaction of these currents with the external magnetic 
field, influences the motion of the fluid. This influence is characterized by either the Interaction (Stewart) 
parameter N, or the Hartmann number M (or Ha), depending upon the balance of the incrtial or the viscous 
force with the ponderomotive force, respectively [4|. 

Today there are two major areas of MHD research for which the fluids under consideration ai.J the magni
tude of the magnetic field intensities (flux density) arc characterized by small magnetic Reynolds numbers 
(Rcm < 1), large Interaction, and large Hartmann numbers (N,M>1). Each major area is concerned with the 
influence of the ponderomotive force on the liquid metal flow and, in heated systems, on the convcctivc heat 
transfer An additional area, at elevated heat fluxes, is boiling heat transfer of liquid metals in the presence of 
a magnetic field. Liquid metal boiling with a magnetic field has been investigated by Lykoudis [5j, [6], [7], 
Michiyoshi [47], and others but is not discussed here. The fluids under consideration arc the liquid metals 
(LMs), which traditionally include only the alkali metals (Li, Na, K) and mercury (Hg), but can include 
metals used in the metallurgical industry (Fe, AI, Sn), semiconductor metals (Ga, Si), and cutcctics (Pb-Bi, 
Li-Pb). There are other electrically conducting fluids such as molten salts, fcrro-fluids, and seeded (metallic 
particles) fluids. However, for the magnct'c field intensities of interest here (~ 1-5 Tcsla), the Interaction 
parameter for these fluids is much smaller than that for liquid metals. These fluids arc not discussed here 
but arc discussed in Blüm [9]. 

There arc a number of recent texts with detailed presentations on the fundamentals principles of magnetohy
drodynamics and developments in MHD research since [1], [2| and [3]. These texts arc by Morcau [10] and 
Polovin and Dcmutskii [II]. The latter text serves to supplement the earlier review on fundamental MHD 
research in the Soviet Union by Liclajsis [12]. The Soviet contribution is especially noteworthy for their 
scope in the years preceding the emergence of fusion blanket engineering. An additional bibliography of 
Soviet developments in MHD was also compiled by the U.S. government in 1976 [13]. 

1.1 Fusion Blanket Design 

1.1.1 Basic Concepts 

The first major area of research involves the design solution issues in the sclf-coolcd blanket of a fusion 
reactor. Research and conceptual design studies over the past twenty years have yielded a general consensus 
on a D-T (deuterium-tritium) fired plasma confined in a toroidal volume by an external toroidal-poloidal 
magnetic field. The D-T rciction has the iowest required ignition temperature (T~108 K) and produces 
energetic neutrons (14.1 McV) and Hc,j particles (3.52 McV). Other fusion reactions of interest arc the hclium-
dcutcrium (He3-D), dcutcriiim-dcMtcrium-ncutron (DDn), deuterium-deuterium-proton (DDp), tritium-tritium 
(TT), proton-lithium (p-Li), and proton-Boron (p-BM) rcactions. In D-T fired plasmas, tritium must be 
supplied as "fuel" by neutron-lithium transmutalional (n-Lifi and n-LJ7) rcactions. This is accomplished by 
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enveloping the plasma with a lithium-containing "blanket". The blanket not only provides an environment 
for "breeding" tritium but also serves as a barrier to energetic particles (neutrons and o-paniclcs). As a 
consequence, heat is directly deposited into the blanket material. Heat is also deposited in the physical 
boundary which confines and separates the edge of the plasma and the blanket material. This boundary 
is called the "first wall". Since it must withstand both intense electromagnetic radiation-heating from the 
plasma (q" ~200-1000 kW/m2) and bombardment of neutrons, it must be adequately cooled and be capable 
of withstanding radiation damage. A simplified schematic of a fusion reactor is shown in Figure 1. The 
fundamental concepts in fusion and fusion technology are presented in Dolan [14]. 

In order to satisfy the cooling requirements of the first wall, two blanket configurations have been proposed. 
First, in the self-cooled configuration, the blanket material serves as both a tritium-breeder and heat transfer 
medium. The primary blanket materials under consideration here are pure lithium and lithium-lead (Li^Pb^). 
In the second scparatcly-coolcd configuration, stagnant lithium or solid lithium-oxide materials are used as 
tritium-breeders, while either water or helium gas serve as the heat transfer medium. The design of solid 
breeder blankets has been reviewed by Abdou ct al. [IS], [16] and is not discussed here. 

In the self-cooled configuration, "MHD-cffccts" develop as a result of the interaction between the plasma-
confining magnetic field and the motion of the liquid metal coolant. The general influence of the magnetic 
field is the suppression of the fluid motion across the field lines. This has two significant consequences. 
They arc the appearance of large pressure drops and the significant reduction in the heat transfer coefficient. 
Both of these MHD-effects arc problematic in the various regions of the proposed blanket geometry. The 
worldwide research effort is th .s focused on investigating these inherent "magncto-thcrmal-hydraulic" issues 
and evaluating the feasibility of the liquid metal, sclf-coolcd blanket design. 

1.2 Metallurgical MHD 

The other major area of MHD research concerns the application of magnetic fields in metallurgical processing 
schemes and, subsequently, in understanding the MHD phenomena in these applications. It should be noted 
that for electromagnetic technology simple applications already exist and that, driven by commercial forces, 
applications have preceded the conceptual understanding of the physical phenomena. The metallurgical 
processes are in two areas of significant difference in physical scale. The processes arc the solidification of 
molten metals, e.g. steel and alloys and the growth of semiconductor crystals by the Czochralski method. 
The various electromagnetic processes in the steel and metal industries have been categorized by Asai [17] 
and arc shown in Table 1, while the emerging applications arc described by Gamier [18], [19]. A number 
of the processes arc design-oriented and simply involve "shaping" the free surface of a liquid metal by 
appropriately placed magnets or "levitating" a mass of molten metal in order to prevent contact with walls 
that arc a source of impurities. These applications, in respects, only partially concern magnctohydrodynamics 
because they concern issues in electrical engineering of conventional and superconducting magnets. They 
nevertheless provide substantial savings for the industry by eliminating the need for post-processing the 
solidified metal such as "cold-rolling" and "shaving". On the other hand, a process which involves both 
MHD and heat transfer is the continuous casting of molten metals in the presence of electromagnetic stirring 
(EMS). Here, the molten iron is stirred by an external magnetic field in order to influence the morphology of 
the solidifying melt. The stirring during the solidification process appears to promote microscopic structures 
in the material which have favorable macroscopic mechanical properties. Since the solidification process 
with EMS is controlled by MHD and heat transfer phenomena, a better understanding of these phenomena 
has gradually been recognized by the industry as a key to controlling and producing a high grade finished 
product. 
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The Czochralski (CZ) method of crystal growth is one of several methods by which semiconductor crystals, 
such as silicon and germanium, are grown. The various techniques used in the crystal growth of silicon 
have been reviewed by Ciszek [20]. The processing sequence, which begins with raw silicon-oxide (sand) 
and finishes in the production of polished silicon wafers, is depicted in Figure 2. The end-product price, 
per kilogram, of polished silicon wafers is approximately 800-fold of the raw silicon-oxide price. Besides 
the cost of the distillation sequence, the cost of growing silicon crystal, from polycrystalline silicon, is a 
major processing expenditure. In the overall process, however, it is the critical process in obtaining the 
end-product. The successful growth of large and high quality crystals is, therefore, of considerable interest 
to the semiconductor industry. 

The semiconductors materials, such as silicon and germanium, have properties characteristic of liquid metals 
in the liquid phase. It is thus possible, with the application of an external magnetic field, to exploit the 
interaction of the electrically conducting fluid with the magnetic field. This is, in fact, done to suppress the 
convcctivc (forced and natural) motion in a semiconductor "melt" which is contained in a heated crucible. 
The physical phenomena arc, however, not restricted to this simple MHD effect. The Czochralski method of 
crystal growth is conducted at high temperature (T~800-1000°C), where radiation heat transfer is important, 
with differential rotation of both the crucible and "seeded" cylinder. The cylinder is initially "seeded" with 
a single crystal and extracts new crystal from the solid-liquid interface (sec Figure 3). Both analytical end 
numerical investigations have considered the variety of heat and mass transfer phenomena characterizing the 
CZ crystal "puller". These have been reviewed by Kobayashi [21]. Although these investigations provide 
some insight into the fluid flow and heat transfer, experimental investigations of the velocity field, such as 
that due to forced and natural convection, arc generally lacking. 

1J Format 

The present review has been organized in the following order: MHD Issues in Fusion Blanket Design 
(Section 2), Experimental Facilities (Section 3), and Analytical and Numerical Methods in Blanket Design 
(Section 4). This is followed by a Summary of Fusion Blanket Issues (Section 5). This section provides a 
condensed summary on the state of fusion blanket related research and concludes with an identification of 
magneto-thermal-hydraulic issues which need to be investigated. Section 5 can thus be consulted without 
reading the details contained in Section 2 to 4. Finally, the author would like to bring to attention the fact 
that the present review of the MHD Issues in Fusion Blanket Design has been fashioned after excellent 
reviews by Picologlu et al. [22] and Abdou ct al. [15]. 

In the following section, we begin with MHD Issues in Metallurgical Processing (Section 6), which first 
contains a discussion of Continuous Casting (Section 6.1) and second, a discussion of Czochralski Crystal 
Growth (Section 6.2). A summary is included for each of these metallurgical areas. The summaries again 
provide a condensed state-of-the-art review and in both cases, propose that an experiment to be conducted 
in a low melting point liquid metal. 
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2 MHD Issues in Fusion Blanket Design 

2.1 Blanket Design Issues 

A Blanket Comparison and Selection Study (BOSS) was initiated by the U.S. Department of Energy (DoE), 
Office of Fusion Energy in 1982. The investigators consisted of a multidisciplinary team of national labo
ratory, university and industrial experts in fusion technology and was led by the Fusion Power Program at 
Argonae National Laboratory (ANL). The investigation tacitly reviewed the full range of fundamental MHD 
and design-oriented investigations in fusion reactor blankets up to 1982. The objectives of the study were 
(see Pkologlu et al. [22]): 1) to define a small (three) number of blanket design concepts for which research 
and development (R&D) could be focused, 2) to identify and assign priorities to the critical issues of the 
selected designs, and 3) to provide technical support to develop a blanket R&D program. As of 1984, the 
two major blanket concepts for tokamak and mirror fusion reactors selected were the the self-cooled liquid 
metal blanket and the separately-cooled solid breeder blanket. The functions that a fusion blanket must serve 
are: 1) the conversion of kinetic energy of fusion neutrons and secondary gamma rays into heat and 2) the 
breeding of tritium at a rate for tritium fuel self-sufficiency. 

For the self-cooled liquid metal blanket, the primary material candidates are pure lithium and Li17Pb83 
eutecttc. Both fluids have sufficiently high tritium breeding ratios, and as liquid metals, provide good heat 
transfer characteristics. These attractive characteristics are high operating temperatures for efficient energy 
conversion (high b.p.), negligible radiation damage to the breeder, and flexible operating conditions. The 
self-cooled configuration additionally simplifies the blanket design because lithium is used as both tritium 
breeder and coolant This eliminates material compatibility considerations between the breeder and the 
coolant and reduces the compatibility issues of lithium with structural materials. The thermal system design 
is also simplified because energy is directly deposited into the coolant and directs attention to the adequate 
convective cooling of the first wall. The one recognized drawback of pure lithium as compared to Li^Pb» 
is the high chemical reactivity of lithium. 

Given the self-cooled liquid metal blanket, we must next consider some aspects of the tokamak fusion reactor 
design. The U.S.-DoE Magnetic Confinement Program has focused on the tokamak and minor type reactors. 
Schematics of a tokamak and a mirror are shown in Figures 4, 5 and 6. Although the design issues in 
the LM blankets of both reactors arc similar, three features of the tokamak make the MHD concerns more 
challenging and influence the design of the blanket. Tokamaks have: 1) regions of higher magnetic field 
intensity, 2) longer flow lengths in the high field regions, and 3) greater surface heating at the first wall 
[22]. As compared to a minor type reactor, the peak field in a tokamak is proposed to be 6 - 8 Tesla (1 
Tesla = 104 Gauss = 1 Weber/m2). This difference is attributed to the inherent radial magnetic field gradient 
in a tokamak, given similar plasma parameters as the mirror type reactor. Next, the arrangement of flow 
paths is problematic near the center of tokamaks due to the dense packing of flow tubes. To accomodate 
this problem, all flow manifolds are located on the outboard side of the blanket This, however, increases 
the length of the flow paths in the high field regions of tokamaks. Finally, the anticipated first wall heat 
flux which must be cooled by the liquid metal blanket is 200-1000 kW/m2. This cooling requirement is 
especially demanding in view of the tokamak features 1) and 2). If one were to use convcctivc cooling in 
simple straight flow channels, the transverse magnetic field would suppress the fluid motion to the extent 
that the heat transfer coefficient diminishes significantly. This fact is known from a number of basic studies 
in MHD heat transfer [23] and [24]. As a result, the temperatures in the structure of the flow channels are 
elevated toward specified operating limits. These operating limits are defined for both the structure (T,,maz) 
and the coolant-structure interface (Tjn:,maz). The structural limit is the limit arising from considerations of 
corrosion and mass transport, thermal stresses, and material behavior under irradiation. The interface limit 
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is the temperature at which a structure in contact with liquid metal experiences accelerated corrosion. 

At this point, it may be possible to decrease the structural temperature by increasing the coolant velocity. 
However, this increases the pressure drop due to MHD-cffects and, subsequently, the mechanical stress on the 
structure. As the mechanical stress on the flow channel wall increases, we must consider staying within the 
maximum allowable primary stress, S m i r , for the structure. If we counter the additional stress by increasing 
the wall thickness, we find that there is a simultaneous increase in the electrical conductance of the wall 
which exacerbates the MHD-effccts. The ncutronic performance of the blanket is additionally degraded. 
Inspite of these coupled magneto-thermal-mechanical constraints, however, there is a design window which 
makes the liquid metal self-cooled configuration a viable blanket option. This design window shown in 
Figure 7 is bound by the first wall neutron wall load, the maximum allowable flow velocity with MHD-
cffects corresponding to the mechanical stress limit and the minimum cooling which must be provided in 
order not to exceed the maximum structure and interface temperatures. There arc, however, uncertainties 
associated with die boundary of the design window due primarily to an imperfect understanding of the 
physical phenomena. These uncertainties, at present, must be accomodated by an additional "safety" margin 
added to the design limits. 

The uncertainties in the thcrmomcchanical behavior of the liquid metal self-cooled blanket arc summarized in 
Section 2.3. First, to further demonstrate the magncto-thcrmal-hydraulic phenomena and design constraints, 
we reproduce an analysis of a representative inboard flow channel as contained in Picologlu et al. [22]. 

2.2 Magneto-Thermal-Hydraulics in Blanket Design 

Consider a coolant conduit as shown in Figure 8. The conduit of cross sectional area 2a x 2b, length I, and 
wall thickness 2tu, represents a typical inboard (first wall) flow channel. A coolant of density p flows at an 
average velocity v, with an uniform heat flux Q" imposed on one wall, and a magnetic field of flux density 
B, imposed in a transverse direction to the flow and perpendicular to the heat flux. The flow of the coolant 
induces currents, both within the coolant itscf and in the electrically conducting conduit walls. 

In this flow of an electrically conducting fluid in the presence of a magnetic field, the above variables and 
thcrmophysical properties can be combined to form four non-dimensional parameters which charact.Hzc 
magncto-lhcrmal-hydrauics in blanket design. These arc: the magnetic Reynolds number (Rcm), the Hart
mann number (M or Ha), the Interaction (or Stewart) parameter (N), and the wall conductance ratio (<?). 
They arc defined in [4] as follows. The magnetic Reynolds number is the ratio of the flow velocity to the 
magnetic diffusion velocity but is more often interpreted as the strength of the induced magnetic field to the 
applied magnetic field. Fortunately, under blanket conditions (for the liquids and magnetic fields under con
sideration), Rem~10 - 2 - 10 -3, and the influence of the induced magnetic field on the flow can be neglected. 
Next, the Hartmann number is defined as the ratio of the pondcromolivc force to the viscous force while the 
Interaction parameter is defined as the ratio of the pondcromotivc force to the incrtial force. The square of the 
Hartmann number can also be interpreted as the ratio of the diffusion time for momentum to the "roll-over" 
time which is the time it takes for a velocity fluctuation to be damped out by a magnetic field [107]. The 
Interaction parameter can equally be interpreted as the ratio of "convcctivc" time (for a liquid with velocity 
U to cover distance L) to the "roll-over" time. These dimensionfess numbers characterize the flow in blanket 
flow channels and under blanket-relevant conditions, assume a value of M~N~ 10\ These values must to 
be approached in any experimental investigations of fusion blanket flows. In magncto-fiuid-mcchanic heat 
transfer experiments, it is expected that the relevant dimcnsionlcss parameters will be the Pcclct number, 
the Lykoudis number, and the ratio of the Hartmann to Reynolds number (M/Rc). An inclusive list of these 
dimcnsionlcss groups is given in Table 2. Finally, the wall conductance ratio, 4>, expresses the ratio of the 
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electrical conductivity of the duct material and the liquid metal along with the characteristic length scales 
(wall thickness and channel half-width) of the flow channel. Since material issues are very important in 
fusion blanket design and electrically conducting materials interact with a magnetic field, the (^-parameter 
must also be reproduced in experiments. 

For the proposed conditions in the blanket region, the Hartmann number and wall conductance ratio are, 
respectively 

M ~10 5 , < />~ l (T 2 - l ( r 3 (1) 

where the Hartmann number is defined as 

M = RemN = ^ - ^ (2) 
M 

and the conductance ratio as 
4>=^^. (3) 

ja 

In Eq. (2), ae, B, I and p. are, respectively, the electrical conductivity of the liquid, the magnetic field 
density, the length of the conduit and the dynamic viscosity. In Eq. (3), aw, lw, a and a are, respectively, 
the electrical conductivity of the conduit wall, the conduit wall thickness, the electrical conductivity of the 
liquid and the half-width of the flow channel. Finally, Rcm and N are, respectively, the magnetic Reynolds 
number and Interaction paranuicr (or Stewart number) as defined in [4]. 

The two paranieters of importance describing the MHD-effects arc the pressure drop and temperature change 
along the conduit under consideration. The pressure drop along the conduit is given by 

Ap = (avB2<f> (4) 

This equation simply describes a balance between the pressure gradient and the ponderomotive force over 
the length L The mixed mean temperature rise along the conduit, derived from an energy balance over the 
same conduit with an imposed heat flux, is given as 

AT = 2aQ"t/mCp (5) 

where 
m = pV A = 4abpv. (6) 

Combining the expressions for Ap and AT through t; then gives an expression for the pressure drop along 
the conduit in terms of the imposed heat flux, magnetic field intensity, mixed mean temperature rise, conduit 
dimensions and material properties. This is the pressure which would have to be sustained by the conduit 
wall near the inlet, assuming that the pressure at the conduit outlet is the same as the pressure exterior to 
the conduit. 

This pressure drop is 
_ Q"l2B2owtw 

P 2abpCpAT ( ' 
and the corresponding tensile stress for the walls of width 2b is 

S - Apa/tw 

which becomes 

S = 2bPCpAT ( 8 ) 

Now, under typical conditions for the inboard blanket, we can make an estimate of the tensile stress in the 
conduit wall. The material, geometrical, and functional constraints dictate that [22] 
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fl~7 [Tesla] 
/~6 [m] 

Qma*"~ 6 [MW/m2] 
aw^\06 [S/m] 
AT~50 [°C] 
26~0.5 [m] 

and pCp~2 [MJ/m3K] 

For these values, Eq. (7) gives a stress of approximately 200 (211.8) [MPa]. Here, we have used the 
maximum heat flux rate at the first wall. The calculated stress is, in reality, slightly larger because the limit 
on the interface temperature at the first wall requires a higher velocity than that corresponding to the given 
mixed-mean temperature rise of 50°C. 

The calculated stress is of significance to the design of the fusion blanket because it is very near the 
maximum allowable primary stress in the proposed wall material, Smai=210 MPa. It is noted in [22] that, if 
the computed stress had been an order of magnitude smaller, then MHD-effects would not be critical to the 
design of the blanket. On the other hand, if tfie computed stress had been one order of magnitude larger, a 
liquid metal blanket would be impossible without some electrically insulating layer between the coolant and 
the conducting conduit. The fact that the computed stress is so close to the allowable stress leaves open the 
possibility of adequately cooling the first wall while maintaining a manageable pressure drop and stress. 

2 3 Design Uncertainties 

The design uncertainties in the self-cooled blanket concern both the boundary of the design window and 
the window itself. As stated, they are primarily attributed to an imperfect understanding of the physical 
phenomena. The uncertainties can be classified in to three areas. They are [IS]: 1) material interaction 
uncertainties, 2) structural mechanics uncertainties and 3) magneto-thermal-hydraulic uncertainties. These 
areas are, however, coupled because material and structural issues are heavily dependent upon the flow and 
temperature fields resulting from the considerations of the magneto-thermal-hydraulics. In this respect, the 
magneto-thermal-hydraulic uncertainties which exist at both the fundamental and the design levels, drive the 
design issues in the liquid metal sclf-coolcd blanket. Each of the three areas is discussed below. However, 
only the magncto-thermal-hydraulic issues will be discussed beyond Section 2.3.3. 

2.3.1 Material interaction uncertainties 

Liquid metals can interact strongly (e.g. pure Li) with both structural and containment materials. This inter
action brings about issues in corrosion, material properties degradation and high mass transfer n..;; (erosion) 
that are accentuated by the energetic fusion blanket environment. Material research in the nuclear engineering 
field indicates that the nature of the interaction depends specifically on the exact material composition and 
the impurity concentrations. The operating conditions, especially temperature, often accelerate and influence 
the interaction rates. 

There is much work to be done on identifying the important reactions which govern the material interactions, 
establishing acceptable design limits, and developing methods in reducing the problems. 

10 



2.3.2 Structural mechanics uncertainties 

The structural responses of blanket flow channels and components are very complex because the loading 
conditions are heavily influenced by the magncto-thermal-hydraulic phenomena. In addition, material behav
ior in the fusion environment is difficult to simulate. Because very little work has been done in this area, 
the only known fact is that the limits on T s m a r and Tint>max are uncertain. 

2.3.3 Magneto-thermal-hydraulic uncertainties 

The investigation of magneto-thermohydraulic uncertainties in blanket design is presently limited to relatively 
simple geometries under idealized conditions. This is attributed to the fact that even fundamental phenomena 
are not well understood. There arc also relatively few experiments in the fundamental areas and present 
numerical and experimental tools are not well-developed. The actual reactor components would, for instance, 
be subject to a fully three-dimensional magnetic field in a fusion environment characterized by thermal and 
radiation-induced changes and transients. These problems are beyond our reach at the moment. However, 
knowledge of velocity field and pressure drops is needed in the proposed simplified blanket designs. 

In Section 2.2, we gave the pressure drop along a simple conduit. This equation is only valid under the 
condition that the conduit wall thickness, channel dimensions, and geometry change gradually along the 
flow direction. At present, precise criteria for judging a gradual variation do not exist. In the case that a 
change >s not gradual, three-dimensional perturbations result from a changing B-field. A field can change 
in magnitude or direction as a result of alterations in the cross-section arcal dimensions, changing wall 
thickness, bends, manifolds and so forth. The perturbations in the flow field arc driven by a ponderomotive 
force, (JxB), originating from (changing B-field) induced currents. These perturbations (and even steady 
MHD problems) are the source of two design issues that are not well understood. They arc: 1) the extent 
of the additional pressure drop over and above that predicted by fu.ly developed flow theory due to three-
dimen >onal effects, and 2) the differences in three-dimensional effects in circular and rectangular ducts. It 
is the general consensus of the fusion blanket research community that three-dimensional effects due to local 
geometry changes will not greatly influence the pressure drops calculated with present methods. On the other 
hand, velocity profiles appear sensitive to local changes and experimental investigations of three-dimensional 
effects under proposed blanket conditions, as described by the Hartmann number and Interaction parameter 
M.N^IOMO6, are lacking. Abdou et al. [15] and the MHD research teams at ANL [22] and KfK [25] have 
identified the importnat parameters and blanket geometries. These are shown in Tables 3 and 4, Figure 9, and 
Table 5. The latter figure also reviews the status of experimental, numerical, and analytical investigations 
for each of the identified geometries. 

It is important to know the velocity profiles because they consequently determine the temperature profiles. 
Of particular interest arc the local features of the velocity profile which directly influence the magnitude and 
location of the maximum temperatures. Knowledge of the "hot-spots" consequently determines the operating 
limits and influences the material and structural considerations. 

2.4 Reference Design Concept 

Besides fulfilling the objectives described in Section 2.1, the Blanket Comparison and Selection Study 
proposed a new fusion blanket design called tl^ Reference Design Concept (RDC) upon which magncto-
thcrmai-hydraulic issues could be investigated. The design is depicted in Figures 10, 11 and 12. It integrates 
design solutions based on a consideration of both previous blanket designs and a state-of-the-art understanding 
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of MHD phenomena (and constraints) in the sclf-coolcd liquid metal blanket. It is perhaps the leading blnaket 
design concept for the tokamak fusion reactor program in the United States. In Europe and in Japan, the 
blanket design remains open. Four blanket concepts arc being simultaneously developed by the European 
Community according to Proust [29] for the eventual demonstration (DEMO) reactor. While two options 
are of solid-blanket design (lithiated ceramic breeder), the other two arc a water-cooled, liquid Lii7Pbg3 
blanket and a self-cooled Li^Pl^ blanket. In Japan, a He-Li two-phase flow cooled, lithium blanket has 
been propscd by the Tokyo Institute of Technology [26]. Liquid lithium is, however, circulated in all these 
designs and, therefore, some aspects of magncto-thcrmohydraulics are warranted. One must also recognize 
a number of devices primarily used for fusion plasma engineering research. These specialized tokamaks 
arc listed in Tabic 6 and should additionally include the Joint European Torus (JET) [14], [30]. These 
devices do not integrate current liquid metal blanket design and for this reason arc relatively independent of 
fusion blanket MHD research. Some blanket components are planned to be integrated into the International 
Thermonuclear Experimental Reactor (ITER) and the Next-Step device [30]. 

Returning to the design of the RDC, the salient features depicted in Figure 10 arc the slightly slanted poloidal 
manifolds and the small toroidal channels. Each poloidal manifold supplies a number of toroidal channels. 
The toroidal channels face the surface heat flux and neutron-flucnce heating, while the poloidal channels, 
situated behind it, arc isolated from the heat flux. In this configuration, the poloidal channel can withstand 
higher primary and thermal stresses than the toroidal channels. In this way, the flowratc through the poloidal 
manifold is kept at a relatively low level in order to minimize the single largest pressure, which is in the 
manifold itself. The addiiional design advantages arc in the toroidal channels, which must accomodate high 
flowratcs in order to reduce the maximum interface temperature at the first wall to an acceptable level. This 
is possible because flow through the toroidal channels is parallel to the strong toroidal field (~5 Tcsla) 
while perpendicular to the weaker poloidal field (~0.5 Tcsla). This, and the relatively shorter flow length in 
toroidal channels, in comparison to the length of the manifold in the poloidal direction, minimizes the MHD 
flow losses. Overall, the poloidal-toroidal design provides a means by which the first wall can be adequately 
cooled while minimizing the MHD-incurrcd pressure drops. 

In Figures 11 and 12 the details of the RDC arc shown. Figure 11 shows a cross-sectional view of the 
blanket dimensions and configuration. We note that both the inboard (left conduit) and outboard (right 
conduit) blanket incorporate poloidal manifolds and toroidal first-wall channels. Figure 12 shows the top-
down view of the blanket from point 3 to point 8 with all dimensions given in centimeters. 

2.5 Design Solutions 

The Reference Design Concept, proposed by the BCSS, incorporates design features based on the best 
available knowledge of MHD phenomena in the blanket environment. The design, however, cannot sidestep 
the phenomcnological constraints and the uncertainties associated with LM-MHD. The foremost of these 
constraints arc the large pressure drops and the reduction in the rate of heat transfer. Since 1984, a number 
of new "design solutions" have been proposed to counter these constraints. These solutions arc aimed at 
minimizing the pressure drop and maximizing the rate of heat transfer along blanket channels [15]. The 
options that are currently being investigated arc: 1) insulators, 2) flow channel inserts, 3) flow tailoring, 
4) instabilty enhancement, 5) two-phase flow, and 6) LM-MHD power conversion. We briefly discuss the 
underlying concept of each option. 
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2.5.1 Insulators 

In electrically conducting conduits, the magnitude of the MHD currents in fully developed flow is deter ined 
by the conductance of the walls and, as expressed in Eq. (4), the pressure gradient is proportional to the 
conductivity ratio. The MHD effects, however, cannot be diminished by reducing the wall thickness because 
the stress becomes larger. An alternative which can reduce the pressure drop two orders of magnitude is 
the non-conducting channel. In these channels, the current passes through the thin Hartmann layers and the 
pressure drop, expressed by Eq. (5), is reduced by a factor of 1/M (typically, M~105, <£~10-3). 

Since most of the structural materials selected for blankets are conducting metals, one way to achieve a 
non-conducting boundary is by electrically insulating coatings. Abdou et al. [15] have reported that three 
coathgs, CaO, BN, and A1N are under consideration. However, little is known about their behavior in the 
fusion environment. 

2.5.2 Flow Channel Inserts 

An option which sidesteps the material concerns of insulators is the flow channel insert. A flow channel 
insert is simply a thin insulating material between two thin metal claddings. It is manufactured in the shape 
of the channel and is inserted inside the conduit with a small gap provided between the insert and the conduit. 
This decouples the wall stress, which is supported by a heavier wall structure from the pressure drop that 
occurs along the electrically insulated wall. Flow channel inserts are presently being investigated by Barlcon 
et al. [31] at the Kemforschungszentrum Karlsruhe (KfK). 

2.5.3 Flow Tailoring 

Flow tailoring is a method by which the design of the duct geometry, wall thickness and wall conductivity 
is optimized as a means of "tailoring" the MHD velocity profile to regions where the heat fluxes are highest. 
This usually means directing more flow to the first wall. The two flow tailoring methods currently under 
investigation are the variation of the wall conductance and the cross-sectional shape. Since both approaches 
are amenable to computational solutions, numerical investigations are being carried out first and will be 
followed by experiments. Picologlu et al. [32] at ANL are currently engaged in a computational investigation 
of flow tailoring and a companion experiment is under preparation. 

2.5.4 Instability Enhancement 

In turbulent MHD flow, the magnetic field suppresses random turbulent fluctuations which significantly reduce 
the heat transfer coefficient. This also develops a fully three-dimensional temperature field in liquid metal 
blankets. In some instances, however, the vorticity parallel to the magnetic field is less strongly suppressed 
than 'he vorticity perpendicular to the field. This is known as (quasi)two-dimcnsional MHD turbulence 
and is further discussed in section 3.2 as basic research in turbulence. In studying two-dimensional MHD 
turbulence, Hunt [33] suggested in 1965 that side layers (wall jets) could have a destabilizing effect on the 
flow at high field intensities. This was also observed by Lehnen [34]. The possibility of such instabilities 
has been considered by Branover and Gershon [35), Branovcr ct al. [36], and Reed and Picologlu [37]. It is 
thought that such instabilities can be enhanced by placing either flow obstructions parallel to the magnetic 
field or along conduit walls parallel to the field. Experimental data at high magnetic field intensities have 
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shown the level of the fluctuating velocity component to be as large as the average velocity [371. Further 
experimental validation of such instabilities will no doubt demonstrate the possibility of increasing the hrat 
transfer coefficient without the penalty of increasing the MHD pressure gradient. 

2.5.5 Two-phase Flow 

The introduction of a gas phase, typically helium or argon, into the liquid metal flow has been proposed as a 
simple way of reducing the pressure drop. This is accomplished by reducing the fraction of the electrically 
conducting fluid, subject to the magnetic field, by the inert gas. The optimal fraction of gas in the liquid 
metal, in order to minimize the pressure drop, is not clear since the addition of gas simultaneously reduces 
the heat capacity and thermal conductivity of the fluid. This degrades the heat transfer performance of the 
coolant. There is evidence, however, that the flowratc of two-phase flow can be larger than in single-phase 
flow, while maintaining a manageable pressure drop. In fact, studies have shown that a blanket design using 
two-phase, lithium-helium, flow as the primary coolant is possible f?6]. 

Most of the investigations in two-phase, two-component, gas-liquid metal flows are being conducted at the 
basic level and investigations in this area are briefly reviewed in Section 2.7.1. 

2.5.6 LM-MHD Power Conversion 

The potential for high temperature operation with liquid metal blankets leads to high thermodynamic efficiency 
for power conversion. In this respect, many power cycles using direct MHD power conversion have been 
proposed (sec Refs. [38], [39]). In the most recent design, an injected gas expands in a coolant exiting from 
a blanket. When this two-phase mixture passes through a stationary magnet, the interaction between the 
magnetic Meld and the fluid generates an electromotive force and a DC current passes through an external 
circuit. The gas and liquid are then separated with the liquid returning to the blanket and the gas returning to 
a heat exchanger to be cooled prior to re-;.njcction. MHD power conversion has been reviewed by Blumcnau 
et al. [38] and has been an active area of research at the Ben Gurion University, Center for MHD Studies 
headed by H. Branovcr. LM-MHD power conversion is not directly related to blanket design but contains 
basic MHD phenomena which may be of relevance to blanket design issues. 

2.6 High Heat Flux Components 

Components near the first-wall and on the edge of the plasma, such as the limitcr and divcrters, arc called 
High Heat Flux Components (HHFC). The function of the limiter is to "scrapc-ofT" impurities from the 
edge of the plasma near the first wall. The impurities arc then directed away from the plasma by a vacuum 
pump. A conceptual schematic of a limitcr is shown in Figure 13. Since HHFCs arc placed in extremely 
harsh environments with exposure to radiation heating and particle bombardment, they face erosion of solid 
materials and a brief lifespan of service even with adequate cooling. Originally, HHFCs were proposed 
to be water-cooled. However, safety concerns over lithium-water interactions have yielded proposals in 
cooling HHFCs by renewable liquid metal films and droplets. It is thought that liquid metal cooling would 
significantly extend the lifetime of HHFCs. Design studies have shown that free surface configurations can 
remove heat for surface heat fluxes up to 30 MW/m2 [43]. The various designs have not been experimentally 
investigated and even less has been done in the presence of a magnetic field. 
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2.7 Basic Research in MHD 

At this point, we need to recognize that there »s also a wide ranging interest in magnctohydrodynamics irom 
the viewpoint of basic research. In fact, much of the research activity in two-phase flow and instability 
enhancement, which were mentioned as design solutions in Section 2.5, is at the basic level. These topics 
a*e briefly reviewed below. 

2.7.1 Basic Research in Two-Phase Flows 

Two-phase, two-component MHD flow and heat transfer in liquid metals have been investigated in conjunction 
with two-phase flow in ordinary fluids (Pr>l). Although the flow associated with boiling of a liquid metals 
is truely two-phase flow, those involving a liquid metal and a second gaseous component is also commonly 
called by the same name. This practice has been followed over the more accurate description of these flows 
as two-component flow. We follow this practice in the present section. 

The injection of air or inert gases into a liquid metal bath has been considered in the metallurgical industry 
with the objective of improving the quality of the solidified end-product and controlling the solidification 
process (see Wraith [44]). These were neither detailed nor MHD-related studies of two-phase liquid metal 
flow. An early investigation by Thome [45] of vertical two-phase flow in a rectangular channel with a 
transverse magnetic field initiated a number of subsequent investigations into the mechanisms of two-phase 
MHD flow in rectangular and circular channels. Detailed investigations on two-phase MHD flows with both 
a single bubble injector and a multiple number of injectors (and porous materials) have been conducted by 
Ida et al.[40], Serizawa et al. [41], Gherson and Lykoudis [42], Mori et al. [46], Michiyoshi [47] and others. 
These studies have mainly studied the bubbly flow regime (single bubbles included) and have measured 
bubble parameters such as void fraction, bubble rise velocity, bubble chord length and liquid-side parameters 
such as the average velocity and turbulence intensity. The measured data were made possible and coincided 
with the development of the hot-film (hot-wire) and the conductivity (resistivity) measurement probes for 
the specific applications. The general conclusions reached by these investigations or> two-phase MHD flow 
in vertical pipes with a transverse magnetic field arc as follows. 

• Any asymmetry existent in the entrance region are felt far downstream. This is due to the suppression 
of the bubble motion and equal damping of the liquid motion (turbulence level) by the pondcromotivc 
force. 

• A result of the supprcsion of the bubble motion is the redistribution of the bubble population. Larger 
bubbles and higher void fraction values arc observed due to increased coalescence. 

• When the bubbles enlarge beyond a size sustained by surface tension forces, they break-up into smaller 
sizes and redistribute themselves more evenly in the test section. The turbulence associated with the 
break-up process is thought to promote mixing. 

• When the bubbles are injected singly, there is a tendency for the void isocontours to spread along 
the East-West direction which is the "quiet zone" with respect to the magnetic pressure. The field is 
oriented in the North-South direction. 

• The bubble slip ratio increases in a transverse field due to the simultaneous change in both the mean 
liquid velocity and the bubble rise velocity. The mean liquid velocity decreases more than the bubble 
rise velocity. 
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• The interaction of the pondcromotive force with c^rces due to bubble motion near a solid boundary, 
when the bubbles are injected uniformly from a multiple number of injection sources, is not well 
understood. 

Finally, a distinction between the bubbie-motion induced (buoyancy-induced) turbulence and wall shear 
induced turbulence has been made because these two-phase turbulent flows, in genera!, arc not well understood 
from classical turbulence theory. More specifically, the term Turbubblence has been proposed in order to 
describe gas-liquid turbulent flows (see Lykoudis [48]). 

At much higher void fractions, there have also been investigations on annular-dispersed flow and flow of thin 
liquid films. Both phenomena have been suggested in meeting the magnclo-thcrmal-hydraulic requirements 
of the fusion blanket and the first wall. Basic studies in heat transfer of liquid metal spray cooling have 
been conducted by Toda and Kurokawa [78], [79] while Scrizawa ct al. [41] have conducted experiments 
in annular-dispersed flow with a magnetic field. They found that as the film thickness increased with 
field intensity, a circumferential non-uniformity in the film flow also developed. The liquid film on the 
wails parallel to the field became thicker than on the walls perpendicular to the field. The heat transfer 
was consequently found to deteriorate on the walls perpendicular to the field and to improve on the walls 
perpendicular to the field. A complete explanation of the physical mechanisms involved has not been given. 

A theoretical investigation into two-phase MHD flow has recently been initiated by Thibault [49] within 
the context of bubbly flow through a conducting channel and in the presence of a magnetic field. Previous 
isolated studies were conducted by Pclrick et al. [50], Lykoudis [51], and Dobran [52], [53]. The present 
work by Thibault brings together many of the ideas from these previous investigations. The flow model 
is an one-dimensional two-fluid model with an averaging scheme, based on Dobran's work, applied to the 
conservation equations. As for Maxwell's equations, these arc reduced to Ohm's Law with an apparent 
average electrical conductivity describing the mixture of the conducting and non-conducting fluids. The 
resulting set of equations is solved numerically. Thibault has noted from an analysis of the model a particular 
need for a parallel effort in experimental two-phase (bubbly flow) MHD. In particular, he identified the need 
for accurate measurements and a detailed study of the relationship between pressure, the apparent electrical 
conductivity and gas volumetric fraction. 

2.7.2 Basic Research in Turbulence Theory 

The terminology "instability enhancement" used in Section 2.5.4 describes the possible presence of nonlam-
inar (turbulent) flow at high magnetic fields and the potential exploitation of this phenomenon to enhance 
the rate of heat transfer in the blanket region. This is contrary to the knowledge that magnetic fields gener
ally suppress random motion in liquid metals and, in addition, degrade the rate of heat transfer (231, [24]. 
In single-phase turbulent flow with a magnetic field, however, the dircctionally preferential suppression of 
(non-magnetic) three dimensional turbulent motion by the pondcromotivc force (JxB) develops a "quasi"-
two-dimcnsional and strongly anisotropic turbulent structure (Capcran and Alcmany [54], Sommcria el al. 
[55]). A peculiar characteristic of quasi-two- dimensional turbulence is the fact that the kinetic turbulent 
energy is not dissipated from bigger to smaller eddies. Instead, energy is transferred from smaller to bigger 
eddies and, given a source of turbulence, there is an onset of an inverse energy cascade process (Sukoriansky 
ct al. [56]). Since this mechanism additionally docs not extract energy from the mean flow, the transfer of 
a passive scalar such as temperature is substantially increased from a plane parallel to the magnetic field. 
Furthermore, there is a "negative eddy-viscosity" phenomenon in quasi-two-dimensional turbulence which 
transfers the momentum of large-scale turbulent fluctuation" to the mean flow. Negative eddy-viscosity and 
its influence on heat transfer haves been discussed by Henoch ct al. [57]. For a more detailed introduction 
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to MHD turbulence, see Montgomery [58]. 

These phenomena in anisotropic turbulence are of particular interest to theorists and are being investigated 
by the Renormalization Group (RNG) analysis, which was developed by Orszag and Yakhot and others. 
The RNG analysis itself has been shown to be capable of investigating a variety of three-dimensional 
turbulent flows including non-stationary flows, separated flows, compressible flows and other's. There arc 
also applications in transport modeling of turbulence and large eddy simulations of turbulence A number of 
publications on RNG analysis of MHD turbulence were presented at tne last Beer-Sheva Seminar on MHD 
Flows and Turbulence (Sukoriansky ct al. [59], Staroselsky et al. [60], Orszag [61], Naot 'ind Tanny [62], 
Staroselsky et al. [63], and Bershadsky and Kapusta [64]) An accompanying experimental investigation of 
mercury flowing in a rectangular channel with a transverse magnetic field and where a turbulence-generating 
obstacle was placed in the flow field was done by Branovcr et al. [65]. Measurement of turbulence 
parameters clearly indicated an increase in the rate of heat transfer and the presence cf a negative eddy 
viscosity phenomenon. The development of the RNG analysis and further experimental verification of a 
po'ential heat transfer enhancement mechanism are topics of current interest. 

3 Experimental Facilities 

There are a number of experimental facilities throughout the worid, where investigations on the thermal-
hydraulic performance of liquid metals in the fusion blanket environment are being conducted. The major 
facilities are located in the Soviet Union, in the United States, in Germany, in Japan. A classification of the 
various facilities based on the test volume and magnetic field strength is given in Figure 14. The facilities 
are described in order in the following subsections. 

3.1 Institute of Physics, Riga 

The Institue of Physics (IoP) located in Salaspils (near Riga) is under the directory of the Latvian Republic's 
Academy of Science. The institute is the primary center for liquid metal studies in the Soviet Union. The 
research activities include applied and basic investigations in fusion blanket related MHD and in metal
lurgical applications of MHD. The large staff cf investigators is notably under the leadership of Lielausis, 
Gclfgat, and Liclpetcris. Liclausis [12] reviewed progress in MHP research in 1975 and, in citing many 
Soviet investigations, provided insight into the extent of MHD research in the Soviet Union. In addition 
to Salaspils, there arc investigations being conducted in Leningrad at the Efrcmov Scientific Research Insti
tute of Elcctrophysical Apparatus and the Kalinin Polytechnical Institute, the Kurchatov Institute of Atomic 
Energy in Moscow and the Institute of Electrodynamics in Kiev. Many of these investigations have been 
reported in Liclpcteris and Moreau [66]. 

The MHD experimental facility in Salaspils started operation in 1982 and consists of a magnet rated at 2 
Tcsla maximum field intensitiy, a test volume of 0.25 m diameter x 0.25 m, and a nominal flowratc in the 
loop of 15 t/s. The test fluid is sodium. The maximum Hartmann and Interaction parameter numbers for 
the?« specifications arc M~104 and N~5xl0J. Publications pertaining to experimental investigations with 
this facility arc not available at this time. 

There is an additional liquid metal facility with a superconducting magnet generating a maximum field 
intensity of 5.06 Tesla, which was reported by Lielausis [67]. A series of experiments measuring the 
pressure drop, velocity profile, and electro-potential distribution in 90° and 180° degree bends have been 
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done in an In-Ga-Sn mixture and compared with similar experiments in sodium. 

32 Argonne National Laboratory 

The experimental facility at Argonne National Laboratory (ANL) is led by Reed, Picolcglu and others in the 
Fusion Power Program. The experimental loop is named ALEX for Argonne Liquid-metal Experiment. The 
MJID test facility uses sodium-potassium (NaK) in a test volume of 1.5 x 0.8 x 0.15 m3 with an electromagnet 
rated at 2 Tesla maximum field intensity. For the nominal flowrate of 19 l/s, the maximum Hartmann and 
Interaction parameters attainable are M~104 and N~104 respectively. The facility is planned to be updated 
to ALEX-II by installing a superconducting magnet capable of generating a maximum field intensity of 6 
Tesla. This will increase M and N to nearly 10s and nearly simulate the expected blanket conditions. Further 
details of the ALEX facility are given in Reed et al. [68] and major publications are given in [69], [70], 
[71], [72], and [73]. 

3 3 Kernforschungszentrum, Karlsruhe 

The main MHD test facility at KfK is called MEKKA for Magnetohydrodynamik Experiment in Natrium-
Kalium KArlsruhe and features an electromagnet rated at 2 Tesla maximum field intensity [74]. A test 
volume of 0.17 x 0.5 x 1.5 m3 is operated by a canned motor pump capable of 25 m3/hour at an operating 
temperature of T~300°C. These specifications correspond to a Hartmann and Interaction parameter numbers 
corresponding to M~103 and N~4xl04 , respectively. There is also a superconducting solenoid-magnet 
with a field intensity of 3.5 Tesla called CELLO with a test volume of 0.4 m diameter x 1 m and a 
second superconducting dipole magnet of field strength 4.5 Tesla with a test volume of 0.06 m x 1 m. 
The experimental investigations which plan to be conducted arc: 1) two 90° bends (poloidal-toroidal) in a 
multiple rectangular channel with a magnetic field parallel to the toroidal direction, and 2)liquid metal flow 
in a rectangular duct of varying conductance ratio (wall thickness) with a heat flux imposed on the thin wall 
and a magnetic field parallel to the thin wall. These flow configurations are schematically shown in Figures 
15 and 16 [75]. The research effort at KfK is being coordinated with the Fusion Power Program at ANL. 

There is an additional experimental facility in Rossendorf (near Dresden) called the Zcntralinstitut für Kern
forschung (ZfK) which has primarily specialized in LMFBR-related experiments in sodium. The facility, in 
recent years, has changed its focus to basic and applied MHD research. The activities at ZfK have been 
reviewed by Gerbeth et al. [76]. 

3.4 Japan 

3.4.1 Introduction 

In Japan, there are ten universities engaged in various thcrmomechanical aspects of fusion blanket research. 
The fusion research is supported by the Ministry of Education, Science and Culture (Monbusho) and, for 
the past six years, the fusion R&D budget allocated to these universities has averaged 8xl09Y (~50xl06 

SFr). The total fusion budget has been at least 35xl09Y (~180x 106 SFr) over the same period and includes 
research expenditures for plasma and laser physics. The national fusion program was organized by the Science 
Council of Japan and the National Committee for Nuclear Fusion Research and is under the direction of the 
Atomic Energy Commission (AEC) and the National Fusion Council (NFC). The programs are administered 
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by the Science and Technology Agency (STA), tne Ministry of International Trade and Industry (MITI), and 
the Monbusho with input from the Science Council. The primary objective of the program is to operate a 
demonstration fusion reactor sometime by the year 2020. The national program, which began in 1987, has 
been organized to undeitake all fundamental and engineering research required to bring the demonstration 
reactor to fruition. Additional details are provided in [77]. The research activities at five of the universities 
engaged in magneto-thcrmal-hydraulics will be briefly presented below. 

3.42 Tohoku University 

The Department of Nuclear Engineering is investigating the heat transfer mechanisms in liquid-metal mist 
cooling (LMMC) of the first wall and high heat flux components. Liquid sodium droplets carried by argon 
gas at temperatures T^„>473 K and atmospheric pressure are sprayed from a nozzle onto heated vertical 
and horizontal flat plates. It has been found that, under forced convection conditions, the heat transfer only 
depends on the sodium mass flux. On the other hand, above the sodium saturation temperature, the heat 
transfer is augmented by direct evaporation of the droplets and the heat flux increases up to ~4 MW/m2. 
From these results, it has been projected that, for a ten-fold increase in the sodium mass flux, the heat transfer 
will be ~10 MW/m2. The results of these experiments are given in Refs. [78], [79], [80]. The investigations 
arc led by Dr. S. Toda. 

3.4.3 The University of Tokyo 

A numerical method in solving the magnctohydrodynamic conservation equations as a design tool for fusion 
bianket design has been developed in collaboration with the University of California at Los Angeles (UCLA). 
The numerical code uses the "core-flow" approach (see Section 4.1) and can solve MHD flow problems in 
ducts with various cross sections and wall conductivity ratios under strong or nonuniform magnetic fields. 
Details of the investigations are given in Rcfs. [81], [82]. The investigations arc led by Dr. H. Madarame. 

3.4.4 Kyoto University 

Fundamental investigations in natural convection and boiling of liquid metals such as mercury, sodium, 
potassium, lithium and sodium-potassium in the presence of a magnetic field have been conducted. Heated 
cylinders, plates, and spheres have been used. The current interest is in understanding the local behavior 
of LM-MHD in this context. A long-term research program in NaK-N2 two-phase flow and heat transfer 
has been initiated. Some initial results in vertical annular and dispersed flow in the presence of a transverse 
magnetic field have been obtained [83]. The work is led by Dr. I. Michiyoshi. 

3.4.5 Osaka University 

The various experimental facilities at Osaka University first began operating ir the late 1960's. For the first 
decade, the objective was to conduct basic experiments in liquid metal technology regarding MHD power 
generation and sodium boiling for LMFBR safety. During the past decade, research has focused on LM-
MHD problems in fusion. A summary of LM facility and associated hardware along with a chronological 
history of MHD experiments arc, respectively, presented in Tables 7 and 8. The corresponding references to 
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Table 8 are given in Refs. [70]-[81]. The current interests are in MHD pressure drop and heat transfer of 
lithium aud NaK. The work is under the joint leadership of Drs. K. Miyazaki and A. Takahashi. 

3.4.6 Tokyo Institute of Technology 

A helium-lithium two-phase flow experimental facility was constructed in 1983. A schematic of the facility 
is shown in Figure 17 along with the specifications. The facility was established in order to produce a data 
base oi beat transfer and MHD pressure drop results in helium-lithium two-phase flow with a magnetic field 
in order to validate the feasibility of a conceptual He-Li two-phase blanket designed at the university. The 
proposed blanket is shown in Figure 18. The blanket consists of a liquid lithium breeder cooled by tubes 
in which a He-Li two-phase mixture flows. The conceptual design study revealed that this configuration 
not only satisfies the tritium breeding ratio but is also feasible in terms of the MHD pressure drop and the 
maximum first wall temperature. 

An experimental investigation on the MHD pressure drop and the heat transfer coefficient in helium-lithium 
two-phase flow in a rectangular duct with a transverse magnetic field was conducted (see Refs. [26], [96], 
[97]). The results have shown an encouraging trend in terms of the heat transfer coefficient over the limited 
magnetic field intensity range. Additional experiments with the facility emphasizing heat removal from 
HHFCs and in bending flow channels are planned. The research effort is led by Drs. A. Inoue and M. 
Aritomi. 

3 i Other Facilities 

3.5.1 C.E.N.S.C.K., Mol, Belgium 

The experimental facility called MALICE at CEN/SCK in Mol, Belgium, has four test sections. One loop 
is dedicated to MHD and is fitted with a 2 Tesla electromagnet. The test volume is 1 x 0.1 x 0.1 m3. 
The MHD loop is presently intact but inactive. The test fluid for the entire loop was changed from lithium 
to lithium-lead (Li^Pb^) in 1987. The facility is now primarily planned to be used for investigations on 
lithium-lead interaction with structural materials (corrosion rates) of proposed blanket elements. Past work 
has been led by Dr. J. Dekeyser [98]. 

3.5.2 American universities 

There are additional MHD facilities at Purdue University in West Lafayette, Indiana (U.S.A.) and at the 
University of Texas in Austin, Texas. The facility at Purdue University has been in existence for over 25 
years and has exclusively used mercury as the test fluid. Both past and recent investigations have been 
in natural convection, forced convection, and boiling heat transfer of mercury in single- and two-phase 
(mercury-nitrogen gas) flows. The laboratory is headed by Dr. P. S. Lykoudis. A partial list of publications 
in each of these research topics include investigations by Papailiou [99], Gardner [23],[24], Ghcrson [42], 
and Wagner [6]. 

The experimental facility at the University of Texas uses sodium-potassium as the heat transfer medium. A 
description of the facility and preliminary results from a MHD experiment investigating the pressure drop 
across a packed bed of electrically conducting spheres has been given by Sanders ct al. [100]. A decision 
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on the future operation of the laboratory is currently under review [101]. The laboratory is headed by Drs. 
D. Klein and M. E. Crawford. 

4 Analytical and Numerical Methods in MHD 

Analytical investigations in magnetohydrodyamics were undertaken prior to numerical and experimental 
studies. These investigations were originally motivated by interest in basic MHD phenomena. Therefore, 
the governing equations and the fundamental dimensionlcss parameters describing MHD flow phenomena 
were established prior to MHD issues in fusion blanket design. The general MHD problem is described by 
a three-dimensional system of 8 equations in 8 unknowns. In blanket design, the relevant configurations arc 
flow channels or ducts, in which the flow is characterized by the Hartmann number and Interaction parameter. 
In addition, the geometrical and physical parameters described in Table 3 and 4 must be considered. In recent 
years, a number of these duct geometries have been investigated, using asymptotic techniques, by Holroyd 
and Walker [102], Walker [103], Walker [104], Moon and Walker [105], and Moon and Walker [106]. These 
solutions provide some insight and guidance to the experimental and numerical investigations of the blanket 
duct elements that arc been conducted. 

In order to numerically solve the 8 equations in 8 unknowns, two approaches have been investigated. The 
first approach numerically solves the full set of MHD equations including all the terms in the Navicr-Stokcs 
equation. The second approach, called the "core-flow" method, simplifies the full system of equations to 
a two-dimensional problem with 4 equations in 4 unknowns. This simplification is easily demonstrated by 
considering the steady state dimcnsionless momentum equation: 

l-v-Vv = -Vp+JxB + ^-V2v (9) 

where N, M, v, p, J and B arc, respectively, the Interaction parameter, the Hartmann number, the velocity, 
the pressure, the current density, and the magnetic field (see also Nomenclature). The velocity has been 
non-dimcnsionalized by the characteristic velocity (Um a I or \Javg), the pressure by the "modified magnetic 
pressure" (acvB2a), the current density by (crevB0), and the magnetic field by the external magnetic field 
(B0). Note that there is distinction between the external and induced magnetic fields. The di (Terence between 
B and Bodisappears in the limit, Rem-> 0. 

Under relevant fusion blanket conditions both N and M arc large. In this case, the inertia and viscous terms 
are negligible in all regions, except where there are large velocity gradients, and the momentum equation 
appears simply as a balance of the pressure gradient and the pondcromotivc force terms. This simplification 
is valid in the "core" of the duct and, of course, cannot be made near the boundaries where the inertia and 
viscous forces are relevant. 

4.1 Core Solution Methods 

Earlier analytical methods for simple cases, based on an integration along field lines, sec Kulikovskii [108], 
have become embedded in the numerical solution philosophy adopted for later, rcactor-oricntcd studies. It can 
be shown that the general three-dimensional equation system can be reduced to two-dimensional differential 
and one-dimensional algebraic components, if integration along field lines is first performed. The resulting 
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steady-state equations exhibit elliptic behavior for the pressure and electric potential fields so that efficient, 
iterative Poisson equation solvers, developed in other contexts, have been used by most practitioners. These 
arc based on finite difference and finite volume techniques using staggered meshes. The iterative process 
effectively decouples the force balance equation (Eq. 9) used to determine the pressure, from the generalized 
Ohm's law, used to calculate the electric potential. Over- and under- relaxation parameters arc usually 
required to guarantee convergence. The method has been applied to a variety of problems with varying 
cross-section, varying fields, bends, and multiple-channel configurations, see for example Tillack [109], Hua 
ct al. [71], and McCarthy ct al. [110]. 

4.2 Full Solution Method 

In the full solution approach, no approximations arc made to the system of equations and all the terms in the 
MHD equations are retained. Therefore, whereas the "core-flow" solution lacks the inertia and viscous terms, 
the full solution is capable of modeling phenomena where these forces arc important. These include abrupt 
changes in geometry and configurations which have significant lengths parallel to the magnetic field (even at 
large M and N). This also includes heat and mass transfer problems which depend on the characteristics of 
the boundary layers and transient problems in which the core and boundary layer phenomena arc different. 
Even so, as one can imagine from Eq. 9, there are numerical difficulties for the relevant magnitudes of 
the Hartmann number and Interaction parameter in using the full solution approach. These difficulties arc 
associated with large discretization errors and large computation times with the use of small relaxation 
parameters. Therefore, before the present "supercomputer" era, full solution studies were very limited 
(N,M~10) but since 1984, the numerical investigations have gradually approached the relevant blanket 
configurations and blanket conditions. The current maximum range of N and M (N,M~1000) is still well 
below the proposed blanket conditions. The notable contributions arc by Ramos and Winowich [111], Abdou 
et al. [112], Aitov [113], Stcrl [114], and Kim and Abdou [115]. Abdou ct al. [15] recommend that as we 
numerically approach N,M~10\ body-fitted coordinates be used and the transient h *iavior of MHD flows 
be investigated to model realistic flow situations. 

5 Summary of Fusion Blanket Issues 

The application of a liquid metal in the self-cooled blanket of proposed tokamak fusion devices has extended 
the research interest in magnctohydrodynamics. In previous years, the study of magnctohydrodynamics was 
associated with astrophysical phenomena and basic fluid mechanics in the presence of a magnetic field. In 
this respect, many of the fundamental concepts in MHD, such as the governing equations and dimcnsionlcss 
parameters, were developed and elucidated many years ago (sec Rcfs. [1], [2], [3]). These fundamental 
concepts describe the basic influence of a magnetic field on blanket flow channels (rectangular and circular 
ducts) under adiabatic conditions. The early investigations have been reviewed in Rcfs. [12], [116]. The 
addition of thermal conditions and, furthermore, the design constraints dictated by structural and material 
limits contribute additional degrees of complexity to the blanket design problem. These problems which must 
be addressed require the attention of "magncto-thcrmal-hydraulics" (MTH) and define the scope of MHD in 
the context of tokamak fusion reactor research. 

The worldwide research effort in magncto-thcrmal-hydraulics, besides the metallurgical application described 
in Section 6, is thus focused on the construction and demonstration of an energy-generating tokamak or 
mirror-type fusion reactor. At present, this goal appears to be 30 to 50 years away. The extent of the 
MTH fusion research is overwhelmed, both in terms of financial support and man-years of effort, by plasma 
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physics research which largely determines the thermal and neutronic boundary conditions at the first wall. 
This, however, does not detract from the significance of magneto-thermal-hydraulic issues (as investigated 
by the FINESSE report [16] and the review by Abdou ct al. [15]). which must be considered in the 
self-cooled liquid metal blanket. Design studies have revealed that under severe thermal conditions, which 
characterize the blanket environment, the traditional convective cooling methods cannot satisfy the blanket 
cooling requirements. At the same time, there is a lack of detailed knowledge of the flow field in both 
simple and complex flow paths (see Tables 4 and 5). This lack of detailed knowledge strongly influences 
the uncertainties associated with the proposed blanket design. 

The fusion blanket related MTH research community is a dispersed group of investigators mainly located in 
the United States, the Soviet Union, Japan, Germany, and Israel. As might be expected, the extent of the 
research effort is sensitive to the global energy outlook, as well as the economic forecast and energy policy 
of each country. In these respects, the Japanese program is well organized, planned, and steadily supported 
by the government and participating industrial firms [77]. On the other hand, the research programs of 
the remaining MTH community are either maintaining their current level of research activity or are having 
to face a period of uncertainty. ^ ns is partially attributed to the budgetary constraints, especially in the 
United States, and the encouraging energy outlook. (The current crisis in the Middle East may ultimately 
alter this outlook.) At the research level, however, the research programs are well matched with a fair level 
of international collaboration in experimental and numerical investigations. The only perceptive difference 
within the research community is the emphasis on basic research issues in MHD or specific blanket design-
related issues in MTH. With the exception of Japan, the larger experimental investigations are being conducted 
at the national research institutes, while basic research studies are conducted at universities. 

The general consensus of the fusion community is that the first fusion device will have a deuterium-tritium 
(D-T) fired plasma which is contained in a toroidal geometry by a toroidal-poloidal magnetic field. The D-T 
reiction is sustained by breeding tritium from a neutron-lithium reaction in a region surrounding the plasma 
called the blanket. The blanket region and plasma are physically separated by the "first wall", which is 
subject to intensive radiation-hcati' ^200-1000 kW/m2) and particle bombardment (n and a). The first 
wall must therefore be adequately c«. to maintain the material integrity of the selected wall (vanadium) 
material. The material integrity is i. -rn characterized by the temperatures within the first wall and at 
the interface of the wall and coolant The primary coolants ideally suited for convectivcly cooling the first 
wall are the liquid metals lithium or lithium-lead (Li17Pbg3) eutectic. In serving as both tritium-breeder 
(Li in Lii7Pb83) and primary coolant, the lithium-lead simplifies the design of the blanket. The blanket 
configuration in this case is sclf-coolcd as opposed to separately-cooled. The separately-cooled configuration 
uses either a helium or a water-cooled loop and breeds tritium from a stagnant lithium pool. 

The most important task of Li^Pb^ as a coolant is the adequate cooling of the first wall where the im
posed heat flux, particle fluence, material integrity constraints, and geometrical constraints arc specified. 
Early design studies indicated that turbulent convective flow in simple straight flow channels cannot ade
quately cool the first wall and, in addition, the channels cannot accomodate the large pressure drops that 
occur. These effects are due to the interaction of the electrically conducting Li^Pb^ (or other LMs) with 
the plasma confining magnetic field and arc the direct result of the pondcromotivc force. The motion of 
LJi7Pba3 in the magnetic field characteristic of a blanket (4-7 Tesla) has two major magnctohydrodynamic 
effects (MHD-effects). First, the motion of fluid in both the laminar and turbulent regimes is suppressed 
to the extent that heat transfer is significantly diminished. Secondly, the pressure drop along the channel 
is dramatically increased. This also means a larger tensile stress on the channel wall. These MHD-effccts 
are additionally exacerbated by practical solutions such as increasing the flowratc or increasing the wall 
thickness. It was therefore concluded that simple straight flow paths in the first wall region cannot satisfy 
the thermal requirements and exceed both the structural and material constraints. 
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The design of the blanket was subsequently undertaken with the philosophy of minimizing the large pressure 
drops and of maximizing the rate of heat transfer. The Reference Design Concept (RDC) was developed 
in order to consolidate many of the previous blanket concepts and designs by the Blanket Comparison and 
Selection Study (BCSS) in 1982-84. The design features toroidal and poloidal flow channels w'th flow 
manifolds joining the two channels. The rate of flow is maximized in "heat transfer" channels, where the 
flow is parallel to the local magnetic field, and minimized in "pressure drop" channels, where the flow is 
perpendicular to the magnetic field. This design approach exploits the fact that the flow is preferentially 
suppressed when the magnetic field is oriented perpendicular (JxB) to the direction of flow as opposed to 
parallel to the flow direction. The RDC is intended to serve as the benchmark blanket design from which to 
conduct all blanket-related MHD investigations. In this respect BCSS, has identified and classified the variety 
of geometric elements for which analytical, numerical, and experimental investigations arc to be undertaken. 

The BCSS more significantly revealed that the statc-of-the-knowlcdge of MHD was inadequate, especially 
under conditions characterizing the blanket environment (N,M~105). In fact, the design study of the RDC 
indicated that the uncertainties associated with the MHD analysis are centered around three-dimensional 
effects. This is further accentuated by the limited number of investigations on the three-dimensional effects. 
The conclusions of the study which are largely valid at the present time arc: 1) the need for analyses and 
experimental data in regions of high Hartmann numbers and Interaction parameter numbers (N,M> 1000), 
2) the need to investigate the differences between circular and rectangular ducts that affect the scaling 
parameters valid for fusion blankets, 3) the validation of pressure drop estimates using fully developed flow 
MHD analysis in both developing flow and in flow situations where three-dimensional effects are relevant, 
4) experimental measurements of velocity profiles in support of heat transfer and corrosion calculations, and 
5) to develop analytical methods and to verify experimentally the validity of the inertialess flow theory. 

Since the BCSS, the focus of blanket related MHD research has been the investigation of the magncto-
thcrmal-hydraulic phenomena within the general context of the RDC-specified geometric elements and first 
wall MHD parameters. In this respect, the various RDC geometric elements described in Table 4 and 5 
are being systematically investigated experimentally mainly by the research groups at ANL, KfK and IoP 
(Riga). These groups are also simultaneously investigating a number of design solutions described in Section 
2.5. Experiments on flow tailoring and flow inserts are jointly being conducted by ANL and KfK. These 
experiments are first being conducted to quantify the rate of heat transfer and the pressure drop along the flow 
path. They are additionally being conducted to investigate details of the flow field, which encompasses the 
measurement of the velocity profile and the possible existence of unstable regions (velocity fluctuations) due 
to three-dimensional effects. The pressure drop and velocity profile data are used to validate the numerical 
codes that arc being developed in conjunction with the experimental programs. The numerical investigation 
of blanket elements is especially challenging for large Hartmann and Interaction parameter magnitudes 
(N,M~105), as evident from the momentum equation (Eq. 9) in the full solution method. Here, advanced 
numerical methods from other branches of engineering may prove fruitful. There is, however, a foremost 
need to establish the criteria under which the core-flow method is valid in the presence of three-dimensional 
effects. These investigations arc being conducted by research teams at KfK, ANL, U.C.L.A., the University 
of Illinois, Camcgic-Mellon University, and the University of Tokyo. 

There is also considerable identified interest in MHD turbulence and two-phase MHD research from the 
viewpoint of basic research. The potential benefits drawn from preliminary results in these two areas 
(maximizing the rate of heat transfer while maintaining a manageable pressure drop) could likely influence 
the feasibility of the sclf-coolcd liquid metal blanket. The interest in MHD turbulence is in the anisotropic 
turbulent phenomena, which have been analytically approached by Rcnormalization Group (RNG) analysis. 
The RNG method of analysis is a recent development in turbulence theory and, when applied to anisotropic 
turbulence in liquid metal MHD, the characteristic lengths are such that experimental verification of theory 
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can be realized in the laboratory. The apparent prominence of anisotropic turbulence within the side-layers 
of blanket channels (parallel to the field) at high magnetic field intensity accentuates the interest in MHD 
turbulence research. 

Two-phase LM-MHD research has also been of basic research interest in parallel with two-phase flow 
in ordinary fluids (Pr>l). In this respect, it includes boiling, two-component (LM and inert gas), and 
other multiphase flow phenomena. Boiling was originally proposed in the cooling of the first wall and, 
subsequently, a number of investigations were conducted in boiling of mercury in magnetic fields [5]. The 
development of probes and the measurement of boiling parameters are quite difficult in the author's opinion. 
Two-component liquid metal flows have been the most widely investigated experimentally, especially by 
Japanese [77]. Since inert gas is often injected in liquid metal, the ponderomotive force still acts on the 
liquid. The flow regimes of interest to blanket design are dispersed flows: bubbly flow, annular-dispersed flow 
and spray-droplet flow. A few experiments gathering heat transfer, void profile, liquid and gas velocities, 
and liquid velocity fluctuation data have been conducted. However, very little analytical work has been 
conducted in this area and appears to be quite a challenging task. 

The realistic possibility of a self-cooled liquid metal blanket has been recognized by the fusion blanket MHD 
research community within the limits of uncertainties which prevent the final feasibility assessment of the 
proposed design. These uncertainties are primarily attributed to the magneto-thermal-hydraulic issues and, 
more specifically, concern the detailed understanding of the flow field, which includes three-dimensional 
effects induced by the interaction of the liquid metal and the ponderomotive force. The key tasks in this 
respect are experimental investigations which measure, by a number of methods, the velocity profile and the 
turbulent flow parameters (if instabilities are present) in simple flow ducts and design element configurations. 
The development of velocity probes, whether they be magnetic, ultrasonic, optical-mechanical [117], or hot
wire/film probes, is essential in obtaining reliable and reproducible velocity data. These probe development 
experiments are best conducted with small-scale facilities which complement the large-scale facilities used for 
design experiments. The other main task is the parallel development of numerical codes which incorporate 
the latest computational techniques and analytical models. The importance of appropriate numerical methods 
in MHD is accentuated by the differences in magnitude between the inertial, viscous, ponderomotive, and 
pressure gradient terms in the momentum equation and the need to resolve the details of the flow field 
in regions critical to the blanket design. The convergence of the present numerical codes under simulated 
blanket conditions with both a large number of computational cells and quadruple (or higher) precision has 
been problematic. These requirements, by themselves, present quite a challenge. The possible experimental 
verification of MHD turbulence under blanket conditions will, in addition, necessitate the integration of an 
appropriate MHD turbulence model in the existing codes. 

In conclusion, a lack of detailed understanding of the magnclo-thcrmal-hydraulic phenomena under fusion 
blanket conditions has been recognized as being critical to the assessment of the liquid metal self-cooled 
blanket. Therefore, a concerted effort should be made in investigating these phenomena. The investigations 
should coordinate both the experimental and numerical aspects under conditions as similar to the blanket 
environment as possible. The experiments should emphasize the measurement of velocity and heat transfer 
parameters which elucidate the basic MTH phenomena. These results should then be verified by a numerical 
model and, subsequently, extrapolated tc blanket conditions. 
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6 MHD Issues in Metallurgical Processing 

6.1 Continuous Casting 

6.1.1 Introduction 

Continuous casting has generally been accepted as one of the most important process developments in 
the steel industry in the past forty years. In comparison to traditional casting methods, it reduces energy 
consumption during production, minimizes handling of materials, and increases the yield of the end-product. 
This method has been used to produce conventional low carbon steels. There is, however, a continuing 
demand for higher grade steels, which include high carbon steels (C content > 0.6%) and specialized 
steels containing sulphur, manganese and phosphorus. These higher grades are difficult to produce without 
incurring material defects using present continuous casting methods. Two solutions, electromagnetic stirring 
(EMS) and ultrasonic vibrations, were initially proposed in minimizing these material defect problems in the 
1960's. Encouraging preliminary results in EMS, along with commercial competition, however, induced the 
immediate adoption of EMS in the steel industry over the ultrasonic vibration alternative. As a result, there 
are now over 100 EMS devices in operation worldwide with the majority in Japan [118]. The application 
of EMS in continuous casting remains attractive since it is a non-invasive, controllable technique which 
can be implemented at relatively low cost. This has, on the one hand, stimulated a number of designs by 
inventors and steel manufacturers. On die other hand, it has promoted the unsubstantiated claims of certain 
configurations (see Fig. 24) to the general detriment of a design philosophy based on an understanding of the 
basic phenomena. Moore [118], Tzavaras [119] and others have thus emphasized the lack of understanding of 
die basic physical phenomena which could clearly identify the k«:y mechanisms and optimize the applications 
of EMS in continuous casting. 

In the following, we briefly discuss the solidification phenomena in molten metals, present the reasons for 
electromagnetic stirring, and discuss the presents methods of EMS. We conclude with an identification of 
phenomena that are not well understood and proposals for investigations to be undertaken. 

6.1.2 Issues in Continuous Casting 

The major problem in continuous casting of steel is macrosegregation (see Rcfs. [118], [120]). The specific 
problems are centcrlinc segregation, porosity, V-segregation, high inclusion concentrations and some surface 
defects. The development of these problems in continuous casting is described in Moore [120], Tzavaras 
[119] and Birat and Chone [122]. These problems have been identified from an analysis of die solidified 
end-product, but phenomcnologically they develop during the continuous casting process. The consequence 
of defects in finished steel products are reflected in their mechanical propcnics. A high concentration of 
inclusions could for example initiate cracks and promote their propagation. 

Macrosegregation itself is the result of solute rejection at the solid-liquid interface and is accompanied by 
the mass transfer of solute-enriched liquid along die interdendritic channel in the solid and liquid "mushy" 
zone. Here, the common solutes are carbon, sulphur, manganese and so forth and the solvent is molten iron. 
The intcrdendritic channels are paths in between die "branches" of dendrites, which represent die solidifying 
front. The "mushy" zone is die region in which die dendrites, solute and solvent are in coexistence. The 
depdi of die "mushy" zone is largely dictated by die thermal conditions during die casting process and this 
is characterized by the dicrmal gradient, G, die rate of solidification, R, and die composition of steel which 
determines die liquidus-solidus range, AT=T/ - T.,. A morphological diagram of die solid-liquid interface 
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and the dendritic structure as a function of G, R, and AT. are shown, respectively, in Figure 19 and 20. 

In the continuous casting process, the initial mode of solidification is the columnar dendritic mode (see Fig. 
19) changing to equiaxed dendritic toward the center of the billet, bloom or slab depending on the G/R 
ratio. Billet, bloom, and slabs arc moulds which contain the solidifying molten metal. Billets and blooms 
have the shape of a long narrow cone (0.25° < cone angle < 0.5°) with a square cross section (~150 mm) 
at the top. Billets extend 10 meters while blooms are twice as long. A slab has the same length as a 
bloom but is wedge shaped instead of conical. In each of these, within the "mushy" zone with columnar 
dendritic solidification, the solute-rich liquid is transported along intcrdendritic channels and is driven by 
density differences. The direction of motion of the solute-rich liquid, from a simplified perspective, is the 
vector sum (/the directions of the solidification rate and the density-driven flow. This is shown in Figure 21. 
The transport of solute-rich liquid lengthens the branches and promotes the columnar dendritic solidification 
mode. Here, we have assumed that the solute is of lower density than iron (Fe). In the opposite case 
(Psoiute>-PFe), interdcndritic flow is suppressed as well as the columnar solidification. This is beneficial to 
the overall reduction of the level of segregation. The result of this intcrdendritic transport, left unheeded, 
is a inhomogeneous mixture of solidified iron and solute materials on a macroscopic scale. Such steels 
have unreliable and random mechanical properties. On the other hand, steels produced with a minimun. of 
intcrdendritic flow (microsegrcgation) and characterized by equiaxed dendritic solidification (see Fig. 17) 
result in "high" grade steels. This mode of solidification can be promoted by small G and AT values within 
the columnar solidification mode. However, it has been found that such an approach severely limits the 
flexibility in the continuous casting process. Therefore, conditions which promote an early transition from 
the columnar to the equiaxed mode of solidification at the beginning of solidification are desired. 

6.1.3 Electromagnetic Stirring 

The purpose of electromagnctically stirring a continously cast metal in light of the previous discussion is 
to physically induce an early transition from a columnar to an equiaxed mode of solidification. This is 
accomplished by stirring the liquid so that the columnar dendrites arc broken off by the shear due to the 
fluid motion with the fragments acting as new nuclcation sites for equiaxed crystallization. At the same 
time, it is expected that the transport of energy (heat) remelts some of the tips of the dendrites and in so 
doing constrains the dendritic growth. As the liquid is continuously stirred, the number of equiaxed sites 
increases (as the number of fragments increases) up to a transition point where the columnar dendritic mode 
is completely arrested. Tzavaras [K9] has reported that, in order to arrest the columnar dendritic mode, 
the liquid velocity in the "mushy" zone must be larger than 25 cm/s. For such velocities, turbulent flow is 
present and this produces a morphological change from the columnar dendritic mode to the thamnitic mode. 
The thamnitic structure is "bush-like", as shown in Figure 22. At these higher velocities, there is evidence 
that the mushy zone is significantly reduced. 

The high shear induced by forced convective stirring of molten steel by EMS breaks dendritic branches and 
rcmelts others. However, this is possible only if the incrtial forces associated with stirring arc larger than 
the free convective motions which occur in the intcrdendritic regions. These free convective motions arc 
primarily driven by local temperature and concentration gradients. If free convective motion is significant, 
there is evidence [123] that the initial application of EMS suppresses the free convcctivc transport and, as 
a result, the size of the columnar zone is greatly enhanced. This suppression of the buoyant motion by the 
ponderomotive force has been noted in past investigations conducted by Papailiou and Lykoudis [99]. The 
onset of forced convcctivc motion by EMS which promotes equiaxed crystallization is thus preceded by the 
enhancement of columnar crystallization due to the suppression of buoyant flow. The free convective motion 
is known to be characterized by the thermal conations and the composition of the metal under solidification. 
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Tzavaras [119] has noted that, although trial and error applications of EMS already produce some higher 
grades of steel, the role of free and forced fluid motion and heat transfer at the solid-liquid boundary is 
clearly not well understood. Even so, two methods of stirring are currently being used in various devices. 

6.1.4 Methods of EMS 

The two types of stirring methods are rotary (or horizontal) stirring and "up and down" (or axial) stirring. 
Each method has been shown to induce fluid motion to promote an early columnar to equiaxed transition 
during solidification. A rotary stirring device is shown in Figure 23 and operates in an analogous manner to 
an electric motor. The "stator" consists of an array of conventional electromagnets, whose technology is well 
developed, while the "rotor" is represented by the molten metal itself. The simplicity of rotary stirring is 
very attractive. On the other hand, the centrifugal forces imparted on the molten metal must be contained by 
the strength of the shell (bloom, billet, or slab). This defines the maximum induced-liquid velocity. These 
limitations permit the development of macrosegregation toward the center of the melt, which include, in 
particular, inclusions, porosity, and shrinkage Tzavaras [121]. 

The up-and-down method of stirring is relatively free from the constraints associated with rotary stirring. 
Thermal stratification of the melt is eliminated by the direct axial mixing c Jie molten metal. Additionally, 
by reshaping the bottom of the billet, bloom, or slab, flow can be directed toward the center region to 
eliminate centeriine macrosegregation. The one particular problem is the appearance of instabilities in the 
fluid when the induced flow direction is in the oppposile direction to the naturally occurring pattern. The 
naturally occurring direction is "up on the sides" and "down the center". These instabilities, which may be 
controlled by the addition of other magnets are thought to create "pockets" of stagnant fluid. The stagnant 
regions are undesirable from the perspective of inclusions. The possibility of stagnant regions is, however, 
thought to be a design issue for which well known electromagnetic technology can provide an answer. 

The major steel producers (British Steel, Nippon Steel, Sumitomo Steel, Nippon Kokan, IRSID, ASEA), 
stimulated by potential economic benefits of continuously casting high grade steel with EMS, have proposed 
a number of machines. The various types of configurations are shown in Figure 24. The implemented EMS 
machines can be classified into three categories. They are: 1) the A.C. inductive machines, 2) the D.C. 
conductive stirrers, and 3) the permanent magnet machines. These devices all use conventional industrial 
electric motor technology and principles. A discussion of the each type of machine is given by Tzavaras 
[119]. 

6.1.5 Summary of EMS Activities 

A brief presentation on electromagnetic stirrng of continuously cast steel has been made, as representative 
of a host of applications of electromagnetism in metallurgical processing of liquid metals. A number of these 
applications were identified in 1982 and 1984 at gatherings of metallurgists, including those from the iron 
and steel industry and universities, and investigators specializing in magnttohydrodynamics (sec Rcfs. [124], 
[125]). More recently, in 1990, Fautrelle [126] and Baranov [127] again described the application of MHD 
in metallurgy. It is evident from these reviews that magnctobydrodynamic phenomena can be exploited, with 
present electromagnetic technology, to produce high grade steels and other specialized alloys. The primary 
purpose of EMS in many of these applications is to induce (forced) convective motion in a molten metal in 
such a manner as to promote the equiaxed solidification mode. This produces a steel with a "homogeneous" 
microstructurc, which provides enhanced mechanical properties, in comparison to conventional steels cast 
without EMS. In the absence of EMS. the solidification process is dominated by free convcctivc heat and 
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mass transport which naturally produces a steel with undesirable "inhomogenous" microstructure. The various 
EMS devices in existence have demonstrated, by trial and error, the general benefits of induced "mixing" in 
continuous casting. 

Very little knowledge, however, has been acquired about the detailed influence of EMS on the solidification 
process. In fact, the application of EMS devices and the claims of various designs have far exceeded the 
investigation of basic MHD phenomena. Thus, the further control of the solidification process by EMS, based 
on a detailed understanding of the controlling physical parameters, is presently unrealized. In this respect, 
an investigation of the fluid flow and heat transfer phenomena at the solid-liquid boundary and globally 
over the scale of the billet is surely needed. In order to understand the influence of EMS, this should be 
done first in the absence and then in the presence of a magnetic field. The primary reason for the lack 
of laboratory-scale experiments in EMS is the large scale of the casting equipment used in industry. The 
characteristic length and temperature scales in industry are respectively, Lc/,~lO m and TC/,~1000°C. This 
cannot easily be reproduced in the laboratory. It is therefore of considerable advantage to use lower melting 
point liquid metals, as suggested by Marr [128], in simulating continuous casting with EMS. A limited 
number of trial experiments in flow visualization were conducted in mercury and low melting point alloys. 
They were abandoned because these opaque fluids arc largely (and obviously) unsuited for flow visualization 
experiments. The development of probes, such as the magnetic probe [129], the ultrasound probe [130], 
and the optical-mechanical probe [117], however, provide quantitative information of the velocity field. An 
experimental investigation in sodium (m.p. 97°C), using one or more of these measurement probes, is in 
order. Since basic flow and heat transfer parameters have not been measured in EMS, an experimental 
investigation of these parameters using sodium (or another low melting point metal) is recommended. 

6.2 Czochra'oki Crystal Growth 

6.2.1 Czochralski Crystal Puller 

A schematic of a typical Czochralski crystal puller is shown in Figure 3. Pure noncrystalline silicon is placed 
in a quartz crucible and, typically, melted by graphite heaters surrounding the crucible. Crystal growth is 
initiated by dipping a "seeded" cylinder into the melt and slowly extracting new crystal from the solid-
liquid (seed crystal-melt) interface by the upward motion of the cylinder. The "seeded" cylinder initially 
contains a single-crystal. Dopants are added to control the electrical properties of the crystal, while oxygen 
and contaminants arc gradually ingested from the walls of the crucible. Most of the dopants, oxygen, and 
contaminants arc transported to and evaporate from the free surface but the small undesirable quantities that 
remain arc solidified into the crystal. Argon gas is also directed downward along the crystal to sweep away 
SiO and CO (from the heaters) from the free surface. The "seeded" cylinder is extracted until the crucible 
is empty. For a crystal 1-8 cm in diameter and 10-100 cm in length, this takes approximately 6-12 hours. 
The rate of crystal growth is approximately 1 x 10"5 m/s, while the free surface descends at a rate of 5 x 
10"6 m/s. 

The melt motion in the crucible is described by the thermal convection induced by the graphite heaters 
and the thcrmocapillarity, which develops at the free surface due to the radial temperature gradient. Small 
azimuthal variations in the heating of the crucible arc minimized by the rotation of the crucible. The "seeded" 
cylinder is additionally rotated at a different angular velocity to suppress the turbulent convcclive motion 
in the melt. While the large scale tu'bulcnt convection is suppressed in this arrangement, the differential 
rotation of the cylinder and crucible ...duces "centrifugal pumping" or azimuthal motion of the melt. The 
crucible is also, in certain CZ devices, slowly moved upward to maintain a stationary free surface level. 
The combined influence of the all these forces is the turbulent motion of the melt with localized temperature 
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fluctuations. These fluctuations, characterized by local temperature gradients, influence the growth rate and 
add undesirable microscopic non-unifomities in the crystal. The turbulent motion is, however, generally 
favorable in achieving a radially uniform concentration of dopants and oxygen in the melt. This is desired 
because, ficst, a uniform dopant concentration determines the electrical properties and "quality" of the end-
product and, second, a uniform concentration of oxygen results in an equally uniform concentration in the 
crystal. The oxygen concentration in the melt and crystal are optimized when maintained at a low controllable 
level. Studies have revealed that the transport of dopants, oxygen, and contaminants are largely determined 
by the melt motion. Since these "impurities" are, in the end, reflected in the silicon crystal, their transport 
is of primary research and process optimization interest. Typical dimension of the CZ crystal "puller" and 
the range of dimensionless parameters are given in Tables 9 and 10, repectively. 

6.2.2 Czochralski with an Axial Magnetic Field 

Since, in the liquid phase, semiconductor materials such as silicon, germanium, and gallium-arsenide have 
many of the physical properties associated with traditional liquid netals (Na, K, Li), by applying a magnetic 
field, their physical properties can be exploited. In the absence of a magnetic field, the liquid phase semicon
ductor material or melt is driven by three forces. They are. 1) the thermal buoyancy force due to the heating 
of the crucible which contains the melt, 2) the thermoca^illary force due to the temperature dependence of 
the surface tension, and 3) the rotational force due to the differential rotation of the crucible and the seeded 
crystal. The combined influence of these forces induces turbulent motion in the melt and determines the melt 
velocity into the crystal face, where the crystallization occurs. 

When the axial magnetic field is imposed, the pondcromotive force suppresses the turbulence motion and 
generally reduces the liquid velocity. In fact, the meridional circulation (ur,uz), driven by the buoyancy 
and thermocapillarity, is greatly reduced for magnetic fkid intensities in excess of B>0.35 Tcsla. This 
corresponds to an Interaction parameter range of N > 100. Under these conditions, the analysis of the CZ 
crystal puller can be simplified by three approximations. These assumptions for N > 100 are: 1) that the flow 
and temperature Meld may be treated as steady at each instantaneous melt depth, 2) that the inertia] effects 
with the exception of the centrifugal force may be neglected, and 3) that the viscous effects are confined to 
thin boundary and interior layers. The conservation equations arc then linear in velocity (however non-linear 
in temperature) and are amenable to an analytical solution by matched asymptotic expansion. The solution 
by matched asymptotic expansion has been investigated by Hjellming and Walker [131]. The linearity of the 
momentum equation, more importantly, enables the construction of the velocity field from a superposition 
of solutions corresponding to each of the driving forces. Once the superposition of solutions is obtained, the. 
distribution of the dopant and oxygen concentrations can be determined from the mass transport equation. 
The ultimate objective is to develop a mass transport model, coupled to an analysis of the melt motion, in 
order to predict the processing sequence which results in the uniform dopant and impurity distribution. 

In a scries of publications, Hjcllming and Walker have investigated the linearity of the equations for melt 
motion. They have studied the melt motion, first, due strictly to buoyancy and thcrmocapillarity, and 
secondly, due to differential rotation of the crucible and crystal under isothermal conditions (sec Rcfs. [132], 
[133]). They have additionally investigated the uncertainty in the thermal constants and liquid-encapsulated 
Czochralski crystal pull (LEC-CZ) (sec Rcfs. [131], [134]). The mass transport has also been investigated 
by Hjellming and Walker (see Rcfs. [135], [136]). A brief conclusion of their analyses is as follows. The 
mass transport problem is unsteady in such a manner that both the magnetic field intensity and differential 
rotation have to be varied (in time) during the growth of a single crystal. This is further accentuated by 
the sensitivity of the melt motion to changes in the angular velocity. Hjcllming and Walker hope that their 
analytical work will identify a proper time-dependent process sequence and that numerical investigations will 
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optimize this sequence precisely. It is lastly hoped that experiments will confirm the predictions. 

623 Summary of CZ Process 

We briefly reviewed the Czochralski method of crystal growth, which is one of several methods by which 
semiconductor crystals are grown. These crystals, after cutting and polishing, are used as wafers in the 
electronic industry. The successful growth of pure and large crystals is of significant interest to the semi
conductor industry. The Czochralski crystal "puller" typically consists of a polycrystalline silicon "melt" 
contained in a heated quartz crucible. The crucible and "seeded" cylinder, which extracts new crystal from 
the solid-liquid interface, are differentially rotated in order to minimize any azimuthal variations in heating 
and to stabilize thermal convection in the melt. The combined influence of differentia) rotation, heating 
and, furthermore, thermocapillarity results in the localized occurrence of turbulent flow. There is, more 
importantly, the transport of mass from the addition of dopants and ingestion of oxygen and contaminants 
(from the crucible) within the melt. 

When an axial magnetic field is imposed, the ponderomotive force suppresses the turbulence and thermal 
convective motion so that non-uniformities within the crystal structure, due to fluctuations of localized thermal 
gradients, are virtually eliminated. This subsequently permits the extraction of large crystals and an increase 
in the rate of production. The suppression of melt motion, on the other hand, decreases the transport of 
oxygen, which normally assumes a radially uniform concentration in the crystal and the melt under turbulent 
flow. A low and controllable concentration of oxygen is desirable in the crystal. With the magnetic field, the 
gain in the microscopic structural uniformity is offset by the unacceptable radial variation in the oxygen and 
dopant concentration. It is presently the hope, in conclusion, that some combination of the imposed heating, 
differential rotation, and the magnetic field intensity can be found in order to produce a crystal with both 
microscopic and macroscopic uniformity of structure and concentration. 

While substantial effort has been expended on analytical and numerical investigations of the Czochralski 
crystal "puller", in both the presence and absence of a magnetic field, experimental investigations are lacking. 
This can partially be attributed to the proprietary nature of the Czociiralski devices use in industry. It can 
equally be attributed to both the high temperatures (T~1000°C) and the small length scales (L~5 cm), which 
characterize the CZ crystal "puller". S»nce the rotational, buoyancy, and possibly the thermocapillary forces 
can be reproduced in ordinary fluids and low melting temperature liquid metals, investigations of the melt 
motion, as Hjellming and Walker [131] - [136] emphasize, can be conducted in the laboratory. In fact, the 
magnetic probe and ultrasound probe, which are available, are ideally suited in measuring the velocity in a 
Czochralski "mock'up". An experimental investigation of the melt motion in a scaled apparatus is, therefore, 
recommended. 

7 General Conclusions 

A review of recent research activities in liquid metal magnetohydrodynamics (MHD) has been conducted. 
The two major areas of research identified in the review were magneto-thermal-hydraulic (MTH) issues in the 
blanket of proposed fusion reactors (mainly tokamaks) and MHD issues in the application of electromagnetic 
techniques in metallurgical processing. The specific areas within metallurgical processing are electromagnetic 
stirring (EMS) during continuous casting of steel and the Czochralski method of crystal growth in the presence 
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of a magnetic field. 

The MTH issues in fusion concern the self-cooled liquid metal blanket design using cither pure lithium or 
lithium-lead eutcctic as both the breeder and the primary coolant. The state-of-thc-knowledge in MHD is 
currently insufficient to complete the feasibility study of the self-cooled configuration. In this respect, both 
large scale experiments directly related to the Reference Design Concept (RDC) and basic investigations in 
MHD turbulence and two-phase flow are being conducted simultaneously. The number of experiments are 
quite small in number due to the physical demands imposed on the measurement probes and the hardware 
requirements for handling liquid metals and simulating blanket relevant conditions. The equivalent numerical 
investigations are equally demanding for the Hartmann number and Interaction parameter ranges character
izing the blanket environment (N,M~105). Within this context, there is both a great need and sufficient 
opportunity to commence a program in liquid metal MHD that bridges the purpose and objectives underlying 
the design-scale experiments, i.e. ANL, KfK, IoP, and the fundamental MHD turbulence and two-phase 
studies being conducted in Israel, France, and Japan. 

In a similar manner, two specific applications of MHD in metallurgical processing were presented. The 
specific areas have been identified from consideration of their importance in the respective industries. In 
both the Czochralski crystal puller and EMS devices experimental data of convective velocity and the flow 
field are lacking. While numerical analysis of the flow in a Czochralski crystal puller have been reported 
and limited analytical solutions have been presented, these results have not been experimentally verified. In 
electromagnetic stirring, the flow of the melt does not appear to be well understood. Therefore, there is 
sufficient opportunity for both analytical and experimental investigations concerning the fluid flow and heat 
transfer processes of molten metal in the presence of a magnetic field. 
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NOMENCLATURE 

Dimensionless groups 

• C, <f> Conductance ratio of blanket channel wall material to the liquid metal, Table 4. (= ae\.J 
CTea) 

• D Ratio of melt depth to crystal radius, Table 8. 

• Grd Grashof number based on the melt depth d, Table 8. (= g/?ATLc/l
3/i/2) 

• H, Hm Biot number, Table 8. 

• Ly Lykoudis number, (= [creB
2//>][Lc/l/g/?AT] /2) 

• M(or Ha) Hartmann number, (M2 = <r(,B
2Lc/l

2/^) 

• Ma Marangoni number, Table 8. 

• N Interaction or Stewart number, (= aeB
2Lch/p\J) 

• Pe Peclet number, (= ULc,ya) 

• Pr Prandtl number, (y/a) 

• Rc Ratio of crucible to crystal radii, Table 8. 

• Rem Magnetic Reynolds number, (= fi0cre\JLch) 

• Rer, Re'r Reynolds number of CZ crystal and crucible rotation, Table 8. 

Variables 

• a Blanket coolant conduit width, Fig. 8 

• b Blanket coolant conduit depth, Fig. 8 

• B Magnetic field intensity or flux density, (Tesla] 

• Bp Poloidal component of magnetic field, Fig. 13 

• Br Toroidal component of magnetic field, Fig. 13 

• dB/dt Indicates changing magnetic field with time, Fig. 9 

• cpt Specific heat of the liquid at constant pressure, Table 7. 

• E Electric field, Table 1 

• f Ponderomotive force, Table 1 

• G Temperature gradient in the mushy zone, Fig. 19 
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g Gravitational constant 

AH Latent heat, Table 7 

J Current density, Table 1, Eq. (9) 

j Impose field flux rate, Fig. 16 

k3y k( Thermal conductivity of solid and liquid, Table 7 

L Transport vector of solute-rich liquid, Fig. 21 

Lch Characteristic length scale 

£ Length of blanket channel, Eq. (2) 

m Mass flowrate, Eq. (5) 

Pm Magnetic pressure, Table 1 

Ap Pressure drop along channel, Table 4 

Q Impose heat flux rate, Fig. 8; Volumetric flowrate, Table 4; 

q Joulean heat generation rate, Table 1 

q", Q" Heat flux rate, Section 1; Eq. (5) 

R Rate of solidification in the mushy zone, Fig. 19 

STTJOX Maximum primary stress, Sectionm 2.2 

tw Blanket coolant conduit wall thickness, Fig. 8 

T Temperature 

T,,maT, Ts Maximum structural and structural temperature. 

Tint,max, Tint Maximum interfacial and interface temperature. 

1i, 1S Liquid and solid temperature, Fig. 20 

Tm Melting point 

AT Liquid to solid temperature difference in the mushy zone, Fig. 19 

V Coolant velocity, Fig. 8; Convective velocity of molten metal, Fig. 21; 

Vp Average fluid velocity in the poloidal direction, Fig. 15 

VT Average fluid velocity in the toroidal directin, Fig. 15 

Greek symbols 

a Thermal diffusivity 
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• afc Heat transfer coefficient, Table 7 

• ß Coefficient of thermal expansion 

• 7 Surface tension, Table 7 

• e Factor for crystal rotation, Fig. 3 

• e3, C( Emmisivity of solid and liquid, Table 7 

• v Kinematic viscosity 

• fi Dynamic viscosity, Eq. (2) 

• /x0 Magnetic permeability of free space. 

• Q Rotational velocity 

• uc, u3 Crystal and solid rotation rate, Table 7 

• p Density of fluid, Table 1 

• <re Electrical conductivity, Eq. (2) 

• a Stefan-Boltzman constant, Table 8 

• a Electrical conductivity of liquid metal, Table 1 

• <TU Electrical conductivity of wall material 

• p Conductivity ratio, Eq. (3) 

Subscripts, superscripts and symbols 

• c Crystal, Table 7 

• h Heat transfer, Table 7 

• I Liquid 

• s, S Solid 

• ® direction of magnetic field into the figure. 

• <—,-> direction of the magnetic field or direction of flow. 
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Figure 1. Schematic of first wall, blanket, and shield regions 
of a fusion reactor. Ref. [22]. 
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Figure 2. Process sequence for semiconductor grade silicon. Ref. [20]. 
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Figure 3. Schematic of the Czochralski (CZ) crystal puller 
Left: Heat transfer modes of the CZ crystal puller. Ref. [21], 

Right: CZ crystal puller with an axial magnetic field. Ref. [132]. 

WATER COOLA.NT 
INLET f, OUTLET 

VACUUM 
PUMP SHIELD 

\ -RF DUCT 

S~~' ' ^-BLANKET SECTO« 

/ v ^ V i V:J> .SHIELD 
" r v ;"•*')*"<> / A C C E S S coon 

JY V'- / 
"Vi j ' A - ' A .ANTITOHOUE 

r X ^ J \ ^ -/PANEL Kv&- 1: 
SfCMENTEO 
COPPER EF COILS 

SUPEP.CONOUCTING 
EF COILS 

I'-? •\ 
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Figure 6. Basic configuration of a mirror fusion reactor. Ref. f 1-4]. 
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Figure 7. A representative design window for a self-cooled 
liquid metal blanket. Ref. [15]. 

Figure 8. Typical coolant channel in the inboard 
blanket of a tokamak. Ref. [22]. 
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Figure 9. Cross sectional view of the self-cooled NET design and 
the relevant blanket elements. The lower figure is a 

top-down view. Ref. [25]. 

Figure 10. An isometric view of the Reference Design Concept 
an enlarged view of the poloidal-toroidal channels (center), 

and a magnified view of the poloidal to toroidal 
manifold Ref. [22]. 
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Figure 11. Cross sectional view of the Reference Design Concept 
with dimensions as shown. Ref. [22]. 
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Figure 12. Top-down view of the Reference Design Concept 
with dimensions as shown. Ref. [22]. 
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Figure 13. A simplified schematic of the limiter (HHFC). Ref. [43]. 
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Figure 14. Parameter ranges of experimental MHD facilities. Ref. [15]. 
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•i •• p o l o i d f t l " 

Figure 15. Schematic of the poloidal-toroidal multi-channel bend experiment in the CELLO 
magnet of MEKKA-KfK. Ref. [75]. 

/Cm'] 

Figure 16. Schematic of the rectangular flow duct with varying electrical 
conductance and imposed heat flux. Experiment to be 

conducted at MEKKA. Ref. [75]. 
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Figure 17. Schematic of the lithium-helium two-phase experimental facility 
and the operating conditions at the 

Tokyo Institute of Technology. Ref. [77]. 
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52 



Dt«:«'Ti^ «•"-»-•*« 0(i*6«.i' 'C 

</? iVtiu, 

Cfi.ttH.fcft ?L*NAft 

£ 
VIKr V W — 3 

0 ^ W . ^ 

C5 ( f l ^ 

• MCmASiNG 6'B 
DictcAKMä ä T 

Figure 19. Qualitative sketch of the morphology of the solid-liquid 
interface as a function of the temperature gradient, G, rate of 

solidification, R, and solid to liquid temperature 
difference, AT. Ref. [120]. 
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Figure 20. Qualitative plots of the thermal gradient and the solid to 
liquid temperature difference on the length of the mushy zone. 

Here G2>G, and T/,2-T<;,2<T/,1-Ts,,. Ref. [120] 
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Mushy Zone < L i q u i d 

Figure 21. Simple schematic of the resultant vector, L, describing the 
interdendritic transport of solute-rich liquid as a sum of 

the convective velocity, V, and the horizontal rate 
of solidification, R. Ref. [120]. 

Chi 11 

Figure 22. Schematic representation of a dendrite at the solid-liquid 
interface under various flow conditions. Ref. [120]. 
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Figure 23. Schematic of an electromagnetic stirrer used in continuous 
casting of metals. Ref. [128]. 
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Figure 24. A diagram of stirring methods and regions of application of 
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Table 1. Classification of electromagnetic applications in metallurgy. Identification 
of the physical laws and the process applications. Ref. [17]. 

Omens ionicss number 

4> Conductance ratio. 

M2 Hartmann number. 

N Interaction parameter. 

Rem Magnetic Reynolds 

I-y Lykoiulis number. 

1'̂  Pcclct number. 

M/Rc 
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Table 2. Relevant dimensionless groups in fusion blanket duct flow 
and heat transfer. Rcf. [4]. 
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Duct geometry 

Wall conductance regime 
Thin conducting duels 
Insulated ducts 

Magnetic field geometry 

Relationship between the duct and magnetic fietd 
geometries 

Flow regime (Ha. N. Re,,, etc.) 

Table 3. Classification of important parameters in MHD fluid flow 
and pressure drop calculations. Ref. [16]. 

Straight uniform ducts 

Varying cross section 
Smoothly varying cross section 

(e.g., flow (ailoring or toroidal contouring) 
Abruptly varying cross section 

(e.g.. an orifice or section of a manifold) 

Bends 
Smooth bends 

No parallel flow 
Parallel flow 

Abrupt bends 
No paralleljlow 
Parallel flow 

Internal flow redirection (e.g., helical vanes) 

Multiple-channel ducts and manifolds 

Wall conductance tailoring 

Table 4. Geometric elements of the blanket and HHFCs. Ref. 116]. 
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Table 5. Classification of geometric elements of the blanket, the 
range of the relevant parameters, and the state of 

relevant investigations. Ref. [25]. 

Table 1 
Specialized tokamaks in F.uropc 

Device 

ASDF.X 

TFXTOP. 
TORE-SUPRA 

ASDFX-Upiyade 

nu 
COMPASS 
TCV 

RTF 
I S I T O K 

Inslilulion/Placc 

IPP/Garchinp 

KFA/Julich 
(FsA/Cadarache 

li 'P/Garcliing 

FiNFA/lra.scaii 

UKAfiA/c'tilham 
("RPP/I.atisannc 

f;C)M/Niciiwci'cin 
IS I /Lisbon 

Main objectives 

Joint h u r o p c a n Torus J ET/Ahngdo. 

plasma/wall interaction poloidal tiivcrtor 

plasma/wall interaction pumped liniilcrs 

lonyvpulse operation in Next Step 

relevant plasma conditions 

plasma purity control in rc-.n tor relevant conditions 

confinement at hi^h curienl ami particle dcnsilv 

high-beta and M U D stability studies 

high-beta studies and disruption control 

transport mechanisms studies 

Mi l l ) activity, I ( C I ) 

(i) inetliods of hca tu i ; p lasmas 

(H)scaliiij ' of plasma behaviour 

(iii) in teract ion of p l a s m a with the walls 

(iv) p roduc t ion of a lpha -pa r t i c l e s 

/ (MA) 

(X. 

1 7 

1 <> 

If. 

0.4 

i . : 
n ? 

7 

Period s 

XO- 90 

81-

KK 

9t> 

89 

89 

91 

89 

91 

30 

Table 6. Specialized tokamaks for plasma engineering studies. Ref. [30]. 
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Osaka University Nuclear Power 
Experimental Research Iacdny 

Liquid- inctal M H Ü experiments 

1. NaK blowdown experimental faci l i ty: 230 t' 
NaK . 10 bar N> (65-bar design) 

2. de magnet (for transverse magnetic f ield io 
f low) : 2 T . 150- x 500-mm poles. 80-mm 
dividable and movable yap 

3. Superconductor mac net <for parallel mairnetic 
f ield): 5 T . lOO-min-diaiii x .lOO-nim. I.()°o 
uui for iu held bore, 1.2 m long 

4. I i ih iuni circulation loop: electromagnetic pnnip. 
40 iVmi i i . 3 bars, 20 I' l i th ium. JOfl'C 

5. Small NaK circulation loop: electromagnetic 
pump, 20 r / n u n , 2 bars, placed on dc magnet, 
rotalahlc 

6. Nak annular free surface f low device ( L I N A K ) 
50 C NaK. 0 lo 3 bar argon 

7. Large NaK circulat ion loop (to be constructed): 
electromagnetic pump, 250 iVm in ; 5 bars 

8. Variable frequency motor generator: ihree-
phase, 40 to 250 Hz. 90 kVA 

Table 7. The experimental loops and associated hardware at 
Osaka University. Ref. [77]. 

Year 

I9SO-19S3 

I9S4-I985 

I9S(\-I9SR 

I9S9 

1990 

Subject 

Pool boi l ing 
Pressure drop 
Pressure drop 
End effect of pressure 
Liner implos ion, K T 
Heal transfer 

Tempera!ure f luc tuat ion 
Pressure drop and end effects 
Magnet-guided f low, ICT 
Heal 1 ransfer, pool 

Heat transfer, loop 
Pressure drop at ends 
Pressure drop and end effects 
Llectromagnci ie How coupler 
Pressure drop at jo int 
M H O effects stagnant I.M 
M i l l ) pressure reduct ion 

M U D pressure reduct ion 
Pressure drop at ends 

Ura l transfer and pressure 
drop at ends 

Uniting, (wo-phasc ( low and 
advanced concepts 

Ducts 

Circular , pin 
Circular 
Circular 
Circular 
Annuius 
Circular , pin 

Circular , pin 
Rectangular 
Tree, annular 
Circular , pin 

Circular , pin 
Circular , pin 
Rectangular 
Double-reef angular 

Step circular 
Double-circular 
Insulated circular 

Insulated rectangular 
Circular 

Mealed circular 

Circular 

Magnets 

Transverse 
Transverse 
Transverse 
Transverse 
Tl icta-pinch 
Transverse 

Transverse 
Transverse 
SC'M, J longitudinal 
S C M . longitudinal 

S C M , longt tud i .n l 
S C M , longitudinal 
1 ransverse 
1 ransverse 
Transverse 
Transverse 
Transverse 

Transverse 
SCM, longitudinal 

SCM, longitudinal 

I ransver.se 

Liquid Metal 

Potassium 
NaK 
Li th ium 
NaK/ l i t h i um 
NaK 

Li t l i iu in 

L i th ium 
Li th ium 
NaK 
Li th ium 

Li th ium 
Li th ium 
NaK 
NnK 
NaK 
NaK 
NaK 

NaK 
NaK 

Li th ium 

K 4 - I I 

Reference 

19 
20 
21 

21,22 

23 
22 
24, 25 
26 

27 
27 
28 
29 
25 
30 
30 

•'Superconducting magnet 

Table 8. Research activities in fusion blanket related LM-MHD 
at Osaka University (as of April 1989). Ref. [77]. 
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Table 9. Typical dimensions of the Czochralski crystal puller and the 
physical properties of the semiconductor melt. Ref. [21]. 

D i n e n s i o n l e s s r-umber 

B i o t number 

F r a n d t l number 

Reynold» nuftber 

Crashof number 

• 

Kardngoni number 

Cr or i h l e radium 

Mel t d e p t h 

D e f i n i t i o n 

^ r 3 *>/* 
t oT a * Q T a 

^ s r. h n k 
s 

r,oT a T 
H « 

n k T - T 
i c n 

w 

t ( p t 

7 
a u 

Re 
r y 

r v 

qft(T - T ) d 3 

"'"' "v-Tv7"'-
* - -

ft 

Range 

O . 0 0 4 1 6 - 0 . 0 J 3 1 

0 . 2 1 4 - 0 . 5 7 1 

0 . 31 

0 - 5 2 . 4 

0 - 1 5 . 7 

jfl.9-lO^OO 

0 

1 . 5- ! .(, 

1-10 

Table 10. Investigated ranges of the dimensionless paramters in a 
Czochralski crystal puller. Ref. [21]. 
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