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ABSTRACT OF THE DISSERTATION

Numerical and experimental modeling of liquid
metal thin film flows in a quasi-coplanar

magnetic field

Neil B. Morley

Doctor of Philosophy in Nuclear Engineering

University of California, Los Angeles, 1994

Professor Mohamed A. Abdou, Chair

Liquid metal film protection of plasma-facing surfaces in fusion reactors is pro-

posed in an effort to counter the adverse effects of high heat and particle fluxes

from the burning plasma. However, concerns exist about the possibility of es-

tablishing the required flow in the presence of the strong magnetic fields and the

plasma momentum flux typical of a reactor environment. In this work, the flow

behavior of the film is examined under such conditions.

Analysis of the magnetohydrodynamic (MHD) equations as they apply to liq-

uid metal flows with a free surface in the fully-developed limit has been under-

taken. The solution yields quantitative data for the velocity profiles and uniform

film heights as a function of key design parameters such as the channel size,

magnetic field magnitude and orientation, channel slope and wall conductivity.

Comparison of the results of these computations to previous models is given to

xvn



determine the accuracy of simplifying assumptions, in particular Hartmann aver-
—*

aging of films along B. Hartmann averaging is accurate in determining the core

flow behavior under the condition of strong MHD interaction, but the formation

of velocity jets, which can carry a large portion of the flow, is not predicted.

Analysis of the effect of a plasma momentum flux on the thin film is also

performed. The flux is characterized in terms of pre-sheath plasma parameters.

The LM is assumed stagnant and its non-MHD behavior is computed using a

modified free boundary fluid code, RIPPLE. The plasma momentum is strong

enough in the cases examined to seriously upset the film, especially for lighter

elements like lithium. Gallium performed much better and its possible use is

bolstered by these calculations.

An experimental investigation is performed in the MeGA-loop MHD facility

constructed as part of this research. Coplanar, wide film flow was investigated

and found to be little affected by the magnetic field due to the elongated nature

of the film. Both MHD drag and partial laminarization are observed, supporting

the fully-developed film model predictions of the onset of MHD drag and duct

flow estimations for flow laminarization.
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Chapter 1

Introduction

For beryllium, the present computed peak erosion rate
of ~ 500 nm/s would imply a sputtering lifetime of
only ~10, 000 burn-seconds for a 5 mm thick coating.
A two order of magnitude improvement would, there-
fore, appear to be required to obtain even one calendar
year operation at ~1 % duty factor.

US Design Support Study for the ITER Divertor [1]

' I x he use of a thin film of flowing liquid metal (LM) to protect fusion reactor

plasma-facing components was originally proposed in an effort to avoid the erosion,

radiation and thermal stress damage caused by high energy particle and heat fluxes

incident on solid plasma-facing material surfaces. As fusion designs evolve, it is

clear that there is still no solid material capable of withstanding these loads to a

satisfactory degree at the present estimated edge conditions of a tokamak plasma.

For this reason, development of a feasible divertor system is currently of pivotal

importance in the area of fusion energy technology, and more attention is being

given to alternative concepts, including the liquid metal thin film protection idea.



1.1 Research goals and thesis organization

Due to the uncertainties associated with the behavior of LM flows, it is the goal

of this research to advance the understanding and predictive capabilities of thin

flowing films in an environment typical of a tokamak fusion reactor divertor. In

particular, such an environment includes the presence of strong magnetic fields

in excess of 5 T, which interact with the moving, electrically conducting LM

via the Lorentz force acting on conduction charges in the metal. The study of

this interaction is known as magnetohydrodynamics (MHD). A greater predictive

capability is necessary to establish with any certainty the behavior of the film

divertor and thus the viability of this concept from a MHD interaction viewpoint.

1 - Consolidate literature on fusion LM plasma contact devices and

thin film modeling

The beginning of the thesis consists of a detailed literature survey of free sur-

face liquid metal limiter/divertor designs and issues (Chapter 2), and a review of

ordinary hydrodynamic and basic magnetohydrodynamic concepts (Chapter 3).

Depending on the readers experience and expertise level, certain sections may

seem to be somewhat simplified. Regardless, at least a cursory reading of these

sections may be necessary to note concepts and definitions that are used freely

throughout the remainder of the text. In keeping with the author's desire to make

this work as complete and self-sufficient as possible, a good deal of introductory

material is provided.

In addition, Chapter 3 contains a survey of LM-MHD thin film modeling for

fusion. Flowing film models using various simplifying techniques are derived for

comparison in later chapters against fully-developed predictions and experimental



data. That some of these models are original work published by the author will

be noted where appropriate. They are included in the context of the model review

as the most appropriate position to preserve the flow of the thesis.

2 - Construct model and solution method for 2-D, fully-developed,

LM thin film flow in a magnetic field

The fully three-dimensional MHD equations, including both the fluid equations

of continuity and motion, as well as Maxwell's equations and Ohm's law for the

electromagnetic fields, are extremely difficult to solve in complete generality. This

is true even in the incompressible fluid limit. For this reason, a previously unin-

vestigated special case of LM film flow is studied, namely steady, fully-developed,

MHD, film flow in a rectangular channel of arbitrary electrical conductivity and

applied magnetic field orientation. In this case the governing equations are re-

duced to the two dimensions in the cross-sectional plane of the flow, greatly fa-

cilitating their solution. Results include both the velocity profiles and induced

magnetic field distributions, as well as the fully-developed equilibrium film height,

for a great many input parameters including electrical conductivity of the walls

and the angle of the magnetic field. Both these are largely unexplored parameters

in fusion LM film modeling, but can exert a tremendous effect on the behavior of

the film.

Chapter 4 presents the development of the fully-developed film flow equations

and solution methodology. Results are given in Chapter 5 for variations of the

parameters discussed above. In particular, the trends associated with variation

of individual flow parameters are shown in the context of a general academic



presentation, independent from the fusion application. We are able here to de-

termine the relative importance of viscosity and electromagnetic forces in flows

with large aspect ratios where current closing paths, either conducting sidewalls

or Hartmann layers, are far removed from the core flow of the film.

3 - Examine fusion applications of fully-developed film flow and

validity of assumptions used in developing film flow models

In Chapter 6, the results of the fully-developed flow calculations are applied to the

fusion problem. A comparison to previous model predictions employing a channel

width averaging technique is provided in order to determine the accuracy of this

averaging method used to simplify developing film models.

An examination of the possibility of establishing uniform flows under fusion

conditions, and other fusion implications of fully-developed flow, are presented.

Also included is an estimate of the effect of a plasma momentum flux on the surface

of a stagnant film of LM. Discussed is a simplified two dimensional attempt to

model this unique fusion condition in an effort to determine the approximate

seriousness of the effect.

4 - Construct LM-MHD test facility and perform supporting LM thin

film experiments

In addition to this mathematical modeling, a LM-MHD test facility has been

constructed as a part of this thesis research to aid in the investigation of LM-

MHD flow. Initial thin film flow experiments were performed in this facility to help

validate theoretical predictions, observe unpredicted phenomena and investigate

engineering questions related to the formation, collection and wetting of thin film



flows on a substrate. Chapter 7 gives a detailed discussion of the experimental

facility construction and specifications. This is followed by a description of the

test section design and data acquisition. Results of the experiments are given here

along with suggested plans of future work in the context of these results.

Chapter 8 provides a summary of the work as well as important results and

conclusions scattered throughout the text. Appendices contain supplemental or

tangential information not necessarily required in the thesis body, but useful to

those especially interested in certain topics of discussion touched on in the thesis.

1.2 Some terminology definitions

An attempt at a consistent use of terminology and mathematical symbolism is

made throughout this work. A brief description of essential terms is made here, in

addition to a complete list of symbols provided in Appendix A. An effort to adhere

to standard definitions of mathematical symbols is made whenever redundancy is

not a problem. Each symbol is defined when it is first encountered as well as in

the appendix.

Commonly used terms include:

• channel - An open chute or pan allowing the LM flow to have a free surface

• duct - A closed conduit or pipe confining LM on all sides

• sidewalls - The vertical walls on the sides of a rectangular channel, not

necessarily those with connected parallel layers

• substrate - Bottom wall of a channel



• developing flow- Flow that has not reached equilibrium and is still changing

in velocity/height profile as it proceeds down the duct or channel

• fully-developed flow - Flow that is no longer changing as it proceeds down

a duct or channel (also called uniform or normal flow for films)

• core flow - MHD flow where a central core region forms that is totally

dominated by magnetic forces. Viscous and inertial forces are constrained

to thin boundary layers.

• parallel layers - Boundary layers that form along walls or extend from geo-

metric discontinuities that are parallel to the magnetic field direction (also

called sidelayers in certain limiting cases)

• Hartmann layers - Viscous boundary layers that form along walls that are

perpendicular to a component of the magnetic field direction

A few general notes on style are in order. Domain average values will be

denoted with bars over the variables (q), while characteristic quantities used to

non-dimensionalize governing equations will be denoted with an asterisk (<?*).

These characteristic quantities may or may not be equal to the average values.

Variables normalized with their characteristic values will be shown with tildes

(q = q/q*). The symbols « and ~ indicate approximately equal to and of the

order of respectively. Hydrodynamic and fusion jargon will either be italicized or

foot-noted when first encountered to call special attention to the definition.



Chapter 2

Liquid metal, plasma facing

components

In macroscopic terms, just 1 kg of this fuel would re-
lease 108 kWh of energy and would provide the re-
quirements of a 1 GW (electrical) power station for a
day.

John Wesson [2]

T n tokamak fusion reactors, it is desired to confine a burning deuterium/tritium

(D/T) plasma in a toroidally shaped vessel with strong magnetic fields. The

objective of this confinement is to use the energy produced by fusion reactions in

the plasma to drive a conventional electric power station. However, as the plasma

burns, helium (He) particles are continually generated as the products of

D + T-^-He (3.5 MeV) + n (14.1 MeV) (1)

fusion reactions. This build up of He ash must be limited in order to keep the



relative fuel density high, a necessary condition for a self-sustaining plasma burn.

By "scraping off" the outer layer of the plasma, either with a Umiter or a divertor

system, He and other impurities, as well as D/T, are continuously removed.

A limiter operates by physically intercepting the plasma column, blocking

particles that diffuse to the outer plasma edge, termed the scrape-off layer (SOL).

A divertor, on the other hand, redirects the magnetic field lines at the plasma

edge in order to guide particles streaming along these lines away from the core

plasma. But with both limiters and divertors, an energetic flux of plasma particles

collides with a surface intended to slow down and neutralize the energetic ions and

electrons.

These plasma contact surfaces, sometimes referred to as plasma facing com-

ponents (PFCs), are thus subject to high heat and particle loads. A successful

PFC design must be able to remove the deposited energy while retaining suffi-

cient resistance to high energy particle erosion to insure a reasonable component

lifetime. A typical design uses an armor material attached to an actively cooled

heat sink, see Fig. 1. Armor materials usually considered are beryllium, graphite,

carbon-fiber-composites or other specialty low atomic number materials developed

for this purpose." A compliant/attachment layer may be used to help increase

thermal conductivity and provide flexibility between the armor and heatsink, es-

pecially those with different thermal expansion characteristics. The armor can be

attached to the heatsink either with mechanical attachments or by means of a

braze that may also serve as a compliant layer.

These designs can suffer from a variety of problems in addition to the serious

aHigh atomic number materials like tungsten and molybdenum are also considered. They
generally have a lower erosion rate to D/T and He than the materials listed above, but runaway
self-sputtering is predicted for high plasma edge temperatures [3].



Plasma Flux

~5mm

~l-2mm

-3cm

Armor tile

Thermal/mechanical
compliant layer

• Heat sink

• Cooling tubes

Figure 1. Typical solid material plasma facing component geometry

erosion of the armor material already discussed. Mismatch in thermal expansion

properties and large temperature gradients can cause thermal stresses in the armor

and in the compliant/attachment layer. Cracking of materials in response to

this stress reduces the thermal conductivity of the armor or compliant layer and

further exacerbates the problem. Radiation damage also tends to degrade both the

thermal and structural properties of the material, hastening component failure.

Neutron induced swelling can also lead to material stress and cracking, as well as

bubble formation and blistering. This is especially true for carbon. It is in an

effort to negate these effects that liquid metal contact devices have evolved.

2.1 Liquid metal divertor system issues

The use of a flowing film of liquid metal to protect a solid substrate has several

positive features that make the idea very attractive to further investigation. These



features include:

• protection of the underlying surface from physical erosion and surface blis-

tering,

• a continually replenished surface that replaces eroded material,

• a large heat removal capability that may eliminate the need for a separate

coolant,

• reduced heat penetration to the structure thus reducing thermal stresses,

• elimination of armor tile attachment complications,

• possible reduction in large tritium inventories trapped in immobile armor

materials and

• possible reduction in massive beryllium usage.

Although LM contact surfaces theoretically eliminate several of the major existing

problems in the development of solid PFC surfaces, the use of a liquid metal in this

capacity adds problems uniquely its own. Some of these problems are discussed

in the following paragraphs, in the context of which a capability to predict the

performance of the LM-PFC must be developed if the validity of the LM-PFC

concept is to be established.

Magnetohydrodynamic (MHD) forces, caused by the interaction of a moving

conducting fluid with the confining magnetic field, can affect both the shape and

velocity of the flowing film, as well as its free surface stability to perturbations.

Plasma current disruptions, the rapid loss of plasma current and thermal energy

in tokamaks due to a large scale plasma instability, may have destructive effects

10



on the film due to the rapidly changing magnetic fields and the forces they induce

in the film.

The flux of particles incident on the divertor surface carries a certain amount

of momentum (plasma wind) which will be deposited in the film. This momentum

may be great enough to seriously influence the film shape and lead to the formation

of waves or dry spots, leaving part of the solid substrate inadequately protected.

Evaporated and sputtered atoms may become ionized and diffuse back into the

main plasma. These impurities, particularly for high atomic number metals, may

critically contaminate the plasma because of high radiation losses. Estimation of

the severity of this effect is difficult since the sputtering off liquid metal surfaces

by isotopes of hydrogen and helium, as well as their self-sputtering and redeposi-

tion characteristics, may be different from their solid counterparts. This has not

yet been deeply investigated. However, the problem of plasma contamination is

common to both liquid and solid surface divertors

A high solubility of tritium and helium in the liquid film can lead to a large

tritium inventory in the liquid metal loop, especially if the metal is not treated for

tritium removal. Also, for metals with low tritium solubility, the partial pressure

of implanted tritium may be so high as to push tritium through pipe walls and

into other reactor areas, like the secondary cooling loop. With low solubility there

is also the chance that implanted atoms of helium and tritium will form bubbles

that burst in the chamber [4]. Again, similar problems exist for solid material

surface divertors. The liquid metal film concept has the advantage of allowing the

possibility of tritium removal from the circulating LM.

The idea of using a liquid metal in contact with a fusion plasma is not a new

one. Over the years there have been many designs and much work devoted to
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addressing the questions and problems encountered in each design. The selection

of one scheme is difficult to make until a more complete picture of the effects of

the entire LM contact system on the other reactor systems is constructed. In

order to gain a better understanding of the choices available, it is worthwhile to

review past work on these LM systems.

2.2 Choice of liquid metal

A lengthy list of desirable characteristics for a liquid metal in contact with a

fusion plasma has been compiled from a variety of sources. A general comparison

between metals is available in [5], [6], and [7]. A discussion of each of these

criterion is provided to help understand its relative importance.

Desired LM Characteristics

• low melting and high boiling points

• low vapor pressure and sputtering erosion characteristics

• low atomic number (Z)

• compatibility with structural materials

• minimal chemical reactivity and toxicity

• high heat removal capability

• low cost

• little neutron-induced activation

• favorable hydrogen and helium trapping/releasing characteristics
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There are certainly practical advantages to having a low melting point for the

choice metal. The complication of pipe heating to maintain a liquid phase can be

avoided, as well as concerns of pipe and pump damage due to volumetric increase

of the metal upon solidification. A high boiling point provides an initial upper

bound on the usable temperature window. As will be seen later, a large window

is important in determining the heat removal capability of a LM candidate.

In order to minimize the number of impurity atoms that leave the metal sur-

face and diffuse into the plasma, it is important to limit the allowable evaporation

and sputtering of the LM. Thus, low vapor pressure and sputtering characteristics

are desirable. It has been suggested that the upper bound on the usable temper-

ature window is determined by the temperature at which evaporation becomes

unacceptable. Estimates of evaporative and sputtering fluxes are given in [7] and

[8].

Once an atom has entered the main plasma, it is desirable to minimize its

potentially damaging, radiative effect. Since the energy losses due to bremm-

stahlung, synchrotron and line radiation increase with atomic number, a low Z for

the impurity atoms is important, especially in the pre-ignition phase. However,

high Z materials often have a higher threshold for physical sputtering and hence

less material erodes and enters the plasma. The selection of material must be

made to minimize the overall negative impact on the plasma discharge.

Another possible limit on the maximum allowable film temperature is the re-

strictions imposed by the compatibility of the LM with its structural material. At

elevated temperatures unacceptable corrosion of the structure can occur, leading

to contamination of the LM and possible mechanical failures in the circulation
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system. Estimates for corrosion limitations of various LM with different struc-

tural materials is provided in [8] and to a lesser extent in [9]. Also important in

some designs is the wetting characteristics of the LM. In order to insure a proper

flow the LM may need to wet its substrate [9].

In addition to the structural material, it is important that the LM be compati-

ble with other reactor materials, even those which might not be in intimate contact

with the LM under normal operating conditions. The most common examples are

air and water. Metals that are extremely reactive with these compounds would be

poor choices from a safety point of view unless much care is taken in the system

design. The same is true for the general toxicity of the LM material. Special care

will need to be taken in handling and disposal if the LM is poisonous.

The ability of a specific LM to transport incident energy in the form of heat

is especially important for self-cooled system designs. The suggested criterion to

measure this ability is the value of the factor ATy/pck, where AT is the usable

temperature window, p is the density, c is the specific heat, and k is the ther-

mal conductivity of the LM [10]. A comparison for several metals is given in

[11]. Also important is the ability of the metal to withstand a plasma disruption,

which dumps the total plasma electromagnetic and thermal energy in a matter of

milliseconds. This ability is characterized in [7] as the thickness of material vapor-

ized and thus the minimum thickness necessary to protect the underlying surface.

However, this characterization is not applicable to droplet designs (descriptions of

self-cooled film and droplet design options are included in the following section).

Low cost certainly requires no explanation. Obviously, rare and/or expensive

materials will add to the overall reactor cost as well as present problems with

supply.

14



Again from a safety standpoint it is desired for the candidate metal to have

little neutron-induced activation, particularly when activation products with long

half-lives are produced. Impurities must be minimized to avoid additional acti-

vation. Information on activation of different metals in a fusion environment is

included in [5].

It would be very helpful indeed to find a liquid metal with high helium and

low hydrogen (H) absorption characteristics to facilitate the pumping of He and

the recycling of D/T. Although the solubility of He is low in most metals, the

solubility of H varies drastically in the different choices. This solubility and the

LM's ability to form chemical compounds with H provides an estimate to how

much H will be removed with the liquid. The tritium inventory in the LM volume

is highly dependent on the individual LM properties. It has been shown that both

high and low recycling divertors are possible depending on the system design and

the metal chosen [4, 5, 12].

Of the available metals and alloys, the two choices most commonly considered

are lithium (Li) and gallium (Ga). Specific information on these two candidates

are provided by the citations above. In general, Li is characterized by an affinity

for hydrogen, relatively high vapor pressure, high melting point, and poor heat

removal capacity as compared to Ga. However, Ga has more significant corrosion

problems, higher Z, worse activation characteristics, and is much more expensive

than Li. Other LM possibilities include indium and tin alloys (especially with

Ga), and lead and bismuth alloys. Selection of a given metal must depend not

only on the criteria above but also on the specific design and desired plasma edge

conditions. Properties of Li and Ga are summarized in Table 1. Discrepancies

among different sources for these physical properties exist and this fact should be
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Table 1. Physical properties of

Property

Z
T
-Lmp
Tbp

Ts=pt
Lf
P
V

a
k
cp

X
±vap

Unit

C
C

c
kJ/kg
kg/m3

10-7m2/s
106/(ft-m)
J/(s-m°C)

J/kg°C
N/m
torr

%vs

Ga

31
29.9

1983 (760 torr)
1050
80.1

6093 (32°C)
3.1 (60°C)
3.9 (30°C)
33.4 (mp)

343 (200°C)
0.735

10-5 (751°C)
1 (1315°C)
10 (1497°C)

-3.1

Gallium and Lithium

Li

3
179

1317 (760 torr)
350
660

507 (200°C)
9.8 (250°C)
4.5 (230°C)
37.6 (230°C)
4180 (200° C)

.365
10-5 (350°C)

1 (745° C)
10 (890°C)

1.5
t sputtering flux = evaporating flux, will be edge dependent

reference

[13]
[13]
[7]

[13]
[13]
[13]
[13]
[13]
[13]

[13, 14]
[11]
[13]
[13]
[13]

remembered when they are used for computation.

2.3 Designs of LM plasma facing components

Many different LM plasma contact system designs have been proposed in an effort

to minimize the problems and take maximum advantage of the strengths associ-

ated with the use of a LM as a contact surface. In general, these designs break

down into two categories: films and droplets.
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2.3.1 LM film designs

Film designs operate by covering a backing plate with a film of liquid metal. This

film then protects the surface below from the effects of the high energy particle

flux coming from the main plasma. Film designs can further be broken down into

fast and slow film categories [15]. The former must remove all incident energy

as well, while the later serves only as surface protection with a separate coolant

responsible for the heat removal.

Fast film designs were included in the UWMAK-I [16] and as an Advanced

Concept in the INTOR [17] design studies. They have the added advantage of

eliminating the need for separate coolant and thus reducing thermal stresses in

the structure. Disadvantages come from the fact that a greater velocity and/or

thicker film is generally required to remove the heat. Greater velocities mean

more MHD and corrosion effects, while thicker films lead to larger loop volume

and tritium inventory.

The minimum required film thickness is determined either by the need for the

film temperature to remain below the maximum allowable temperature, or from

the need to protect the underlying substrate from the large energy deposition of

a major plasma current disruption. This second thickness is calculated in [7], and

is of the order of 1-2 mm, depending on the LM used. It is possible to use a

thin 2 mm film as a fast film device [18] and satisfy both requirements mentioned

above.

More complete fast film designs were proposed for use in the International

Thermonuclear Experimental Reactor (ITER)6 [6]. Examples of fast film limiter

6ITER is a multi-national, collaborative effort to design and construct an ignited plasma test
facility for the study of ignited plasmas and testing of technological components. It is currently
the major device receiving attention in the fusion community.
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1-LM supply
2-LM return
3-Working section
4-Electrode
5-Current supply
6-Insulating barrier

Figure 2. LM fast film limiter design (from [10])

and divertor designs are shown in Figs. 2 and 3.

Slow films also have been investigated [7]. Because of reduced velocity these

devices do not suffer as significantly from adverse MHD effects. The separate

coolant must still be run at a high enough rate to keep the maximum film tem-

perature below whatever limit is imposed (see Section 2.2). Slow films act much

like a combined self-restoring armor and compliant layer, but have a much higher

thermal conductivity than most solid components and no stress problems.

For divertor designs where the magnetic field vector is nearly perpendicular to

the flow direction, Fig. 3 being a typical example, a question about the presence

of sidewalls becomes important. If the sidewalls protrude above the level of the

liquid, they will be exposed to the energetic plasma flux and thus eroded very

quickly. In order to avoid this situation several design modifications have been

suggested.

1. Removal of sidewalls entirely; the flow will be either a continuous ring or

broken up with catch trays in the gaps
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1-LM film
2-Separatrix
3-FIow coupler

Figure 3. LM fast film divertor design (from [19])

2. Slight flooding of the channel; liquid film will cover over the top of the

sidewalls

3. Bending the substrate; the walls will lie in the shadow of the particle flux

(see Fig. 4)

Comparisons of these ideas, and determination of the most attractive method, has

yet to be done.

In addition to the erosion of sidewalls, the momentum carried by the plasma

particle flux along the magnetic field lines, the plasma wind, may push the LM

to one side of the chute. This non-uniformity in the LM depth may be serious

enough to leave a portion of the contact surface inadequately protected against

normal particle fluxes or off-normal plasma disruptions. The effect of an extremely
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Incident Particle Flux

Figure 4. Coplanar divertor with bent substrate (from [6])

shallow angle plasma wind has not yet been investigated.

Both slow and fast film designs involve LM flow over a substrate in a magnetic

field. Experimental investigations of MHD film flow have been performed in order

to confirm the possibility of creating the needed films in the presence of a magnetic

field. A module demonstrating flows similar to Fig. 2 was described in [20] and

[21]. These tests showed the formation of an M-shaped surface structure at the

inlet and the occurrence of channel over-filling at the outlet, both due to MHD

effects. These phenomena were characterized in terms of the flow parameters

and ways of avoiding them are described. Flows characterizing the geometry of

a divertor, like the one in Fig. 3, were investigated in [9], [22], and [6]. It was

determined that for complete filling of the backing plate as well as a minimum

of MHD interaction, it is desirable to use a wetted, weakly conducting backing

plate with non-wetted, poorly conducting sidewalls. Under these conditions thin

film flows were demonstrated with velocities up to a 5 m/s. Also demonstrated

was the suppression of surface waves and disturbances, and the ability to flow at

angles over 90° (flow on the ceiling) [9], confirming in principle the possibility of

an upper divertor for diverted plasmas with both upper and lower x-points [6].
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2.3.2 LM droplet designs

LM droplet contact systems operate by filling the plasma contact area with an im-

penetrable collection of LM droplets, absorbing the particles and energy. Droplet

designs have the advantage of little droplet interaction with the magnetic field [10],

and are inherently low recycling and self-cooling [12, 8]. Because of the reduced in-

teraction with the field, the droplet designs are less sensitive to off-normal reactor

conditions, including disruptions. Disadvantages include an increased complexity

of design and larger volume requirements. These systems are generally subdivided

into three parts: a jet droplet former, interaction region, and a droplet collector.

The droplets can be formed outside of the magnetic field and injected into

the vacuum chamber [12, 23], or formed inside the chamber itself [8, 5]. The

former case requires space in the tritium breeding blanket for injection vacuum

ducts, reducing available breeding space and increasing the possibility of neutron

streaming. It also involves the droplets passing through a region of non-uniform

magnetic fields, which can cause elongation of the droplets and reduced coverage

of the contact area [24, 25]. In the latter case, a compact droplet former that can

operate in a high magnetic field must be developed. Such a droplet former design,

using the alternating electromagnetic forces to stimulate the break up of LM jets,

is described in [26]. High velocity jet formation in the magnetic field may also

involve large MHD pressure losses in the LM circulation loop and droplet former.

In order to insure complete coverage of the interaction region, the droplet

cloud must be several layers thick. Velocities on the order of 10-20 m/s [5] will be

required to remove the incident energy without the droplet temperature exceeding

its maximum (see Section 2.2). It has been estimated that the effect of the plasma

wind on the droplets will cause a displacement of approximately 4 cm in the
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toroidal direction and 5 mm in the radial direction [8]. Provided the collection

system is designed for this shift, it should pose no problem to the feasibility of

the droplet concept. Due to the particle-engulfing action of the droplet system, a

significant amount of particle pumping is expected [27, 12]. It is likely, however,

that some of this gas will be liberated when the droplets collide with the collector

surface. Detailed plasma/neutral modeling of the droplet limiter/divertor SOL

has not been done.

The droplet collector must gather the droplets as they leave the interaction

region without allowing significant splashing of the metal, and drain the liquid

to the outlet, where it may be cooled, degassed, and recycled to the inlet. These

collectors typically are just troughs partially filled with LM. Fig. 5 and Fig. 6

show droplet limiter and divertor designs.

Several experiments have been performed to verify droplet design feasibility.

Studies of droplet impact on a pool of liquid metal show that a strong magnetic

field completely suppresses splashing [11, 6], thus validating the simple trough

concept. Experiments with the droplet former have demonstrated its successful

operation [26]. Also performed were plasma physics experiments in the Soviet

T-3 tokamak where a liquid metal droplet curtain was used as a limiter similar

in configuration to Fig. 5. The behavior of the LM limiter was compared with

a graphite control limiter of similar geometry. Tests showed that a discharge

was possible with plasma parameters similar for each limiter. However, the LM

limiter in the initial stages of discharge showed high radiation losses from the

plasma attributed to increased impurities, and significant spraying of the LM

around the vacuum chamber [28]. It is claimed that the impurities were largely

the result of improperly treated LM for the removal of dissolved gases [28]. The
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1-Droplet curtain
2-Plasma pinch
3-Draw Plate
4-LM and inductor
current supplies
5-Droplet receptacle

Figure 5. LM droplet limiter design (from [10])

l-Droplet curtain
2-Core plasma
3-Droplet formers

Figure 6. LM droplet divert or design (from [8])
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spraying of the LM is attributed to physical swaying of the droplet former due

to the pulsed nature of the main magnetic field coupling to the inductor of the

droplet former. With their trajectories diverted by this swaying, some droplets

failed to exit through the small exit slot at the bottom of the vacuum chamber.

Experiments to verify these conclusions were planned and possibly performed, but

the results are not as yet available [27].
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Chapter 3

Principles of LM thin film

modeling

Even in those parts which purport to be independent
writings, the development of the argument is always
preceded by such homiletical introductions.

Gershom Scholem [29]

"IV /T any mathematical models have been developed in order to predict the be-

havior of a thin flowing film in a magnetic field. Due to the extreme difficulty

associated with solving the fully three-dimensional magnetohydrodynamics equa-

tions with a free boundary, various simplifying assumptions have been introduced

in order to reduce the complexity of the models. These simplifications allow

some insight into the fundamental behavior of the film by finding the solutions

to idealized special cases. In order to understand the origin of these these thin

film models and the film behavior they describe, we start with the complete set
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of incompressible MHD equations which include: the Navier-Stokes equation of

motion, the mass continuity equation, the current conservation equation, Ohm's

Law, Ampere's Law, Faraday's Law and the equation of divergenceless magnetic

induction (the last three collectively known as Maxwell's Equations).
- + —*

^ ± + g + J-^- (2)
p

^ + ( £ V ) £ =
at p

V-v = 0 (3)

V - J = 0 (4)

J = a (E + v x B) (5)

V x B = fimj (6)

V * S = - f (7)
V-B = 0 (8)

Here u, j , E and B are respectively the velocity, current density, electric field and

magnetic induction vectors, g and p are the acceleration of gravity and the pres-

sure; while a, p, v and /iOT are the electrical conductivity, mass density, kinematic

viscosity and magnetic permeability of the liquid metal. The constancy of these

material properties is assumed throughout this work. Other assumptions implicit

in the above equations are the incompressibility of the fluid and a negligible dis-

placement current, e^- in Ampere's Law.

Another common equation used in MHD calculations is the so-called induction

equation. This equation is obtained by taking the divergence of Ohm's law, Eqn. 5,

and applying Eqns. 4, 7 and some vector identities.

f = V x » x B + V2B (9)
Ot ap,m

This equation is more commonly used in formulations that solve for the induced

magnetic field instead of the current density.
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y (transverse) '

g

Figure 7. Geometry of quasi-coplanar LM film flow

The geometry of a typical quasi-coplanar, LM thin film problem is shown in

Fig. 7. Here the magnetic field is nearly aligned with the coplanar direction z,

lying in the plane of the film but perpendicular to to main flow direction. The x

coordinate denotes the direction of dominant fluid flow and is termed longitudinal.

The y coordinate is normal to the substrate and is named the transverse direction.

Other definitions include: h as the film height measured along y, 6 denoting the

angle of the substrate to the horizon (measured positive for downward sloping

chutes), a as the angle of the magnetic induction to z and finally a as the channel

width with the chute walls located at ± | . This quasi-coplanar flow is the class of

flow problem almost exclusively dealt with in this thesis, and all deviations from

this geometry will be noted when appropriate.

3.1 Ordinary hydro dynamic free surface flows

Ordinary hydrodynamic (OHD) flows can be considered a special case of the more

general MHD domain in which the magnetic field is zero or the fluid does not

conduct electrical current. In reality, the case of OHD is much more common in
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terrestrial fluid flow, and thus an extremely large amount of work has been done

in this area. Even though the majority of OHD flows with fusion-like velocities

and dimensions are turbulent in nature, while MHD forces tend to laminarize the

film and can completely dominate the flow field, it is still beneficial to incorporate

some of the developed concepts of OHD into the modeling of MHD film flows.

The total head at a vertical cross section of flow through an open channel, like

that in Fig. 8, is
u2

+ i— (10)
2#

where d is the vertical distance of the channel bottom above some reference datum

and 7 = ^ ZjA is the kinetic energy correction factor" accounting for velocity

profiles that differ from the average value u. Taking the derivative of this head

with respect to the coordinate along the flow, x, and substituting the definition

of the constant flowrate per unit width q = uh we get

dh h3g sin 0 — h3gSf

dx h3g cos 6 — jq2

where ^ = sin 0 and $j£- = —Sf are respectively the slope of the channel and the

head loss due to friction. Sf in general depends on h, and with its quantification6

Eqn. 11, commonly called the gradually varying flow equation, can be used to

define certain characteristics of open channel flow.

As the numerator of Eqn. 11 goes to zero, the film is no longer changing with

longitudinal distance ( ^ = 0). This is referred to as uniform flow. The value of

h at which this occurs is called the normal depth (or uniform flow depth), and
aThis factor is typically denoted by a but is changed here to avoid confusion with the angle

of the magnetic field introduced earlier in the chapter.
fca simple empirical correlation for turbulent, wide-channel flow sets Sf fa 1̂573" where n is

Manning's n, which can be estimated with a variety of approximate formulas or tabulated data
as a function of flow channel conditions (see Table 5.6 in [30]).

28



free surface

reference datum

Figure 8. Cross section of wide-channel film flow down an inclined plate

is denoted hn. This is not necessarily a stable equilibrium point and any small

perturbation of the film surface could possibly cause waves to form or the film to

change dramatically in depth.

Similarly, as the denominator of Eqn. 11 goes to zero, the flow approaches

its critical height. At this point Eqn. 11 predicts j ^ = oo, however, when the

flow height is rapidly varying Eqn. 11 no longer accurately describes its behavior.

Experiments have shown, though, that near the critical height the flow surface is

wavy and unstable; and a hydraulic jump, a rapid change in height accompanied

by a dissipation of energy in turbulent expansion, is likely to occur.

The critical height is an important concept in OHD open channel hydraulics.

As seen from Eqn. 11 for 7 « cosO « 1, the critical height occurs at the point

Fr = 1 where Fr = —7= is the dimensionless Froude number0. It is at this point

that the specific energy, e = / i+ 7 | - , of the flow is a minimum for a given discharge

flowrate. As seen in Fig. 9, at the specific energy minimum the height profile is

nearly vertical. From this point, the predicted depths diverge as the specific energy

is increased, giving two possibilities of flow depth for a given specific energy. Flow

cNamed for William Froude (1810-1879), a British engineer, for his work on the character of
ship waves and experiments on ship resistance.
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min C

Figure 9. Film height as a function of specific energy

at a height less than hc is called supercritical and its speed is faster than at hc.

Conversely, flow at a height greater than hc is referred to as subcritical flow which

is slower than at the critical point. It is a consequence of this specific energy

dependence that critical flow exhibit instabilities. A small variation in energy can

cause a great change in flow height, and even a sudden jump from supercritical

to subcritical flow, i. e. a hydraulic jump.

It can also be shown that the propagation speed, or celerity, of infinitesimally

small gravity waves, caused by some disturbance or obstruction, is c = y/gh

[31]. Rearranging this gives —j= — Fr = 1, precisely the criterion for critical flow.
y/gh

Thus subcritical flow is slower than the small surface wave speed, and downstream

phenomena can influence the upstream film behavior. For supercritical flow, the

fluid is flowing faster than the surface waves and downstream phenomena cannot

exert an effect on the film at any appreciable distance upstream.

Classifications of types of flow are possible based on the flow quantities defined
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in the preceding paragraphs. The flow designations type 1, 2 or 3 indicate if the

actual height, /i, is greater than both hc and hn, is between hc and hn or is less

than both hc and hn. The designations mild (M), critical (C), or steep (S) refer

to flows where hc < hn, hc = hn or hc > hn. The adjectives mild or steep describe

the slope of the channels that tend to produce flows of this type. Two other

classifications that complete the channel slope theme are adverse (A) flow which

is uphill flow (0 < 0), and horizontal (H) flow (0 = 0).

Fig. 10 shows the various flow classifications and the general behavior of the

flow height based Eqn. 11. For fusion thin film flows it is highly desirable to

produce a film that does not vary much along the longitudinal length of the flow.

Therefore type S2 or S3 flow, where the film is formed close to hn, would be the

best choice. However for MHD flow, Eqn. 11 does not accurately describe the

film behavior, and some treatment of the drag due to MHD forces needs to be

included.

For films with relatively large characteristic dimensions or velocities, the flow

will undoubtedly be turbulent. The transition to turbulent flow has been shown

to occur at [30]

Ih < 500 always laminar (12)

Re > 12,500 always turbulent (13)

where Re = ~ is the Reynolds number^ indicating the relative magnitudes of the

inertial to viscous forces acting on the fluid. For this correlation, the characteristic

length, L, is assumed to be the hydraulic radius r^ = wetted" erimeter" Another com-

mon characteristic length for open-channel flow is the so-called hydraulic depth
dNamed for Osborne Reynolds (1842-1912); the Irish born British engineer/physicist; who,

in addition to other contributions in fluid mechanics, first recognized the laminar and turbulent
flow regimes and used the Reynolds number to predict the transition between them.
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Figure 10. Classifications of water surface profiles in gradually varied flow (repro-
duced from [30] by permission of the McGraw-Hill Book Company)
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ien th' ^ o r wide, shallow flows these length are approximately equal,

rh « dh « &.

The reader is referred to [31] for a good summary, and to [30] for a complete

treatment of fluid hydraulics for OHD free surface flows.

3.2 General magnetohydrodynamic concepts

Just as it is helpful to review some of the concepts of ordinary hydrodynamics, it

is also necessary to understand some basic concepts of MHD flows. The magnetic

field is able to influence the behavior of a conducting fluid flow via the Lorentz

force, FL = q{v x B), where q here denotes the charge of a particle. Thus the

positive holes and negative electrons that are carried along with the conducting

fluid at velocity v are driven in opposite directions, perpendicular to both the

initial velocity and the vector of magnetic induction. This charge separation will

set up an electric field opposing the further motion of the charges. A net current

will result as the balance of these two effects. This is clearly seen in the form of

Ohm's law for a moving medium (Eqn. 5). However, this induced current is still

perpendicular to B, and thus produces an additional Lorentz force on the moving

charges which in transmitted to the surrounding fluid. This force is represented

by the force density •^- in the equation of motion (Eqn. 2).

As seen from Ampere's law (Eqn. 6) any current density will produce an asso-

ciated magnetic field that encircles it . Thus the current induced by the movement

of a fluid in a magnetic field will in turn produce its own magnetic field, where the

total field is the sum of the originally applied and subsequently induced magnetic

fields. It is even possible to set up a positive feedback situation where the motion

of a fluid in some seed magnetic field produces a considerably larger field which
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in turn sustains the motion. This dynamo effect is common in large scale plan-

etary physics due to the motions of stellar plasmas and LM planetary mantles.

In most laboratory situations, however, this induced field is considerably smaller

than the applied field. In all cases considered here, Bf <C B%, where Bi and

Bo are the magnitudes of the induced and applied magnetic fields. The ratio of

the relative magnitudes of these two fields is indicated by the magnetic Reynolds

number, Rem = fJ,mavL, where L is the characteristic length associated with the

induced current loops. This dimensionless parameter is obtained from an order of

magnitude analysis of Eqn. 5 and Eqn. 6.

One introductory MHD problem of particular relevance to the LM thin film

models presented later in this chapter is the so-called Hartmann6 problem with

symmetric, electrically conducting walls. The geometry of this historic problem

is given in Fig. 11 where aw and aw denotes the thickness and electrical conduc-

tivity of the channel walls perpendicular to the field. The channel is assumed to

extend infinitely in the y direction. The equations describing this problem are

the x component of the equation of motion (Eqn. 2) with the y component of

Ohm's law (Eqn. 5) substituted for the current density j y , the x component of

the induction equation (Eqn. 9) and the integral of the conservation of current

equation (Eqn. 4).

— -i- —{Ey - uBz) = —^- (14)
> pv ox

+ GVmBz-^ = 0 (15)

CZjydz = ° (l6)

e Named after Julius Hartmann, British scientist and pioneer in the study of LM flows in
a magnetic field, who first predicted Hartmann boundary layers and their dependence on the
Hartmann number.
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Figure 11. Geometry of Hartmann problem with electrically conducting walls

The constant pressure gradient is assumed to be a constant driving force, but will

be replaced in free surface flows by the force of gravity. Since the applied field

is directed only along z, Bx is a resultant induced field only. Due to the infinite

extent of the channel in the y direction, Ey is a constant, and its value can be

determined from Eqn. 16. The details of the boundary conditions and the solution

of the above equations (in non-dimensional form) are given in [32].

The resulting averaged functional forms of the velocity and induced magnetic

field determined from Eqns. 14-16 are:

u =
COSh (Ha)

4 = C2
r

(17)

(18)
[tanh (iJa) + $i?a cosh (i/a) (

The constants C\ and C2 are functions of the problem parameters such as the

flowrate, the fluid properties, the magnetic field and the wall conductance. The

term $ = ?WZ,T-. is known as the wall conductance ratio and represents the con-

ductivity of the wall relative to the fluid region. The Hartmann number is defined
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Figure 12. Hartmann A) Velocity and B) induced magnetic field profiles for crw =
0 and Ha = 1) 0, 2) 5, 3) 10, 4) 50

as Ha = Bz(a/2)yf^. The square of this dimensionless number gives the approx-

imate ratio of the electromagnetic to viscous forces in the fluid for ducts with

infinitely conducting walls/ The constants C\ and Ci approach 1 and 2 respec-

tively as the Hartmann number gets large. The walls perpendicular to the applied

magnetic field are called Hartmann walls.

Looking at a plot (Fig. 12) of Eqns. 17 and 18 over the width of the channel

for increasing Hartmann number, we see the formation of a constant core region in

the interior of the channel, and Hartmann boundary layers near the channel walls.

This layer forms due to wall friction and acts as a return path for the induced

electric current. Their thickness is typically of the order

•''The ratio of EM to viscous forces in ducts with thin conducting walls is given by Ha2$, and
for insulated ducts is given by just Ha. This dependence is explained in the following paragraphs
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The overall magnitude of the electromagnetic force on the fluid depends heav-

ily on the conductivity of the walls. If the walls conduct very little, all current

must return in the thin Hartmann layers resulting in greater resistance of the

return current path as compared to the case highly conducting wall. This greater

resistance allows a build up of charge, and thus a larger electric field opposing

the induced currents in the core region (discussed briefly at the beginning of the

chapter and seen in Eqn. 5). This results in less overall current flow, and therefore

less electromagnetic force retarding the flow. For the case of insulating walls, all

current returns through the fluid Hartmann layers and there is zero net electro-

magnetic drag force acting on the fluid. However, the viscous drag is increased

from the parabolic (Ha=0) case due to the modification of the velocity profile and

increased friction acting through the thin layers at the walls with large velocity

gradients. Highly conducting walls, conversely, short out the charge separation

and prevent large electric fields from forming. Thus the induced currents are large

and the flow is more heavily affected.

In addition to this notion of Hartmann layers, we must also briefly consider

the behavior of the currents at the other set of walls parallel to the field (removed

to oo in Fig. 11). Close to these walls the currents induced in the core region

must turn and move along field lines to to the Hartmann walls. As the currents

turn, they no longer interact with the field to produce a retarding effect on the

local flow. This allows surges in the velocity to develop which helps match the

constant electric potential distribution (along the field) in the core region to a

parabolic one that forms in the parallel layer. The potential in the boundary layer

is parabolically varying since the current is linearly increasing as the core currents

enter the layer along the width of the duct.9 In these regions, the jets of fluid
9 This explanation of parallel layer formation is considered to be somewhat superficial by
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that form can sometimes carry a large portion of the total flow. These layers are

called parallel layers or sidelayers and have typical thicknesses of the order /^
'Ha

Unlike Hartmann layers, when the field is not exactly aligned with the walls of a

rectangular duct the parallel layers detach from the wall and form a type of free

shear layer protruding from corner wall regions or wall regions of discontinuous

electrical conductivity. These shear layers mark the point of the flow where core

currents again start to flow parallel to the field though the layers themselves are

not necessarily high current carriers. Fig. 13 depicts the flow regions and current

paths for a typical rectangular duct.

This idea of active boundary layers is pivotal in the understanding of MHD

flow. Unlike the passive viscous boundary layers of ordinary hydrodynamics,

Hartmann and parallel layers exert a significant effect on the core flow due to

the fact that they control the amount of current flowing in the core. Even when

the walls are removed a good distance from the core region of interest, they still

cannot be ignored.

As indicated at the beginning of the previous section, the magnetic field can

affect the transition to turbulence, and the nature of turbulence itself, in a con-

ducting fluid. With the addition of Joule dissipation of energy to the frictional

losses generated by the viscosity, MHD flows tend to stay laminar at much higher

Reynolds number than OHD flows. Empirical correlations based on experimental

duct flow in a transverse magnetic field [32] put the transition point at

Rs < 130 to 215Ha always laminar (19)

those experienced in MHD phenomena. It is more accurate to attribute the formation of M-
shaped parallel layer formations to vorticity created by the curl of the electromagnetic forces.
This vorticity tends to swirl fluid from the core region to the parallel layer equalizing to a flat
region in the center and velocity jets near the walls. This curl of EM forces can be caused
by a sudden expansion in the channel, a sudden increase in the magnetic field or other such
3-dimensional situations in addition to that discussed here.
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Figure 13. Flow regions and current paths for a rectangular duct A) perfectly
aligned and B) not perfectly aligned with the magnetic field

for Hartmann numbers, using the hydraulic radius as the characteristic length,

greater than 10. The first number is for flows infinitely elongated along the field

while the second is for ducts elongated perpendicular to the field (i. e. the Hart-

mann problem already discussed). This means that for any Ft it is possible to

laminarize the flow with a large enough magnetic field and/or fluid conductivity.

For a good treatment of MHD in ducts and pipes the reader is referred to

Moreau [33] and Branover [32]. For specific application to fusion problems, Tillack

[34] is recommended if it is available. For detailed application of MHD to thin

film LM flows, interested persons must read on.
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3.3 LM-MHD thin film models for fusion

The application of Eqns. 2-9 to the flow of LM thin film has taken a number of

forms, from simple to fairly complex. In order to understand the present state of

the research in this area it is worthwhile to review the previous modeling efforts

and their conclusions.

Alpher et al. [35], in addition to performing experiments with liquid mercury

flowing in a transverse magnetic field, performed some simple modeling as well.

The geometry of this situation is similar to Fig. 11 with the upper Hartmann

wall removed. By assuming uniform flow and a wide channel, Alpher calculated

a half Hartmann-type velocity profile over the depth of the film. In addition, the

induced fields and currents are calculated with the amount of current entering

the wall based on the wall conductance ratio. However, the classification of the

pressure gradient as a driving force for uniform flow and the estimates of its

value, are erroneous conclusions based on the assumed restriction that h does not

change along the flow direction. In reality uniform flow can only be achieved if an

external body force, like gravity or an applied electric current, is present to offset

the viscous drag and retarding MHD forces. The presence of a pressure gradient

must also deform the surface as well as drive flow.

As interest in LM film flows for fusion increased, there became a need to more

accurately predict the surface contour and velocity profile. UWMAK-I [16] as-

sumed a completely coplanar magnetic field, one component (x) of velocity, and

infinite duct length in the z direction. With these assumptions it was concluded

that for the case of a fully developed film (uniform flow), there would be no re-

tarding force. Since with the Hartmann walls removed to infinity, the current

closing path will have an infinite length and therefore infinite electrical resistance.
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Thus no current can flow and no j x B force is generated. Although it is not men-

tioned in UWMAK, the stability of this case seems suspect and a small variation

in height or velocity may provide enough disturbance for the fluid to reorganize

with a return path.

For the case of developing flow (varied flow) this infinite resistance is no longer

true as currents can flow in the x direction. The restriction cited by UWMAK

that the integral of v x B over the film height is still constant, therefore to a first

approximation the bulk fluid is not affected by the magnetic field seems somewhat

dubious. Regardless, of the validity of this statement, the complicated field con-

figurations in the divertor area will quite likely result in field components in the

transverse direction (quasi-coplanar), leading to a significant field/film interaction

predicted by Alpher and shown more specifically by Wells [23].

In attempts to describe the quasi-longitudinal field geometry indicative of limi-

ter designs like the one in Fig. 2, several models have been developed. Murav'ev

and Yakovlev [36] obtained an expression for film height based on a conservation

of energy approach. This again was for an infinitely wide duct. Later, Aitov and

Kirillina [37], Murav'ev [38], and Morley [18] developed one-dimensional estimates

of film height using a simplified set of MHD equations. These one-dimensional

models rely on assumptions made about the distribution of velocity in the z and

y direction and on the presence of sidewalls.

Since a divertor contact unit is planned for ITER, coplanar divertors like the

one in Fig. 3 are the current favorite fast film designs and thus receive exclusive

attention throughout the remainder of the thesis. The equations predominantly

used in the literature to model

• steady,
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• strictly coplanar applied magnetic field,

• spatially two-dimensional (in the xy-plane),

• rectangular channel,

• developing flow problems

are:

du du I dp (d2u d2u\ . . jyBzu— + v— = — / - + */ — + — +#sin0 + ^ - ^ (20)
dx dy pdx \dy2 dz2) p

0 = %• + %• (22)

dx dy

- -K- + - 5 - + -^- (23)
ao; dy dz^ = Ex + vBz (24)

= Ey-uBz (25)

= £* (26)

(7

cr

Here we emphasize that the applied field is assumed to be strictly coplanar Bo =

(0,0, Bz), and the velocity is two-dimensional in the :ry-plane v — (u,v,0). In

addition, the inertial and viscous terms in the y equation of motion (Eqn. 21)

have been neglected. This is largely justified by an order of magnitude analysis

that shows v ~ /?u and therefore u ^ , v^-, |^ | and |^f to be of the order (32 relative

to the dominant terms in the x equation of motion. (3 is the aspect ratio -h^ and is

a small parameter for thin, wide films. Thus the order of magnitude analysis used

to disregard terms of order j32 is known as the "shallow water approximation" [39]

and is justified only for geometries where (3 is small.
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Aitov and Ivanov [39] further simplified the above set of equations by averaging

the variables across the width of the channel. An averaged variable is defined by

the following relation
1 /-a/2

<£>=-» I tdz (27)
a 11 Jo

where the brackets < > will be used to denote an averaged variable. In order to

perform this average the z dependence of the velocity, and in some later cases the

induced field, must be assumed. Aitov chooses the Hartmann profile discussed in

the previous section so that the velocity can be represented as

u{x, y, z) = u(x, y) (1 - expu{x, y, z) = u(x, y) (1 - exp I #« (^4 ~ 1)1 J (2«)

constructed from Eqn. 17 in the limit of large Ha and dominant MHD interaction.

With this form, we can write <u(x,y,z)>= «(x,y) + O(Ha~ ) so that for large Ha,

the two representations of velocity can be used interchangeably.

Integrating Eqns. 20-25 in this fashion produces a z averaged set of equations

that no longer depend on the z coordinate.

d<u>2 d<uXv> ld<p> . .
—a 1" a = a V gsm6

ox ay p ox
82<u> vHa <jy>Bz+^r- (29)

0 = I ^ + , c o s , + ^ ^ i (30)
p dy p

n d < u > i d < v >

ox dy
[ 8<jy>

a/2 ~ dx + dy [6 ]

^ = <Ex> + <v>Bz (33)
a

= <Ey>-<u>Bz (34)

The error associated with expressing the non-linear inertial terms on the LHS of
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Eqn. 29 as <u> 2 and <tiX«> instead of the strictly correct <u2> and <uv> is of

order Ha'1 and negligible in this case. The new symbol jzo is defined positive as

the current density entering the wall from the fluid at the z = +a/2 sidewall.

The method used by Aitov and subsequently by other modelers involves the

solution of the y-component of the equation of motion for the pressure. This is

obtained by the integration Eqn. 30 over y giving

fh d2h
<P>= pg(h - y) cos 0 + Bzj <jx> dy + X^+<Pfs> (35)

where <p/ s > is the gas pressure at the free surface and \ 1S the coefficient of

surface tension. It should be noted that although this is the method given by

Aitov in [39], additional terms and modification of this work are added here to

increase the generality of this derivation. These changes come from later Aitov

works [40] or from other modeling efforts [41, 42]. Significant deviations are noted

where appropriate.

This pressure is substituted into Eqn. 29 to give the general equation of motion

for Hartmann averaged film flows.

inertial gravitational magnetic

d<u>2 d<uxv> . „ dh „ . Bz ( . d

dx dy dx
32<u> vHa xd3h ld<p/s>

( 3 6 )

viscous surface

The free surface pressure is retained as a function of x due to the fact that a

variable pressure due to plasma ions bombarding the surface could be accounted

for by this term. The equation is organized in terms of gravitational force terms,

inertial terms, viscous terms, magnetic body force terms and surface forces. It

is from this general averaged equation of motion that all the existing film MHD
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models for fusion are gleaned, in various degrees of further approximation and

simplification.

3.3.1 Simple film models in one spatial dimension

The reduction of Eqn. 36 to one dimension requires the assumption of a velocity

profile in the y-direction in addition to the z profile already assumed. The sim-

plification of the inertial and magnetic forces into more manageable forms will be

aided by the use of the surface conditions

<v{h)> = <u{h)>^ (37)
dx

<jy{h)> = <Mh)>^ (38)

obtained from the integration of Eqns. 31 and 32 over y from 0 to h. The di-

mensional reduction of Eqn. 36 is accomplished by integrating in the same way:

JQ (Eqn. 36) dy. Rearranging of terms gives the general 1-D model equation.

Mgh3sinO- -0 p dx* p dx

dx gh3 cos 9 — q2 f<$ u2dy

Here M represents the magnetic term ^ - JQ [<jy> — J^ Jy <jx> dy\ dy, and (3

is the normalized film height hn/(a/2). The parameter q is the flowrate per

unit width and is related to the full volumetric flowrate by q — Q/a. The term

,d<u>
dy is the frictional drag from the substrate and is analogous to Sj in

y=o

Eqn. 11. Similarly the term q2 f0 u2dy, where u and y are the defined as u/uave

and y/h, is analogous to q2^ in the Eqn. 11A. This integral is concerned with the

variation of the shape of the velocity profile from the average value.
ftStrictly speaking, the OHD relation, Eqn. 11, is based on a conservation of energy approach

while this derivation is based on conservation of momentum. This results in slightly different
definitions of Sj and 7, however, the numerical values are generally close, becoming equal when
normal flow is reached. See [30].
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Electrically insulated channel walls

For channels with electrically non-conducting sidewalls no current can leave the

fluid and enter the sidewalls, e. g. j z o is zero. Using this fact and Eqns. 32 and

38, we can show that in this case M = 0. Since all currents close through the

fluid, there is no net MHD drag on the film and the magnetic field increases the

film drag only through the additional frictional force caused by the modification

of the zero-field velocity profile.

To convert the RHS of Eqn. 39 into a function of h only, it is necessary to select

the velocity profile in the y-direction. Several choices are possible. The original

Aitov model [39], where this procedure is outlined, uses a parabolic velocity profile,

= ff 0 - V2/2h), in y to get

dh h?g sin 0 — vqHafl2 — 3qu
~dlc = h3gcos6lq2 ^ '

where he has further simplified the equations by omission of the surface force

terms. The use of a parabolic profile in y is consistent with expected laminar

OHD flow and thus the terms Sj and 7 are the same as those computed for

laminar OHD flow evaluated with the conservation of momentum approach.

It seems more appropriate, however, to solve Eqn. 36 in the fully-developed

MHD limit for the self-consistent velocity profile for this problem.

d2 <u> Ha g sin 6
<U> ^

q /tanh[m/j] sinhfmy] — cosh [my] + l \
<u> = - ————— (41)

h \ 1 — t&nh[mh]/mh J

Here the symbol m denotes yHa/(a/2) and remember that the general symbol h

is a function of x. This has been done by the author as part of this thesis [42]
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and gives the modified 1-D equation

dh h*gsmO- mWvg - umhg (x , ,
In the limit as m —> 0 this reduces to the OHD equivalent values for 5/ and 7

seen in Eqn. 40.

Conducting walls

This case has proven to be somewhat of an enigma for simple one-dimensional

modeling efforts. The magnetic force term in Eqn. 39 is simplified with Eqns. 32

and 38 to get

j ££ (43)

A simple approach to find j z o was developed by Aitov in [39] that makes use of

the duct flow approximation that the same magnitude of the electric field, <Ey>,

generated by charge separation in the core drives the return current through the

sidewalls. Using Eqns. 32-34 and their analog in the conducting wall, the value

of j z o is determined [18] and the integral evaluated to give the term

(44)

which is subsequently included, after multiplication by h2, in the numerator of

either Eqn. 40 or Eqn. 42 to make the models include an approximate treatment

of electrically conducting sidewalls.

In addition to the original Aitov work, similar models were constructed by

Murav'ev [38], Morley [18] and Liao [43] with different assumptions, inclusive

of other factors, and with greater discussion of the phenomena predicted by the

models. For instance, Murav'ev estimated the effect of a plasma wind for a channel
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with no sidewalls and discussed the possibility of the magnetic forces causing

the film to detach from the substrate and splash around the vacuum chamber.

This concern is particularly relevant for flows in three-dimensional fields. Morley

discussed the conditions for the film to tend towards a stable equilibrium thickness

and examined ITER type applications of the model. Liao went to greater efforts

to characterize the effect of the plasma momentum at the free surface, which he

concluded was negligible. Still the accuracy of this conducting wall treatment

needs to be demonstrated.

3.3.2 Film models in two spatial dimensions

Eqn. 36 along with Eqns. 31-34 essentially represents the general equations for

2-D film flow. Evtushenko and Smolentzev [41] devised two-dimensional models

for the case of non-conducting sidewalls. Similar to the analogous 1-D case the

magnetic body force term is dropped entirely resulting in the following system

d<u> d<u> . . dh
<u>— \-<v>—-— = g sin 0 — g— cos 0

ox ay ax
32

+

0 = ^ + ? f 2 (46)
dx dy

fh
q = / <u>dy (47)

Jo

where the constant flowrate condition (Eqn. 47) is added to relate the velocity

to the film height and complete the system. Regimes of decay and lift (of the

film height) were classified as a function of the flow parameters and the tenancy

of the developing length to decrease with increasing magnetic field was noted.

Also characterized was the normal momentum flux on the surface of the film
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Figure 14. Free surface height of Ga and Li films under the influence of a normal
particle flux where hi is the inlet film height and X is the main flow
direction (redrawn from [41])

(the coplanar flux could not be included in this 2-D model). This effect was not

significant for gallium but was very serious for lithium because of its lighter mass.

Fig. 14 shows the evolution of the film under the influence of a momentum flux

that is stronger in the middle region. This result conflicts with a work by Liao

[43] that concluded this momentum flux was negligible.

Another case treated in [44] was an infinite film in the z direction, with a

three-dimensional magnetic field. This treatment allowed the assumption of ^ =

0 (wide open flow). Again a two-dimensional system in terms of x and y was

developed. This model demonstrated the formation of a Hartmann velocity profile

in the y direction when a transverse field is present, as was predicted by Alpher

and Wells earlier (see page 40). Also allowed for in this model was the effect of

a changing magnetic field. Control of the free surface by changing the field was

demonstrated. This model, anticipating results somewhat, is likely to be a more
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accurate one for fusion-like flows in fields that differ from completely coplanar.

A generalization of this model to the case of conducting walls is possible using

the same approximate technique as the 1-D cases. The addition of the term

— <u> ^—z- (iT$~) to the RHS of Eqn. 45 effectively accomplishes this.

Further enhancements of these models involving a more accurate treatment

of wall conductivity has been done recently [45]. Magnetic body force terms in

Eqn. 36 are simplified by the neglect of ̂  integral as small compared to the dom-

inant jy term. Thus currents are assumed to close in the plane perpendicular to

the main flow and 3-D current effects are lost. The remaining jy term is expressed

in terms of the induced magnetic field, denoted B^, adhering to Ampere's Law,

Eqn. 6. The induced magnetic field essentially becomes a stream function for the

electric currents in the yz-plane. The behavior of the induced field is described

by the ̂ -component of the induction equation, Eqn. 9.

Similarly to the velocity averaging, the induced field is averaged assuming a

profile indicative of Hartmann flow induced fields. Due to the fact that the field

has odd symmetry around the z = 0 point, averaging is accomplished in the

following way:

<\Bl\>= f Bidz (48)
./-(a/2)

The Hartmann function for the induced field is obtained from Eqn. 18 as

Bi(x,y,z) = (49)
cosh(Ha) (a/2)_

so that<|i?£|>= B/2 + 0(Ha~1). The averaged set of equations is then determined

to be:

d<u> d<u> . . dh . d2<u> uHa
| < > = gsmO -g—cos& + v

dx|< t ;> = gsmO gcos& + v
dx dy dx dy2 {a/2)2

dx
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o =

q = / <u>dy (52)

dy* ~ (a/2)» L + ffafcj ' J (a/2)

Approximate boundary conditions excluding any By terms', as the neglect of the

j x term in the equation of motion eliminates dependence on By, are used so that

solution of the y-component of the induction equation is not required.

This method predicts the formation of a velocity profile (in y) with a local

minimum or hollow area in the center of the flow, with velocity jets at the free

surface and bottom wall. This is not seen in any of the other formulations but

shows up with the velocity/induced field approach. Again anticipating upcoming

results, the presence of these jets is a very important characteristic of the flow and

increases the accuracy of this models in predicting the film height. The model,

however, seems to be limited in convergent solutions to Ha<&s < 1, although this

limit maybe a artifact of my numerical solution.

3.3.3 Modeling contributions of this thesis

In an effort to provide a complete and coherent picture of the state of thin film

LM-MHD modeling for fusion, all the relevant models present in the literature

have been discussed in the preceding section. All of these equations have been

presented, and many of them rederived by the author, in dimensional form so that

the differing systems of non-dimensionalization would not further obscure their

origins or their relationships to each other. Eqn. 42 is a continuation of earlier

modeling efforts by the author and is described in more detail, in the context of
2In general, motion in the x and y directions will induce fields in these directions by virtue

of the magnetic field lines "sticking" to the moving conducting media.
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a more general stability discussion included as Appendix E. Many other papers

exist on the subject of stability but I have chosen not to expound on that issue in

this review. Instead, stability discussions are relegated to the appendix.

These previous works have all assumed or ignored the behavior of the flow

in the z direction. However, major uncertainties still remain about the effect

of parallel layer formation, conducting sidewalls and inexactly aligned magnetic

fields on the assumption of Hartmann distribution of velocity and induced field

in this direction. The need to determine if the averaging process over the film

width gives accurate results requires comparison to the solution of a case where

this dependence is not assumed a priori.

It is for this reason that I have proposed and completed a numerical solution

of the two-dimensional, fully-developed film flow problem as a function of the y

and z coordinates. Discussed in the following chapters, this special case will allow

comparison to the profiles and normal film depths predicted by the developing

film models. This comparison will determine under what conditions the averaging

technique can be used, and suggest modifications to this technique to improve the

accuracy of the simplified developing film models which employ it.

The claim of a need for such a 2-D solution is validated by the recent ap-

pearance of two papers dealing with just this subject. Just recently published

in English, in parallel with this independent research, is a quasi-two-dimensional

model for the velocity/induced field in terms of y and z coordinates [46]. The

equations for strictly coplanar field, fully-developed film flow, instead of being

solved numerically, are fitted to an assumed profile in the z direction. This profile

is a combination of Hartmann and parabolic with coefficients selected to mini-

mize errors. Although still not completely determining the behavior in z, the
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addition of the parabolic component gives accurate results, as we shall soon see.

The second release [47] solves the fully-developed film equations allowing for an

inclined magnetic field using a numerical finite-element approach. Both are in

general agreement with the results presented here, but hopefully a more complete

exploration of the problem and fusion parameter space is given in this thesis.
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Chapter 4

Fully-developed LM film flow:

equations

Any attempt to impose a pressure gradient in the
flow direction is met with failure because of the
negligible... effects of the gas above the flowing fluid.
For steady, fully developed channel flow, the pressure
distribution within the fluid is merely hydrostatic.

Munson, Young, and Okiishi [48]

IV yT ost mathematical models of LM-MHD thin films for fusion were developed

using the technique of averaging the flow variables along the z-coordinate in order

to reduce the problem to a two spatial dimensions. Assuming a given velocity

and/or an induced magnetic field profile, the governing equations are integrated

over z based on this dependence. Predominantly, this dependence is presumed to

be a Hartmann distribution of velocity and induced field based on the results of
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fully-developed, wide channel duct flow with the magnetic field perfectly aligned

with the short walls of the wide channel. An example of this "Hartmann problem"

was given in Section 3.2. Wide open channel flows typical of tokamak divertors

with poloidally flowing LM films have the dominant toroidal magnetic field aligned

with the the substrate plane (coplanar), opposite of the Hartmann problem de-

scribed previously. In order to determine if the Hartmann averaging method gives

an accurate prediction of the behavior of coplanar field, comparison to a solution

not utilizing this averaging method is needed. In this and the following chapters

such a solution is developed and compared to the averaged models in order to de-

termine the validity of the averaging method, especially as it applies to the fusion

relevant parameter ranges and magnetic field orientation.

This special case solution is that of laminar, steady-state, fully-developed film

flow, or uniform flow, in which the film height is no longer changing as it proceeds

down the open-channel. This problem is two-dimensional, like several of the more

sophisticated models presented in Chapter 3, but spatially dependent on the y

and z coordinates so that the behavior across the width of the channel can be

determined for the fully-developed case.

It is assumed in this model, as it has been in all previous modeling efforts,

that the film is of constant depth across the width of the channel.a In addition,

fully-developed flow connotes a velocity that is purely longitudinal,

t?=(u,0,0) (54)

with no motion in the other directions. Due to the fact that there is no interaction

between u and an applied field in the x direction, the problem is solved using only
aIn reality, this assumption could be violated for a number a reasons including: wall adhesion,

non-uniform electromagnetic effects, upstream disturbances or the plasma momentum flux at
the free surface. Some of these forces are discussed later.
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—*

applied magnetic field components in the y and z directions, Ba = (Q,By,B°;),

where Ba denotes the applied magnetic field. The induced magnetic field, which is
—*

used to replace the current density in this formulation, is similarly denoted as B%.

The induced field is assumed to be small in comparison to the applied field and

therefore quantities quadratic in B% are discarded. This assumption was discussed

in the previous chapter (see Section 3.2), and can be checked later when results

are obtained6. The total field then is the sum of the two, B = Ba + B* where the

applied field is a predetermined constant and only the induced field is a function

of y and z.

4.1 Fully-developed flow equations

With only the u component of the velocity remaining, Eqns. 2-9 are simplified to:

1 (V x &) x B
0 = —Vp + vV2ux-gcos9y +gs'm0x + - (55)

P VmP

0 = V x (ux x B) + — V 2F (56)

ra/2 fhn

Q = / udydz (57)
J-a/2 JO

where the other equations have been eliminated by the assumptions discussed

above.

Beginning with the simplified induction equation (Eqn. 56), the term V X

[ux x B) is expanded into the components:

[V x („* x 8)1 = Of* + * £ > (58)
fVx(«xxB)l = - ^ 1 = 0 (59)
L \ sly dx

6This checking indeed was done using parameters typical of an ITER divertor (given in the
following Chapter), and the largest induced field was about l/60th the smallest toroidal field.
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= 0 (60)

Due to the fully-developed flow condition, none of the flow variables change with

distance down the channel and J^ = 0. Thus the full induction equation given in

component form is

^ B x = ~dy- + ~dz- ( 6 1 )

V2B; = 0 (62)

S/2B\ = 0 (63)

By considering the current loops circulating the the j/2-plane to be an infinite

solenoid extending in the x direction, we can assume the solutions to Eqns. 62

and 63 give B% = 0. Therefore, further simplification of Eqn. 61 gives the final

form of the dimensional induction equation.

/im<7 x y dy z dz

Here Vx is assumed to include derivatives of y and z only. This is the first

equation of the fully-developed mathematical model.

Now we turn out attention to the equation of motion, Eqn. 55. Expanding out

the term describing the magnetic forces into vector components gives

( V x B ' ) x B _ i / aQB\. adBl
x {dB{

x idB{
x\

PmP Vmp \ dz y dy dy dz j

where we have used the fact that only the x component of the induced field

remains. The fact that the y and z components of the right hand side of Eqn. 65

are order {Bl
x)

2 is temporarily ignored since no lower order terms are present. This

expansion is then substituted back into Eqn. 55 and terms organized to give the

following vector equation.

0 = V (p + ^ - ^ - ) +uV2ux + (B • V) Bl x + gsinO x - gcos 9y (66)
P \ 2//m ) pnm

 v *
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Here we can see that magnetic field contributes a term, \ *' which is form-wise

equivalent to a pressure, and is therefore know as the magnetic pressure. This

is a potential force (V x F = 0) and cannot affect the form of the velocity field

provided the boundary conditions for the velocity do not depend on F [32, p. 24].

Breaking Eqn. 66 into its components we get

o = _I»
pdx

0 = ---Z-\p + ̂ -*x-)-gcas6 (68)
pay \ 2fj,m j

0 = —ip+iiA-} (69)

The z component simply states that the total pressure, pt = p+pm, isn't a function

of z. This is a consequence of the flat surface assumption. The y component,

Eqn. 68, implies that the total pressure has a hydrostatic distribution in y.

Pt = gp cos $(hn -y)+ p{hn) (70)

From Eqn. 70 we see that the x derivative of the total pressure is zero. Using this

fact and dropping the magnetic terms quadratic in B*x, we can simplify Eqn. 67

into the second equation of the fully-developed model.

Together, Eqns. 64 and 71 can be rewritten in compact form as
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( l ) i (72)

^ m < r (B a .Vx)M = 0 (73)
/•a/2 /•/!„

/ / udydz = Q (74)
./-a/2 ̂ 0

Here the constant flowrate condition is repeated as the third equation of the fully-

developed model formulation. It is required if the the equilibrium film height hn

is to be computed. Eqn. 74 is coupled to Eqns. 72 and 73 through the boundary

conditions since hn is the upper limit of the solution space for the velocity and

induced field profiles. If hn is assumed a priori then Eqn. 74 is needed only to

compute the flowrate that results in such a uniform film height.

4.2 Boundary conditions

Boundary conditions for this problem are broken into two groups, hydrodynamic

and electromagnetic. The hydrodynamic conditions are the standard no-slip

and no-shear stress conditions on the channel walls and free surface respectively.

Specifically, this translates to the following.

0 = u\y=0 (75)

0 = « U ± . (76)

o = *L
dy

(77)
y=hn

The stress condition (Eqn. 77) has been drastically simplified from its most general

form as a result of the fully-developed flow conditions assumed in this problem

(see [40]).
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The standard electromagnetic boundary conditions given in any introductory

text on electromagnetics (for instance [49]) are

(78)

(79)

where the subscript £ denotes field components along or tangential to the bound-

ary between materials 1 and 2. Since for most nonferrous metals fj,m will be

approximately equal to its free space value, the tangential magnetic field compo-

nents will also be continuous at the interface between the LM and the channel.

In addition, there is no path for current to leak out of the LM or the conducting

channel into the non-conducting space surrounding the solution space. Therefore

at all outer boundaries j n = 0 with n signifying the current component normal to

the boundary. Due to the induced field formulation of Eqns. 72-74, the current

conditions need to be translated into equivalent induced field conditions. Using

Eqn. 6 and the fact that only the x component of the induced magnetic field re-

mains in this problem, we can write out the components of the current in terms

of Bi.
'X'

(80)

Thus we can rewrite the general normal current condition as -gf- = 0.

At the free surface this conservation of current condition gives -^- = 0, or in

other words, Bl
x is a constant along the boundary. Since this is the point of field

reversal, as in a long solenoid, this constant is zero. A similar argument can be

applied at the other boundaries between the channel and the outside surroundings,
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making Bl
x — 0 at all exterior boundaries. If the channel is completely insulated

then this is the prevailing boundary condition at all LM boundaries since no

current is leaving the liquid metal and entering the channel walls.

induced field B.C.s for insulated walls

'BL = 0 U y = w = ± | (82)

For channels with electrically conducting walls, Eqn. 82 is only valid at the

free surface (y = hn). At the interface between the fluid and the walls Eqn. 78

indicates that the tangential electric field is continuous. Applying Eqn. 5 in the

fluid and in the wall close to the boundary separating the two regions allows us

to transform this electric field condition to an electric current condition. Using

the subscripts w and / to specify a wall and fluid quantity, we can write

j t v ) = <jwEt (83)

j t f = (TfEt (84)

where by Eqn. 78 the electric fields are the same in both regions. Equating Ei

gives J£w<Tf = jif(Tw which is easily transformed into the induced magnetic field

condition

(85)
dn 07 dn wall/LM interfaces

Adding the contribution of Eqn. 79, the above condition is supplemented with

Thus for the conducting channel we have assembled the boundary conditions

necessary for the solution of the model equations in both the LM and the wall. The

induction equation for the magnetic field in the wall is simply Eqn. 73 dropping

the velocity terms. In coupled problems like this, two conditions are required at
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surrounding
space

wall LM

dt jfn

Figure 15. Current entering infinitesimal thin wall segment

the interface to relate the induced field behavior in the wall with that in the LM.

These are the conditions given directly above. However, in order to avoid the

difficulty in solving the governing equations in both the LM and the channel wall,

a simpler approximate method allowing for the solution of B%
x in the LM alone

can be applied. This is known as the thin conducting wall approximation.

Fig. 15 shows the current density entering and leaving a segment of the con-

ducting sidewall. The segment spans the entire thickness of the sidewall aw and

has a infinitesimal length dl. If we equate the amount of current entering the

segment with that leaving the segment we get

Jw out &w — Jw in dyj + Jf in ut

Rearranging this and taking the limit as dl goes to zero gives

dl
Jnf

aw

(87)

(88)

We can substitute the earlier result jgw — ̂ jif to get this in terms of the current
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in the fluid only. In addition we can substitute the induced field in place of the

current to get

The derivative Ĵ  tells us that this quantity is equal to a constant along the wall.

But at the free surface both B\. and -^ (n denoting normal to the sidewall,

not the free surface) are both zero. Thus the constant must be zero. Applying

Eqn. 89 to all three channel walls we get the remaining boundary conditions for

the conducting wall case.

(90)

(91)X

y=0

0 = (™)^-Bi
V <rf J dy

0 = Bi
y=hn

Here we have used the subscripts s and b to denote the conductivity and thickness

of the sidewalls and the bottom wall separately. The condition at the free surface

is unchanged from the insulated wall case and the other conducting wall conditions

revert to the insulated case in the limit as <JSJ, —>• 0. Note that the induced field is

needed in the fluid region only so that the solution of the governing equations in

the wall is no longer required. This approximation is accurate for cases where the

resistance to current flow across the width of the wall is negligible compared with

the resistance of the entire current path through the walls. This approximation

will be most inaccurate near the sidewalls where the current paths are shorter.
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4.3 Normalization

In order to solve this problem with the least amount of variable parameters, physi-

cal quantities are normalized with an appropriate selection of characteristic values.

Characteristic lengths are the chosen as the flow height and channel size,

y* = K (93)

z* = a/2 (94)

so that the solution space always varies from z = (—1,1) and y = (0,1). The

characteristic value of the electric current is taken from [34] as the typical value

of core current in an insulated duct, j * = Ha~lcru*Ba. This is used in conjunction

with Eqn. 80 to get the characteristic induced magnetic field.c

Bl = u^m{avpfl2 (95)

We temporarily defer the selection of a characteristic velocity.

The flow variables are made dimensionless in the usual way by dividing each

quantity by its characteristic value, and as mentioned in Chapter 1, flow variables

are denoted with tildes in dimensionless form. Substitution of these dimensionless

variables into Eqns. 72, 73 and 74, along with the introduction of the magnetic

field angle as a (Ba — Bo(0,sina, cos a)) effectively non-dimensionalizes the gov-

erning equations of fully-developed flow.

d2u ( hn\
2 d2u [°~ ( • <& , h™ db\ gh2

nsin0
+ \) +Bh I sin a—+ ——cos a— = —•—(96)

d /2 dj uv

^i + \M) ^>+B°hn\ I sin a + cos ady2 \a/2J dz2 \j pv \ dy a/2 dz

\V (. du hn du\
dy2 \a/2j dz2 y pv \ dy a/2 dzJ

cThis method is consistent with the Stewartson Jump Condition for insulated channels re-
lating the jump in values of u and B across a Hartmann layer, but differs from the usual choice
in duct flow of selecting j* — cru*Ba. This later approach is consistent with flow in ducts with
perfectly conducting walls (see Eqn. 5 with zero electric field).
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/
-i Jo u*

(98)

Most of the dimensionless groups of interest have already been defined in the

review sections of Chapter 3. For convenience they are repeated here consistent

with the notation used in this chapter.

Ha = B0(a/2)J— (99)
V PV

FT = - ^ L (100)

ife = ^ ^ (101)

( 1 0 2 )

P = h
a jI

The wall conductance ratio, $, is defined for both the sidewalls (s) and the bottom

wall (6) of the channel, and is used in boundary conditions to be presented a little

later. The normalized film height /?, is a small parameter in the wide shallow film

flow studied here. This quantity is sometimes referred to as the film aspect ratio.

In addition to these definitions, it is natural at this point to choose the value

of u* based on the right hand side of Eqn. 96. Also a convenient definition of

normalized flowrate is in order.

/a \ 2 osin# . .() V (104)V
Q = -TT2- (105)

2(|) „„
Applying these final definitions to Eqns. 96-98 gives the following dimensionless

system:
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8 f a * + / , <*) = -f (106)
\ dy dz)

M prt ^ r n «* = 0
y2 dz2 \ dy dz)

£ / f udydz = /3uave = Q (108)
z J-iJo

It is interesting to note that the choice of this particular system of normalization

has left the operators on the left hand side of Eqns. 106 and 107 the same. Indeed,

this is one of the reasons for choosing this particular normalization technique.

Also, the definitions of Be and Fr allow us to make the following statement about

the average normalized velocity.

Uave = P (^-j (109)

Q = P ( ? r I (n°)

It should be noted here that a similar system of normalization was used also in

[46] and [47].

The identical operators on a reversed variable order in Eqns. 106 and 107 allow

us to add and subtract the two equations to get decoupled equations in terms of

new dependent variables.

Lo± = u±b (112)

Although the equations for u>+ and u- are decoupled, the new variables are related
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now through coupled boundary conditions. These new boundary conditions are

0 =

0 = - r ^ +
dy dy

(114)
y=l

0 = w + - w _ | f c l (115)

0 = $ s

0 = -Fl^r-^r) (

(116)

(117)
y=o

With these boundary conditions the non-dimensional system is complete. The

governing parameter set is effectively reduced to Ha, $Si&, a, and either Q or (3.

If/? is given as an input, then Eqn. 108 is required only to compute the necessary

flowrate, and the system is reduced to only Eqns. 106-107.

From this point on the tildes will be dropped from the equations for conve-

nience. When the discussion reverts to any dimensional considerations, this fact

will be noted in the text and the tildes reinstated for clarity.

4.4 Numerical solution

The governing equations are solved using a numerical algorithm. It is also possible

to get approximate analytical solutions in different asymptotic limits. Such an

asymptotic solution for Hafl —> oo [50] is hopefully forthcoming, and helps validate

the numerical code described in this section. Other possible asymptotic solutions

in the limit of large or small /5 are also possible, and some of these simple formulas

are given in Chapter 5 when appropriate.
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4.4.1 Grid generation

An appropriate choice of the solution grid is extremely important in problems like

this where extremely thin boundary layers are expected. In order to resolve these

thin layers it is necessary to use an unevenly spaced grid, as the memory usage

required for an evenly spaced grid would become prohibitive.

The simple grid constructed for this problem is an unequally spaced rectangu-

lar mesh. A small grid spacing is selected for near the walls, and a larger spacing

is used for the interior. The cell size is varied gradually in between so that there

is no abrupt change from small to large, with the maximum ratio of size from one

cell to the next less than 1.5. The total number of grid points and the grid size

in the z direction can be varied independently from that in the y direction. The

grid point numbering starts from the point (y,z) — (0, —1) at (i,j) = (1,1), but

an extra layer of cells surrounds the solution space so that image or ghost points

needed for derivative boundary conditions can be accommodated. The cell size is

denoted as 5 where 8y(i) specifically denotes the y cell size between grid points i

and i + 1. A similar notation is used for z grid spacings.

The grid generation routine written for this problem allows the user to choose

the boundary layer size on each wall, the maximum cell size and the maximum

ratio of size from one cell to the next. The corresponding grid is produced with 19

uniform cells in the boundary layer, and a region of constantly increasing cell size

until either the maximum cell size is reached or the entire solution space is filled.

If the maximum cell size is reached the remaining space filled in with uniformly

sized cells. Alternately, a uniform grid can be specified with the uniform cell size

supplied by the user.
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4.4.2 Equation discretization

Eqn. I l l is similar in form to the standard heat conduction/convection equation

adV
2T-(v-V)T = S (118)

with anisotropic thermal diffusivity (ad) and heat sources denoted by S. The role

of the convection velocity is played by the Hartmann number.

Ctdy = 1 (119)

a*, = P2 (120)

vy = ±Ha/3sma (121)

vx = ±Ha(32 cos a (122)

As is known from the study of the Eqn. 118, the first order derivatives are not

accurately represented by second order central differences when the cell Peclet

number, Pe — -^- is greater than 1 [51]. In this problem, there is a similar

situation where an equivalent Pe can be determined from the quantities listed in

Eqns. 119-122. Since the medium is anisotropic a different Pe will be needed for

each first order derivative and also for both the u+ and u>- equations. They are

,.. Ha/3sma5y(i)Pey+(i) = (123)

f,(0 (124)

... Hacosa5z(i-l) .
Pez_(i) = ^ '- (126)

where the subscripts denote first the particular derivatives independent variable,

and then the equation to which they apply.
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For small values of Pe both the second order and first order derivatives are

discretized with second order central differences. If the condition Pe > Pecr%t is

reached, then that particular first order derivative is approximated with a combi-

nation of central difference and first order upwind scheme instead.

(4. r ^ i i ) .,„ <>-*>(£) .. (127)
\ " J discrete \ y / central difference \ " / upwind

The term "upwind" is used to refer to either a first order forward or backward

difference chosen so that the second discretization point is in the direction upwind

relative to the convective velocity acting at the point of discrete approximation.

The upwind method used here is only first order accurate with respect to the grid

size, but provides more physically realistic solutions than second order central

differences when the Pe > I. The occurrence of false diffusion [51, p. 106] when

the grid is not aligned with the convection velocity (Eqns. 121 and 122) is expected

for this scheme. This will result in some smearing out of sharp gradients in u±

when a ^ 0. This false diffusion is reduced by the use of the finest possible grid

spacing in the interior region. The value of Pecra should be less than or equal to

unity for a smooth transition from central to upwind differencing in the region of

Pe = 1. Used here is a value of Pecrit = 0.75.

The central difference approximation of a second order derivative in an un-

evenly spaced grid is

5y(i - l)to±(i + l,j) - [5y(i) + Sy(i - l)]u±(i,j) + Sy(i)u±(i - l>
Aj,/2

where (i,j) refers to the value at the ith grid point in y and the jth grid point in z,

and Ay — 6y(i — l)5y(i) [5y(i — 1) + 5y(i)]. A first order derivative is discretized as
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- l)co±(i + l,j)-[ff(Q - gfi - 1)] w±(i, j) - ^2(i)o;±(i-lJ) .

; ^ ( }

on an unevenly spaced grid. A first order upwind discretization is given as

The change in signs from the u>+ and u;_ equations comes from the fact that the

equivalent convection velocity is in opposite directions in each equation, and thus

the "upwind" direction is also reversed. Completely analogous discretizations

exist for the z derivatives.

As seen from Eqns. 113-117 we have two coupled boundary conditions on

each wall and at the free surface. One boundary condition contains derivatives

while the other condition is a Dirichlet condition. Here the derivative condition is

used to define a ghost point outside the solution domain for either the LO+ or ad-

equation, with the Dirichlet condition used to fix the boundary value of the other

equation. The equation to which the derivative condition is applied is selected to

maximize the value multiplying u> at the boundary point, increasing the diagonal

dominance of the sparse discrete operator matrix, and lending to stable solutions

using iterative solution techniques. For a thorough treatment of this destabilizing

effect the reader should consult [51]. It turns out that on the y = 1 and z = 1

boundaries the a>+ utilizes the derivative condition, while on the y = 0 and z = — 1

boundary the u>_ equation uses them.

At the free surface the boundary conditions are

LO+ = u;_ (131)

^ i = - ^ (132)
dy dy
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Using Eqn. 132 for the co+ equation we can get the ghost point at (Ny + 1, j ) .

We implement a second order backward diffe

equation using the most recent iteration data.

We implement a second order backward difference to approximate -y=- in this

3u_(Ny,j) + 4u..(Ny - l,j) - u_(Ny - 2, j) (133)

u,.(Ny,j) = co+(Ny,j) (134)

Eqn. 134 is applied to the o;_ equation using data for u>+ from the most recent

iteration and Eqn. 133 is used in the LO+ equation only. The spacing of the ghost

point is assumed to be equal to that of the local grid in the vicinity of the boundary

so that variable grid spacing discretizations are not needed.

At the z = — 1 wall the boundary conditions are

u+ = -u_ (135)

§,-r±-u+ = $s^--o;_ 136
Oz dz

In this case the derivative condition is applied to the cu_ equation and the ghost

point determined.

,l)ft^ + 3\ -4u+(i,2)+u+(i,3) (137)

u+(i,l) = -c;-(*,l) (138)

Here Eqn. 137 is intended for the u>_ equation and Eqn. 138 is used for the a;+

equation. Note that in Eqn. 137 that the image point is infinite if the sidewalls

are perfectly insulating. When this is the case, a simplified version of Eqn. 136 is

used where LO+ = U-. This together with Eqn. 135 has only a zero solution.

CJ+(^, 1) = 0J-(i, 1) = 0 insulating sidewalls (139)
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This is also readily apparent from the definition of u>± (Eqn. 112) with both u and

b equal to zero on the boundary.

The conditions on the other walls are similarly deduced. For completeness

they are listed here.
y=0

u+ = -w_ (140)

—+ 3 I -4u>+(2,j)+u;+(3,j) (142)

= -w_(l , j) (143)

z-\

= - w _ (144)

= $s^+o>_ (145)

-4w_(i,iV2-l) + cc;_(i,iV2-2) (146)

u.{i,Nz) = -u+{i,Nz) (147)

The corners located at the free surface always obey the condition UJ± = 0 since both

u and 6 are zero regardless of wall conductivity. The corner at (0,-1) is included

in the solution space of the u;_ equation, but the corner at (0,1) is included in

neither (or both) solutions spaces. This corner is computed separately from the

regular solution process (described in the following paragraphs) to satisfy both
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boundary conditions and the induction equation.

b(2,Nz) , pb(l,Nz-l)
S l { N * - l ) ( 1 4 8 )

01

The solution to the discretized set of equations and boundary conditions is

obtained by using a line-Gauss/Seidel iterative formulation. This basically means

that each column is solved as a tridiagonal system with all contributions of grid

points not of that column treated as driving functions along with the —/?2 term

appearing on the right hand side of Eqn. 111. The programs written, FDFF and

FDBV, alternate by first solving the columns (y) as tridiagonal systems while

marching across the solution space rows, then on the next pass solving the rows

(z) as tridiagonal systems. The direction of line marching is chosen from upwind

to downwind to speed convergence. Ghost points and boundary points needed for

each pass are updated immediately before the pass based on the latest iteration

data. Convergence is tested by looking at the average grid residual and the maxi-

mum difference between passes. Testing has established the convergence criterion

at
Max,-,,- {

as satisfactory.

FDFF solves the problem with the value of /? given, and then at the end

computing the required Q from Eqn. 108. FDBV solves for (3 as well, after each

pass recomputing j3 from Eqn. 108 using the given Q. FDFF converges faster as

a result of the reduced number of variables in the solution set. The two codes

give consistent answers to equivalent problems and accurately converge to known

analytic solutions in the limit or large or small j3. See Appendix B for flowcharts

of the program algorithm.
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Chapter 5

Fully-developed film flow: results

The moral is that in MED one must always be pre-
pared to consider the complete electromagnetic field.
The current and magnetic fluxes must have complete
paths which may extend outside the region of fluid-
mechanical interest into locations whose exact posi-
tion may be crucial.

J. A. Shercliff [52]

' I ' he numerical solution of Eqns. 106-108 yields the values of the two scalar

fields u and b at the discrete points on the solution grid, and the single scalar

value of either j3 or Q describing the flow as a whole. The behavior of these

quantities with variation in the governing parameters, Ha, a, $S)j and either j3

or Q (whichever is not used above) has been investigated by examining many

solutions generated with the FDFF and FDBV codes. Unless otherwise noted, we

assume that j3 is the third variable and that Q is a given parameter. The range of

Q variation considered in the following solutions is that relevant to wide thin film
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flow conditions typical of the self-cooled fusion divertor application. The cases are

presented in terms of increasing complexity and number of governing parameters.

The general trends of the solutions as a function of these parameters are discussed

and quantified.

We begin this examination by looking at the velocity profiles corresponding to

the case of no magnetic field, or Ha — 0, shown in Fig. 16. In this limiting case

the parameters a and $ no longer have any significance and only the normalized

flowrate Q influences the form of the solution. At relatively low flowrates the

computed value of j3 is small, and tends to increase with increasing flowrate (see

Fig. 17). This tendency is consistent with the OHD solution for the normal film

height that can be obtained from Eqn. 11 with Sj = ^-.a In dimensionless form,

Eqn. 11 gives

/? = (3Q)1/3 (150)

and agrees closely with Fig. 16 until the wide, open channel assumption is no

longer valid. Note that the tilde is temporarily reinstated to differentiate this

non-dimensional flowrate from that given in S/ above.

At low /?, the viscous drag is almost entirely generated by the substrate, with

the sidewalls exerting an effect only in a thin boundary layer of thickness j3 relative

to the dimensionless width. As seen in Fig. 16 this results in a velocity profile

independent of z over the majority of the channel. As the flowrate, and hence the

value of (3 increases, the sidewall effect becomes greater until at f3 ~ 1 the bottom

wall and each sidewall exerts a drag of similar magnitude and the constancy of

the profile with z is no longer valid. Of course, this independence of z is what

aThis is the friction loss in laminar OHD flow based on the integration of the Navier-Stokes
friction term i>§-| over a parabolic distribution in y and with no variation with z. These
variables are dimensional.
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Figure 16. Laminar channel velocity profiles with Ha = 0 and Q = A) 10 7, B)
10-3 and C) KT1
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is meant by the wide open channel assumption, and it is a well understood OHD

result. However, since the thickness of magnetic field induced boundary layers are

discussed in the following sections, the thickness of OHD viscous boundary layers

needed to be clarified.

A few additional comments.. .the possibility of turbulence disturbing these

flows is likely in most cases. The value of Be, however, is not directly accessible

from the value of Q and j3 (see Eqn. 110), and can only be determined for specific

dimensional problems. The grids of the surface plots of the type shown in Fig. 16,

used throughout this chapter, are not necessarily the complete computational grid.

In many cases where there are fine boundary layers or oblique fields, even finer

resolution is used in the computational grids. Extra points are weeded out after

computation so that: a) the surface plots are not too busy, and b) the surface

plot files are not too large. Again tildes denoting dimensionless quantities are

dropped.
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5.1 Insulated channel walls

With the magnetic field no longer equal to zero, it is necessary to specify the

electric boundary conditions to be used in the solution algorithm. We begin

by assuming the electrical conductivity of the walls to be zero, thus eliminating

$Si& as governing parameters and confining the electric current loops to remain

completely within the LM. This constraint tends to reduce the LM interaction

with the field as compared to cases with highly conducting walls. In addition, it

is a simpler numerical problem to implement since o;± are zero on all the channel

walls, remaining coupled only at the free surface.

5.1.1 a = 0 case

We treat first the case where the field is exactly aligned with the z axis. Therefore

a — 0 and the only new parameter considered, in comparison to the no-field case,

is the Hartmann number. Fig. 18 shows the velocity and induced magnetic field

profiles for varying Q at a typical fusion Ha. At low flowrates, the profiles are

virtually indistinguishable from their zero field counterparts. As the flowrate

increases, the influence of the magnetic field has a greater effect on the fully-

developed profiles. This dependence is due to the increase in the value of (3 with

increasing flowrate. As (5 increases, the ratio of the length over which the v x B

EMF acts relative to the total length of current loop increases, indicating less

relative resistance to current flow per unit EMF. Thus an increase in the effect of

the magnetic forces is seen and a reduction in the hegemony of the viscous drag

forces on the form of the velocity profile results.

Fig. 19 graphically depicts the dependence of j3 on Ha and Q. We can see

from the linear-axes plot that the normalized film height becomes linear with Q
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2.0*10

Figure 18. Channel velocity and induced magnetic field profiles with Ha = 2 X104

and Q = A) 3 x 10"7, B) 1(T6, and C) 10'5
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when there is strong MHD interaction. In fact, the constant of proportionality is

simply the Hartmann number.

(3 = QHa or uave = -^- (151)
Ha

This relation is the MHD equivalent of Eqn. 150 for OHD wide-channel flow but

requires only significant MHD interaction (quantified in the following paragraphs)

without any wide-channel assumptions. The linearity of the film height with Ha is

analogous to the linearity of pressure drop with Ha in fully-developed LM-MHD

duct flow, which helps demonstrate the accuracy of this formulation and these

computer codes.

The Hartmann number alone is not a good indicator of the amount of magnetic

interaction, relative to the viscous, occurring in thin film flow. Instead we see that

Haj32 becomes the accurate ratio of magnetic to viscous forces, where this may

have been intuited from the form of the governing equation Eqn. I l l with a = 0.

This converges to the common use of Ha in this role as /? approaches unity for

flows not elongated along Ba. It can be seen from Fig. 19 that {3 deviates about

5% from the OHD solutions at about Ha(32 « 1, and that Eqn. 151 becomes very

accurate by Ha/32 > 50 — 100. Using these two relations together, with Eqns. 150

and 151 to eliminate /?, we can define the type of flow expected in terms of the

initially given parameters Q and Ha.

0 Q<

Q<

Q<

: Ha»/3

: /.lOHaS

'. oo

OHD-like flow

Transition

Inviscid core flow

(152)

(153)

(154)

As the flowrate is increased for a constant Ha (or Ha is increased for a constant
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Q) the effect of the magnetic field on the flow is observed to manifest as a flattening

of the center region into an inviscid slug flow, and the formation of boundary layers

on the sidewalls, bottom wall and free surface. The MHD interaction at lower

flowrates affects the fluid region near the sidewalls where the relative resistance

to electric current flow is smallest. In this near wall region we see the beginning

of Hartmann layer formation and the flattening of the near wall core region (see

Section 3.2 for a discussion of Hartmann flow in ducts), with currents circulating

around locally in the affected area. This current circulation is seen in the induced

field profiles shown in Fig. 18-A where the field is spiked near the walls (currents

only flow in regions of changing induced field, see Eqns. 80 and 81).

As the interaction increases, the EMF generated in the interior region has

enough strength to overcome the resistance of the long current closing paths from

the center of the channel to the walls. Thus the current density gradually increases

and creeps inward until eventually it evens out over the entire core region, becom-

ing a constant in the core. The constancy in core current is shown by the linear

dependence of the induced magnetic field with z in this region. The formation

of the inviscid core region is observed to be complete at Ha(32 « 100, signifying

complete dominance of the magnetic forces over the viscosity in all but the thin

boundary layers (see Fig. 18-C).

As mentioned above, the formation of the these boundary layers is observed

first on the sidewalls perpendicular to the magnetic field, and then on the surface

and bottom walls as Haf32 increases, approaching their final form at Haj32 ~ 100.

After this point, no major changes in the velocity and induced magnetic field

profiles are observed with increases in Q. Only the thinning of the boundary

layers occurs as the magnetic interaction increases. This fact helps clarify the
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use of the Haft2 = 100 as the point marking significant MHD interaction in the

preceding discussions regarding Fig. 19 and Eqn. 151. It is possible to intuit this

point from physical considerations regarding the thickness of the parallel layer

type boundary layers on the free surface and bottom channel wall. Setting the

thickness of these layers, given in Section 3.2 as L/Ha, to one tenth the film height

(using dimensional variables) gives

a / 2 U % 0 =¥ Haft2 = 100 (155)
10 a/2

Thus the inviscid core is fully formed when the predicted thickness of the parallel

layers is small (about l/10th) relative to the film thickness in the same direction.

The thickness of the Hartmann boundary layer, however, is still of the or-

der Ha'1 while that of the parallel layers is (Haft2)'1/2. This difference in form

between the two is due to the fact that lengths in the y and z directions are

normalized with different characteristic lengths. For ft = 1, they are the same as

predicted for MHD channel flow.

The form of the parallel layer on the free surface, however, is different than

that of a usual duct flow parallel layer. The absence of the no-slip boundary

pulling the velocity to zero allows a large jet to form. This jet has an almost

parabolic distribution in z since at the free surface only viscous friction with the

sidewalls restrains it. The jet right at the free surface is magnetically unfettered

since currents must turn parallel to the surface in order to close through the

Hartmann layers on the sidewalls, leaving no current perpendicular to the applied

magnetic field at this point. The jet then drags neighboring fluid, by virtue of the

fluid viscosity, along with it forming a parallel layer of finite thickness at the free

surface. The peak velocity of the jet is \/3 • vcore for all Haft2 > 100.

Another interesting quirk of free surface parallel layer occurs at the point where
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the surface velocity drops below the bulk velocity near the sidewalls (see Fig. 18-

C). Here we witness the formation of hump in both the velocity and induced field

profiles. The peak of this hump in the induced field plots appears to be the focal

point of current recirculation in each symmetric half of the channel. That this is

true can be seen in Fig. 20 where the iso-lines of constant magnetic field, which

correspond to the paths of current circulation are plotted for the same case as

Fig. 18-C. This focal point is shifted from a position midway between the top and

bottom surfaces that would be expected for purely symmetric duct flow by the

asymmetry produced as a result of the free surface shifting the majority of the

flow quantity to the top half of the duct. As the core current enters the parallel

layer at the free surface we see that the current first turns toward the center of

the channel, then doubles back through the parallel layer. This occurs as a result

of the current bending around the cell of local recirculation in the corner region.

Such bending is seen in duct flow for the case of conducting Hartmann walls and

poorly parallel walls, but is not expected in this purely insulated case.

5.1.2 a ^ 0 case

Looking now at the case where the applied magnetic induction vector is not per-

fectly aligned with the substrate of the channel, and thus there is a component of

the field in the y direction, we note significant changes in the velocity and induced

field profiles, as well as /?, from their a = 0 counterparts. Fig. 21 shows a typical

set of velocity and induced field profiles for several different values of Q, while

Fig. 23 shows the j3 profiles as a function of Q for several Hartmann numbers.

From these plots we again see the now familiar trend of the normalized film

height to increase with Q. This trend, though, is accelerated by the increasing
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magnitudes of a. This acceleration is explained by the fact that the field in the

y direction for a film elongated in z, has a greater effect than a field of equal

magnitude in the z direction; this due to the decrease in relative resistance per

unit EMF for a field oriented in y as compared to one along z. All else being

equal, this relative resistance turns out to be the ratio of the length over which

the v x B EMF acts to the length of the current return path. More specifically,

the v x B EMF acting over the entire width of a wide film flow induces a larger

current than the same EMF acting over the smaller film height. It is the case in

which the field is along the y direction that the Hartmann problem discussed in

Section 3.2 is more directly analogous, where the length ratio mentioned above

reaches its maximum value of one. For the a — 0 case, this ratio of lengths are of

order /? for those traversing the center of the channel, while approaching the one

limit closer to the walls.

Despite the tendency of the y component of applied field to have a greater effect
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Figure 22. Channel flow regions in A) Regime 2 and B) Regime 3

on the flow, the magnitude of this effect at the small a's typical of a poloidally

flowing fusion divertor is still somewhat limited since the field is largely aligned

with z. We are able to demarcate the flow into three regimes based on the level

of interaction of the z and y components of the field. These will be referred to as

Regimes 1, 2 and 3. In addition, the flow area itself is divided into three separate

regions I, II and III. The flow regions are shown pictorially in Fig. 22 where region

I is the central section, region II does not have a free surface border, and region

III does border the surface.

Regime 1 looks like Fig. 16-A. It is dominated in region I by the viscous drag

of the bottom wall, with the MHD forces playing a roll only in regions II and III,

if even then. In fact it is in most respects identical to the non-magnetic case at
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small values of j3.

Regime 2 is seen in Fig. 21-A. Here the y component of the induced field dom-

inates the behavior of the core, causing it to flatten out like a regular Hartmann

profile with a viscous Hartmann layer on the channel substrate. The effect of the

z component of the field is negligible in comparison to the y component except

in regions II and III where the formation of Hartmann layers due to this com-

ponent can be seen on the z = ±1 sidewalls. The regions are separated by free

shear layers which are aligned with the field and extend outward from the channel

corners. They are analogous the parallel layers discussed in Section 3.2, and in

the limit a —> 0 attach to the boundaries parallel to the field. It should be noted

that region II is not a mirror image of region III since the free surface provides

asymmetrical boundary conditions for the two regions. Currents from region III

seem to enter region I with little disturbance while those entering region II turn

towards the bottom wall and form two oppositely circulating cells (see induced

field plots in Fig. 21)

Finally, regime 3 pictured in Fig. 21-C, is the case where the z-component of

the field dominates. The profiles begin to look like the a = 0 case as the value

of P increases. This regime is attained as (3 continues to grow with increasing Q.

The crossover is defined as the point at which a single field line intercepts both the

lower left and upper right corners of the flow. At this point region I disappears

entirely and only the two corner regions remain. A near transition flow is shown

in Fig. 21-B. Thus we can pinpoint the transfer from regime 2 to regime 3 flow at

the point tan a — | where

t ana > (3/2 regime 2 flow (156)

t ana < /3/2 regime 3 flow (157)

89



Therefore in regime 3 flow the region I core no longer has a free surface boundary.

It should be noted that not all regimes are reached for every Ha and a for the

range of fusion relevant flowrates that we have been using. Also, velocity jets at

the border between flow regions will are somewhat reduced and thickened by the

presence of false diffusion in the numerical scheme.

Some interesting facts about the flow regimes can also be deduced from the

normalized film height profiles as a function of flowrate, Fig. 23. We can more

accurately find the parameter values demarcating the separate regimes by looking

for the departure of the (3 profiles from the various limiting cases. This may

be intuitively assisted by observing the form of the Eqs. 106 and 107. These

observations are summarized in the following paragraphs.

We see that at low values, less than w 1, of the parameters Ha(3 sin a and

Ha/32 cos a that the (3 profile is indistinguishable from the non-magnetic case.

This is regime 1 flow, with only friction from the backing plate playing a role if (3

itself is << 1, and friction from the sidewalls contributing or dominating if (3 ~ 1

or (3 ̂ > 1 respectively.

Deviation from OHD flow is seen when Haft sm a > 1 and full Regime 2 is

reached when Ha/3 sin a is both > 10 and > \Hafl1 cos a. The value of 10 can be

physically reasoned by setting the width of the Hartmann layer on the bottom

wall to 1/10 the film height, similar to the argument used in Eqn. 155. In this

case we have wide channel Hartmann flow due to the y component of the field,

and we see a positive departure of the (3 profile from the non-magnetic case. In

this regime assuming small (3, we have

2 Ha sin a

Ha sin a (158)
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where approximate relation is valid when Ha sin a ^> 1.

We already presented a criteria for the transition from regime 2 to regime 3.

This criteria can also be determined by comparing the relative magnitudes of the

two components of the magnetic forces Haft sin a and Haf32 cos a used above. We

see through this comparison that regime 3 is reached when Haj32 cos a is both

> 100 and > 2Haf3 sin a, the second inequality reducing to the conditions given in

Eqs. 156 and 157. Regime 3 now is dominated in the core by the forces produced

in response to the z component of the applied field. The value of the normalized

film height can be approximately determined by the equation

(3 = Q Ha cos a (159)

This relation describes linear j3 profiles that are nearly indistinguishable from the

a = 0 case (Eqn. 151) for small angles typical in a toroidal fusion reactor. Thus

for small angles, and this is seen in Fig. 23-B, the value of (3 deviates from the

a — 0 case through Regime 2 only, Regime 1 and 3 being very close to their a = 0

counterpart.

It is worth stating that for negative a the same results are obtained for the

value of /? and the profiles are mirrored images of the corresponding positive angle

results.

5.2 Electrically conducting channel walls

Once the conductivity of the walls is allowed to vary, the flow can dramatically

change from that of the purely insulated cases discussed above. In the programs

FDFF and FDBV, the conductivity of the bottom wall and sidewalk can be varied

separately, adding two more variable parameters, $?, and $ s . As in the previous
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sections, the flow behavior is discussed as a function of increasing flowrate.

5.2.1 a = 0 case

Beginning with the field perfectly aligned with the bottom wall of the channel

(a = 0), we again see that for the low flowrates, and thus sufficiently small j3, that

little MHD interaction results. The velocity profile is again dictated by viscous

forces and the induced magnetic field profile is peaked only near the sidewalls.

Typical velocity and field profiles are shown in Fig. 24, where Fig. 24-A depicts

the low interaction case. It should be noted that in order to obtain convergent

solutions a smaller characteristic boundary layer, and thus a finer grid, adjacent to

the sidewalls is required. This could be due to the fact that the current circulating

in near wall region is greater than the a = 0 case, or due to the fact that the use

of mixed derivative/Dirichlet boundary conditions demands finer resolution to

prevent runaway solutions.

As Q is increased and the film height rises, the currents circulating near the

walls penetrate further into the central channel region, and MHD forces begin

to affect the velocity profile. The velocity, like that seen in Fig. 24-B, gets more

rounded as MHD drag is larger near the walls where the majority of the current

is circulating. That the currents are creeping towards the center of the channel

is seen in the induced field profile plots where the current paths are no longer

confined to just the near wall region.

For values of Ha$s > 10 an interesting phenomenon is seen. As the flowrate

is further increased, the flow suddenly restructures into a flat core and boundary

layer distribution, like that in Fig. 24-C. This sudden restructuring is accompanied

by an abrupt change in /?. The grouping Ha$s is approximately the ratio of the
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Hartmann current that returns through the channel sidewall to that returning in

the Hartmann layer. This rapid restructuring, then, is seen only for cases where

more than 90% of the current returns in the sidewalls. For lesser ratios, the

transition from one regime to the next is still a smooth one, although changing

very rapidly with Q. The high flowrate regime pictured is typical of strong MHD

interaction flows. The core velocity dips slightly before increasing into the large

parallel layer velocity jets. Further increase in Q results in no change in the

velocity profile aside from thinning of the boundary layers and an increase in the

relative magnitude of the velocity jets. The Hartmann layers on the sidewalls

again have a thickness of the order Ha'1 while the parallel layers on the free

surface and bottom wall are of order (.Ha/?2)"1/2.

The induced field profile after reorganization becomes linear function of z in

the core region, indicating a constant core current in the y direction. This constant

core current can be clearly seen in Fig. 24-C. As in the insulating wall case, again

we notice that the current exiting the core first turns toward the center of the

channel before turning towards the walls in the surface and bottom wall parallel

layers. The presence of the free surface seems to exacerbate this effect. As before,

this bending of the current is due to corner effects where local recirculation of

current is occurring.

The cases presented are all for $ s = $&, but if the conductivity ratio of the

bottom wall is allowed to differ from the sidewalls, the velocity and induced field

profiles are affected. The velocity jet on the bottom wall is maximized when

<&& = 0 (see Fig. 25). The velocity peaks in the parallel layers for core flow have

been determined to be approximately

3 ( Ha$s \
Surface jet = ~ \ j + $ j ' *W (160)
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^bottom jet =

As $6 is increased from zero, the velocity jet in the parallel layer on the bottom

surface drops in magnitude. As a larger portion of the current flows through the

bottom wall, the velocity jet is effectively shorted out. The ratio of current in the

bottom wall to current in parallel layer is given by y/Ha^i,, where at \fHa$}, = 1

the current is evenly split between the two. At this value of $& the boundary

layer jet is reduced by half from its peak value at $& = 0. By \/Ha^b = 100

the jet disappears entirely, as does the slight dip in velocity before the jet and

the bending of the core currents toward the center of the channel. Using these

tendencies, the magnitude of the bottom wall jet can be modified to account for

substrate conductivity.

The shape of the velocity profile in the bottom jet changes from almost parabolic

to nearly linear as $6 is increased. The variation of <&& does not affect the magni-

tude of the surface jet, although it does cause a slight thinning of the surface jet

thickness (see Fig. 25-B). The value of $& has no apparent effect on the Hartmann

layers at all.

The values of the velocity jets, along with the parallel layer thickness, can be

used to estimate the percent of flow in the core and in the sidelayers. Defining

the following approximate flow quantities:

^ 3 ( Ha$s \ kt
Surface jet = 2k,- (j^~$~) ~j7Ttf ' VcOK ^ >

(164)

qCOTe = 2 • vCOTe (165)
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where the constants ks and kt are geometric factors that determine the average

shape and thickness of the sidelayers. These flowrates can be used to determine

the approximate ratio of flow in each of the areas to the total flow. The percent

in the core is given by

% flow in core = -, r (166)

The product kskt is empirically determined to be approximately 8/9. This is a

result of a thickness factor around 2, consistent with parallel layer thickness seen in

FDFF results (see Fig. 25); and a shape factor of | - | , consistent a two-dimensional

parabolic average.

The value of (3 for cases of relatively large flow depths can be determined by

solving the Hartmann problem for the case of sidewalls of infinite extent.

&«* = QHa ( ^ j ^ ) (167)

Fig. 26-A shows j3 profiles in a channel with conducting sidewalls for different

values of Ha, from which we can see that in the region of strong interaction the

(3 profile is a linear function of Q whose slope is the same as that predicted in

Eqn. 167. However the value of (3 predicted by Eqn. 167 is displaced by some

constant value from that predicted by FDBV. This constant value is mostly due

to an appreciable percentage of flow in the parallel layer jets. Since we have an

estimate of the actual percentage of flow in the core, we can use this to modify

Eqn. 167.

fl + Ha^A S$sVHa ( f>bVHa \
3 = QHa — —• 1 7==- (168)
P * V l + $ y 9 1 + $, V 4(l + $ v ^ ) / y ',

This new estimation of (3 in the strong interaction regime is much more accurate
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than the Hartmann estimate given aboveb, and it reduces to the insulated wall

case when <&s, $& —> 0.

Also in Fig. 26, we see that j3 begins to deviate from the OHD prediction again

at around Ha(3^hd « 1. The large jump in /?, however, occurs at

HaP2
ohd « d (170)

where C\ for $6 = 0 is approximately 2.12. The constant varies slightly as a

function of Ha$s, changing between 2.12 to 2.23 as Ha§s goes from 40 to 1000.

This jump is indeed the one discussed earlier in the section where the velocity

reorganizes into MHD core flow, hence the linearity of /3 with Q. Using the value

of flohd given in Eqn. 150 the jump point is determined to be approximately

Qjump = ^-Ha^2 (171)

o

Therefore, a change in the value of $ s does not significantly change the Qjump-,

seen in Fig. 26-B. This is because it is the long parallel layers that provide the

bulk of the resistance to core current flow. Decreasing the minor Hartmann wall

resistance does not alter the overall resistance by much for these small values of

j3. Some thickening is observed, however, due to greater current circulation in the

near wall regions where the parallel layer length, and thus resistance, is small.

Once core flow is achieved (Q > Qjump), the value of (3 is dramatically affected by

$5 , the slope of f3 increasing with $ s as predicted by Eqn. 168.

The fi profiles of Fig. 26 were all for channels with completely insulated sub-

strates, $5 = 0. If $6 is increased from zero the value of Qjump decreases from
6The recent treatment of this problem by Shishko [46] presented a better estimation.

If 1 $b \ 8*.VHa(, ^6V^a \ , , „ .
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the $6 = 0 case. This is because the parallel layer on the substrate is effectively

shorted out by the conducting wall. We identified the resistance of the parallel

layers as the dominant resistance to the flow of core current and thus the limiting

resistance to the formation of MHD core flow for small (3 flows. However, we

are only shorting out one parallel layer while the one at the surface remains the

only current carrying avenue for core current return. The constant in Eqn. 170 is

modified to account for this greater current flow to get Ci ~ 1.42. This constant

is about Ci/y/2 and it also increases slightly with increasing Ha$s.

Intermediate values of $j can be handled by observing that at $&\/iSz = 1,

Qjump is very nearly halfway between the $j = 0 maximum and the $j = oo

minimum. When $f,"v/ffa = 100, QjUmP is essentially at its minimum value. This

trend is reminiscent of the reduction of the velocity jet with increasing $&\///a.

In general, then, Qjump can be roughly approximated by

2 ) (172)

Upon closer examination of the behavior of (3 close to Qjump we can see that a

region with multiple values of (3 exists (see Fig. 27). If small steps in Q are taken

with the FDBV code and the previous step's data is used as an initial guess,

different values of (3 are predicted depending on whether Qjump is approached

from above or below. This region of multiple values is due to the non-linear

nature of (3 in the coupled, governing equations. In practice it was easier to use

FDFF to compute the (3 profiles since the value of j3 is specified and its value

of Q determined. Therefore, the program does not jump between close, multiple

values of j3. This jumping was occasionally a problem for the FDBV code which,
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as mentioned previously, computes the /? value from a specified flowrate, never

locking on one value of (3 long enough to completely converge to a solution.

The intermediate values of /?, seen in Fig. 27 between the upper and lower

values in the multi-valued region, are in principle impossible to reach. Thus a

range of unattainable uniform film heights is created, since a flow increasing in

Q would suddenly jump to the upper (3 at Qjump, and likewise would jump from

the upper to the lower (3 as Q was decreased. This hysteresis around the Qjump

region also is a maximum when <fr& = 0 and gets gradually smaller, disappearing

when the jump disappears when &b\fHa « 100. In other words, the jump and the

hysteresis disappears when the parallel walls carry nearly all the parallel current.

The width of the hysteresis region appears to be approximately equal to 1 ,

times the width at $& = 0.

The type of flow as a function of flowrate can again be summarized as in the

insulated wall case.

0 < Q < (Hasina)3/Z OHD-like flow (173)

(Hasina)3/3 <Q< Qjump Transition (174)

Qjump < Q < oo Inviscid core flow (175)

The lower cut-off for inviscid core flow is may be ever lower if the flow has switched

to the upper value of (3 in the multi-valued range due to the hysteresis in j3 values.

The range of unattainable (3 gets smaller with increasing <&&VHa. A gen-

eral tendency seems to be that the unattainable region is approximately centered

around the point when Haf32 = 10. Thus typically /?'s in the region around
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cannot be realized. It is approximately at this point also that the upper and lower

hysteresis join as §\)\fHa is increased to the point where hysteresis disappears.

5.2.2 a ^ 0 case

At this point all the variable parameters are included and the practicality of

scanning the entire parameter space is somewhat limited. Two cases, shown in

Fig. 28 and Fig. 29, are for a = 5° and

case A

case B

moderately conducting sidewalls, insulated bottom wall

moderately conducting bottom wall, insulated sidewalls

are given as typical. The cases are shown in the figures for several different values

of (3 instead of Q, since the two cases respond much differently as functions of
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Q. As in the previous a ^ 0 case discussed in Section 5.1.2, we again find it

convenient to demarcate the channel into three regions: I, II and III, shown in

Fig. 22. Also, the concept of flow regimes 1, 2 and 3 is used to describe OHD,

y-field dominated and 2-field dominated regimes respectively.

At low flowrates, as in all the cases discussed so far, the flow is not affected

by the magnetic field and it looks like OHD, wide-channel flow except very near

the walls. As the flowrate increases, and (3 with it, regime 2 is entered. As in the

insulated, a — 0 case, deviation from regime 1 begins at about Hafl sin a w l and

the flow is in regime 2 at Ha/3 sin a ?s 10. This regime is seen in Fig. 28-A and

Fig. 29-A for different wall conductance cases given above. Notice that region

I looks like flat, Hartmann flow due to the y-field, but that the parallel layers

separating the regions can contain large velocity jets, especially when the bottom

wall is conducting. These jets are like the parallel layer jets that form in the a — 0

cases discussed in the previous subsection, but they form near the opposite set of

walls as a result of the dominance of the y-field, and they are not parabolic. The

jets are maximum when $ s = 0 and tend to be shorted out as $ s increases.

The iso-lines of induced field for regime 2, also pictured in Fig. 28-A and

Fig. 29-A, give the paths of electric current circulation. In region I the current

is oriented perpendicular to the y-field, not to the total field. In Fig. 28-A the

Hartmann layer return current path is clearly seen on the bottom wall. This layer

is not as easily seen in Fig. 29-A since most of the current returns through the

conducting bottom wall. We see for case B, though, a local cell or recirculation in

the lower left corner of the channel. The currents leaving region III entering region

I bend around this cell, resulting in a current component in the +y-direction,

which accelerates the film and causes the velocity jets to form. As the current
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leaves region I entering region II, the currents begin to turn towards the bottom

wall. This is especially apparent in case B (Fig. 29-A), where the bottom wall

carries the majority of the current back to the z=-l sidewall. This current in the

-y direction suppresses the velocity in region II, making it small here compared to

the region I velocity. Some current closes through the near sidewall too, especially

in the Fig. 29-A, case A, so that region II has two oppositely circulating current

cells.

As f3 increases further, we approach the point where t ana = /?/2, and the

flow is in transition from regime 2 to regime 3. Near transition flows are shown in

Fig. 28-B and Fig. 29-B. For case B, the flow is mostly along the parallel layers,

while case A results in a large flow quantity still in the thin region I. The currents

in region I still try to remain perpendicular to the y-field but are more are more

bent, especially in case A.

Further f3 increase lodges us firmly in regime 3, pictured in Fig. 28-C and

Fig. 29-C for our two test cases. For case A, the flow looks like the peaked velocity

jets indicative of the a = 0, conducting walls cases, except the shape of the jets

however is more triangular than parabolic. The jet on the bottom wall can be

shorted out if $& is increased and $ s is held constant. Again this is also seen in

the a = 0, conducting wall case (see Fig. 25). In case B the flow looks more like

the non-conducting wall cases, since the bottom wall conductivity alone as little

effect on a = 0 flow.

The currents in regime 3 behave a little oddly for case A. They traverse region

I at an acute angle to the dominant i-field, instead of perpendicular to it. This

means that there is less j x B drag than in the purely a = 0 case. As /? continues

to increase, the current lines become more perpendicular to z but near the free
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surface still bend towards the field. This trend is not seen in Fig. 29-C current

profile. Less MHD drag results in a smaller (3 for a given Q in region 3 than would

be predicted by substituting Ha cos a for Ha into the formulas for j3 given for the

a = 0, conducting wall cases (see Eqns. 167 and 168). Only at very large (3 will

this substitution give a good estimate.

Looking at plots of the (3 vs. Q profiles for the same two test cases (Fig. 30),

we see that depending on the wall conductance arrangement, the profiles can

behave very differently. In regime 2, (defined previously as Ha(3since > 10 and

cos a) (3 is given by the relation (for small (3)

Ha$t, sin a + J{1 + $bHas'ma)(l + $bHas'ma + 4Q(Has'ma)3)
P n TT • \ /

2Ha sin a

which reduces to Eqn. 158 as $6 —>• 0. This relation is accurate for even lower

values of Haf3 sin a. provided that tanh [i7a/3 since] « 1 since the friction with the

bottom wall is included in its derivation0.

The conductivity of the sidewalls affects regime 2 flow by suppressing the ve-

locity jets, causing a thickening of the film as compared with completely insulated

sidewalls with a conducting substrate. In the range of flowrates pictured, regime 3

flow is not even reached in case B, even though Ha(32 cos a « 100. This is because

the tan a — (3/2 point is not reached and the y-field still dominates.

Multi-valued regions in (3 do occur for cases where the sidewalls carry a large

portion of the current. This region is pictured in Fig. 31 for the cases shown in

Fig. 30. The jump occurs now between regime 2 and regime 3, not between OHD
cThe complete formula relating Q and ft is

_ (/? + $fc) (ftHa sin a — tanh \j3Ha sin a])
(£fa sin a ) 2 (<&bHa sin a + tanh [/?.fla sin a])

which is a transcendental function of ft.

( '
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Figure 30. Film height profile for Ha = 10 , a — 5° and various wall conductances

and MHD regimes discussed in a = 0 flow. For case A, the multi-valued region

is drawn out significantly (26 x) from the a — 0 case with the same parameters.

The case B transition from regime 2 to regime 3 flow (not pictured) has no multi-

valued region. This is to be expected since as mentioned previously it behaves

like a non-conducting channel in regime 3.

In regime 3, the case B flows behave like the non-conducting, small a cases

discussed in Section 5.1.2. The effect of substrate conductivity is small since

now the Hartmann layers make up the major portion of the resistance to core

current flow. Relation Eqn. 159 adequately predicts the (3 for this case. When

the sidewalls are conducting, the relation Eqn. 168 with Ha cos a substituted for

Ha tends to overestimate the /3 value for a given flowrate. The reason for this

was given in a preceding paragraph as the currents tendency to bend towards the

field near the free surface, reducing the MHD drag. In addition, the flow in the

velocity jets will have a slightly greater magnitude than that given in Eqns. 160
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Figure 31. Film height profile for Ha = 104, a = 5° and various wall conductances
for the multi-valued region of Q

and 162. They jets also have different shape and thickness constants, giving a

different estimate for flow quantity in the jets than for the a = 0 case. Due to

these changes and the subsequent inaccuracy in predicting the flow quantities in

the velocity jets, when both walls are moderately conducting the value of /3 in

regime 3 differs by a constant.
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Chapter 6

Fusion relevant modeling

A theoretical prediction works out the consequences of
a mathematical model, rather than those of an actual
physical model.

Suhas Patankar [51]

T n the previous chapter, results of fully-developed film flow computations were

presented, but their application to fusion reactor divertor protection was not dis-

cussed. However, the parameter ranges investigated were those typical of a reactor

environment. This chapter applies these modeling predictions to the fusion diver-

tor surface protection application. In particular, focus is given to investigating the

accuracy of various simplifying assumptions used in the previous modeling efforts

presented in Chapter 3. These assumptions include Hartmann profile averaging

and the constancy of the film thickness across the channel width. In addition,

some discussion of other relevant fusion topics, like heat transfer considerations,

is is given in the context of FDFF results.

The ITER relevant parameter ranges are summarized in Table 2. The channel
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Table 2. Values of parameters typical of fusion reactor environment flows

symbol

a/2
ho
Ba

Uo

9
a
Ha

fee
Fr0

0o
Q
f with GE

definition

half-width
inlet height
applied field
velocity
channel angle
field angle

B(a/2)y/^J7i

uoh/u

u2
olgho

holia/2)

unit

cm
mm

T
m/s

0

0

uoh0 v / (a/2)3g sin 6

i as working fluid

ITERT

min

10
2
5
1
5
0

2 x 104 2
6 x 103 1

50
0.004

5 x 1O-10 1

% with Bi-Pb-In-Sn-Cd as working fluid

max

50
6
10
5
70
15

x 105

xlO 5

425
0.06
x 10-5

3

3

MeGA1

min

4.5
2
0

0.05
-1
0
0

xlO 3

0.032
0.013
x 10~7

max

15
10

0.17
2
15
0

660
3 x 104

390
0.22
oo

sizes are rather wide in order to cover the large divertor area in as few segments

as possible. The inlet velocities and film inlet heights are estimated from the

literature as those required to adequately protect the surface and remove the

deposited energy. The field strength depends on the location of the divertor, where

inboard divertors will see a larger field than their outboard counterparts. The "o"

subscript denotes values at the inlet, which may change as the film varies as it

proceeds down the channel. The MeGA column of parameters refers to the MeGA

Loop LM-MHD test facility built as part of this thesis and discussed in Chapter 7.

Values of the non-dimensional parameters are computed using properties of the

Bi-Pb eutectic working metal utilized in this facility. It is presented here for

comparison to true fusion parameter ranges.
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6.1 Fusion implications of FDFF results

The goal of this section is not to thoroughly explore all the implications of the

FDFF model, but rather to introduce some consideration in varying degrees of

detail. Especially the heat transfer, which is as rich a topic as the determination

of the flow fields in general, is not analyzed in great depth, but more qualitative

remarks are given to serve as guidelines for future, fusion-related research topics.

6.1.1 Laminar flow

The FDFF model relies on the assumption of laminar flow. A quick check of this

condition using the values in Table 2 is therefore in order. Rearranging Eqn. 19

from Chapter 3, using our definitions of Be and Ha and choosing the numerical

value 130 as the one appropriate for films elongated along B, gives

Haft/Be = — ,f^- > 7.7 x 1(T3 (179)
Uave V P

for the condition of laminarization. More about this is discussed in Chapter 7,

but we use this condition here, along with the worst case values from Table 2, to

compute Haft I Be = 1.35 x 10~2 for ITER using Ga as the working metal. This is

about twice the limit value, indicating laminar flows over the range of parameters

considered.

6.1.2 Heat transfer

The velocity profile of the flowing film is important to know for a variety of

reasons. Primarily the velocity profile will be used in heat transfer calculations

to determine temperature profiles and total heat removal capability of a specific

divertor design. Most heat transfer calculations made for film heat removal and
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temperature profiles used slug flow for the velocity profile [10, 18]. For fast films

it has previously been shown that heat conduction over the depth of the films

limits the depth to which the heat flux penetrates into the film during the time

exposed to the plasma. Increasing depth provides greater protection against off-

normal conditions like disruptions, but does not increase the overall heat removal

capability in the strike zone. Of course if conduction in the y direction could be

enhanced by the presence of turbulence (see Chapter 7), flow or boundary layer

instabilities, or mixing due to the momentum of the plasma striking the surface

(see Section 6.3), then this claim may not be strictly true.

Despite the lack of sensitivity of the heat removal to the film height, the veloc-

ity profile can affect the heat removal. As was seen in Chapter 5, the possibility

exists for flows with large velocity jets on the free surface. These jets will improve

the overall heat transfer capability of the thin films. For the same average veloc-

ity, the heat flux will see a faster moving layer on the surface in the center of the

channel, increasing the heat removal capability of the film in this region. Near the

sidewalls, however, the velocity drops to zero parabolically and reduces the heat

removal in these areas from that calculated with slug flow. A comparison of sur-

face velocities for several different cases normalized with their average velocities

is shown in Fig. 32.

If oblique fields are considered, the surface profiles can vary dramatically de-

pending on the wall conductance. For insulated channels, the reshaping of the

surface jet to more triangular will shift the area of better heat transfer to one side

of the channel instead of directly in the middle. If the flow is in regime 2, where

the y-component of the field dominates, the flow is pretty close to the slug flow

profile, except in region III where the velocity drops.
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If the boundary layer jet is very thin (thickness was determined to be about

(Ha(32 cos a)"1/2) the heated depth may penetrate further into the channel, greater

than the jet thickness. The insulated cases with strong MHD interaction have a

central core region that is very close to the average velocity, used in standard slug

flow calculations of heat transfer. This seems a desirable situation. If the flow is

not fully core flow and more parabolic (in y) flow results, this is also a desirable

situation as the surface velocity is still greater than the average and decreases over

the entire depth of the flow (see Fig. 16-A and Fig. 18-A,B)

The equilibrium velocity profile is also important for stability calculations (see

Appendix E). It is likely that large velocity jets on the surface could be unstable.

Should such an instability in velocity and depth develop, provided that it is small

in magnitude compared to the total height of the flow, it would not be negative

from the point of view of the heat transfer as a mixing layer at the surface could

form, enhancing conduction and increasing the heated depth. Other stability

considerations are discussed in the appendix.

The lines of constant induced field shown for several cases in Chapter 5 give

the path of electric currents circulating in the LM, and their rate of change (with

position) gives the current density. This current density, due to Joule dissipation,

is also a source of heat for the film flows. Preceding calculations have shown

that in the limit of high field and/or large /?, the film behaves approximately like

Hartmann flow in the core region. The current density of total Hartmann flow is

(in a dimensional system)

\jcore\ = $scrucoreB cos a regime 3 (180)

= $b<TUcoreBs'ma regime 2 (181)

Since ucore < uave for conducting wall flows we will use the later in subsequent
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equations. The additional volumetric heating in the bulk, due to the flow of

current, can then be approximately computed from the energy equation to be

. _ r l , {cr(Ba cos a, s'ma)2\ ,.,o_
ATcore = L<f>2

sbuave[^ 2 '-) (182)

= 175L$2
8uaw regime 3 (183)

= YLL§\uave regime 2 (184)

where L is the axial channel length, cp is the heat capacity (« 343 J/kg°C for

gallium) and the numerical constant is computed using gallium characteristics

and the maximum field from Table 2. It is possible to envision cases where this

heating is appreciable, but for thin conducting or insulated walls", volumetric

heating is negligible in the core.

However, if all the core current returns through thin conducting walls, the

current density in the wall will be

jwall = • jcore (185)

aw

giving a temperature rise in the wall of

M t w ^ o c / s ( l g6 )

for regime 3 flow. For the worst case parameters given in Table 2, this gives a

temperature rise of about 875° C/s in a stainless steel wall! This temperature

jump, of course, will be moderated by the flow of LM across the channel walls.

In addition, it is likely that the flow will not be operating in full regime 3 core

flow regime, but in the transition from ordinary hydrodynamic to MHD flow, or

in a regime 2 core flow. Operating in these regimes will result in a significant

3 In this case replace $ with Ha .
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reduction in current density and thus a quadratic reduction in local heating near

the walls.

The temperature and velocity are necessary to determine the corrosion charac-

teristics of the flowing LM film. Some metals, especially gallium and tin, may be

restricted in allowable temperature due to corrosion concerns. The fact that Joule

heating may tend to heat the near wall region, along with sharp velocity gradients

on the walls seen for most of the flows in the Chapter 5, may make corrosion an

especially critical issue for gallium films where MHD forces are strong.

6.1.3 Non-uniform film height

As was mentioned at the beginning of Chapter 4, the magnitude of the induced

field was found to be small compared to that of the applied field. This can be

seen by writing out the induced field B%
x in terms of the normalized induced field

b.

Bi = b[imu* (<rpv)s « 7506 (187)

where the numerical approximation is again computed using gallium parameters

and worst case values from the Table 2. The induced field maximum seen in all

the plots of the preceding chapter is about 10~4 making even the peak induced

field magnetic field .075 T as compared to applied fields on the order of 10.

It is possible that these peak fields for a = 0 flows may cause enough magnetic

pressure (see Section 4.1) to push the LM surface up near the sidewalls where

the peaks occur. The magnetic pressure, (Bl)2/2fj,m, of a .075 T field is much

larger than the hydrostatic pressure, pgh of several millimeters of LM. This would

cause a violation of the assumption that the LM surface is flat over the entire

width of the channel. This issue has not been addressed either experimentally or
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analytically and I am unsure if it is a serious effect. This effect may be responsible,

however, for recent experimental data that show that for fields differing slightly

from coplanar (presumably in regime 3 flow) that the film height tends to follow

the field line, breaking the assumption of uniformity of film height along z [53] for

regime 3 flows.

6.1.4 Divertor operation at hn

Although it would be best to create a film with no tendency to vary in height

over the entire length of the flow (i. e. at the uniform film height), this is not

an absolute requirement if the development length of the flow is long compared

to the required channel length. In magnetic fields though, previous film models

predict the shortening of the development length as the field increases [41, 44].

To help avoid the possibility of dry out from thinning films, or over-filling from

films tending to thicken, it is desirable to design the channel so that hn is exactly,

or at least near, the inlet thickness given in Table 2.

Can a coplanar, LM film divertor be operated at the uniform film height? To

help answer this question, Figs. 33 and 34 show the contours of uave/ sin.9 as a

function of channel width and desired film height for several different values of

Ba, a and wall conductance awaw. Notice that these quantities are dimensional,

and the non-dimensional tildes will be reinstated in this subsection. The "w"

subscript denotes all channel walls. The wall conductance of the conducting cases

is equivalent to a thin metal liner of conductivity 106 (ft • m)"1 and thickness

of 2 mm. These specific cases do not cover all possible configurations but serve

to show the relevant trends. From these graphs, if the dimensions of the film

are specified, the value of uave/ sin 0 that results can be read off. Alternately, if
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Table 3. uave/ sin 6 for Ba = 10 T, hn = 4 mm and a = 60 cm

case

case
case
case
case

1:
2:
3:
4:

description

a = 0°, crwaw —

ot = 0°, uwaw =
ct = 5°, cr^a^, =

o
0
2000
2000

Uave/ sin 0 (m/s)

20.6
3.15
3.6

0.172

the value of the desired uave/sm9 is determined before hand, the corresponding

contour will show the values of hn and a that result is such a flow. As an example

of the former case, if the film is desired to be 4 mm in height and 60 cm in width,

the value of uave/ sin 0 for the four cases in Figs. 33 and 34 can be read off and

are given in Table 3.

From case 1 it is seen that even if a high speed film of 5 m/s is necessary for

heat removal, that a modest channel angle of only 6 fa 14° is required. However,

neither case 2 and case 3 will be able to produce a 5 m/s film velocity, even at

steep angles. They can produce a 1 m/s film, though, at around 6 = 17° and

velocities of around 3 m/s at 6 = 70°.b When both the channel is moderately

conducting and the field is oblique, uniform flow at greater than 0.16 m/s is not

possible at any angle of inclination. At this a a reduction of the wall conductance

to 290 is required before even 1 m/s flow is possible at a 70° inclination.

Looking at the figures it is possible to understand the qualitative trends with

the help of the simple estimations for j3 as a function of Q given in Chapter 5 and
6The stability of films flowing at high velocity and steep angles is not a certainty. It is

assumed for the sake of this discussion that the field will stabilize such flows to an acceptable
degree, but this is has not been definitely established. See Appendix E for a more in depth
discussion of stability.
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summarized here:

Ha= 0, Eqn. 150

QHa Ha^ 0, Eqn. 151

\JQ Ha sine* Ha, a ^ O , regime 2, Eqn. 158

Q Ha cos a Ha, a ^ O , regime 3, Eqn. 158

Q ~ *"<;+%"*'> - ft #a, $ ^ 0, Eqn. 168

where ft = | ®*^a (1 *$ */# ) ^or perfectly coplanar films but differs for

oblique incidence. In Fig. 33-A the majority of the flow parameter space is in the

region greater than Ha(32 > 10 where Q is governed approximately by Eqn. 151.

Using this and the definition of Q we can determine that uave/ sin 9 is independent

of hn and linearly dependent on a. This is indeed demonstrated in the figure. In

the region where Ha{32 is less than 10 we use Eqn. 150 for Q and therefore expect

uavej sin 9 to independent of a and vary as h2
n. This is also borne out by the figure.

Similar reasoning can be used for Fig. 33-B and Fig. 34 to explain the observed

tendencies in the different regions. We notice in particular that in Fig. 33-B that

the above contour tendencies in Fig. 33-A seem to be reversed. This is because

the entire parameter space is solidly in regime 2 flow where the y-field, and not the

i-field, dominates the flow. These contour tendencies in Fig. 33-B start to change

in the lower-right corner where regime 3 flow is approached, and the i-field again

makes its presence felt. Explaining the other graphs gets a little more complicated

as the expressions for (3 vs. Q contain the $ parameters which also are dependent

on a.

These graphs can be used as design tools to determine possible configurations

that allow film flow at the uniform film height. We have seen from the above

examples that such flow is possible, especially if an insulated channel is used. In
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this case, the positive benefits of the field, namely the stabilization of the film flow,

are enjoyed while channel flooding due to additional MHD drag is not a problem.

The design window becomes tighter as the channel becomes more conducting or

field deviates from z in direction. These conditions result in an increase in the

normal film height, and make creating film flows with practical dimensions at a

high enough velocity difficult to manage. However, in the coplanar case, flows at

Ha(32 around 10 or smaller are not degraded much further than that shown for

case 3, no matter how high the wall conductance gets. Conversely, if the substrate

is even moderately conducting in regime 2 flows {ab&b > 720 for a = 5°), practical

flows at hn become impossible, and developing flow designs must be investigated.

6.2 Validity of Hartmann averaging for fusion

As repeatedly mentioned throughout the thesis, previous modeling efforts for

fusion-like, coplanar, thin film flows rely on an averaging method where the ve-

locity of the film as a function of the channel width position, z, is assumed to be

Hartmann. This averaging procedure is described in Section 3.3 and will not be

repeated here. The two-dimensional FDFF model, since it makes no assumptions

about the behavior of the velocity in the z direction, is used to determine if the

Hartmann averaging method can be utilized to accurately determine the velocity

profile and uniform film height in the fully-developed limit. To accomplish this,

we use for comparison several of the models that utilize Hartmann averaging that

also were presented in Section 3.3. Omitting the details of non-dimensionalization

and subsequent algebra used to reduce the equations to the fully-developed case,

the test models are given below. All variables are dimensionless unless specifically
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noted.

ID Parabolic model: based on Aitov [39] and shown in Eqn. 40:

/33 = Q {Ha^2 + ffa2/?2
1 ' ^ ) + 3Q (188)

3g

This model uses what we will call method 1 to handle wall conductivity. This

method relies on determining the value of j z o and is shown in Eqns. 43 and 44.

2D-u model: based on Evtushenko [41] and shown in Eqns. 45-47

= ^ L - W ] (190)
82

= —- (tanh[m*] sinh[ra*y] —
m

Again method 1 is used to account for wall conductivity and the parameter ml =

Ha(32 + Ha2f32j^- can be recognized as the combination of the magnetic terms

from the 1-D model.

2D-ub model: based on Evtushenko [45] and shown in Eqns. 50-53.

y = Q (192)

= ° <194>
Here the wall conductivity is handled by averaging the magnetic field in addition to

the velocity. This is referred to as method 2. Note that this method is considerably

more complicated, resulting in a coupled ODE system instead of analytic solutions.
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6.2.1 Velocity profile comparison

As indicated above, an accurate velocity profile is important for the determination

of the heat transfer and temperature profiles in a heated film. Additionally, the

average velocity (over the entire channel, not just the Hartmann-averaged width)

will determine the uniform film height for a given Q. The form of the velocity

profile, as it turns out, will show the cause of inaccuracy in (3 predictions due

to the inability of the Hartmann-averaged methods to predict velocity jets. For

this reason, the velocity profiles produced by the Hartmann-averaged models are

compared to the Chapter 5 FDFF results, these results have been averaged over

the channel width for this comparison.

Beginning with the case of purely insulated channels, we note that the results

from the 2D-ub and the 2D-u models are equivalent, and so only one will be

plotted in the following graphical representations. The y direction velocity profiles

at several different flowrates, indicative of the weak, medium and strong MHD

interaction ranges are shown in Fig. 35. When a value of Ha(32 is quoted, it refers

to the FDFF (3 since for equal flowrates, the values of (3 can vary drastically

between the different models, pointing out poor agreement.

At weak interaction {Ha(32 « 0.5) good agreement is seen between all the

models and the results of the FDFF code. The tendency of the averaged method

to slightly overestimate the drag, and hence underestimate the average velocity

is seen. This is due to forcing the boundary layers on the z = ±1 walls to be

very thin (O^HaT1)) instead of the OHD boundary layers (O(/3)) predicted by

FDFF. The ID parabolic model gives slightly better agreement than the more

complicated 2D models.

In the medium interaction range (Haf32 R2 30), the velocity is affected by the
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magnetic field. The underestimation of the average velocity by the 2D model is

considerably worse, the ID parabolic model to a lesser degree; but the average

velocity is still on the same order of magnitude as FDFF. As mentioned earlier,

this difference is more easily seen in the following section dealing with comparison

of the uniform film height, since for a given Q, f3 will vary inversely to the average

velocity. However, good agreement is seen between the 2D models and FDFF near

the substrate, where a parallel layer is forming in response the the increase MHD

interaction.

At strong interaction (Hafl2 = 400) the velocity assumes a core flow/parallel

layer configuration seen often in Chapter 5. The ID parabolic model no longer

accurately predicts the velocity profile, although the average velocity is still closely

predicted. Good agreement in the core region is seen between FDFF and the 2D

models. The agreement breaks down near the free surface where the velocity jet

is not predicted by 2D-u, which continues flat all the way to the free surface. This

is the return current path for the core current, and is not well modeled by the

Hartmann averaging, which is valid only in the core. This large discrepancy is

not seen near the substrate since the velocity remains flat as a function of z due

to constant friction from the bottom wall. The free surface does not have this

constant friction and so the surface jet is parabolic in z (see Fig. 32-A), vastly

different than the flat Hartmann profile. Due to the absence of the surface jet, the

average velocity is still under-predicted by the 2D models, but it is better than

the medium interaction case.

As the walls become slightly conducting (<&sHa = 1), models 2D-u and 2D-ub

are no longer equal. Graphs of the velocity profiles in different interaction regions

are provided in Fig. 36. The weak interaction case (not pictured), where little
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MHD forces are present will be the same as that given above and is omitted here.

At moderate interaction (Ha/32 = 30) all the models underestimate the average

velocity by a greater amount than the insulated case. Both 2D models track FDFF

well near the substrate, but don't handle well the beginnings of the velocity jet

near the surface. However, 2D-ub does show a slight increase near the surface

where 2D-u is already completely flat.

In the strong interaction regime (Ha(32 ~ 400) we see that again the value of

velocity in the core region is accurately reflected by the 2D models. In addition, as

indicated by the medium interaction results, the 2D-ub model predicts a velocity

jet both at the free surface and near the substrate. The magnitude of this jet

measured from the core velocity is less than the actual jet by about a factor

of 1/2. The average velocity predicted by both 2D models will be less than

the actual velocity, but method 2 (accounting for the wall conductivity) seems

better able to predict the correct average velocity and gives a closer match to

the actual velocity profile. However, for values of $sHa > 1, the second order

central difference program written to solve Eqns. 192-194 no longer converges but

becomes oscillatory. Some limited analysis of the system of equations indicates

that this may be a property of the equations themselves and not the numerical

algorithm.

The high wall conductivity cases (<&sHa = 100) are pictured in Fig. 37. For

weak interaction in the FDFF results, the ID and 2D-u models erroneously predict

significant interaction. This is a direct result of the Hartmann assumption forcing

earlier onset of MHD interaction due to the contribution of wall conductivity. The

already strong MHD effect, and thus low average velocity will give film heights

which are far from correct, by over an order of magnitude. The 2D-ub case still
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converges in the weak interaction case and accurately predicts both the shape of

the velocity and the correct average velocity. This means that the onset of the

magnetic body force is correctly determined by this model.

If the strong interaction regime is looked at (Hafl2 ft 400), it is seen that the

core is once again adequately predicted by the Hartmann averaging technique.

However, the large velocity jets which are now carrying an appreciable portion

of the flow, are again not predicted. Thus the average velocity is again grossly

underestimated and (3 will be equally as incorrect. The 2D-ub model does not

converge in this case.

Of course, the Hartmann averaging technique assumes the flow to be fully

dominated by MHD forces. As we have seen in the preceding chapter, and as we

will see again in the following one, this is not always a safe bet in wide thin film

flow; even at the field strengths representative of magnetic fusion devices. From

the point of view of velocity similarity, the Hartmann averaging technique is un-

able to predict the formation of velocity jets at the free surface. Depending on the

parameters of the flow, this can be a significant omission. For insulated channels,

discrepancies in velocity profiles does not seem to affect the average velocity pre-

diction to a severe degree, but conducting channels are dramatically effected in

all regimes. Method 2 for handling wall conductivity seems to give more realistic

results both in predicting velocity jets and in average velocity determination. Its

use, however, above <&sHa = 1 seems to be limited. It also results in a more com-

plicated system than the simpler u averaging, since a coupled differential equation

system must be solved.

Since the velocity jets are parabolically distributed in z, one can envision using

a combined Hartmann / Parabolic ^-profile for averaging the governing equations.
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This in essence is what was done by Shishko [46],

u(x, y, z) = u(x, y) • (Hartmann • f(y) + Parabolic • (1 - /(*/))) (195)

where f(y) varies from 0 to 1 depending on the relative magnitude of the specific

profile. Thus in the surface jet layer / would be close to 0, while in the core region

it would be nearly 1. Shishko's variational method of determining f(y) proved to

be very accurate for the data provided in his work. The relation for (3 in the linear

region proved accurate as well. However, possibly a simple function for f(y) could

be found so that the combo-averaged technique could be used to derive simple

relations for developing-film models that reflect to a better degree the velocity

profiles that have been determined for fully-developed flow.

6.2.2 Uniform film, height comparison

As seen in the Hartmann-averaged model equations (Eqns. 188-194), the value of

/3 is also be determined. Indeed it was necessary to determine the value of (3 first

(or at least concurrently) before solving for the velocity profiles since the velocity

equations require that (3 be known.

For insulated channels the j3 profiles as a function of Q, typical examples shown

in Fig. 38, qualitative agreement between the all the Hartmann-averaged methods

and the FDFF results is seen over the majority of the flowrates considered. This

was anticipated in the previous section because the full averaged velocity was

seen to be closely predicted by the Hartmann-averaged models. Especially in the

weak and strong interaction regimes, good agreement is seen. It is in the medium

interaction regime, Haf32 = 10 — 30, that the worst errors are seen, because the

velocity dependence on z deviates most from the flat Hartmann profile. This

deviation is seen in Fig. 39, where the strong and low interactions more closely
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correspond to the Hartmann profile, while the medium regime is more parabolic.

Looking back to Fig. 38-B, the maximum error in the medium interaction regime

is seen to be about 23% and 18% for Ha = 104 and 105 respectively for the 2D

models. The ID parabolic model gives the best estimation in this region, with

the error reduced by a third to a half for the cases examined.

Conducting walls behave a lot worse in the weak interaction regime. Over-

estimation of the onset of MHD force has the j3 overestimated by several orders

of magnitude. This situation can be seen in Fig. 40 below the jump point in Q.

Due to the jump in /? discussed ad nauseum in Chapter 5, there is no medium

interaction regime to speak off. The jump phenomenon is not predicted by the

Hartmann averaged models. The jump itself can be interpreted by observing the

fact that the strong interaction prediction of (3 is so much larger than the low

interaction regime, and so a multiple f3 region is formed, being large or small

depending on the direction of fiowrate from which Qjump is approached.

In the strong interaction regime, the value of (3 predicted by the models differs

from the true value by a constant (see Section 5.2). This constant accounts for

the percentage of the flow that is carried by the parallel layer velocity jets. It

is possible to determine a correction for the Hartmann-averaged models by using

Eqn. 166 to determine the correct average velocity. Thus we see that

R -a 8 VHa$s
/^corrected — Puncorrected O 1 _L <T> v /

This corrected j3 is shown in Fig. 40 where good agreement is seen with FDFF

results. Due to the large values of /3 in the strong interaction regime, even for

Ha at the low end of the range given in Table 2, the practical application of this

correction for fusion is in doubt. Flows will have to operate in the weak interaction

regime if film flow at the uniform film height is required. This correction term is
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also seen in Shishko [46].

When the field angle a is not exactly 0, regime 3 flow can still be generally pre-

dicted by the Hartmann-averaged models by substituting Ha cos a for Ha. There

is still an error of a constant for conducting channels, this constant being differ-

ent from the that for the purely coplanar field due to the change in shape of the

velocity jets. From Fig. 40 we can estimate the new constant to be 1.88 instead of

8/9 for the coplanar case. This constant is not as generally accurate for different

parameter values as that for coplanar flow because or errors in the estimation of

the peak jet velocities. Eqns. 160 and 162 become less accurate for greater a.

Regime 2 flow is of a totally different character, and should be averaged dif-

ferently in order to get an accurate representation. In fact, we see in Fig. 33 and

Fig. 34 of the previous section that for the range of film dimensions considered,

the flow is likely to be exclusively in regime 2 when the field angle is around 4 — 5°

or greater. This means that the presence of the toroidal field is superfluous in the

computation of the (3 for a given flowrate. In this regime then, the whole idea

of averaging over the width with a Hartmann profile is simply not the correct

approach. Instead, the assumption of an infinitely wide film, with only the field

component Ba sin a used in the governing equations, should be used to build the

flow models. Such a model, though even more complex, is given in [44] but un-

fortunately did not appear in the final published version [41]. For films in regime

2, this type of model is more relevant and should be used instead of coplanar film

models in design of film divertors

In general, the conclusion is that in the strong interaction regime, Hap2 > 100,

the Hartmann averaging technique is successful in predicting the behavior of the

core flow when the field is exactly aligned with z. For insulated walls this means
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that (5 as a function of Q is predicted with fair accuracy. This accuracy increases

with increasing Ha, since the velocity jet at the surface thins, but does not increase

in magnitude. For angles of field (a) slightly larger than zero, j3 is still adequately

predicted by using only the z component of the field in Ha. This is true only for

regime 3, where the flow is dominated by z; in regime 2 the character of the flow is

different and should be treated as wide open flow with no sidewalls. For conducting

walls, the flow quantity in the parallel layer jets can carry a significant portion of

the total flow, this jet is not predicted by the Hartmann-averaged models, except

model 2d-ub which is limited in practical range of wall conductance. The lack of

the surface jet results in an over prediction of (3. A correction term that takes

into account the size of the velocity jets is given in Eqn. 196 and works well for

flows past the jump value of Q.

6.3 Effect of a plasma momentum flux

On a somewhat different tangent, another common simplification in the modeling

of developing liquid metal films under fusion conditions is the assumption that

the surface height is constant across the width of the channel. This assumption

is subject to several concerns. For instance the electromagnetic forces may be

non-uniform across the width of the channel, or the incident particle flux on the

free surface may influence the film shape. The former concern is discussed in

Section 6.1, while the second is the investigated in this section.

The satisfactory resistance of a film flow to an energetic particle flux incident

on the free surface is a vital requirement of the LM film protection idea. As

particles exit the plasma and collide with the divertor surface, they impart their

momentum to the LM. Particles tend to follow the magnetic field lines as they
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proceed from the main plasma through the scrape-off layer to the divertor surface.

The magnetic field lines, due to the dominance of the toroidal field component,

tend to be nearly coplanar to the LM surface. For a poloidally flowing LM divertor,

a large component of the particles' momentum will be along the nearly coplanar

field lines, tending to bunch the LM up on one side of the channel.

Previous investigation of this problem [41, 43], outlined in Chapter 2, could

only model a normally incident momentum flux. This normal incidence, however,

does not redistribute the flow over the cross section, and therefore the surface

height remains constant in z. Another past work by Murav'ev [38] investigated

a coplanar momentum flux but in a geometry with sidewalls removed an infinite

distance, modeling the configuration of a toroidally symmetric divertor. If indeed

the flow is greatly affected by the momentum flux in the presence of sidewalls,

the assumption of constancy in z will no longer be valid and more sophisticated

modeling will be required to predict the behavior of film divertors in a fusion

environment. It may even be the case that the film is so perturbed by the particles

that the film flow idea in its present form cannot sufficiently protect the underlying

surface due to exposed bare spots, even during normal operating conditions.

6.3.1 Momentum flux

The momentum flux of a non-relativistic particle stream of composed of diiferent

species is defined as:

f £ (197)
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where Mj, Vj and Vpart,i are the mass, velocity and particle flux of species j . We

can define the average particle energy in terms of its velocity.

Ej = l-MjV] (198)

Substituting into Eqn. 197 gives

3

for the momentum flux in terms of particle mass, energy and flux.

The tendency of a plasma to remain quasi-neutrally charged, known as am-

bipolarity, results in the formation of a sheath at all solid (or in this case liquid)

boundaries in contact with the plasma. Electrons, due to their greater mobility,

tend to leave the plasma faster than the slower moving ions. The sheath is a

potential barrier that forms in response to this charge imbalance; slowing down

incoming electrons and accelerating positively charged ions, keeping the loss rate

of both species equal.

The liquid metal surface is thus negatively charged with respect to the plasma.

This results in a electrostatic attraction between the plasma and the LM free sur-

face [43], an effect that is negligible in solid components. This force can be pictured

as a kind of "negative pressure" pulling up on the liquid surface. Alternately, an

increase in normal downward pressure is produced by the acceleration of the ions

by the sheath potential towards the LM surface, producing a competing effect

with the negative pressure of the electrostatic attraction. The ion acceleration is

normally oriented to the free surface. Using results from [43], we can write

(200)

where Pnw and Pns are the effective pressures of the ions at the wall (LM surface)

and the sheath edge; PEW is the negative pressure due to the sheath pulling action;
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and ns, k and T are the ion density in the sheath, the Boltzmann constant and

the electron/ion temperature respectively. Since the increase in the momentum

of the ions is exactly balanced by the electrostatic pulling action, the two effects

cancel. Therefore, values of the plasma parameters and the particle direction at

the sheath edge can be used to determine the effective momentum flux to the LM

surface. The analysis in [43] is developed for the simplified 1-D SOL case where

field lines are oriented normal to the free surface, but is used here to make this

point about balancing effects. The same conclusion is intuited for the more general

case of oblique incidence based on conservation of momentum considerations [27].

This clarification of the effect of the sheath allows the momentum flux to be

more quantitatively defined. Assuming a plasma composed of three species only:

electrons, deuterons and tritons; the particle flux of charged D/T ions is equal to

the flux of electrons. If the electrons and ions have roughly the same energy then

the contribution of the electrons to the momentum flux is reduced by JMe/Mi,

nearly 68 times smaller than the combined D/T components. Thus the electron

contribution is neglected in computation of Tmom. If we further assume that the

D and T ions are equal in number (50%/50% mix) and energy, we can simplify

Eqn. 199 to

f ( / ^ ft^) ^ Ypart,i (201)

where Ypart,i is the total ion flux and E{ is the ion energy at the divertor sheath.

Similar equations are seen in [5] with verification by pressure measurement given

in [54].

This energy can be written in terms of the ion temperature kTi using the

fact that Eave ~ kTi. The motion will be three dimensional, translational along

the field line with an accompanying gyro motion around the field line, with both
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Table 4. Plasma parameters [55] and momentum flux at the divertor sheath for
different ITER CDA operating points

configuration

DN A.I (outboard)
SN A.I (inboard)
SN A.I (inboard)
1 mm Ga (300° C)
1 mm Li (400°C)

\fparf>i (1023/m2-s)

4
2

2.5
-
-

kTi (eV)

10
210
137
-
-

|1 mom {±3,)

50
105
106
57.9
4.9

components contributing to the energy. The momentum due to the gyro motion,

for a largely coplanar field line, will tend to increase the normal component of the

momentum flux. This is taken into account in the cases run later by looking at a

range of angles up to 45°.

Using data from [55] we can estimate the value of the momentum flux for

different cases indicative of ITER Conceptual Design Activity divertor reference

cases. In Table 4, DN stands for double null configuration, SN for single null, A

for ignited and B for quasi-steady state operation. Also given is the hydrostatic

pressure for 1 mm depth of gallium and lithium for comparison. As seen from this

estimate of the magnitude of momentum flux, which has the same dimensions as

pressure, it seems quite likely that the plasma particles have enough momentum

to disturb the film. For this reason an attempt is made to more thoroughly

investigate the dynamics of momentum flux interaction with the film.

6.3.2 Film modeling with RIPPLE

In order to estimate the effect of the particle momentum flux on the free sur-

face of a liquid metal divertor, the free surface computer code RIPPLE [56] was
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modified to take this force into account. RIPPLE is a transient, two dimensional,

incompressible flow code that tracks the free surface using the Volume of Fluid

(VOF) technique [57]. A two-step projection method is used to advance the flow

equations, Navier-Stokes and continuity, in time with an incomplete Cholesky con-

jugate gradient solver applied to the pressure Poisson equation. Further details

of the code are available in the indicated references.

The RIPPLE code was developed for use in cases where surface tension forces

play an important role. RIPPLE's authors employ a Continuum Surface Force

technique [58] that applies the pressure-like surface tension force normal to the

surface as a volume force distributed over a thin depth near the free boundary.

At the free surface viscosity is neglected so that the normal pressure condition is

p-pv = XK (202)

where pv is the vapor pressure above the surface, x 1S the surface tension coeffi-

cient and K is the surface curvature. Borrowing the notation of [56], the RHS of

Eqn. 202, can be written in a general way as

Fsa = x<xs)h(xs) (203)

where Fsa is the force per interfacial area (a) due to surface (s) tension effects,

with the point xs denoting a point on the surface and h(xs) the unit normal

pointing out of the surface at xa.

To understand how the surface tension force is treated, a brief discussion of

the free surface tracking by the VOF method is warranted. RIPPLE computes

a flow quantity in addition to the velocity and pressure described by the incom-

pressible flow equations. A normalized density function, denoted c for fluid color,
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is propagated as a Lagrangian invariant.

[ — + u- V) c(x,t) = 0 (204)

The free surface is therefore determined from the value of c(x, t) for a particular

cell.

1 : fluid region

> 0, < 1 : free surface region (205)

0 : void region

The unit normal and curvature of the surface is calculated from this density func-

tion.

n = ^ (206)

K = - ( V - n ) (207)

The surface tension force is converted into a volume force using the limit

relation

Urn / Fsv(x)d3x= f Fsa(xs)dS (208)
5-K) JAV JAS

—*

where Fsv is the equivalent volume (v) force we seek. The factor 8 is the length

over which the fluid color is smeared out, varying smoothly from the fluid to

the void, comparable to the resolution of the grid. The surface tension at surface

element AS is similarly smeared out and applied as a volume force over the region

AS5 — AV. Omitting the details (covered extensively in [58]) we end up with

the volume force

Fsv(x) = XK(X)WC(X) (209)
which differs from the magnitude of the surface force Fsa(x) by the factor |Vc|.
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We take advantage of this simple transformation to incorporate the effect of a

surface momentum flux in a similar manner. The momentum flux given by expres-

sion Eqn. 201 is multiplied by this factor | Vc|, broken into components and added

to the surface tension forces already being computed and applied in the RIPPLE

solution algorithm. The new variables PFMAG and PFANG are added to the

common blocks of RIPPLE and supply the surface tension routine TENSION.F

with the magnitude and angle of incidence with respect to the computational grid

of the incident momentum flux. Additional programming is added to insure that

portions of the surface in the "shadow" of LM film peaks or channel sidewalls, do

not feel the effect of the plasma momentum. The code modifications are given in

Appendix D.

The RIPPLE program is limited in its application to true fusion conditions.

First and foremost, the code does not include MHD forces. Secondly, in order

to investigate the effect of a momentum flux largely along z, the two-dimensional

code must be set up to model the yz-plane, eliminating the possibility of including

the dominant x velocity. What remains is a model of a stagnant pool of LM

undergoing recirculation due to forces on the free surface, see Fig. 41°. Resistance

to the recirculation is opposed by OHD forces like viscosity, and not by MHD

forces. However, we can develop a qualitative idea of whether this effect is truly

significant enough to warrant further investigation in the effort to validate the LM

film protection concept for fusion.

cThe axis labels in this figure are consistent with the geometry of Fig. 7, but the RIPPLE
2-D code uses x and y for labels of the abscissa and ordinate
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Figure 41. RIPPLE momentum flux model geometry

6.3.3 Constant momentum flux

The RIPPLE code is set up to model as closely as possible a coplanar divertor

geometry like that shown in Fig. 3. As seen in Fig. 41, the momentum flux is

directed downward and to the right. The sidewalls are set just slightly higher

than the initial LM height low so that overflow due to the perturbation of the film
—*

by the Vmom is lost, but the unperturbed film is contained and almost entirely

covers the wall. No-slip boundary conditions are enforced on all walls, with the

space above the walls employing a continuous outflow condition available as a

RIPPLE supported boundary condition. At all walls the LM contact angle is set

to 90° so that wall adhesion due to wetting (or the lack thereof) does not play a

role.

The primary channel dimensions investigated are a 10 cm width with a liquid

metal film of adjustable initial height. Due to the sub millimeter resolution re-

quired to accurately compute the depth of the LM, computational cells of 0.5 mm

are used in the y direction. RIPPLE requires that the computational cell aspect

ratio be < 2, so 1 mm cells are used in the longer z direction Channels wider

than 10 cm at thin initial heights require a greater amount of computer time and
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memory than is warranted in this preliminary study.

In most of the following cases the film height is set to 4.8 mm and the wall

height to 5 mm. These heights are fairly typical of those that may be required in

fusion reactors. It is necessary to keep at a least 2 mm film covering all parts of

the channel substrate in order to sufficiently protect the substrate from damage

during major plasma disruptions [7]. Deviations from this initial height are noted

when encountered. Various magnitudes of momentum flux and angles of incidence

are applied in the range of what might be expected from a reactor plasma.

Calculations were run with both Ga and Li films, and as expected the Ga is

much less dramatically affected by a given |FTOOm|. At a constant flux of 10 Pa in

magnitude at an angle of 15° (see Fig. 42-A), the Ga film is pushed to the right

and looses LM over the right wall for about 3.5 s. As the surface is disturbed by

the flux, the free surface never drops below 2.5 mm. By the time the film settles

into a fairly static free surface profile around 4.5 s, the top 1.5 mm of the LM is

lost over the wall. The film stays fairly constant until computation is terminated

at 5 s.

A Li film exposed to the same flux (see Fig. 42-B) drops below the critical

2 mm mark in the first .2 s and bare spots on the substrate are seen by 0.4 s. The

majority of the LM is lost during the first 1 s, with only minimal pockets of LM

remaining, pushed to the walls.

Variation of the angle from 15° to 45° for the channel size used here has little

effect. For the Ga case of Fig. 42-A, a change to 45° results in a slightly less

loss of LM (top ~ 1 mm) and less penetration of the disturbance (surface never

drops below 3 mm). Increase of the angle to 45° does not save the Li surface

from destruction. In other cases no dramatic difference is noticed for this angle
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variation.

The Ga film, after LM is no longer being lost from the channel, assumes a

fairly static free surface profile. Similar profiles are seen in other runs and is

characterized by two surface depressions and four separately recirculating cells. A

simpler type of static surface profile is observed in Li and Ga films with smaller

rmoOT. This profile has only one surface depression and two recirculating cells.

Both types, labeled type B and A respective to the above description, are shown

in Fig. 43. The LM retains these equilibrium profiles for computational runs up

to 10 s while shifting about only minimally.

Seen in many runs is the fact that the surface wave speed, estimated by \J~gh

in Chapter 3, is confirmed here and limits the response time of the LM film. At

this speed, shifting of LM from one side to the other for this size of channel takes

about 0.5 s. Thus if several side to side oscillations are required for the LM to

find equilibrium, the expected relaxation time is of the order of several seconds.

Indeed this is seen in practice.

A summary of constant flux cases run and the qualitative response of the films

is given in Table 5. The last entry refers to the case when | rm o m | = pgh\mm,

the hydrostatic pressure of 1 mm of LM. The fact that the Ga film is much

more seriously affected than the Li indicates that the weight of the LM alone is

not the only indicator of the fluid response to a given magnitude of momentum

flux. Variation of viscosity and surface tension results in only superficial changes

in surface response, therefore we assume the film dimensions, aside from that

contained in pgh, play a role in establishing complete similarity.
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Table 5. Summary of constant flux RIPPLE cases

1 mom {,"&)

1Z15,45°

10Z15,45°

100Z15,45°

pghlmmil5°

Ga

Reaches profile A by 1.5 s. Little
metal lost, little surface distur-
bance. Free surface never drops
below 4.4 mm

Reaches profile B by 4 s. Top
1.5 mm of LM lost over wall. Sur-
face never drops below 2.5 mm.
Small surface waves (< 1 mm
height)

Film drops below 2 mm in 0.18 s
and bare spots form in 0.4 s and
continue to grow. Large surface
waves, majority of LM lost

Film drops below 2 mm in 0.35 s
and bare spots form by 0.6 s. The
film is pushed to walls and major-
ity is lost

Li

Reaches profile A by 2 s. Surface
never drops below 3.5 mm. Sur-
face quality worse than Ga case

Surface drops below 2 mm in 0.2 s
and bare spots form in 0.35 s and
continue to grow. Large surface
waves (> 2 mm) form, majority
of LM is lost

Film destroyed in the first 0.1 s

Surface drops below 2 mm in 0.3 s
and looses top 1 mm of LM

6.3.4 Flux varying with exposure time

In this section the channel geometry of the constant momentum flux cases is

retained, but the application of the flux is varied in magnitude with the plasma

exposure time. By assuming the film is moving with a given velocity down a

divertor plate of length 2.5 m, we pseudo-model the effect of a momentum flux

varying with position along the divertor plate. This variable flux along the plate

is simply transformed into a flux varying with RIPPLE problem time, t.

x — t • v (2101
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Here xp is the position on the divertor plate and vp is the constant film velocity

down the plate. Thus as the velocity of the film is increased, the time exposed to

the plasma momentum flux is decreased.

Data for the particle flux and ion temperature profiles, required by Eqn. 201

to determine the momentum flux profile, are obtained as before from [55]. The

only profiles given are for an outboard divertor in the double null magnetic config-

uration. We retain the form of these profiles with the assumption that the higher

magnitude single null cases are similarly distributed along the plate. Fig. 44 shows

the normalized product of Yi#art\/kTi which, when multiplied by the peak |FmoOT|

for a specific configuration (see Table 4) gives the momentum flux profile supplied

to RIPPLE in discrete form. As seen in Fig. 44, the initial value of the momentum

flux falls two orders of magnitude in the first 1.2 m, and almost four orders by

the end of the divertor plate. Thus if a film can survive the first 1 m it is likely

that it will smooth out and last the entire length of the plate.
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Using the peak momentum flux of |Fmom | = 100 of the single null cases given in

Table 4, RIPPLE was run with a variety of different film velocities and flux angles.

Like the constant flux cases, the variation of the angle of incidence between 15°

and 45° does not dramatically affect the response of the film, but it does have

more of an effect on the surface roughness than in the constant flux results. The

velocity variation (0.5 to 5 m/s) is chosen as typical of the speeds required for a

tokamak LM divertor to remove the incident energy from the plasma [18].

Again the Ga film is much less drastically affected than the Li films exposed

to the same momentum flux. Fig. 45 shows the free surface profiles of both Ga

and Li films flowing at 5 m/s (total exposure time 0.5 s). The initial impulse of

momentum pushes the Ga film to the right side of the duct but surface disturbance

does not penetrate more than about 1.3 mm from the original surface height. The

film sloshes back to the left hand side close to the end of the plate. This response

time corresponds to the 0.5 second transit time of surface waves noted earlier for

a 4.8 mm deep film. Indeed the propagating wavefront can be seen in Fig. 45-A

with speed 0.25 ~ yfgh, m/s. Ga adequately survives even at velocities as low as

1 m/s. Lower velocities can be used if the film thickness is increased.

The lithium film (see Fig. 45-B) forms bare spots and large surface waves by

the time the LM has traveled the first 1 m of the divertor plate. After 1.5 m, as the

magnitude of the momentum flux drops, the LM begins to fill in the bare spots.

However, part of the substrate near the left sidewall is inadequately protected for

a large portion of the flow. A better resistance to plasma effect can be obtained

by increasing the thickness or velocity but may not be practical due to corrosion

or MHD concerns.

The variable flux runs are summarized in Table 6. Also we show some of
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the steadier cases in a surface plots (Fig. 46) so that the behavior of the film

both across the width and along the length of the divertor plate can be seen

simultaneously. In Fig. 46-A the exposure time is long (5x longer than the wave

transit time), and the film has time to come to stable surface profile by the

time the end of the divertor plate is reached. The slower film, however, is more

seriously affected in the high flux region (xp < 1 m) where the film height is

reduced to nearly 40% of its inlet value. For faster flowing films Fig. 46-B shows

the progressing wave front as the initial disturbance recoils to the left hand side of

the channel. The film is still sloshing about as the end of the divertor is reached.

6.3.5 Summary of results

We see in the preceding sections that the magnitude of the plasma wind expected

from a fusion reactor edge plasma at the divertor plate is sufficient to alter the

surface, sometimes drastically, of a stagnant, thin film of LM. This fact raises

concerns about the use of LM films as plasma contact surfaces in the coplanar

divertor geometry with sidewalls. Li is seriously affected and likely its use in this

role will be precluded by the plasma wind effect. Ga is much more robust, due

to is greater density, and its use is acceptable at relatively modest velocities (> 1

m/s) on a divertor plate of typical CDA size and plasma edge conditions.

Since this analysis does not take into account the magnetic field, known to

strongly suppress surface disturbances (splashing [11] and instabilities [53]) whose

motion is perpendicular to the direction of induction, these results must be viewed

as a first approximation used to estimate the seriousness of the plasma wind effect,

and as a gauge as to the necessity of more elaborate modeling or experimental

verification. This need is indeed demonstrated before the use of LM film for
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Figure 46. 3-D variable flux free surface profiles for Ga with zf mom = 45° and a)
vp = 1 b) vp = 5 m/s
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divertor surface protection can be seriously considered as a viable alternative

concept for fusion reactor high heat flux components. The sensitivity to the

magnitude of the momentum flux requires the quantification of this value from

the order of magnitude approximation presented here.
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Table 6. Summary of time-varying flux RIPPLE cases with peak |f r

Pa on a 2.5 m divertor plate
= 100

vp (m/s), LTmom

5, Z15,45°

1, Z15,45°

1, Z45°
h0 — 9.8 mm

0.5, Z15,45°

Ga

Surface
never drops below 3.5 mm. Small
surface waves (worse for 15°)

Surface never drops below 2 mm
but looses top 1.3 mm of film.
Large surface waves (worse for
15°) in first 0.5 m but quiets
down (< .5 mm disturbances) by
1.5 m down the plate.

Surface remains rough for the full
length of the plate with slightly
less loss of LM and surface pene-
tration than above.

Surface drops below 2 mm in first
0.1 m and bare spots form by
0.25 m. Film is very rough (worse
for 15°) and entirely pushed to
RHS of channel. Begins to fill in
empty sections after 1 m.

Li

Drops below 2 mm in 0.25 m
(15°) and 0.4 m (45°) and bare
spots by 1 m (both). Several
large waves but channel begins
settling by 1.3 m

Film pushed to RHS of channel
in first 0.1 m

Surface falls below 2 mm in
0.15 m and bare spots by 0.25 m.
Fluid detachment (spraying) is
observed.

Film destroyed in the first 0.05 m
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Chapter 7

MHD film flow experiments

Studies in C3H strain mice exposed to static magnetic
fields (SMF) show that mice exposed to SMF are more
friendly, have a better appetite, and show signs of aging
much more slowly.

Health and Safety of Clinical NMR Examinations [59]

T n order to gain more physical insight, as well as help validate computational

results of the previous chapters, an experimental investigation of wide film flow

of an electrically conducting LM in a dominantly coplanar magnetic field was

undertaken. This experiment required the construction of a LM flow loop coupled

with a magnetic field system. Such a facility, named the MeGA Loop, was built

and tested as part of this experimental effort. The actual film flow experiment is

named FFX-1, and is considered a separate entity from the facility. This is due to

the fact that the facility is capable of performing a variety of LM MHD and OHD

flow experiments, and indeed such experiments are already planned; whereas the

experimental test section and results are specific to this particular endeavor.
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In this chapter, a first description of the new facility is given. This is followed

by a detailed presentation of the FFX-1 experimental test section design and in-

strumentation. Initial data obtained within the currently accessible magnetic field

and flowrate limits are presented and interpreted in the context of the fusion diver-

tor surface protection application. A discussion of upgrade possibilities resulting

in greater MHD interaction is also provided.

7.1 MeGA Loop

The MeGA Loop is a coupled LM flow loop and magnetic field facility capable

of performing LM MHD experiments in a test volume under the influence of the

magnetic field. This field is generated by a set of four solenoidal magnetic field

coils. The working metal is a quintary Bi-Pb-In-Sn-Cd eutectic with a relatively

low melting point. It is circulated by means of a variably controlled electromag-

netic pump. Fig. 47 shows a general schematic of the MeGA facility. A more

detailed description of each system is provided in the following sections.

7.1.1 Magnetic field system

The resistive magnetic field coil set is driven by two Miller arc-welder power sup-

plies suitable for use as high current, low voltage sources. The coils themselves are

made up of 28 turns of hollow, square copper conductor, where cooling water can

flow down the center, see Fig. 48. Bolt plates for electrical connection and cooling

water inlets and outlets terminate both ends of the conductor. The supplies are

connected to the coil bolt plates in parallel, using two lengths of arc-welder 2/0

electrical cable per supply. In parallel the power supplies are capable of providing
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Figure 48. MeGA magnetic field A) coil and B) square conductor cross-section

1560 amps of current at 45 volts. At maximum power the supplies draw about 75

KVA each from the wall at a power factor of 0.7, of which 70 KW is dissipated in

the magnets. The rest of the real power is lost as heat convected to the room air

by cooling fans in the supplies.

At 1560 A, the resulting maximum field on axis is about 0.18 T. Calculations

of the field distribution show the actual field may deviate up to 5% of the aver-

age value over the test section area. Calibration of coil voltage to magnetic field

strength was accomplished using gauss meter measurement of field strength in

conjunction with coil voltage measurements. This calibration corresponded accu-

rately with field calculations using the measured coil resistance to compute first

the current, and then the field based on assuming filamentary currents at each

conductor turn position. Table 7 lists the characteristics of the MeGA magnetic

system.
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Table 7. MeGA magnetic field system parameters

Max.
Max.
Max.
Axial
Inner

Field (on axis)
Coil Current
Coil Voltage
Length (adjustable)
Diameter

0.18
1560
45
0.7
0.8

T
A
V
m
m

Table 8. MeGA flow loop parameters

Maximum Flowrate
Minimum Flowrate
Loop Volume
Developed Pressure (calculated)
Max. Pump Voltage (per phase)
Max. Pump Current (per phase)
Max. Temperature

0.5
0.05
15

200
132
26
80

1/s
1/s

1
kPa

V
A

c

7.1.2 LM flow loop

The LM circulation loop consists of an electromagnetic pump, piping system,

flowmeter, storage tank, loop reservoir, temperature control system and gas sys-

tem. Its role is to supply LM to the test section at a known, adjustable flowrate

and temperature. The basic parameters of the LM flow loop are given in Table 8.

The pump is an Einstein-Szilard, annular, electromagnetic, induction pump.

It accepts three phase voltage and propels the LM by the interaction of currents

induced in the annulus with the traveling magnetic field produced by the pump

windings. The pumping power can be variably controlled by adjusting the magni-

tude of the three phase voltage. This produces a variable pump current of between

164



0-60 A/phase for "Y" connected windings at a power factor of approximately \.

This adjustable voltage is produced with a variable autotransformer connected

between the building 208 V, 3-<f> and the pump. The pump efficiency is rather low

and the excess real power tends to heat up the pumped LM.

The loop piping, fittings and valves are almost all 304 stainless steel (SS)

with some carbon steel fittings outside the magnetic field area. Both plain steel

and stainless have been shown as having good corrosion resistance to Bi-Pb [13].

Reinforced flexible hose with a high temperature and chemical resistance is used in

connecting the supply loop to the test-section and reservoir, and from the reservoir

drain back to the pump as well. The shut-off valves in the mainline and bypass

line are both SS globe valves. The strainer is a Y-type housing with stainless

steel wire mesh. The whole system is pipe thread connected with Teflon tape

joint sealant, except for the pump which is flanged and the flexible hose which is

hose-clamped to barbed fittings.

The flowmeter is a simple DC electromagnetic flowmeter utilizing the same

MHD principles discussed in Section 3.2 to predict the flowrate. A simple diagram

is given in Fig. 49. Using Ohm's Law, Eqn. 5 we can relate the average flow

velocity to the electric potential, <f> (E = — V< )̂. With the value of the measured

voltage signal developed across the pipe, we find the flowrate using the following

correlation developed for electrodes brazed to the outside flow-tube surface. [60].

0.7854^4 T/

Q = p kkh
vfm(vs) (211)

Here d is flow-tube inner diameter (in m), Bpm is the permanent magnet induction

(in T) and Vjm the measured signal (in mV). The quantities &i_4 are correction

factors for different physical conditions. These values, and other flowmeter infor-

mation is provided in Table 11 of Appendix C. They yield Q(l/s) = .108V/m(mV)
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Figure 49. Simple DC EM flowmeter in MeGA

for the typical operating conditions of the loop. Correlation 211 was checked with

an orifice flowmeter temporarily installed in the loop for this purpose. This cali-

bration curve is also supplied in the appendix.

The loop is equipped with a plain steel pressure vessel storage tank for long

term storage of the LM. The storage tank is the only place where the LM is

allowed to solidify, and it is equipped with a heater for remelting. Transfer to the

loop is accomplished with pressurized gas. The tank is physically situated below

the loop so that gravity drain is utilized to return the LM to the tank.

The loop reservoir is a stainless steel pan that can hold a large percentage of

the full loop volume. It is situated below the test section and serves as a catch

basin for both the test section drain, the bypass line and storage tank transfer

line. With the pump off, it allows the LM to drain below the level of the test
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section, facilitating any necessary adjustments to the test section. At full flow,

it still has a level of LM in it so that a constant delivery pressure to the pump,

situated directly below, is maintained. It is equipped with a transparent Lexan

cover for observation of the LM.

A temperature control system is required in order to keep the LM above its

melting point while in the loop, and to prevent the LM from getting too hot due

to pump heating. All piping is wrapped with heating tape and then insulated to

minimize loses. The storage tank is equipped with a high wattage band heater

that is capable of melting the entire volume of metal in about an hour. Two

separate heat exchangers fed from the building cooling water are made of copper

tubes wrapped and fixed to the flow loop piping. Thermal putty is used to ensure

good thermal contact of the copper cooling tube to the SS pipe. Temperatures

are sensed at a variety of points around the loop with thermocouples. A temper-

ature control panel has meters for reading of these different temperatures and a

controller for switching on the heaters or heat exchanger cooling water as neces-

sary. In practice the flowing metal can be kept within 2 — 3°C of a given set point

temperature with little effort.

The flow loop uses an alternate atmosphere of nitrogen in order to prevent

oxidation of the LM and to prevent a build-up of metal vapor concentration in

the laboratory air. The entire system is sealed and evacuated to the room fume

hood. Nitrogen is supplied from standard pressurized tanks. All loop components

are valved so that pressure can be controlled independently. Thus it is possible to

pressurize the storage tank in order to transfer the LM to the loop. The loop is

generally operated slightly pressurized to prevent inward leakage but is protected

against over-pressurization by a check valve that releases to the fume hood. Block
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Table 9. Physical Properties of MeGA Bi-Pb quintary eutectic

Composition
Density
Melting Point
Heat of Fusion
Volume Change
Kinematic Viscosity
Specific Heat
Electrical Cond. (liq)
Thermal Cond. (60 °C)

44.7 Bi, 22.6 Pb,

P
T
-LmpLf

V

cp

a
k

f inferred from Pb-Bi or Wood's metal
* measured in solid phase

19.1 In, 8.3 Sn, 5.3 Cd
9160*

47
14

-1.4
1.86 x 10-7t

146.6*
1.1 x 106

20f

%
kg/m2

C
kJ/kg

%
m2/s

J/kg-K
1/Q-m

W/m-K

diagrams of the gas system, as well as the heater and cooling water systems are

also provided in Appendix C.

7.1.3 Working metal

The liquid metal used in MeGA is bismuth-lead based quintary eutectic with

other components added to lower the melting point and increase its wettability

to other common metals. It is customarily used as a low-temperature solder, and

LM experts may recognize it as Wood's or Rose's metal with added indium. Basic

properties of this LM are given in Table 9.

The relatively low melting point allows for easy handling of the solid metal

while in storage, but quick melting of the entire volume and relatively simple

temperature control in the loop. The metal reacts slowly with oxygen to form a

dross at the surface of the liquid. The alternate nitrogen atmosphere eliminates

this effect to a large degree, but occasional cleaning of the reservoir or storage

tank surface is performed. Spills are easily cleaned up since the metal hardens
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quickly after coming in contact with cool surfaces and usually does not wet. This

eutectic will react with zinc, disallowing its use with Galvanized metal fittings or

piping.

The working metal does contain lead and cadmium, both of which are dan-

gerous substances. At the low operating temperatures of the loop, however, sat-

uration vapor pressure of the constituent metals is below the OSHA 8-hour day

exposure limit. In addition, while in liquid form, the metal is not exposed to

the room air except at the gas exhaust to the fume hood. After over a year of

working on MeGA, tests for these metals place my blood levels at the low end

of the normal range expected for the general population at large. This indicates

that negligible metal vapor is present in the laboratory.

7.2 Film flow experiment, FFX-1

The purpose of the FFX-1 experiment, stated generally, is to garner information

about the behavior of thin film flow in a coplanar magnetic field. Given the re-

striction on the magnetic field, Bmax ~ 0.18 T, we will necessarily be investigating

the low magnetic interaction regime of this type of flow. Quantitative data for

the verification of the equilibrium film height models derived in Chapter 4 and

developing film models presented in Chapter 3 will be taken. In addition, practical

design information is obtained for the generation and use of LM films in a field.

7.2.1 Test section design

A perspective view of the FFX-1 test section is shown in Fig. 50. As seen here

the test section is divided into several components: the box film former, slot
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slot nozzle channel

ex \
support table

Figure 50. Perspective view of FFX-1 test section

nozzle, channel, table and collection pan are all labeled. These components are

made from a variety of materials and designed with the intent of flexibility and

of generating as much MHD interaction as possible while still retaining the thin

film character of the flow. Stainless steel is selected as the preferable structural

material due to its high strength and corrosion resistance, but also because 300

series stainless is virtually non-magnetic. This allows for its use in the magnetic

field region without altering the field due to ferromagnetic response.

The box former is a stainless steel box that is filled with LM from the back

and has a narrow slit in the front to release a film of LM. The box allows for

redistribution of the LM supply from the loop with a minimum of MHD hinderence

to help minimize pressure drop in the loop for the higher flowrates.

Connected to the box former is the slot nozzle, also made out of stainless

steel. The slot nozzle is essentially a wide, low rectangular duct attached to the

former box with machine screws and a neoprene gasket between flange faces. Its

purpose is to generate and stabilize the film as much as possible before it enters

the channel. Attached to the end of the slot nozzle is a gate that controls the

height of film entering the channel. The gate is adjustable from 2-10 mm. A
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Figure 51. FFX-1 box film former and slot nozzle: cut-away view

cut-away diagram of the box former and slot nozzle is shown in Fig. 51.

The free surface LM flow emerges from the slot nozzle into the channel section,

seen in Fig. 52. It is this section that the actual measurements occur. The channel

is made out of Garolite, a layered resin/fabric composite typically used for printed

circuit boards. It was selected for its low cost, high strength, easy machineability

and electrical non-conductivity. This channel structure is lined with a thin copper

sheet that in contact with the LM. This liner has a known value of electrical

conductivity and thickness to be used in calculations modeling this flow. The

high conductivity of the copper liner promotes more interaction between the film

and field than a non-conducting wall. The liner is also easily wetted with the help

of a mild chemical cleaning flux.

The LM, after proceeding down the length of the channel, enters the stainless

steel drain pan and flows by gravity down to the reservoir. The portion of the

drain pan made up of the channel Garolite is covered with SS plates to prevent

LM contact with the Garolite. Dual flexible Teflon hoses carry the LM back to the

reservoir, allowing a changing angle of the test section to gravity without replacing

the drain hoses.
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Figure 52. FFX-1 channel and drain pan: cut-away view
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Table 10. FFX-1 test section parameters

Channel Width (a)
Channel Length (L)
Inlet Height (h0)
Film Speeds
Wall Cond. Ratio ($)
Inclination Angle (0)

9
50

2-10
0.05-5
0.132
-1-15

cm
cm

mm
m/s

-
0

The entire film former and channel are mounted on an aluminum plate that

can be tilted with respect to the horizon. This is accomplished by rotating around

an axle at the upstream end of the table, with the downstream end supported by

two lengths of threaded SS bar stock through slits in the table. Screwing nuts on

the threaded stock up or down change the angle of the test section. Flexible hoses

are required in both the supply and drain lines to accommodate this movement.

The characteristics of the FFX-1 test section are summarized in Table 10

7.2.2 Instrumentation and measurement

The measurement of the film height is accomplished with standard micrometer

measuring devices, slightly modified for this purpose. The micrometers were spe-

cial ordered to be constructed of 300 series non-magnetic stainless steel. The

finest measurement graduations are 0.00254 cm (1/1000 inch) with interpolation

between graduations giving a factor of 10 finer resolution. For film thickness on

the order of millimeters, the sight reading error incurred is negligible.

The micrometers are modified by attachment of a fine needle-like contact wire.

The tip of the needle is pre-wetted with Bi-Pb... so that good electrical contact

is insured. The micrometers are inserted into feed-troughs, which are screwed
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into the channel lid, and held in place with set screws. A lead wire is attached to

the micrometer housing (above the lid) so that electrical readings from the needle

can be measured outside the channel. Additional lead wires are attached to the

underside of the copper liner at various locations around the channel, including

directly under all 6 micrometer probes. The micrometers are spaced every 7 cm

from the gate inlet position.

The MeGA loop can be connected to a Macintosh Quadra equipped with the

LABVIEW data acquisition (DA) system. A special DA program written for

FFX-1 allows the input of the film height from the keyboard and then automati-

cally takes temperature and flowrate measurements, saving them in a file for later

processing. An alternate program takes electric potential measurements simulta-

neously with the flowrate should electric potential data be required.

The use of the differential micrometer contact probes requires that the zero

film height, the micrometer reading corresponding to the channel bottom, be

obtained. This can be done anytime prior to the experimental run and entered

into the DA system. When the needle is lowered into the liquid metal, electrical

continuity between the needle and the channel liner is sensed with a standard

multimeter. In addition, the formation of a wake behind the contact point can be

observed as well. At this time the height can be read off the probe's graduation

and entered into the DA. To cancel out the effect of the film surface tension,

especially problematic for slower flows, a second height reading is taken as the

needle is retracted from the LM. This reading is also entered into the DA. Once

this happens the DA automatically averages the two readings and subtracts the

zero height to produce the actual depth of the film. All three numbers, as well as

the simultaneous flowrate, are stored in a file and the DA is ready for the next
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Figure 53. FFX-1 Data acquisition system: block diagram

probe, or another flowrate.

While the needle is in contact with the LM surface, a DC electric potential

measurement can be taken. This DC potential will be with respect to some

reference, a variety of which are available from the lead wires attached to the

bottom of the copper liner. The value of this DC potential can be rather small

(40 fiV-2 mV) and may require preamplification before going to the computer.

A differential preamplifier was built for this purpose with incremental gains of 1,

10 and 100 selectable by the user. The output is also referenced to power supply

ground, making measurement easier for the computer. A diagram of this circuit is

given in Appendix C. A block diagram of the full DA system is shown in Fig. 53.
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7.3 Initial experimental results

The original purpose of the FFX experiment was two-fold: to take quantitative

data that validates (or discredits) the analytic models discussed in the previous

chapters, and to gain information relevant to component design and general flow

behavior related to LM film flows with a free surface. The limited magnetic field

strength of the present MeGA system, however, has prevented the investigation

of flow regimes where MHD forces are expected to dominate the viscous and

inertial forces. Fig. 54 a shows what have been proposed as the important magnetic

parameters and the relative parameter spaces attainable by MeGA in relation

to ITER. It is obvious from this figure that it is presently impossible to verify

models designed to predict behavior only when completely laminar, inviscid flow

is produced by the MHD interaction. From Fig. 54, however, we note that while

laminar flow is expected, not all reactor relevant film flows will be fully inviscid

core flow. We can examine this relevant and interesting region in which interaction

begins to occur and attempt to understand it further.

7.3.1 Zero field cases

At first the experiment was run in the absence of the magnetic field. From these

tests several things become evident. For fully turbulent flows (Reynolds number

> 12,500), the gradually varied flow equation of Chapter 3 (Eqn. 11, repeated

here for convenience) using Manning's formula for channel friction predicts fairly

accurately the flow profile and the normal flow height towards which the flow

aThe lines marking different levels of MHD interaction are themselves determined from com-
putational results given in Chapter 5. Their validation is an objective of FFX-1
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Fig. 55 shows a typical fully turbulent flow plotted along with Eqn. 11 predic-

tions. For this particular channel the best value of Manning's n is around 0.011,

which is in the middle of the range of the values predicted from Chow [30] for

smooth metal channels. Also the kinetic energy correction factor, 7, is set at 1.05

as typical of turbulent flows in a small channel. Also seen in Fig. 55, the value of

the height predicted for a laminar flow with the same parameters is significantly

below that for turbulent flow. The data looks as though it is initially laminar

then becomes fully turbulent. All the MHD film models from Chapter 3 would

give the laminar result even for the zero field case.

Although both supercritical and subcritical flows can be generated in MeGA,

for the range of flowrates, inclination angles and initial heights investigated, the

flows are almost exclusively supercritical. Classifying the flow with the OHD
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Figure 55. OHD, fully turbulent film experimental data and model predictions
for Q = 0.22 1/s and 0 = 5° (Re = 13500 and Q = 8.5 x 10~6)

jargon of Chapter 3, we find mostly S2 and S3 flows. This type of flow is also

desirable for fusion because, as seen in Fig. 10, the normal flow height is an at-

tracting one. Therefore the height of the LM film will not change significantly as

the developing film approaches the normal film height.

The free surface of S2 and S3 flow tends to have a good deal of ripple to it, and

this is indeed observed in FFX. Capillary wave formation increases with flowrate

and especially angle of inclination (as is predicted by classical OHD stability

theory [61]). The presence of these waves makes it a little more difficult to tell

precisely when the probe comes in contact with the surface and data tends to be

more scattered the more rough the surface becomes. As is expected, the transition

to sub critical flow regimes triggers the dissapearance of these surface disturbances.
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For supercritical flows, upstream disturbances significantly affect the down-

stream behavior of the film. We see in many experimental runs the importance

of a properly designed film former. A rough gate surface in contact with the film

tends to rip up the surface, producing small waves near the former. Slight mis-

alignment of the slot nozzle with the channel produces significant wakes that can

last the entire length of the channel if the flowrate is high enough. These wakes

also lead to a fuzziness in measuring the precise location of the free surface, more

so than the capillary waves. For decreasing flowrate these wakes become less sig-

nificant. The suppression of surface disturbances, either wakes or capillary waves,

by a large magnetic field has been shown in other experiments [45, 53] and pre-

dicted by stability analysis incorporating magnetic field effects (see Appendix E).

So it is possible that in the large fields of fusion reactors that the formation of

wakes and waves are not a critical issue. However, care should be taken with

the design and manufacture of film formers for any supercritical film generation,

especially for fusion.

The design of our gate and slot nozzle arrangement allows the variation of the

inlet film in FFX. However, if we attempt to set the inlet height at a predicted

value of the normal film height we can get a flow that doesn't behave according to

the the gradually varied flow equation. Instead of a film profile that is constant

along the entire length of the channel, we can get a result like Fig. 56. The

depression that forms as the LM emerges from the gate is a result of the rapidly

converging streamlines from the flow behind the gate to that flowing under the

gate, a violation of the gradually varied flow assumption. Thus the film height

dips and then recovers toward the normal film height.

Attempts to launch a film at a 10 mm normal film height, in order to avoid the
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Figure 56. Flow launched at hn with Q = .33 1/s and 6 = 10° (ife = 20300)

converging streamlines of a lower gate also had problems. When the gate was fully

wetted the additional drag of the gate on the LM film slowed down the emerging

film enough to cause a thickness increase until the pressure ejecting the film from

the full gate could equalize to hydrostatic. If the gate is made of a non-wetted

material we again get a dip, possibly due to repulsion of the LM from the gate

material. As predicted by the gradually varied flow equation, we note that the

developing length of supercritical films launched at an initial height greater than

hn (S2) is much shorter than films launched below hn (S3). It seems better, then,

to use a wetted or slightly wetted gate to launch films slightly above their normal

film height.
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7.3.2 Full magnetic field

The first thing that becomes apparent with the application of the field is that

the conclusion of Chapter 5 that Haft2, and not the usual Ha, is the important

parameter giving the relative magnitude of MHD drag to viscous forces. Even at

Ha > 200 we still do not notice the dramatic MHD effects predicted for aspect

ratios near unity. This is indeed expected in duct flows as well as free surface

flows due to the elongation along the field. This is discussed in some depth in

Chapter 5.

The value of Haft2 at which we expect to begin observing an effect on the film

was predicted computationally (Section 5.1.1) to be about Haft2 w 1, with the full

inviscid core region fully formed at Haft2 fa 100. As evident from Fig. 54, MeGA

cannot reach the Haft2 = 100 threshold but it can get to Haft2 > 1. Flow at high

flowrate and shallow angle of inclination have a greater normal film height and

thus a larger ft. Fig. 57 shows a flow with a relatively high value of Haft2 (and

low value of Haft/Re, this is discussed in the following paragraph). The presence

of the full magnetic field is seen here to slow the film and thus increase the film

height.

Shown also in the Fig. 57 is the gradually varied flow equation prediction for

the zero magnetic field case. This flow is still turbulent so that the FDFF model

of Chapter 4 is not suitable to predict the film height. As a substitute for this, the

percent increase from zero field to Ha — 200 is determined for a purely laminar

case via the FDFF code. This percent increase in height (drag) is applied to

the turbulent OHD normal film height (/in,o) to get an estimate of the expected

turbulent normal height with the applied field (/in,2oo)- Both these lines are shown

in the Fig. 57 and seem to be validated by the experimental data. Although this
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Figure 57. MHD drag on thin film flow, Ha(32 = 5.6, Q = .33 1/s and 6
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= V

is by no means a firm validation of FDFF, it is evident as Haf32 passes unity that

MHD drag is observed and that the magnitude of the drag predicted by FDFF

gives a correct estimate of the modified normal film height.

A quick mention is given here about the scatter in the experimental data.

Although the micrometers are capable of very accurate measurement, the presence

of large wakes on the surface at this high flowrate results in flow not uniformly

distributed across the channel and difficult to measure. However, the average value

of the data seems to correspond well with model predictions. Some mollification

of the disturbances can even be inferred from Fig. 57 when the field is applied. If

this is truly the case, it was not noticeable to visual observation of the films.

As mentioned above, the high flowrate films of Fig. 57 are still turbulent in

nature. The laminarization of LM flows however is affected by the presence of a
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magnetic field. In Chapter 3 we saw that this laminarization was dependent on

the parameter /fa/3/itfe, with full laminarization as determined by Branover [32]

occurring at Haf3/Be > 7.7 x 10~3 for flows elongated along the magnetic field.

Branover describes the suppression of turbulence as a gradual process so that

even before this critical value of HafijBe an effect might be observed. Branover's

estimate is a result of duct flow experiments and theory, but its application to

free surface flows has not been verified.

For low flowrates in FFX, and thus low Be, laminarization of the film by the

magnetic field is indeed observed. This laminarization is characterized by a re-

duction in the normal film height due to the reduced viscous drag on a laminar

film as opposed to a turbulent flow. By looking only at low flowrates, the av-

erage film height will be small and thus Ha{32 less than unity. In these cases

the effect of laminarization can be observed while little MHD drag is present.

Also, reduced flowrates give more stable films that are more accurately measured

than those of the previous example. Fig. 58 shows just such a case where the

increasing magnetic field reduces the normal film height of a low flowrate flow.

Full laminarization, where the film height approaches that predicted by FDFF

could not be reached. As a general result, though, an effect is noticed when the

HafljBe > 2 x 10~3. Since full laminarization is not reached but the beginning

of laminarization is observed, we can conclude that the Branover limit is at least

generally applicable, indeed if not fully so, for flowing films as well as duct flows.

Since the effect of the MHD drag and laminarization in effect oppose each

other in their influence on the film height, cases where both Ha/32 and Ha(3/Be

are appreciable have been avoided so that the individual phenomena could be

distinguished. This is not generally the case and in the low interaction regime the
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Figure 58. MHD laminaxization of thin film flow, Q = 0.055 1/s and 6 = 1°
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two effects compete, possibly giving no observable resultant change in film height.

In summary, the interpretation of experimental data in the preceding para-

graphs can be summarized by the following statements:

1. The simple gradually varied flow equation predicts fairly accurately the behavior
of wide turbulent films in regions where film former disturbances are small.

2. For supercritical flows, upstream disturbances can significantly affect the film
height and surface quality, worsening as flowrate and angle of inclination are
increased.

3. The parameter Ha/32 and not Ha, is the relevant parameter determining the
relative magnitude of magnetic and viscous drag forces.

4. At Ha/32 > 1 magnetic drag, characterized by an increase in the film height, is
seen. This experimentally measured critical Hafl2 is a confirmation of computa-
tional predictions presented in Chapter 5.

5. At Ha(3/Ee > 2 X 10~3 laminarization of the film, manifesting as a reduction in
film height, can be observed. This supports the assertion of Branover's value of
7.7 X 10~3 as the critical value of Ha/3/Re for full laminarization.
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As mentioned earlier, the discussion of the present facility in more minute

detail is included as Appendix C. Also in this Appendix is a presentation about

the possible upgrade of the MeGA facility to higher magnetic field strengths and

flowrates.
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Chapter 8

Conclusions

Meaningless! Meaningless! says the Teacher. Utterly
meaningless! Everything is meaningless!

Ecclesiates 1:2

Perhaps, if I am very lucky, the feeble efforts of my
lifetime will someday be noticed, and maybe, in some
small way, they will be acknowledged as the greatest
works of genius ever created by Man.

Jack Handy [62]

'"P he results of this thesis research, presented in gruesome detail in the preceding

chapters, offers some new insights in the studies of both LM thin film flows in a

magnetic field, and the application of such flows to the protection of fusion reactor

divertor surfaces from destruction by energetic plasma particle bombardment.

Work and conclusions in this area are summarized here.
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8.1 Fully-developed film flow

Fully-developed flow wit a free surface has been examined using a velocity/induced

magnetic field formulation that allows for an arbitrary orientation of the applied

magnetic induction vector, and accounts for wall conductivity with the thin con-

ducting wall approximation. The governing equations are numerically approx-

imated on a variable rectangular grid with a 2nd order central differences for

diffusive terms and a 2nd order central/first order upwind difference scheme for

convective terms; and solved with an iterative, alternating-direction, tridiagonal

line-sweeping method which is between 2nd and 1st order accurate depending on

the cell Peclet number.

Both insulated and conducting wall cases are analyzed and presented in Chap-

ter 5. It is seen that the parameter Ha/32 determines the relative magnitude of

magnetic to viscous forces in the insulated wall case. This parameter is also

used to determine the onset of MHD interaction for conducting wall cases. Little

MHD interaction is seen for either case when this parameter is less than 1, and

the flow behaves like ordinary hydrodynamic, wide-channel flow. Two types of

strong MHD interaction regimes are found: one dominated by the y component of

the field and one dominated by the z component, termed regime 2 and regime 3

respectively. The regimes are characterized by the following parameters:

10, -Ha.02 cos a < Ha/3 sin a regime 2 (212)

50, Ha(3since < |iJa/32 cos a regime 3 (213)

for both insulated and conducting wall cases at any orientation of Ba. The nu-

merical results suggest that the following analytic / empirical relations for the
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uniform film height are accurate

~ 1 — Ha<&b sin a
2 Ha sin a

v/(l + §bHa sin a)(l + $bHa sin a + AQ(Ha sin a)3)

; ( 2 1 4 )

a r^Tj fl + $sHacosa\
Prz = Qtla cos a I — )

, §sy/Ha cos a / $bVHa cos a \ / r t1 „.
-A; I . (215)

l + $ s V 4(1 + $bVHa cos a)} K '

in the respective regimes, where k is 8/9 for a = 0 and upwards to 1.88 for some

non-zero a. Both are valid for both insulated and conducting channels. Accuracy

is degraded in regime 2 when sidewalls are conducting and in regime 3 when

a, t&sfi T̂  0 due to the unpredictable flow quantities in parallel layer velocity jets.

For conducting sidewalls with Ha$s > 10, the formation of a region of multi-

valued /? for a given flowrate is observed at the transition from ordinary hydro-

dynamic flow to regime 3 flow when a — 0, and at the transition from regime 2

to regime 3 flow when a ^ 0. This phenomenon results in a region of unattain-

able values of the uniform film height centered about /3 = Jj^ and /? = 2 tan a

respective to each case.

Flows in fusion magnetic fields are expected to be laminar under typical reactor

conditions. The heat transfer in films is affected by this laminarization and the

shape of the velocity profiles. The widely varied forms of the velocity profiles

are seen in Chapter 5, where large velocity jets can form depending on the wall

conductance and field angle. Due to the dependence of the velocity jets on the

z-coordinate, non-uniform heat transfer and thus surface temperature over the

width of the channel is assured. The thickness of the film has a lesser impact on

the efficiency of the heat removal since laminarization prevents the penetration of
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the surface heat flux to the entire film when the film thickness is greater than a

couple of millimeters. Joule heating due to current flow is negligible in the core

but may be significant in the near wall region.

The possibility of creating a film with the required velocity and thickness

for effective heat removal and surface protection at the uniform film height is

examined for several cases based on results from the fully-developed film flow

calculations. It is seen that such flows are possible, but are highly dependent

on the wall conductance and applied field magnitude/angle. With the increase

of either of these parameters, the design window for the channel inclination and

channel width decreases. At even moderate (crwaw — 2000, Ba = 10/5°) values,

uniform flow at greater than 0.16 m/s is impossible.

The fully-developed film flow results are also used to check the accuracy of

Hartmann averaging of coplanar film flows as a technique to simplify developing

film flow models. Comparison of velocity profiles and uniform film height predic-

tion are performed. For insulating wall cases the Hartmann averaging technique

was accurate to a large degree in determining both the film height and velocity

profile. The presence of a surface velocity jet in regime 3, however, is not pre-

dicted. Maximum error is seen in the medium interaction (transitional) regime

when Ha/32 « 10.

The Hartmann averaging was accurate in determining the behavior of the core

region of regime 3 flow when the channel was conducting. The presence of large

velocity jets, which in this case carry a significant portion of the flow, was not

predicted at all unless the induced field as well as the velocity field is averaged.

Even in this case the magnitude of the velocity jets is much smaller than the

actual size of the jets. This induced field averaging technique seems to be limited
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in convergent solutions to cases when Ha$s < 1. The inability to predict the

velocity jets leads to an overestimation of the value of /?, by as much as an order

of magnitude or more. The shape of the velocity jets lead to the conclusion that

greater accuracy in all purely coplanar field cases would result from averaging the

equations with a combined Hartmann/Parabolic profile.

For cases when the field is not exactly coplanar, the Hartmann technique is not

suitable for predicting the flow. Results show that when a > 4, fusion-like flows

will always be in regime 2 flow, where the y-field dominates. Thus the assumption

of a Hartmann profile due to the z-field is inappropriate. Better results will be

obtained from simple models assuming no z dependence and a Hartmann velocity

profile over the film height determined by the y-field component.

8.2 Plasma momentum flux

In addition to the MHD film flow, the effect on the film height of a plasma mo-

mentum flux incident on the free surface was also investigated. An estimate of

the magnitude and direction of the plasma momentum flux is given based on the

pre-sheath plasma parameters expected in a ITER non-radiative divertor plasma.

The magnitude turned out to be greater than the magnitude of the hydrostatic

pressure of 1 mm of gallium, and far greater than that of lithium. The difference

in behavior of these two candidate materials is largely attributed to their density

difference. Gallium performed far better than lithium is this analysis, and the

possibility of a gallium film flow in a fusion environment is supported. At flow

velocities of 1 m/s at a depths of 4.8 mm the film never dropped below 2 mm in

height, and better performance is seen for higher velocities (less exposure time).

Lithium films were destroyed in a majority of the cases analyzed, even at velocities
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of 5 m/s. However, better performance is anticipated for all cases in the presence

of strong magnetic fields, neglected in this first approximation.

8.3 Experimental investigations

A LM-MHD test facility was constructed as part of this research and initial copla-

nar, thin film flow experiments were performed. Fully-developed film flow predic-

tions in the regime of onset of magnetic interaction was explored and the use of

Haft2 to determine the magnitude of magnetic to viscous forces was demonstrated.

The use of the gradually varied flow equation (Eqn. 11) with magnetic terms and

turbulent friction loss is determined to be accurate within the errors expected in

the measurements. Predictions of the fully-developed film flow analysis could not

be fully validated due to incomplete laminarization of the film at the sub-Tesla

magnetic fields produced by the present magnetic configuration. Supercritical

flow behavior is observed to require care in construction of film formers due to

the generation of large wakes in the downstream flow from small perturbations

in the former. Both film thickening due to MHD drag and film thinning due to

partial MHD laminarization is seen; the magnitude of the former is consistent

with estimations based on fully-developed film flow, and the later is consistent

with duct flow correlations previously not applied to free surface flows.

8.4 Recommendations

Due to the likelihood of magnetic fields at the divertor plate that are not exactly

coplanar with the film flow over the majority of the flow, a model that treats

the regime 2 flow as dominant is required for the accurate determination of flow
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behavior. Such a flow model is given in [44], which also includes spatially varying

magnetic fields and the determination of the temperature profile of the film. Before

even this model can be used with a great degree of confidence, the following items

need to be addressed:

• film response to true plasma momentum flux in the presence of strong mag-

netic fields,

• effect of any geometrical complications, like bent substrates or flows without

sidewalls, introduced in a true fusion divertor design and

• the onset and severity of surface instabilities.

These are the remaining uncertainties associated with film modeling under normal

reactor conditions.

In addition to understanding the dynamics of the film flow, the other critical

research areas in need of further research include:

• sputtering characteristics of LM candidates,

• plasma edge modeling using LM strike plates and

• off-normal reactor effects, including rapidly time-varying magnetic fields.

A conceptual design study of a LM tokamak divertor system is required to accu-

rately identify all issues associated with the use of film flows for divertor surface

protection.
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Appendix A

List of symbols and

abbreviations

Multiple definitions for the same symbol are seperated by semi-colons.

A ampere; area (m2)

a channel width with walls at ±a /2 (m)

B magnetic field induction (T)

Bha induced or applied magnetic induction (T)

b dimensionless x component of induced magnetic field, *j===

C Celsius

c specific heat (J/(kg-K)); wave celerity (m/s); fluid color

DN Double Null plasma

D/T Deuterium/Tritium

dh hydraulic depth, area / free surface length (m)

E electric field (V/m)
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E particle energy (eV)

e specific energy, h -\-^~- (m)

eV electron-Volt (leV = 1.602 x 1(T19J)

Fsa,Sv surface tension area,volume force (N)

FDFF Fully-Developed Film Flow program

FDBV Fully-Developed (film flow program) Beta Version

FFX Film Flow eXperiment

Fr Froude number, ^^

Ga Gallium

g acceleration of gravity vector (m/s2)

H Hydrogen; henries (unit of inductance); total head (m)

Ha Hartmann number, B(a/2)ya/pv

He Helium

h film height (m)

hc critical film height (m)

hn uniform (fully-developed) flow height (m)

ITER International Thermonuclear Experimental Reactor

i numerical grid index in y; imaginary number y/—\

J Joule

j current density (A/m2)

j numerical grid index in z

K Kelvin

k thermal conductivity (W/(m-K)); wave number (1/m)

Li Lithium

LM Liquid Metal
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£ coordinate along (parallel) to a surface

M particle mass (Kg)

MeGA Metal Goes Around

MHD MagnetoHydroDynamics

m meter; convenient constant, -\/~Ha/(a/2) (m"1)

N newton

NBM Neil B. Morley

n coordinate normal to free surface or channel walls

PFMAG momentum flux magnitude variable added to RIPPLE (N-s/m2-s)

PFANG momentum flux angle added to RIPPLE (degrees)

Pa pascal

Pe cell Peclet number, ^

p pressure (Pa)

pjs free surface pressure (Pa)

Q dimensionless flowrate,

Q volumetric flowrate (m3 /s)

q flowrate per unit width, Q/a (m2 /s)

Re Reynolds number, *^

Eem Magnetic Reynolds number (uoafxm(a/2))

Th hydraulic radius, area / wetted perimeter (m)

Sj frictional head loss

SN Single Null plasma

SOL Scrape-Off Layer

s second

T temperature (C), or Tesla (unit of magnetic field induction)
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t time (s)

UCLA University of California, Los Angeles

u component of velocity in x direction (m/s)

u* characteristic velocity, ( |J 3H£-i (m/s)

u dimensionless velocity, u/u*

V volts

v vector velocity, [u, v, w] (m/s)

v component of velocity in y direction (m/s)

vp velocity of LM on divertor plate (m/s)

We Weber number, —\r

w component of velocity in z direction (m/s)

x coordinate along the main direction of the flow (longitudinal)

xv divertor plate position (m)

y coordinate normal to film substrate (transverse)

y dimensionless y coordinate, y/hn

Z atomic number

z coordinate perpendicular to flow but in the plane of the substrate (coplanar)

z dimensionless z coordinate, z / |

a angle of applied magnetic field induction to z

aa thermal diffusivity, — (m2/s)

(3 normalized film height (a. k. a. inverse of aspect ratio), TT^T

fpart particle flux ( l /m 2 - s )

momentum flux (N-s/m2-s)

if i h t ( N / 3 )7 kinetic energy correction factor, ^A ; specific weight, pg (N/m3)

SVjZ computational grid spacing in the y and z directions
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AT allowable temperature change

$ wall conductance ratio, CTyffl;L

fj, dynamic viscosity (kg/(m-s))

fim magnetic permeability (H/m)

v kinematic viscosity (m2/s)

p specific gravity (kg/m3)

9 angle of channel to horizon measured positive for downward sloping channels

a electrical conductivity (fi~1m""1)

X coefficient of surface tension (N/m)

Vl ohm

u)± combined fully-developed flow functions, u ± b

<> channel width average brackets

V (l-l-
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Appendix B

FDBV flowcharts

Given in this appendix are two flowcharts describing the FDBV Fortran program

designed to solve the fully-developed film flow equations developed in Chapter 4.

Fig. 59 depicts the general structure of the program and the flow through the main

subroutines. Fig. 60 describes the main solving routine in FDBV that produces

and solves a tridiagonal system for each column of grid points marching across the

width of the channel. The routine SOLH is almost exactly the same but solves

the tridiagonal system for each row of grid points marching over the flow height.

These programs where compiled and run on DEC-5000 ULTRIX (UNIX) work-

station and surface plots where produced with the PV-WAVE graphics system.
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Program FDFF
Establish arrays and common blocks

I
INDAT

Read in problem and grid data from
input file FDB V.IN

I
CBL

Determine best guess at
boudary layer size.

and

GRH>_GEN
Generate desired grid based on grid
data from FDBV.in and/or CBL

INITW
Load initial guess, either old data
from FDU.OUT and FDB.OUT or
zero.

I
COEF

Determine the coefficients of grid-
points using 5pt stencil.

±
IMAGE_UP

Update the ghost points for deriva-
tive boundary conditions

1
SOLV

Do an iteration of the + and -
equations using lines in the vertical
(Y) direction

NEW.BETA
Compute new (3 from latest data

COEF
Compute coefficients with new (3

I
IMAGEJJP

recompute ghost points

SOLH
Do an iteration of the + and - equa-
tions using lines in the horizontal
(Z) direction

I
NEW BETA

no

it > itmax?
or

runaway solution?
or

SAVE
Save latest iteration data for u and b
in FDU.OUT and FDB.OUT.

I
stop
end

Figure 59. Simplified fiow chart of the FDBV Fortran program for computation
of fully-developed flow velocity, induced magnetic field and film height
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Subroutine SOLV
Establish arrays and common blocks

Determine limits on solution space.
imin,iniax,istep
jminjmaxjstep

j=jmin

I
load tridiagonal matrices for the jth

column: a,b,c,f

I
TRIDAG

a,b,c,f, —> wnew

I
dif = max(wold - wnew)

w(j) = wnew

wmax = max(w)
difmax = dif/wmax

no

j=j+jstep

I
return

Figure 60. Simplified flow chart of the SOLV Fortran subroutine in FDBV
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Appendix C

Additional MeGA information,

diagrams and schematics

This appendix is included to supply further description of the MeGA facility sys-

tems that may not be particularly of interest to most readers. This information

may be useful, however, either to people with more interest in the area of ex-

perimental facility construction, or those unfortunate enough to require the use

of MeGA and wish to figure out how I arranged the specifics. Also included is

information relative to the proposed upgrade of the MeGA facility, especially the

magnetic configuration.

C.I MeGA Systems

E M flowmeter—The magnetic flowmeter designed and built for this flow loop

was based on the design specifications given in [60]. The correlation for flowrate

in terms of the measured voltage drop across the pipe diameter perpendicular to

the permanent magnetic field uses the following correction factors:
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Table 11. Magnetic flowmeter physical specifications and correction factors

d
D
Pss

PhU

Bpm

CT

7s*
h
k2

ks
k4

flow-tube inner diameter
flow-tube outer diameter
resistivity of stainless flow-tube (60°C)
resistivity of LM
magnetic induction of perm, magnet
perm, magnet temperature coef.
stainless steel coef.of thermal expansion
current shunting coef. (60° C)
end effect coef.
magnet temp coef. (40°C)
flow-tube thermal expansion coef. (60°C)

2.04
2.64

72.0 x 104

90.9 x 104

0.2176
-0.2
17.28 p
0.719
0.99
0.96
1.0

cm
cm

l/($7-m)
l/^Q-m)

T
%/C

m/m-°C
-
-
-
-

- electrically conducting flow-tube current shunting effect correc-

tion factor, ki = -^ - 2-^ - -

• k,2 - end effect correction factor, experimentally derived for the ratio

of axial length in the field to flow-tube inner diameter,

• ks - permanent magnet temperature effect correction factor, ob-

tained from magnet material specifications provided by man-

ufacturer,

• &4 - pipe thermal expansion correction factor, k^ = 1 + 7(T — To)

where 7 is the flow-tube materials coefficient of thermal expan-

sion.

These four factors and other relevant flowmeter data is provided in Table 11 for

the particular components and materials used in this construction.

The flowmeter correlation was checked against the measurements of a square-

edged orifice type flowmeter constructed and installed for just this purpose [63].

The orifice meter used a 1.466 inch inner diameter flow-tube with a orifice of
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Figure 61. Magnetic flowmeter calibration curve

0.947 inches. The pressure drop across the orifice was read from corner taps

with a manometer. The orifice meter was first checked against a standard water

rotameter to insure proper working of the orifice. The EM flowmeter calibration

curve is given in Fig. 61. Some error is anticipated in the orifice readings due to

problems with the LM solidifying in the manometer tubes.

Temperature control—The temperature control system consists of a controller,

meter and various heating and cooling elements attached to the loop. These

elements can be energized independently from the controller if necessary. This is

typically required only during the heat-up phase of loop operation. During heat

up the pipe tapes preheat the loop piping, insuring the LM doesn't solidify in the

loop immediately after transfer. The pump is usually energized at a low voltage
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to preheat it as well. Fig. 62 shows the schematic for the temperature control

system connections.

In normal operation, the controller turns on the power to the solenoid valve

allowing cooling water to flow whenever the temperature exceeds the preset set

point. When the temperature (any thermocouple attached to the selection block

can be used by the controller by manually plugging the controller into the desired

connector) drops below the set point, the solenoid valve closes and the pump and

any selected heater units heat the metal again. This cyclic control can be avoided

if the proper setting of the manual water valve is found so that the LM comes into

thermal equilibrium. In practice this is difficult to maintain since the pumping

power is constantly being changed during the experiments and the level of LM

heating changes correspondingly.

Both the magnetic field system and the flow loop require connections to the

building cooling water for rejection of heat generated by system Joule losses.

The flowrate obtainable at full pressure is about 32 1/min. The incoming water

is filtered to help prevent clogging inside the magnetic field coils. The MeGA

cooling water block diagram is given in Fig. 63.

Gas and alternate atmosphere—The MeGA gas system allows for an alternate

atmosphere to be present on the LM at all times. The loop and storage tank are

evacuated and purged with nitrogen several times before the metal is melted. The

storage tank can be pressurized for LM transfer by closing the valves to the loop

and turning up the gas pressure at the nitrogen tank. Other manual valves provide

any needed degree of control over relative gas pressures in the loop. Fig. 64 depicts

the gas system connections in MeGA.
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OR

AC Line
Hi rN

Heater System Wiring Diagram

o

i-S

g-
H
CO

8
P
t-i
O

Oi

3

SH

Control Panel

II II II II II II

Fl - Fuse 1.5A

F2-Fuse25A

F3 - Fuse 25A

Rl - SS Relay 25A

R2 - SS Relay 25A

LI - AC Light: SH On/Off

L2 - AC Light: HT On/Off

L3 - AC Light: Panel Power

Cl - Connector J-TC

C2 - Connector J-TC

CS - Connector Strip J-TC

IH - Imersion Heater 750W

HT-Heat Tape 12W/ft

51 - Switch: Heater Contol Enable

52 - Switch: SH Enable

S3-Switch: HT Enable

S4 - Switch: Panel Power

AC Power Line

S5 - Switch: water enable
L4 - AC Light: water enable
FA - Fan Array
SV - Solanoid valve

R1,R2, F3, F4 are on the
Relay and Fuse Panel



pressure gauge

supply
chilled . . .^—
water •«---_;

return

Figure 63. Block diagram of MeGA cooling water system

regulator valve
inlet outlet
valve valve

inlet outlet
valve valve

To Test Section

Figure 64. Block diagram of MeGA gas system
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C.2 MeGA modification

In order to be able to investigate stronger MHD interaction, modification of the

MeGA facility to reach greater values of Ha/32 and Haft/Be will be required. Ac-

cording to Fig. 54, reactor relevant channels sizes and magnetic fields will result in

a film that is completely laminarized in all cases. An upgrade facility must be able

to produce conditions that result is Haft/Re greater than the turbulent/laminar

transition limit. Due to the large width of channels in a reactor field, the expected

value of Haft2 is fairly small, barely getting to the inviscid core region that most

simple film models depend on through Hartmann averaging. Haft2 of 100 is a good

goal for further investigation of FDBV prediction in the low interaction regime

where other models may not be valid.

Estimates of the magnetic parameters for the MeGA UPGRADE are also

provided in Fig. 54. The field increase of about five fold is obtained through

the addition of an iron yoke that decreases the reluctance of the present air-core

solenoid magnetic configuration. The pole faces of the yoke can slide in and out

to adjust the length of the air gap in which the experimental test section is set.

Estimates of the field strength as a function of the gap length put the UPGRADE

field in between 0.8 and 0.9 T for a 20 cm gap, depending on the yoke design

(see Fig. 65. As the gap length increases the maximum field will decrease, but

is always better than the air-core field. In addition, field irregularity typical of

a short air core solenoid will be reduced as will the fringing fields in the rest of

the laboratory. A simple schematic of the yoke with rough dimensions is shown

in Fig. 66.

The UPGRADE will be able to reach (and verify) the fully laminarized limit

and get a much higher MHD drag interaction. It may even push into the lower
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Figure 65. Magnetic field behavior with iron magnetic yoke gap length
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Figure 66. Simple schematic of MeGA UPGRADE magnetic yoke
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limit of the ITER relevant parameter space. Further gains could be obtained by

a switch of working metals. A pure gallium or gallium-indium- tin eutectic would

increase Haf32 by factor of two and Ha(3jBe by three. This would result in a

parameter capability well into the ITER relevant range for the purely coplanar

geometry.

Investigations of wide, not exactly coplanar flow (regime 2 type flow, see Sec-

tions 5.1.2 and 5.2.2), where the y component of the field is dominant, is possible

in the present magnetic configuration. This would require the modification of

the test section and test section support components (namely the reservoir and

support table). It is possible that upcoming experiments will be performed for

this case.

Increase of the maximum flowrate is also possible with the addition of a step-

up transformer before the pump control autotransformer. Flowrates up to 1.5 1/s

will be possible, depending on the specific test section design and field strength.
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Appendix D

Modifications to RIPPLE

program

The RIPPLE incompressible, free boundary flow program was modified to accom-

modate an additional momentum flux on the exposed free surfaces. This was done

with the addition of the following global variables to the program.

• pfmag — Magnitude of the momentum flux in units of pressure. Multiplied

by pfz to give final momentum flux applied to the surface. Read in as a part

of FREESURF namelist

• pfang — Angle of momentum flux with respect to the horizontal, 0° is along

the horizontal and 90° is along the negative vertical direction. Read in the

FREESURF namelist.

• pfz(100,2) — Array containing profile of momentum flux magnitude as a

function of variable z (z corresponding to x in Fig. 7). Elements pfz(*,l)

contain values of z corresponding to normalized momentum flux in element
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pfz(*,2). 99 profile points maximum, with the last element containing the

value 999. Read in from file PARTFLUX.IN during RINPUT.F routine.

• vp — LM velocity on divertor plate. Used in conjunction with the current

time i, pfz and pfmag to determine the current value of momentum flux at

a position xv = vp • t.
a Read in FREESURF namelist.

In addition to these changes, the code was modified to call the FREESURF.F

routine every cycle, instead of only during graphics dumps, so that the latest

values of the reconstructed free surface are always available.

The new plate position is computed in NEWCYC.F after the time is incre-

mented for the new cycle. The surface force is computed in TENSION.F and

added to the surface tension forces. The surface force is only added provided that

the portion of the free surface being computed does not lie in the shadow of any

other part of the film or of the channel walls. The following code is inserted in

TENSION.F to accomplish the momentum addition.

c
c FREE SURFACE MODIFICATIONS

c (determine added force to

c free surface from momentum

c flux)

c

slope = - dtan(pfang*pi/180.d00)

pfrcin = O.dOO

if((gradromag/rhof).gt.l.d-20) then! bypass if not at interface

c

c... find approximate location of free surface when x=xi(i)

c

closepx = 100.dOO ! distance of nearest points

closemx = 100.dOO

iexact = 0 ! exact location flag

"The designation xp is meant to match the use of x as the longitudinal flow direction through-
out this work, x and y in the RIPPLE code respectively correspond to z and y in this thesis.
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do nsrf=1,nfrsrfpt

xdif = xi(i)-xfrsrf(nsrf)

if(abs(xdif).lt.(l.d-6)) then

iexact = 1 ! exact value in xfrsrf

nsrfe = nsrf

elseif(closepx.gt.-xdif.and.xdif.lt.(0.0)) then

nsrfp = nsrf ! find closest > point

closepx = -xdif

elseif(closemx.gt.xdif.and.xdif.gt.(0.0)) then

nsrfra = nsrf ! find closest < point

closemx = xdif

endif

enddo

c

if(iexact.eq.1) then ! assign exact value

yis = yfrsrf(nsrfe)

elseif(nsrfp.eq.l) then ! left wall error catch

yis = yfrsrf(i)

elseif(nsrfm.eq.nfrsrfpt) then ! right wall

yis = yfrsrf(nfrsrfpt)

else ! linear interpolation

yis=yfrsrf(nsrfp)-(yfrsrf(nsrfp)-yfrsrf(nsrfm))*

& (xfrsrf(nsrfp)-xi(i))/(xfrsrf(nsrfp)-xfrsrf(nsrfm))

endif

c

c... set shadow flag if point (xi,yis) is in the shadow of a

c LM peak or a side wall

c

nsrf=0

ishadow=0

shad = 0.005 + slope*xi(i)

if(yis.lt.shad) then

ishadow = 1 ! set shadow flag (wall)

else

do while(nsrf.It.nfrsrfpt)

nsrf=nsrf+l

if(xfrsrf(nsrf).It.xi(i)) then

shad = yfrsrf(nsrf) + slope*(xi(i)-xfrsrf(nsrf))

if(yis.lt.shad) then

ishadow = 1 ! set shadow flag (LM)

nsrf = nfrsrfpt ! trigger loop exit

endif

endif
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enddo

endif

c

c... base momentum flux and surface tension volume forces

c

if(ishadow.eq.O) pfrcin=pfmag*gradromag/rhof

endif ! end bypass

tensin=sigma*kappa(ij)/rhof

c

c... sum surface forces

c

tensx(ij)=avnx*tensin + dcos(pfang*pi/180.dOO)*pfrein

tensy(ij)=avny*tensin - dsin(pfang*pi/180.d00)*pfrcin

c

c END MAIN MODIFICATIONS

c (pfrcin is added to

c tensx and tensy forces)

c
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Appendix E

Stability considerations

The study of the stability of a fluid surface for flows down an inclined plate has

certainly been the subject of a great deal of investigation. This basic problem,

however is complicated by the presence of a magnetic field. As mentioned in

the main text, the magnetic field tends to suppress turbulence and fluctuations

perpendicular to the field induction. Simple MHD analysis (using Hartmann

averaging of course) and some experimental data confirm the expectation that as

the field increases, the critical Bs at which the surface becomes unstable increases

as well. It is quite likely that an unstable film can be used for the fusion divertor

protection scheme provided that the instability saturates at a fluctuation depth

much less than the film height. Disturbances of longer wavelengths compared

to the film depth seem to be the most dangerous kind since there fluctuation

magnitude will likely be too large. This thesis has not dealt at all with subject

of stability, but I did spend some time looking simplified version of the stability

question for long wavelengths and some of the results where published [42]. Some

of that article dealing with the plasma particle flux has already been used in
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Section 6.3. That published article is repeated here in the form which it originally

appeared. The reader is warned that some of the common terminology used

throughout the text may be slightly changed here. Asides added to clear up the

more obvious discrepancies will be italicized to distinguish them from footnotes

originally included in the article.

Abstract- Due to interest in the use of a thin film of flowing liquid metal to protect
fusion reactor plasma contact surfaces, several film height evolution and stability analy-
ses have previously been performed in the coplanar magnetic field geometry. Initial one
dimensional models for the developing film height and stability properties were devel-
oped by T. N. Aitov et al. in the late 1980's. Apparent inconsistencies in this work led
to a recent effort by C. Liao et al. to recalculate the models and analyze them in more
depth. Although there were mistakes in Aitov's solutions, our analysis concludes that his
method is essentially correct. The reworking by Liao pointed out these mistakes but did
not properly address them. This communication corrects Aitov's work without deviating
from his original method and makes suggestions based on more advanced 2-D equilibrium
velocity profiles about the range of applicability of the existing stability solutions.

Review of Aitov's method - Aitov's equations predict the film height (y) [39,

Eqn. 2.11] and stability properties [40, Eqn. 2.14] of a thin film of liquid metal

flowing down (x) an inclined, electrically non-conducting channel in a coplanar

magnetic field (B-z). They are derived from the basic set of MHD equations;

including the Navier- Stokes equation, continuity equation, current conservation

equation and Ohms law; by averaging over the channel width (z) assuming that

the velocity conforms to a strong Hartmann profile V(x,y,z) = V(x,y) • (1 —

exp[i?a(| | | — |)]). Here Ha is the Hartmann number and ba is defined as the

channel width where the sidewalls are located at z = ±6/2. Figure 67 shows the

channel geometry.

The y component of the Navier-Stokes equation is simplified by the neglect of

the inertial and time dependent terms due to the "shallow water approximation."

"defined as "a" in the thesis
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Figure 67. Channel geometry

Viscous terms are also neglected in the y equation. The simplified equations,

given in [40, Eqns. 1.18-1.23], are then combined by solving the y component

of the Navier-Stokes equation for the pressure and substituting this into the x

equation [40, Eqn. 1.26].

du du du cos 0 dh Wed3h 1 d2u 2 Hap2 sin 6
8t + Udx -u (216)

dy Fr2 dx Fr2 dx3 E&dy2 ft Fr2

Here u and v are the normalized components of the velocity in the x and y

directions; h is the normalized film height; and ft, Fr, and We are respectively

the Reynolds, Froude, and Weber numbers. The fully developed film height /i*

is used as the characteristic length (except for the definition of the Hartmann

number where b is used6), and the fully developed average velocity w* is taken as

the characteristic velocity. The time variable is normalized with /i*/u* and j3 is

the length ratio h*/b.c.

The 1-D film height evolution (or developing film) equation is obtained by

ba/2 is used in the thesis, this means that the following Hartmann numbers are 2x those in
the thesis

c again a/2 is used in the thesis making the following f3's 1/2 those used in the thesis
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omitting the time dependent term of Eqn. 216 and integrating over the film height,

assuming a specified velocity distribution in y. The result is a 1st order differential

equation for the film height [39, Eqn 2.11] as a function of the downstream x-

coordinate. Note that the We term is neglected since it contains a higher order

derivative.

The stability analysis [40] is performed by perturbing the equilibrium solution

of the fully developed version of Eqn. 216 by a small amount. This perturbation

is given in terms of a stream function ip and all terms quadratic in the small

perturbations are discarded. The stream function perturbation is then assumed

to be of the form ip(x,y,t) = <p(y) exp[ik(x — ct)] where k stands for the wave

number and c is the phase velocity of the disturbance/ The equations describing

the perturbation are [40, Eqs. 2.3-2.6]

<f>(0) = 0 (218)

cj>'(0) = 0 (219)

^ ( 1 ) = 17(1)-c dy*

where the primes denote differentiation with respect to y. Boundary conditions

3 and 4 follow from the no-slip and impenetrable wall conditions for u and v on

the channel substrate, and condition 5 results from the no shear stress condition

on the free surface. Here U(y) denotes the fully developed equilibrium velocity

profile which is being perturbed.
dThis equation is changed from [40, Eqn. 2.2] by a minus sign; this is most likely a typo-

graphical error.
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For long waves (k <C 1), the solution to Eqns. 217-220 can be obtained by

solving successive approximations, where the wave function and phase velocity

are expanded:

<f> = 4>0 + kcfn + k2cf>2 + ... (221)

c = c0 + kcx + k2c2 + ... (222)

and each component of <f> and c is solved for keeping only terms that order in k.

Aitov solved for the zeroth and first order terms and used the condition that any

imaginary component of c must be negative or the perturbation grows in time

and the equilibrium is unstable. It is worth noting that even if the "shallow water

approximation" was not used, the same equations for the zeroth and first order

cases would result.

Liao's contribution - In [43], Liao examined Aitov's work and found several

errors in it; in particular a discrepancy between the velocity profile used in the

developing film analysis and that perturbed in the stability analysis, and the

failure of the solutions for <j> and c to reduce to the classical hydrodynamic result

in the limit B —)• 0. In order to eliminate these inconsistencies, Liao repeated

both the developing film and stability calculations using Aitov's methodology,

but employing a parabolic velocity profile like [39, Eqn. 2.9] and a normalization

based on the channel inlet conditions. His developing film model is the same as

Aitov's but the stability model differs, and does reduce to the classical solution.

This is not wholly unexpected since the parabolic velocity profile is the classical

hydrodynamic solution to begin with.

Liao also investigated the effect of the film contact with an energetic plasma.

To this end, he performed a calculation of the force exerted by normal incident
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plasma ions and the pulling action of the electrostatic plasma sheath. Charac-

terizing the sum of these opposing forces as a pressure (Pa) acting normal to the

surface, Pa is added to the normal stress condition which contributes the term ^ L

to the right hand side of Eqn. 216, where Pa = -^- and u* is the characteristic

velocity. This pressure affects the film only in areas of rapid spatial change of

the plasma parameters, like the flowing film's entrance to or exit from the plasma

beam. Liao concluded that the plasma has little effect on either the film develop-

ment or stability, and he discarded it in subsequent calculations. Investigation of

this effect was given also in [41] where, for high density liquid metals like gallium,

results similar to Liao's were presented.

Another point evident from Liao's calculations, although not discussed in [43],

is that the increase in momentum of the ions as they accelerate through the plasma

sheath is equal to the pulling force of the plasma sheath. Using Liao's results we

see

\Pnw -Pns\ = \PEw\ = 2nskBT (223)

where Pnw and Pns are the effective pressures of the ions at the film surface and

the sheath edge; PEW is the "negative pressure" due to the sheath pulling action;

and n s , ks, and T are the ion density in the sheath, the Boltzmann constant, and

the electron/ion temperature respectively. Since the increased momentum of the

ions in the sheath is exactly balanced by the electrostatic pulling action, the use

of the presheath values of the ion momentum in calculating the plasma's force

on the surface is in order. This conclusion was intuited by Murav'ev based on

momentum conservation [27].

Due to the grazing angle of incidence of the magnetic field in the pre-sheath,

and thus the ion guiding centers as well, a large momentum flux in the z direction
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is to be expected. This phenomenon may considerably alter the surface shape

profile in z making the assumption of a flat surface over the film width, implicit

in all these models, not applicable. It is clear that the treatment of the plasma as

a simple pressure does not address this issue.

Recalculation of Aitov's equations - Although there are indeed inconsisten-

cies in Aitov's work, it is the conclusion of the authors that his methodology

is essentially correct. Based on this conclusion, a rederivation of his results is

performed using the self-consistent velocity profile for both the developing film

and stability models. Liao's concern that the flowrate of this profile is deter-

mined by internal parameters (Ha, (3, and 6) instead of the external supply are

unfounded. Aitov's choices (in [40]) of characteristic length and velocity are the

fully developed values of these variables, both of which are problem-dependent.

These choices make the subsequent stability equations simpler to derive. But the

dependence of U on q (the externally controlled flowrate per unit width) is still

present, even though it is not explicitly stated in [40]. The equilibrium veloc-

ity, u, is found by solving the dimensional, fully-developed version of Eqn. 216 e

Averaging u over the film height gives [40, Eqn. 1.27]

« - 9kl
U

sin9 (l - ^ K ^ o / m
\; ^2HaW ) ( j

where g and v are the acceleration of gravity and the kinematic viscosity. This,

however, is only one equation for two unknowns. The second necessary equation

is simply

u* K = q. (225)

Thus the fact that the flowrate is constant is implicitly included in the selection of

eFor clarity, the dimensionless equilibrium velocity used in Eqns. 217-220 is U = u/u*.
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the normalization. Unfortunately, since the length h* is included in the definition

of (3, the above equations are transcendental. This makes the analysis of specific

dimensional problems more difficult than if constant inlet values of h and u were

used.

In order to reconcile the fact that Aitov's developing flow calculations em-

ployed a different velocity profile than that discussed above, recalculation of

Aitov's model using the self-consistent velocity is in order. This velocity pro-

file, as mentioned above, is determined from the dimensional version of Eqn. 216

and is renormalized with the constant flowrate condition.

< u{x,y) >= , inhfrnfe^n ( t a n h[™%)] sinh[my] - cosh[my] + 1)
h( [l )m h(x)

(226)

Here ra is defined to be v2
b

 a for convenience. This equation is presented in

dimensional form in order to match the development in [39]. Following the pro-

cedure outlined in section E, the developing film height model is rederived and

non-dimensionalized with the characteristic quantities Uin and hin in order to fa-

cilitate calculation. This new model is
h sin 6 _ ml (-, . tanh[ro»fc] \

dtl pr
2 7 ^ V mth-tanh.[mth]) (007\

Ax h cos9 inj sinh[m»fe](2—2cosh\2m,h]+2mj fe2+m»fesinh[2m«fe]) ^ '

where m^ = 2Hafl2, and the definitions of the dimensionless quantities Fr, Be,

Ha, and (3 are taken from [40] instead of [39] as the more appropriate choice. It

is noted that Eqn. 227 reduces to the form given in [39, Eqn. 2.11] in the limit

m* —» 0, which is the classical hydrodynamic solution.

Liao's claim that the stability solutions of Aitov do not reduce to the classical

hydrodynamic solutions given by Yih [61] is true. Even though Aitov's use of the

self-consistent velocity profile is the correct procedure, his solutions for (f> and c
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are incorrect. However, this is only a mistake in solving the equations and can be

corrected to give

<h = A{ J (228)

c0 = tanh2[m,]/l - U n h ^ (229)

. / „ k2 We\
a = -i cot 0 -\—r——

\ sm8 )

/sinh[m^](4mH. + 2 m* cosh[2 ro»] - 3sinh[2m,»])\

\ 4cosh3[m*](m*cosh[m*] — sinh[m*])2 /

All of these equations reduce to the classical result given in Yih for the limit

m* -+ 0.

Another work by Kirillina [64] expanded the Aitov method to consider a small

component of the magnetic field lying with arbitrary orientation in the xy-plane.

However, simplifying her equations to the case of a purely coplanar field, the crit-

ical Reynolds number for negative Im(ci), and hence for linear stability, reduces

to Recr = yĵ - fcot 0 + fc
si^

e) in the non-magnetic case instead of the | ( . . . ) pre-

dicted by Yih. Although it does not appear that Kirillina's solution is completely

correct, it is very close and her conclusions about the stabilizing effect of the small

component of the magnetic field in the xy-plane should not be discounted.

Fig. 68 compares the Aitov/Morley and Liao solutions for a typical chute

inclination angle. The figure shows curves of neutral stability as a function of the

modified Hartmann number, m*. Our results predict a more stable film than the

Liao formulation This may be due to the increased flatness of the Aitov velocity

profile at the surface of the film. There is less energy available in the flat profile

to fuel the instability.

Liao suggests it is inappropriate to retain k
s^e

e due to the presence of k2 in

the first order approximation. Retention of this term, however, is justified by the
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Figure 68. Critical Reynolds number for stability at 9 = 10°

fact that We appears nowhere else in the stream function equations and thus its

inclusion can only improve the accuracy of the solution [61, page 325]. For long

waves and fusion conditions, the term contributes very little and it is the presence

of the Hartmann layer, as Aitov correctly points out, that is the major stabilizing

force.

Accuracy of 1-D methods - The averaging process by which the original equa-

tions are simplified relies on the assumption that the velocity conforms to a Hart-

mann type profile across the width of the channel. This assumption breaks down

near the channel substrate and near the surface due to the need for the induced

electrical currents to close through the Hartmann layer. This phenomenon causes

the formation of Shercliff side-layers in MHD duct flow. A similar layer must

form on the surface of a film if the currents are to turn, preserving Jn — 0
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Figure 69. 2-D velocity profile for Ha = 5 x 104 and (3 = 0.05

(surface-normal current density). Thus, close the surface there is little current

perpendicular to the ^-directed magnetic field, and therefore little magnetic force.

The result is the formation of a quasi-parabolic side-layer near the film surface.

An example shown in fig. 69, computed from a 2-D fully developed MHD film flow

program, shows a very peaked surface side-layer. Even though the Aitov velocity

profile matches very closely the film behavior in the majority of the channel, at

the surface the 1-D model fails (fig. 70). This peaked profile, owing to the logic

at the end of the previous section, will be much more unstable than the flat Aitov

profile. It is possible that Liao's solution will be closer to predicting the actual

stability due to the parabolic profile assumed in its development. However, for

magnetic fields not exactly coplanar, the surface sidelayer is quickly decimated as

the angle between B and z increases in magnitude and a flat profile is restored in

some cases.
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Figure 70. Comparison of Aitov's velocity and the 2-D solution at channel cen-
terline

The accuracy of either result is suspect due to the deviation of the velocity

profile models from the actual profile. Experimental corroboration exists for the

developing flow models, but little data is available to verify the stability analy-

sis results. An analysis attempting to address this deviation is currently under

development by the authors.
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