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Abstract

This paper reports on experimental findings on liquid metal (LM) free surface flows crossing complex magnetic fields. The
experiments involve jet and film flows using GalnSn and are conducted at the UCLA MTOR facility. The goal of this study is to
understand the magnetohydrodynamics (MHD) features associated with such a free surface flow in a fusion-relevant magnetic
field environment, and determine what LM free surface flow option is most suitable for lithium divertor particle pumping and
surface heat removal applications in a near-term experimental plasma device, such as NSTX. Experimental findings indicate
that a steady transverse magnetic field, even with gradients typical of NSTX outer divertor conditions, stabilizes a LM jet
flom—reducing turbulent disturbances and delaying jet breakup. Important insights into the MHD behavior of liquid metal films
under NSTX-like environments are also presented. It is possible to establish an uphill liquid metal film flow on a conducting
substrate, although the MHD drag experienced by the flow could be strong and cause the flow to pile-up under simulated NSTX
magnetic field conditions. The magnetic field changes the turbulent film flow so that wave structures range from 2D column-type
surface disturbances at regions of high magnetic field, to ordinary hydrodynamic turbulence wave structures at regions of low
field strength at the outboard. Plans for future work are also presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

—_— _ A liquid metal (LM) divertor/first wall may have
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Nomenclature

B magnetic field vector (T)

d jet (nozzle) diameter

F force

j current density (vector)

L characteristic length

N interaction parametebs@2L/pu)
P pressure (N/s)

q scalar variable

Re Reynolds numberdud/u)

Ren magnetic Reynolds numberfoUL)
t time (s)

At time step (s)

V,u velocity vector

We Weber number

Greek letters

3 film thickness

y surface tension

m dynamic viscosity

O magnetic permeability
0 density

o electric conductivity
Subscripts

e effective

g gravity

m magnetic field

0 initial

S surface or interface

v void (wall)

T toroidal

L surface normal; vertical

tend to run long-pulse and high-power discharges. Such
conditions would probably result in melting and evap-
oration of the inertially cooled solid plates, in which
subsequent solidification could result in shapes even
more prone to overheating. However, at high-enough
velocities, liquid metal free surface flows can withstand
high heat fluxes with an insignificant amount of evap-
oration. Furthermore, a liquid lithium wall would be
able to pump any incident hydrogen ions or neutrals as
well as gettering oxygen and water impurities present
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in the plasma chamber. This edge pumping action al-
lows density control, and in particular will enable the
machine to run in lower recycling regimes, with likely
advantages for plasma stability and confineni&+g].
Nevertheless, a critical question remaican free sur-
face liquid metal flow in a desirable fashion across the
field of a magnetically confined plasma experiment?
The issue of establishing viable liquid metal free
surface flow configurations in a plasma device rele-
vant magnetic field configuration is the main focus of
this study. In particular, the feasibility of such a liquid
metal free surface flow is very sensitive to variations in
strength and orientation of the magnetic fields. In this
paper, we present the initial stage of research conducted
under the APEX project to help define a free surface
module configuration in an experimental plasma de-
vice (e.g. NSTX)[4]. Our approach at defining such
a concept couples experimental efforts (specifically in
the magnetic torus, LM-MHD [MTOR] facility) with
numerical simulations, and focuses on the effects of
complex magnetic fields on free liquid metal jets and
film flow characteristics. The initial experimental goal
is to explore possible flow configurations in steady-
state, NSTX-like, spatially varying magnetic fields of
the outboard lower divertor region. The module is as-
sumed here to be straight, and positioned as shown in
Fig. 1 Note that the initial concept was not to have the
entire divertor region covered with lithium, but to con-
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Fig. 1. Proposed lithium free surface module for NSTX outboard
divertor.
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0SB s film flow over the outboard mid-plane indicated that
i =" the interaction between the poloidal return current and

0.4 ﬂ‘ﬂkﬁxgi the gradient surface normal field can cause the flow
035 Tomidafa""}ﬂf-ﬂ»_‘;,‘EHE to spill over one side of the module while leaving the

other side bare. Although the degree of accuracy of
such analysis has yet to be determined, it sets the stage
for experimental investigations.

In the following subsection, previous results of nu-
merical analysis are first presented in order to lay out

Magnetic field (T)
(=]
(5]

0.05 - —0 the background for the experimental study. This is fol-
0 : lowed inSection 2y a description of the MTOR facil-
0.03 ‘ ity and a discussion of scaling analysis of the experi-
0.1 . P mental operating parameters for simulating lithium free
e TR S surface flows in an NSTX magnetic field environment.
Distance away from inner radius of outboard divertor(cm) Under the present scope of experimental study, both

free LM jets and film options are conducted. These re-
sults are discussed8ections 3 and.4inally, a discus-
sion on the staged implementation of the use of MTOR
sider a module that was limited in its toroidal extent. for completing the assessment of NSTX lithium free
A variety of different flows comprised of jets and film  surface flow concept evaluation is presented. Overall,
flows will be explored. In addition, the experimentswill  the research goal is to present enough data, through ex-
provide data for benchmarking computer modeling de- perimental investigations coupled with numerical sim-
velopment effortg$5] on free surface LM MHD flows ulations, to allow the project to proceed with sound
for both near-term modules and fusion power reactor conceptual and engineering designs suitable for diver-
relevant conditions. tor particle pumping and surface heat removal applica-
The MHD drag can be significant in a small plasma tions in a near-term experimental plasma device, such
device, such as NSTX. In particular, the effects caused as NSTX.
by gradient fields can be tremendous. Besides non-
uniformities (such as theRbependence ofthe toroidal  1.1. Pre-analysis—some initial numerical
field on the major radius) a noticeable feature of this simulation results
magnetic configuration is associated with a relatively
strong poloidal field varying along the straight flow The phenomena that govern free surface LM MHD
area. A typical 3D magnetic field profi[6] along the behavior in a multi-field configuration are very com-
outboard divertor region, which corresponds to plasma plex. Not only has this subject been studied in in-
discharges of8 = 10%, is shown irFig. 2 Quantita- sufficient detail, but also the existence of several in-
tively, the toroidal field strength varies from 0.318 to tertwined physical mechanisms (free surface, surface
0.523T from the outboard toward the inboard along waves, complex current paths, MHD drag, etc.) makes
the divertor plate with the corresponding local nor- clarifying behavior challenging. Although numerical
mal field component varying from-0.2 to OT. The tools for analyzing both steady and time-varying mag-
magnetic field strength along the fluid direction is rel- netic field interactions to predict free surface LM MHD
atively small when compared to the other components. are difficult to develop, this task must be accomplished
Its MHD effect, however, cannot be ignored since the in order to adequately interpret experimental results
induced current is expected to interact with this field and to fully understand how liquid metal MHD flows in
component and create unacceptable flow conditions, afusion device. Withoutthe use of 3D formulations, nu-
such as throwing liquid metal into the plasma chamber merical solutions cannot capture the essential essence
core. Based on these field magnitudes, preliminary cal- of the problems, and will often provide inaccurate in-
culations[7] showed that film flow over the outboard formation. Numerical simulation becomes even more
divertor is essentially stopped. Further analy8json complicated in low field cases, such as NSTX, since

Fig. 2. NSTX magnetic field strengths at outboard divertor region.
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the fields are not strong enough to completely suppressthe induced magnetic field equations. This leads to the
turbulence. Moreover, the magnetic Reynolds number, following set of governing equations, which express
Reay, in our application is larger than 0.1, signifying the conservation of mass and momentum:

that the magnetic field induced by current flowing may 55 o _ _ -

be approaching the strength of the applied fields. In 7~ +pV - (u xu) = =Vp+ V- u(Vie + V'u)

view of this, substantial efforts under APEX are dedi-

cated to the development of a 3D numerical tool for the +pg+ Fs+(j x B), 1)
study of MHD. This effort and its status are summa- R
rized in Ref[5]. The difficulties come from the actual V-u =0 (2)

descrlptlorj of physpal_phenomena_ and from accurate and the conservation for the magnetic field expressed
mathematical descriptions of physical phenomena at __.

boundaries and interfaces, as well as proper handling
of the numerical chal]enges encountered in free sur- 98 V x (i x B)+ V x (1V % E) —0, (3
face tracking. The objectives of the MHD model and of Olm
analysis presented in this paper are to bring forth the v.B<0 @
importance of the experimental study. It serves as a -
pre-analysis tool for experimental execution. By eval- where the magnetic fielB includes both the applied
uating numerical results it is possible to cross-check (B,) and induced®') fields. The induced current can
the experimental data and determine whether there arebe deduced from the following equation:
unforeseen effects. This is especially important, since
it is not clear what to expect when a liquid metal free j = —V x B (5)
surface flow crosses a gradient magnetic field. Addi- Hm
tionally, experiments provide data to cross-check nu- A detailed description of the mathematical formu-
merical formulations and approaches and help to il- lation and numerical technique can be found in Refs.
luminate our understanding of LM MHD free surface [10,11] Specifically, the technique applies a conserva-
flows. Since the pre-analysis effort is not intended to tive formula similar to Salah et g12], which leads to
be exhaustive, the numerical approach reported herethe introduction of a penalty factor to impose the local
attempts to build a MHD module into an existing CFD divergence-free condition of the magnetic fields. Fur-
code (FLOW-3D[9] in this case). This approach takes thermore, to improve treatment of the boundary con-
into account that at any given point in time the velocity ditions on the induced magnetic field, an extended in-
field of the main hydrodynamic quantity can be di- sulating void is applied around the liquid flow in the
rectly interacting with the main electromagnetic field computational domain. However, because of the com-
without any interference. The main disadvantage as- plexity involved in defining electrical and magnetic
sociated with this approach is limited accessibility to properties at the fluid/free surface, as well as at the
modify and improve the existing CFD code structure fluid/solid interfaces, only insulated boundary condi-
and associated numerical algorithms, which presum- tions are considered. Presently, the technique has been
ably dominate computational efficiency. The greater used in steady-state calculations due to the enormous
CPU time needed for analysis limits the usefulness of CPU time requirements.
this technique. Calculations from FLOW-3D/MHD that have
FLOW-3D is a commercial 3D free-surface hy- pointed out what experimental results might look like
drodynamic code that uses volume of fluid surface are summarized in this section, although more re-
tracking and projection methods to explicitly solve sults can be found in various APEX presentations
Navier—Stokes equations with standard turbulence [http://www.fusion.ucla.edu/apkand Refs[10,11]
models (k-e, mixing length, etc.). The MHD effect is
reflected in an additional term of Lorentz force in the 1.1.1. Case A: Simple field gradient effects on
momentum equation at each time step. In the proposedliquid metal jets
approach, the MHD Lorentz force caused by the in-  One distinct effect resulting from the passage of a
duced current is derived from Ampere’s law by solving liquid metal jet through a transverse field with strong


http://www.fusion.ucla.edu/apex
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Fig. 3. Calculated GalnSn MHD jet evolution under 1D gradient transverse field. Contour lineseloeity.

gradient in the flow direction is the change in the lig- The calculated cross-sectional return current pro-
uid metal cross-section. In the calculation presented files at different downstream locations are shown in
here, a lithium jet flowing out of an insulated nozzle of Fig. 4. These induced currents circulate within the
5 mm diameter at 10 m/s is set to pass through an exter-bulk and build two closing current loops symmetrically
nal magnetic field which varies along the streamwise around the-axis. This closing of the current paths has
direction as shown ifrig. 3. The gradient field magni-  a profound influence on the development of the jet.
tude ((fi’/d?c) is about 9 T/m, which is stronger thanthat First, the recirculating directions of the return current
of NSTX or MTOR field values. As shown, the MHD  (Jx) in any cross-section are reverse, so the interaction
drag is not sufficient to stop this three-dimensional jet. between thdy and applied magnetic fiel8;, resultsin
Rather, its cross-section deforms in such a way that two opposite Lorentz forces symmetric on fzaxis,

the momentum flux of the jet is conserved. This fea- as shown inFig. 5. This causes the jet cross-section
ture of the jet cross-section deforming is the result of to be enlarged along thedirection. Meanwhile, the
gradient field-inducedx{direction) return current in-  B-parallel Lorentz forcek, is zero. Under these con-
teracting with the field itself to produce a transverse ditions, we find that the cross-section shape of the jet
force, in which quantity cannot be determined when a changes continuously to an oval cross-section. Since

2D model is utilized. the net integral effect of the interacting force is zero
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Fig. 4. Induced currerjt, contour atyZcross-section at at 0.16, 0.17 and 0.18 m, respectively.
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Fig. 5. Contour plots of Lorentz forcds at'YZcross-sections of at 0.16, 0.17 and 0.18 m, respectively.

with respect to each cross-section, this implies thatthe j x B forces. Although this tends to create a velocity,
momentum flux of the jet is conserved, as shown by ; x B cancels the electric field, which drives the cur-

Davidson[13]. _ _ rents, and thus shuts the currents off and reduces damp-
Another feature of the jet flow is the development jng. However, to cancel the field, the induced velocities
of an M-shape velocity profile (sé&g. 3), similar to in the normal and spanwise directions must be signif-

that of closed-channel MHD flow. The formation of jcantly high, which could potentially cause fluid to be
the M-shape velocity is a consequence of the inter- thrown into the plasma core and spill over the side of
action between the streamwisevelocity and the ap-  the module, respectively. These flow perturbations are
plied gradient magnetic field. This generates the in- certainly unacceptable for divertor application, which
duced magpnetic field in the streamwise directibf) require that flows stay within the module.

and consequently generates the induced currents inthe  Calculations using FLOW-3D/MHD have been per-
transverse directionl¢). The impact on the flow isa  formed to examine this situation. The calculated re-
Lorentz force opposing fluid flow in the core to cause syits of the lithium free surface film along the NSTX
the fluid to decelerate, while accelerating the fluid flow outboard divertor proceeding from a uniform inlet of

in the boundary layers. 10 m/s and an initial film thickness of 2 mm are shown
in Fig. 6. Only flow characteristics over the first 10 cm

1.1.2. Case B: LM film passing through a 3D downstream have been numerically obtained due to

magnetic field large CPU time requirements. As shown, at about 8 cm

As noted, if there is variation of the surface normal downstream, lithium appears to be pushed to one side
field along the streamwise direction, the electrostatic of the chute, leaving the other side bare. Again, this fea-
potential as the result of thex B termin Ohm'slaw  ture of spilling over one side of the chute is the result of
will also have a streamwise variation. This leads to the streamwise return current induced by the gradient
a streamwise electric field, which drives current flow surface normal field interacting with the normal field
in the fluid flow direction. Since the return currents itself, and cannot be displayed with 2D model calcula-
are flowing perpendicular to field lines (surface nor- tions. In addition, the velocity drops by a factor of 2 to
mal field in this case), the fluid would be propelled by about 5m/s at 10 cm downstream.

100
o ~ o0 o
: = Inlet (10 m/s)] =
T T I - o ST —— o e, P Wi 9 10°0-
o | 10 €LO0 €00 €200
Velocity = 5 m/s X

Fig. 6. Calculated lithium MHD ramp flow passing through NSTX outboard divertor fields (2 cm chute with insulated walls). Contour lines are
u velocity.
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Fig. 7. Calculated lithium jet MHD flow characteristics passing through NSTX outboard divertor fields. Contour lineskeity.

1.1.3. Case C: An LM jet passing through a 3D coils from the TARA device previously at MIT and
magnetic field a dc power supply from PPPL. The 24 TARA coils
A lithium jet ejecting from a nozzle of 5mm in di-  form a torus, mounted on four-quadrant aluminum-
ameter and passing through the first 10 cm of NSTX plate stands for access (se@. 8). The magnetized
outboard divertor fields at a velocity of 10 m/s has been toroidal volume has a circular cross-section with ma-
analyzed. It should be noted that all three components jor/minor radiiR=0.78 m ancda=0.39 m. Each TARA
of the applied magnetic fields vary along the stream- coil has two 14-turn windings rated at 3664 A. For ini-
wise direction, as shown Fig. 2 The calculated MHD tial operation, they are wired in two parallel strings
jet characteristic is shown iRig. 7. As shown, the jet  of 12 and each magnet receives approximately 1700 A
has been deflected from its original trajectory along the (which is limited by the available power from the sup-
y-axis. This feature is the result of the Lorentz force, ply). At this current level, the toroidal field strength
fy, being non-symmetric around tlyeaxis and of the varies from 0.62 T on the inboard of the torus t0 0.21 T
fact that the integral of x B, over the cross-sectionof ~ on the outboard of the torus. The facility supports ini-
the jet being nonzero results in the effects of complex tial testing of liquid metal free surface flow concepts
magnetic fields. If indeed the jet would be deflected Wwithout the technical complications and constraints of
away from its axis as a consequence of the MHD ef- plasma.
fect, it would be undesirable for fusion divertor module ~ The magnetic system is coupled with a liquid metal
application. flow loop utilizing 15 L of the GalnSn alloy and with an
The accuracy of the calculations and the degree of annular induction-type electromagnetic pump that has
uncertainty introduced by inadequate treatment of the @ maximum flow rate of approximately 3 L/s (which
boundary conditions at the interfaces are notyet known, pumps the alloy through the loop). The pump is con-
even with the progress already made in present ex- trolled with a three-phase variable transformer so that
perimental efforts. Nevertheless, numerical simulation flow rate can be controlled as desired. A permanent
has provided guidance to experimental investigations, magnet electromagnetic flow meter was custom built
such as where to focus. This is particularly useful as and calibrated using a discharge method to ensure ac-
far as liquid metal free surface flow experiments are curate measurements of the bulk flow rate of the system.
concerned, where diagnostics are extremely limited. A custom-built two-tube heat exchanger is utilized to
remove excess pump heat from the LM and control the
temperature of the working alloy. Thermocouples are
attached at several locations to accurately record the
2. MTOR facility with flux concentrators and LM temperature. A cover gas/vacuum system allows
engineering scaling control of the atmosphere in the loop and attached test
articles so that the GalnSn sees an inert environment
The MTOR facility was assembled on a limited to reduce oxidation and contamination of the alloy and
budget largely from existing equipment, including 24 allow experiments at different background atmosphere
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Fig. 8. MTOR Facility constructed with 24 Tara coils.

pressures. A more detailed description of MTOR can
be found in Refs[14,15]

2.1. Experiment scaling

MTOR was designed to offer the possibility of very
large, even axis-symmetric flow, experiments which are
ideal for studying the entire divertor covered by the free
surface flow. However, the approach for NSTX was to
proceed with a module that was limited in toroidal ex-
tent before committing to the whole divertor. This strat-
egy calls for MTOR to be consistent with the NSTX
liquid surface module (LSM) time line and adopts a
staged approach for executing the MTOR experimen-
tal program. In addition, to reduce the safety burden
from chemical reactivity of lithium in MTOR, GalnSn
is used as the working medium in the initial exploratory
stage. This decision to use GalnSn to simulate lithium
distorts some of the key MHD lithium flow parame-
ters. Consequently, it is necessary to perform similar-
ity analysis to define prototypical experimental condi-
tions. One apparent difference is that GalnSn is much
heavier with higher absolute (dynamic) viscosity (see
Table 1. This makes simulation of lithium flow condi-
tions in NSTX more challenging and demands stronger
field strengths than NSTX fields.

The key dimensionless parameters that affect MHD
free flow characteristics include the Hartmann number
Ha, interaction numbeX, Reynolds numbdre Weber
numberWe and Froude numbédfr, which are deter-
mined by fluid physical properties as well as by op-
erating parameters. The corresponding dimensionless
operating parameters for the proposed NSTX lithium
free surface module are shownTable 2 The effects
of each dimensionless parameter on fluid flow proper-
ties have always been active research topics and have
beendiscussedinthe literature. Here, only Weber, Hart-
mann, and Froude numbers are discussed in order to
highlight MTOR experimental operating parameters.
The Weber number is the ratio of the inertia force to
the capillary force due to the surface tension and is the

Table 1

Properties of lithium and GalnSn

Property NSTX MTOR

Fluid Lithium GalnSn
Operating temperaturd) (°C) 225 35
Density (p) (kg/m?) 485 6400
Electrical conductivity §) (@m)~1 2.83x 10¢ 3.0x 1CP
Surface tensiony) (N/m) 0.325 0.533
Absolute viscosity ) (kg m/s) 5.3x 1074 2.05x 1073
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Table 2
Jet operating parameters for NSTX and MTOR
Parameter of interest NSTX (lithium) MTOR (GalnSn)
Field strength (T)
Toroidal B) 0.318 t0 0.523 0.6 to 1.12 (with ion concentrator)
Surface normal ) 0.144 to—0.011 0.32t0 0
Axial (longitudinal) Not yet simulated
Jet diameterd) (mm) 5 5 5
Jet velocity V) (m/s) 10 5 3
Flow length ) (cm) 46 45 45
Film thickness §) (mm) 2 2 2
Inclination angle €) (°) 215 55 1.85
Hartmann number&rd(o/u)°-°) 160 164 164
Reynolds humbergvd/u) 457x 10 7.8x 10 4.6x 10
Weber numberddV2/y) 746 1500 540
Par. Froude number\¢/gsing L)%-5) 7.78 7.69 7.95
Perp. Froude numbe¥{/gcost ) 5480 1281 459

characteristic number of the stability of the liquid metal ter or a higher velocity should be utilized. We will show

jet. the modification of this correlation later, while taking
) into account the MHD effects.
We — pUd 6) The Hartmann number is the indicator of the mag-
y netic field level strength compared to the viscous force.

It is defined as the ratio of the electromagnetic force to

wherey is the surface tension. The Weber number is the viscous force:

so important that, with it, we can predict the break-

up length of the jet with respect to jet flow regime. In o
a pseudo-laminar jet/We < 25), the contraction of Ha = Bod\/;}
surface tension is the disruptive force, and the inter-

nal motion is the stabilizing force in that it provides Here,By is the characteristic magnetic field induc-
the inertia that delays breakup. On the other hand, in tion ando is the electrical conductivity of the fluid. We

a truly turbulent jet(+/We > 25) where the internal  can see that the Hartmann number is proportional to the
motion is great enough, the surface tension acts as asquare root of/u, and that this value of lithium is twice
retarding force (which tends to smooth a roughened as high as for gallium. To achieve the same Hartmann
surface), while the turbulent motion produces protu- number as in NSTX we need to increase the magnetic
berances that tend to disrupt the jet. In the literature, field of MTOR by a factor of 2. The calculated lithium
jet breakup length has been correlated with the squareHartmann number in NSTX is about 160 (using mean
root of the Weber number with differentempirical coef- B value). This magnitude of the Hartmann number can
ficients accounting for different jet operating regimes. be obtained by running GalnSn in a mean magnetic
For example, the square root of the Weber number for field strength of 0.86 T while keeping the length scale
a 2mm diameter, 10 m/s lithium jet being 17 implies unchanged. Certainly, when dealing with gradient mag-
that it is a pseudo-laminar jet, in which the breakup is netic fields, it is necessary to differentiate whether the
controlled by surface tension capillary instability. Ac- dominating effect is controlled by the gradient field
cording to Phinney’s correlatiofi6], one can expect  strength or by the local magnetic field magnitude. This
the jet to break up when itis passing through the 46 cm differentiation is not yet clear in the literature, and is
length of the NSTX outboard divertor region. However, considered to be a central part of research in this study.
if this lithium jetis 5 mm or greater in diameter, itis not The parallel Froude Number defined as:

likely be broken before reaching the drain. Thus, if a

bankof circular jets is the desired optionforthe divertor g — =
application, each jet should be at least 5 mm in diame- VgL sing

(7)

u

(8)



a4

whered is the inclination angle, is the indicator of the
gravitational acceleration effect. The parallel Froude
number, which corresponds to the NSTX operating
condition of lithium flowing at 10 m/s over a 45cm
path at an inclination angle of 2T.5s about 7.8. This
can result ir~15% acceleration or deceleration (if the
design calls for the flow to climb up against the gravity)
in velocity without MHD effects. Since gallium alloy is
much heavier than lithium, to simulate this effect while

preserving the Reynolds number (by running GalnSn

at 3m/s), a near-horizontal MTOR experimental film
flow setup (or an inclination angle of 1.85s required.

When applied to wave and surface behavior, the per-
pendicular Froude number is defined as the ratio of

inertial force to gravity force or the square 6§. (8)
with the substitution of film thickness for flow length
and co9 for sind. This definition is particularly impor-
tant for film flow study, since it determines whether the
flow is supercritical (>1) or subcritical (<1). The calcu-
lated perpendicular Froude number is significantly high
both in NSTX and in MTOR, which implies that both
flows are operated in the supercritical flow regime. The

A.Y.Ying et al. / Fusion Engineering and Design 72 (2004) 35-62
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Fig. 9. MTOR experimental set-up with iron flux concentrators for
GalnSn jet study (iron flux concentrator with tapered pole faces to
create 1D transverse gradientfield to simulate gradient toroidal field).

concentrator, the magnetic field from the MTOR coils
is rearranged locally to produce NSTX-relevant fields
for MHD studies. The gap distance and pole-face an-
gle are varied along the liquid flow direction in or-

experimental operating conditions to reproduce these der to control the field strength and direction in the

key dimensionless parameters are liste@ldble 2 As
shown, MTOR provides adequate capability to study
NSTX lithium free surface module flow if the field
strength can be increased by a factor of 2.

2.2. Flux concentrator design

To achieve NSTX prototypical field simulation, fer-

gap region. These iron flux concentrators (which cre-
ate desired field strength and orientation) installed in
the MTOR facility and are shown iRigs. 10 and 11
Several sets of pole faces and concentrator sections
have been produced and utilized in the experiments de-
scribed in the following sections. We mention here that
it has not proven difficult to effectively doubld (~
1.3T) the magnetic field magnitude compared to the

romagnetic structures and permanent magnets are usedbare torus so that similarity with NSTX magnetic con-
extensively to provide a locally concentrated magnetic ditions using the GalnSn alloy are realized. At present,

field within MTOR. The basic idea is to collect the flux

flux concentrator set-ups are placed at two eighth cor-

passing through the cross-section of the torus and dis-ners of MTOR, as shown iRig. 12 Here we can clearly

tribute this flux into the test region according to the
desired flux profile. The collection is accomplished
through a large disk of a cold-drawn iron plate. The

disks are thick enough so that the flux outside of the
concentrator region is largely undisturbed and still has

see that the space taken for creating a desired magnetic
field condition is fairly small (about 1/12). The large
test area offered by MTOR allows for the performance
of multiple experiments simultaneously.

To further create a 1D gradient field in the test re-

the 1R dependence of a standard magnetic torus. The gion, the 5-cm-wide iron block pole faces are tapered.

flux is then redistributed through tailoring “reluctance”
by establishing a “reluctance” circuit, in which the test

This results in distances between the two faces vary-
ing from 15cm at one end to 10 cm on the other end,

region has a much lower magnetic reluctance than thatwhen they are placed in MTOR as shownHig. 9.

of the adjacent air gap region (sEay. 9). Explicitly,

an iron flux concentrator was designed with replace-

able pole faces to allow a range of field configurations.

With this concentrator set-up, the maximum magnetic
field at the center of the gap varies from 0.5t0 0.9T
as the gap decreases, whereas the magnetic field gra-

By shaping and spacing the pole faces of the iron flux dient is about 0.5 T/m. These5cm iron blocks are
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45

Fig. 10. MTOR experimental setup with iron flux concentrators for GalnSn jet study (iron flux concentrator with twisted-tapered pole faces to
create 2D transverse gradient field to simulate gradient toroidal field plus surface normal field).

then shaped with a twisted angle of°2tb provide field strength for this set-up gives a toroidal field of
a 2D field gradient similar to that in NSTX by cre- 0.6 to 1.12T with corresponding-radial field values
ating a different gap size not only in the streamwise from 0 to 0.17T. As shown irFig. 13 these simu-
but also in the spanwise directiortsg. 11shows the lated toroidal field strengths appear adequate, although

iron flux concentrators with the twisted-tapered pole the field strength to simulate the NSTX surface normal
face that can simultaneously produce toroidal and sur- component is slightly lower.
face normal 2D magnetic field gradients. The measured
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Fig. 11. Top view of iron flux concentrator setup including iron disk

for flux collection and iron block pole faces for redistribution of  Fig. 12. Scaling corrected MTOR 1D and 2D magnetic field
magnetic flux.

strengths (actual values equal to two times the values shown).
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1-3mm and lengths of 10-30 mm, while the exit ve-
locity of the jets varied by up to 2 m/s.

Oshimaand Yamarj&8] studied the shape of a hori-
zontal liquid metal jet under a uniform transverse mag-
netic field. Tests were performed using both circular
and square nozzles. The results showed that changes in
the shape ofthe jet due to surface tension are suppressed
under a uniform transverse magnetic field. levlev et al.
[19] performed an experiment whereby liquid metal
jets were laminarized by a coaxial magnetic field. Jet
laminarization was accomplished by transition delay,
with the joint effect of a coaxial magnetic field and an
inlet velocity in the initial cross-section forming a ve-
locity profile with a smooth change at the jet boundary
and a low disturbance level. They also showed that at
Fig. 13. Top view of MTOR showing two one-sixth fractional core the _tran3|t|on length jet ex_p_an5|on_ occurs close to the
regions of MTOR installed with flux concentrators to enhance field laminar level. At some critical pointsHa/Re ~ 3.5
for NSTX simulations. x 1072), jet expansion after transition increases sud-

denly. Subsequently, this growth slackens and the jet
becomes stable.
3. Experimental study of liquid metal jets Additionally, Etay et al[20] performed a study toin-
under gradient transverse fields vestigate the mechanism by which the ultimate position
of a two-dimensional stream of a liquid metal jet could

The use of a bank of circular jets has been consid- be controlled. Specifically, the deflection was achieved
ered for fusion divertor application and for the NSTX by the action of the magnetic pressure associated with
flowing lithium module. The advantages of using jet a high-frequency magnetic field produced by current
configurations over film flow concepts include that sources outside the liquid stream. They found that the
there are no drag effects such as Hartmann break-angle of deflection of the stream could be determined
ing related to solid walls and that there are no ad- by controlling the power supplied to the perturbing cur-
ditional cooling requirements for solid edge presence rents. Furthermore, they showed that a current-carrying
in film divertors with solid walls/dividers. The impor-  cylindrical jet could be destabilized by a vertical line
tant issues concerning a flowing liquid metal jet in a current. Extrapolating the results of their study to a
complex magnetic field environment relate to the po- lithium liquid metal jet crossing the NSTX magnetic
tential for deflection of trajectory, surface instability, field configuration, it is likely that the jet will be de-
cross-section flattening and breakup. These are queslected by the MHD forces caused by the longitudinal
tions that need to be addressed before putting for- field component.
ward a jet concept for near-term plasma device divertor  In summary, our understanding of how a LM jet per-
application. forms with respect to MHD effects under various mag-

In recent years, much interest has been taken in thenetic field orientations and strengths remains limited.
phenomena of liquid metal jets under a magnetic field, LM MHD experiments in a complex field configura-
due to the potential for application in industry. The ex- tion are necessary to help determine the suitability of
periments performed by Bucenieks et[al7] showed jets in fusion energy technology applications.
that in a strong magnetic field free falling jets are es-
sentially stablized; the jet continuity length increases 3.1. Jet flow experimental setup and test
considerably (by 1.5-2 times), and splashing of lig- parameters
uid metal in the receiver is damped. GalnSn has been
studied in magnetic fields up to 3.5 T. The jets fell out The major components of the MTOR LM jet study
from non-conducting nozzles with inner diameters of include the test article system, the diagnostics system,
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Fig. 14. Nozzle geometry with dimensions.

and the GalnSn flow loop (previously described). The
test article system itself includes a short nozzle, which

a7

contraction nozzle, the level of turbulence in the core
region of the jet can be greatly reduced.

The presence of a cylindrical section (with length
L) after the contraction results in the development of
shear stress from the no-slip boundary of the solid sur-
face with the fluid. The fluid particles closest to the
solid surface are proportionately retarded because of
the fluid drag on the nozzle walls, i.e. the flow profile at
the end of the contraction is changed to a hon-uniform
profile at the point of jet formation. If/d is sufficiently
large, then the boundary layer “thickness” eventually
reaches a value @l2, i.e. the boundary layer fills the
entire tube, resulting in fully developed turbulent pipe
flow. Regardless of whether the flow in the cylindrical
section of the schematic nozzle is laminar or turbulent,
the presence of the cylindrical section is seen to have a
profound influence on the velocity profile at the point
of jet formation. It would be possible, for instance, for
the flow at the end of the contraction to be perfectly
smooth; yet the emergent jet may possess a fully de-
veloped turbulent velocity profil21]. To eliminate the

can produce a 5-mm round jet, a transparent test cavity boundary layer effect on the core flow, a short section
so that the GalnSn jet can be viewed and photographedgiving an aspect ratio near the nozzle outlet of 0.25 is

while still in a controlled atmosphere, and a drain col-
lection, which is designed to minimize liquid build-up
and allow liquid to be removed effectively.

Nozzles play a key role in any free jet experiment
because they determine initial jet quality and turbu-
lence levels, which in turn dominate surface smooth-

applied.

Furthermore, in order to prevent the occurrence of
boundary layer separation and associate formation of
secondary eddies, a contraction angle of about 103
is considered, while all the sharp angles of the noz-
zle interior are smoothed out. Based on the aforemen-

ness and breakup behavior. Assuming constant fluid tioned geometrical factors and other effects influencing

properties and velocity the main geometrical factors
influencing the total velocity distribution at the noz-
zle exit are (i) the contraction rata/D, (ii) the nozzle
aspect ratiol/d, and (iii) the contraction angle or in-
ternal nozzle shape (s€&. 14for notation). The flow
from the nozzle will always reflect, to a degree, the

the total velocity distribution, we designed a three-step
short nozzle with a specific contracting section that al-
lows breakup to occur further downstream, as shown
in Fig. 14 A honeycomb flow straightener is used to
straighten the flow and reduce the initial disturbance.
Because the honeycomb structures are arrays of tubular

state of turbulence in the upstream supply. Hence, for elements arranged parallel to each other and the axis

any fixed discharge velocity, a decrease in the contrac-

tion ratio reduces the general level of turbulence in the
core region of the jet. The values of the contraction
ratio used in practical situations depend on the circum-
stances. Sufficiently large values of the contraction ra-
tio would cause higher levels of turbulence in the hose
or monitor, resulting in a proportionate level of turbu-
lence to be present in the jet “core flo21]. In our

of the free jet, they eliminate and filter out both large-
scale transverse velocity components and smaller scale
irregularities present in the incoming flow.

The test cavity is made of thick acrylic plate that can
handle up to full vacuum and still allow visualization
and imaging of the jet during a discharge. The setup
equips with a high-speed digital imaging system with
a CMOS camera with 1280 pixed 1024 pixel resolu-

experiments, a two-step contraction rate nozzle is used.tion that provides as high as 1000 frames per second

The first-step contraction ratio is 0.71, and the second-

step contraction ratio is 0.32. By using this two-step

(fps) full resolution, and 10,000 ftp partial resolution.
This camera, together with various lenses and light-
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Fig. 15. Schematic view of MTOR jet experimental set-up and ori-
entation description.

ing systems, is used to capture jet trajectories, surface , S ,
waves and cross-section distortion as the jet proceeds'9: 6- Poloidai-toroidal view images of GainSn jet flow charac-
teristics with and without magnetic field (1D gradient field; jet initial

downstream. velocity = 5m/s).

Overall, experiments are conducted with jetinlet ve-
locities between 2 and 5m/s while jets are subjected
to 1D as well as 2D transverse gradient fields. The ing though a 1D gradient transverse field region). The
jet is issued from a 5 mm diameter circular nozzle lo- projected toroidal—poloidal plan images of the liquid
cated at the top (where the field strength is the low- metal jet at 55—-60 cm downstream in a 2D magnetic
est), and proceeds poloidally downstream with increas- field show similar stabilization effects as the magnetic
ing field strength as it approaches the collecting drain field increases (sédg. 17). The stabilizing effect of the
cone-shape nozzle located at the bottéig(19. The magnetic field is acting via the suppression by the field
scaling-corrected MTOR 1D and 2D field magnitudes  of the velocity perturbations. This can be disclosed by
are shown irFig. 12 Itappears thatthe MTOR gradient  observing the images of the poloidal—toroidal plan of
toroidal field is adequate for NSTX simulations. How-  the jet shown irFig. 18 where the light on the image
ever, note that the fabricated 2D twisted and tapered reflects the structures of the vortex existing in the jet.
pole faces do not provide adequate NSTX-prototypical As shown, without the magnetic field, the jet displays
radial field strength in this pole face configuration, a random yet complex vortex structure. These freely
which is about two times lower here than the desired turbulent vorticities, are in fact, the source of turbulent

values. jet breakup if the dynamic pressure associated with the
jet becomes greater than the pressure due to surface
3.2. Jet flow experimental results tension. As the current increases, or equivalently the

field strength increases, the vortex perpendicular to the

An obvious effect of the transverse magnetic field field direction is greatly suppressed, leaving the vortex
on a LM jet is to suppress its sausage-like instability aligned with the streamwise direction. As the charac-
structures so that the jet appears like a cylindrical rod teristic length of the vortex structure becomes smaller
(as shown irig. 16for a 5m/s, 5 mm GalnSn jet pass-  with the increase of the magnetic field, the strength of
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Fig. 17. Poloidal-toroidal view of jet images. GalnSn jet flow characteristics 12—14 in. downstream as magnetic field increases (2D gradient
field; jet initial velocity = 3 m/s).

the vortex is also dampened through Joule dissipation. toroidal—poloidal plan image. Thus, it cannot fully rep-
Consequently, this stabilizes the jet. resent the cross-section of the jet, since the jet may not
The motion across magnetic field lines induces a be isometric. Nevertheless, we can see that without a
current directed along the vertical axis so that the magnetic field the width of the jet displays a sinusoidal-
consequent Lorentz force acts to retard the flow. like form, whichindicates thata greatdisturbance from
Figs. 19 and 2@how the width of the jet downstream surface tension disruptive force exists in the jet. When
with and without a magnetic field with an inlet ve- the magnetic field is on at the maximum MTOR cur-
locity of 3m/s. Note that here the width of the jet rent( =3400A), the width of the jet at 8—15 cm down-
is derived from the jet cross-section at the projected stream becomes a constant, which implies thatthe mag-

2000A L 3400A

Fig. 18. Poloidal-toroidal view of jet images. Vortex structure evolution as magnetic field increases. (2D gradient field; jet initial velocity =
3m/s).
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L o ] Fig. 21. Jet width evolution 7-15 cm downstream with and without
magpnetic field (jet initial velocity: 3 m/s).

magnetic field (jet initial velocity: 5 m/s).

netic field completely destroys the turbulent motion ing force even though the gravity wants to accelerate
perpendicular to the field lines. However, at 30-60 cm the fluid. Note that the average jet width increase is
downstream, the jet displays like sausage indicating derived from the jet width comparison between their
that the magnetic constraining force cannot further sup- magnitudes with and without magnetic field at the same
press turbulent momentum, while the surface tension downstream location. Unlike the 3 m/s jet where it falls
disruptive force overshoots the combined inertial and in the pseudo-laminar jet regime, the 5m/s jet behaves
Lorentz retarding forces. The average width of the jet more like a turbulent jetv/We > 25). Figs. 21 and 22
has increased by about 7% through the Lorentz retard-

5.5
5.4
5.3
5.2
5.1

—A—E‘(penmemal Results éwnh MHD

Experimental Results (without M?ID) :::}‘thlr:mfﬁﬁ} }gtjm: ﬁ\\mzowlll\[/l)l)lm

5.5

W
|
»
/
|

4.9
4.8
4.7
4.6
45
| 4.4
i j 43
4.2
| | | .\ 4.1 | | | L

30 40 50 60 30 40 50 60
Downstream (cm) Downstream (cm)

R
w
L N B

9]
w

Width ofthe Jet (mm)
i
Width ofthe Jet (mm)

o8]

2.5

L) LALLEN ERAAN RRRRN LAARN LERRS LARNS B |£u||\u | BN RN RARAN LARAN RAN
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magnetic field (jet initial velocity: 3 m/s). magnetic field (jet initial velocity: 5 m/s).
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Fig. 23. Jet breakup length increases as magnetic field increases. Poloidal-toroidal view images at 22—24 in. downstream with and without 1D
gradient magnetic field (jet initial velocity: 3 m/s).

show the width of the jet downstream with and with- creases accordingly. In addition, the wavelength of the
out a magnetic field. As shown, at 8-15cm down- sinusoidal motion is much larger thanfig. 20 The
stream the jet displays a similar shape to that shown in average width of the jet in this condition increases by
Fig. 19 while the wavelength of the sinusoidal motion 9%, which is slightly larger than the case in 3 m/s. This
is slightly larger. Similar to the 3 m/s case, the oscilla- may be due to the combined effects of inertiaand MHD
tion of the width of the jet is significantly reduced by Lorentz force, since both increase with jet velocity.
the Lorentz force from the magnetic field. The 5m/sjet  The stabilizing effect of the magnetic field has re-
flow at 25-60 cm downstream shows slightly different sulted in delaying LM jet breakup. This becomes evi-
characteristics than that at 3 m/s. As showiriig. 22, dent by observing the projected toroidal—-poloidal plan
there is no evidence of jet breakup in this velocity range images of the jet shown iRigs. 23 and 24These pic-
because the Weber number of this condition is larger tures are the front images of a liquid metal jet at 55 to
than the previous one, so that the stability length in- 61 cm downstream in a 1D and 2D magnetic field with

Fig. 24. Jet breakup length increases as magnetic field increases. Poloidal-toroidal view images at 22—24 in. downstream with and without 2D
gradient magnetic field (jet initial velocity: 3 m/s).
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velocity equal to 3 m/s. The images of the jet shape in
the absence of a magnetic field show sinusoidal distur-
bances due to capillary instability coupled with irregu-
lar disturbances having different length scales from the
disrupting effects of turbulence. No “break” condition
is observed before 55 cm downstream. In addition to
a “sausage” shape like jet characteristics, it shows a
break up wavelength of about 5-6 jet diameters, which
corresponds well to the classic Rayleigh—Weber theory
for capillary breakup. With the magnetic field increase,
we can see that the “break” point is slightly delayed and
the turbulence of the jet is significantly suppressed, ac-
companied by the absence of secondary modes. The
other effect of a magnetic field is a change in the in-
stability growth rate. Unlike with flows in a pure capil-
lary regime, with flows in a magnetic field, the Lorentz
force in addition to the inertia force can stabilize the
flow. This effect can be seen againhig. 23 which
demonstrates thickening of the ligaments between two
“sausages” as the magnetic field grows. Furthermore, Fig. 25. Poloidal-vertical plan jetimages with 1D magnetic field (jet
yetto be analyzed, are the limited data showing that the velocity: 3m/s).

“break” point occurs earlier in a 2D gradient field than

it does in a 1D gradient field condition. This implies  on the side. These pictures indicate that the front edges
that the surface normal magnetic field helps break apart of the jet maintain the same position even with the field
the jet. Within the limited data from the MTOR GaInSn  tyrned on. This also shows that no jet deflection can be
runs, breakup was found at inlet velocities lower than detected. These results reflect similar observations that
3.2m/s, inwhich the jet appears as a pseudo-laminar jet
while the square root of the Weber number is less than
25. The observed breakup lengths without and with
magnetic field were 57 and 60 cm and 36 and 41.2cm
for initial jet velocity of 3 and 2.1 m/s, respectively.
These observations suggest that breakup length with a
magnetic field can be expressed as:

L = aLnofield

whereu is a coefficient related to the Hartmann number
and varies from 1.05 to 1.14 as velocity varies from 3
to 2.1 m/s.

The images taken so far do not show quantifiable de-
flection on jets passing through an NSTX-like outboard
divertor for both 1D (toroidal) and 2D (surface normal)
steady-state transverse gradient fields. Thisimplies that
the streamwise (axial) return current is not significant.
The projected poloidal—-vertical plan images of jet tra-
jectories shown irrigs. 25 and 2&ave been analyzed
in detail to determine whether jets have deflected away
from their axis. These images have been taken from the rig. 26. poloidal-vertical plan jetimages with 2D magnetic field (jet
realimages projected into a mirror placed at adigle velocity: 3m/s).
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have been numerically shown using FLOW-3D/MHD symmetric flow. Experiments on a complete coverage
code (as in Case A analysis). Furthermore, the plot of axis-symmetric flow require a much larger liquid metal
the relationship between downstream location and po- inventory and will be considered in the next stage of the
sitions of the jet edges indicates that with the magnetic study. Open-channel film flow experiments in MTOR
field increasing, the oscillation in the jet edge location require quantitative measurements of the free surface
becomes less pronounced, while the mean position of height—resolved both spatially and temporally. Previ-
jet edge remains the same. ously, effort has been spent on developing a diagnostic
Numerical calculations using the aforementioned system utilizing ultrasound to non-invasively measure
FLOW-3D/MHD were performed to simulate exper- the free surface height simultaneously at multiple lo-
imental runs that were conducted at the UCLA MTOR cations[14]. The test section can be equipped with up
facility. The computational domain includes a nozzle to seven transducers driven through a multiplexer by
opening of 5mm located at the beginning of #iaxis. one pulser/receiver box. The reflected signals are dig-
The boundary conditions of the flow field are set contin- itized by a fast (100 MSample/s) data acquisition card
uous (except at the inlet boundary). All physical prop- and stored in a control computer for later analysis.
erties are those of GalnSn. Simulations were performed  For completely insulated walls, all electric current
forinlet velocities of 3 and 5 m/s with MTOR 1D mag- is confined within the liquid flow itself. While MHD
netic field configurations. The numerical results show drag can be significantly reduced for insulated free sur-
similar MHD behavior as compared to experimental face film flows, an electrically insulated coating will
observations, including increases in jet radius and no not be available within the proposed experimental time
observable deflection. However, the results slightly un- frame (i.e. 2008). Thus, it is prudent to know whether
derestimate MHD effects and lead to a smaller reduc- it is possible to establish a proper lithium free surface
tion in jet radius (5.1% as compared 9% for the case of flow in NSTX magnetic field configurations using con-
initial velocity of 5 m/s). Note that the width obtained ducting walls. Presently, MTOR experimental investi-
from experimental measurements only accounts for the gations on liquid metal MHD free surface ramp flows

cross-section variation at the poloidal-toroidal plan.

4. Film flow characteristics under complex
gradient fields

Film flow is also a possible candidate geometry for
free surface module divertor application, in which a
working LM, such as lithium, flows over a conducting
or insulating substrate. A preliminary series of experi-
ments without flux concentrators were performed with
a 20-cm-wide insulated channel in order to study ef-
fects like channel filling and obtain data for validation
of quasi-two-dimensional models.

In this series of experiments, the fluid is restricted
laterally (toroidally) by two sidewalls with rather lim-
ited separation extent in the higher field of the flux con-
centrators in order to provide data to support a “mod-
ule” design concept. In a toroidally segmented flow,
the MHD effect is expected to be stronger from the
toroidal field, since aspect ratio of the channel is much
closer to unity. To the contrary, it is expected that MHD

are conducted for both insulated and conducting walls.
The goal is to determine whether segmented film flows
can overcome the MHD drag caused by NSTX-like
gradient magnetic fields while achieving satisfactory
operating conditions for particle and surface heat re-
moval.

From a design point of view, free surface lithium
flow over a divertor plate can proceed either from out-
board toward inboard or vice versa. However, the large
velocity required for particle pumping (as well as sur-
face heat removal) implies that lithium carries atremen-
dous amount of inertia. To direct this energetic fluid
away from the vacuum vessel without causing signifi-
cant splashing to the plasma core requires a much larger
space to house flow-guiding structures, which is not
available in the cramped space at the inboard edge of
the outer NSTX divertor region. Thus, the design for the
NSTX outboard divertor module may call for lithium
to be injected from the smaller radius (private flux re-
gion) outward toward the outboard, as showFig. 1L
A flow issuing from a higher field to a lower field will
experience similar drag forces as one flowing in from

drag from the gradient surface normal field can be very the opposite direction. This alleviates MTOR experi-

significant, enough to stop the flow in a complete axis-

mental requirements since the space near the inboard
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of MTOR is extremely scarce. In experimental runs in-
volving film flow with insulated walls GalnSn flows
from the outboard toward the inboard. The space is
made available through a design improvement to ac-
commodate flow issuing from the inboard for film flow
experiments with conducting walls.

4.1. Film flow experimental setup and test
parameters

Two film flow test sections were manufactured with
one being made from an electrical insulator (acrylic)
and the other from a conductor (thin sheet 304 stain- ‘ A
less). Both test articles featured compression nozzles Fenumen Inilet
with a 2 mm final height, are 45 cm long, and can ac- Cuiict magnet
commodate the placement (and bracing) of permanent _. ) ) i o
Fig. 27. MTOR film flow test section with acrylic insulated walls
magnets and ultrasound transducers beneath the flow(top: actual test article; bottom: schematic view).
plan.

As shown inFig. 27, the acrylic test article features  der to achieve complete flow covergd8]. Within the
a contracting flow area starting with an inlet flow width  limited data available, the substrate was made from an
of 7cm and tapered down to about 5 at 45cm down- acrylic sheet plated with a 0 Am-thick Inconel layer,
stream. This is meant to address flow contraction is- its function being primarily to enhance wetting.
sues that might be present in the strongly converging  The electrically conducting test section, as shown in
geometry of the spherical torus. The drain region in Fig. 28 is a constant 5-cm-wide and 45-cm-long chan-
this test article proved to be limited to an inlet velocity nel constructed from athin stainless steel sheet (0.5 mm
of 1.1 m/s before the incoming fluid led to an overflow thick). The inlet manifold includes a perforated plate
situation. One important requirement for establishing to help distribute GalnSn flow more uniformly over the
a viable film flow relates to fluid wetting capability; test area and a nozzle with a contraction ratio of five
the fluid must be able to wet the solid substrate in or- (defined as the ratio of inlet to outlet nozzle area) to

Prain section : e fnlet

Fig. 28. Stainless steel conducting ramp test article (conductance ratio = 0.0067).
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give a 2-mm-high flow at the nozzle outlet. In addition, about 2 cm to preserve the Froude number at the oper-

to prevent GalnSn overshoot and to gradually guide ating velocity of 3 m/s. As shown iRig. 29 the MTOR

the fluid toward the drain channel located parallel to experimental setup is near horizontal with an upward

the gravity direction, the test article substrate is curved slight inclination angle of 1.85

45° away from the flow plane near the outlet. A cover The specific iron flux concentrators set used here

plate is welded to the test article drain section to catch creates a toroidal magnetic field varying from 1.2 T at

any GalnSn overshoot. The conducting-walls test arti- the inletto 0.48 T at the outlet. A surface normal mag-

cle has an adequate drain capacity to run experimentsnetic field to the liquid flow is established downstream

with inlet velocities up to 4.4 m/s. near the outboard end, by two permanent magnets, giv-
To achieve a similar Reynolds number to that of ing an average surface normal field of 0.3 T over a 12-

lithium flow at 10 m/s, the nozzle outlet velocity must cm flow-path. The magnetic field orientation and asso-

be 3 m/s for GalnSn. The flow rate will be varied around ciated relative strength as seen by GalnSn as it proceeds

this value to explore awider range of tReparameters.  from inboard toward outboard is illustratedfig. 3Q

In addition, these first experiments are being conducted The comparison of the scaling-corrected MTOR mag-

to evaluate the possibility of flowing lithium “uphill”  netic fields with corresponding NSTX field strengths

from the inboard higher field region to the outboard (as inFig. 31) indicates that the present MTOR field

lower field region. The NSTX design concept allows configuration is adequate to reveal any unfavorable

lithium to be gradually extracted away from the cham- MHD drag, if any exists.

ber through a roomy outboard area without causing too

much splashing and interference with CHI operation. 4.2. Film flow experimental results

The concept also implies that in NSTX's geometric

configuration, lithium flows uphil~17 cm over a 46- 4.2.1. Free surface ramp flow with insulated walls

cm-flow path with an inclination angle of 22.55ince Photographic images taken from the fast camera

GalnSn is much heavier than lithium, the MTOR ex- for LM MHD film flow characteristics with insulated

perimental setup forces GalnSn to climb uphill only walls show clearly how the magnetic field modifies film

Fig. 29. MTOR experimental setup for proposed NSTX film flow concept evaluation.
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Fig. 30. Schematic view of MTOR 2D field orientation and relative

field strength as seen by GalnSn. Fig. 32. Image of film flow free surface showing turbulent wavy
structures (film initial velocity = 1.1 m/s).
flow surface structures. Here, GalnSn flows uphill at

1.85 away from the horizontal plan and issues from o, the effect of the magnetic field has significantly

the outboard with field strength of 0.48T to the in-  gyppressed small-scale fluctuations and vorticity per-
board of 1.2 T at 45 cm downstream. The fast camera pengicular to the field—resulting in a stretched vortex

image of GalnSn film flow with a velocity of 1.1m/s  gjong the field direction. In response, the free surface of
without magnetic field is shown iRig. 32 As shown, e film shows 2D wave structures along the filed lines
GalnSn do.es not wet Inconel well and shows a ten- (Fig. 33. Complete coverage of the flow channel is

dency to pinch into the center of the channel, which 3159 achieved when the surface normal field is applied

results in bare zones near the sidewalls. With the mag- (seeFig. 34). The induced MHD forces eliminate the
netic field turned on, the deficiency of wetting has been

completely erased while the fluid has been pushed to
the sides and completely covers the channel. In addi-
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Fig. 33. Image of film flow free surface with 1D gradient toroidal

Fig. 31. Scaling corrected MTOR 2D fields, as compared to NSTX field. Turbulent wavy structures seerHiy. 28have been suppressed
toroidal and surface normal fields. significantly and result in 2D waves (film initial velocity = 1.1 m/s).
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Fig. 34. Image of film flow free surface with surface normal field.
Turbulent wavy structures near the inlet seerfrig. 28 have been
suppressed slightly by the surface normal field (film initial velocity
=1.1m/s).

fluid’s pinching and greatly modify the turbulent struc-
tures at the places where surface normal field is applied
(the measured surface normal field is abe(Ot18 T at

the substrate back wall). Only a limited number of runs
were performed with this test section due to the limiting
nature of the drain, but radical redistribution and bare
spots due to MHD effects were not observed in this test
section at the relatively low velocities explored.

4.2.2. Film flow results of conducting walls

Experimental results have been obtained for three
different magnetic field configurations and are briefly
described below.

1. A 1D toroidal field including field gradient. GalnSn
flows uphill at 1.85 from the inlet with a field
strength of 1.2 T to the outlet at 0.48 T at 45cm
downstream.

The images irFig. 35from the high-speed camera
looking directly downward at the flow going from
left to right indicate that immediately near the noz-
zle outlet the turbulence is partially damped and
markedly elongated 2D column-type surface struc-
tures are observed. However, as GalnSn alloy moves
toward lower fields, these 2D rolling waves break
down; while the fluid reverts back to its original
3D turbulent structures, as shown in the case of no

3.

57

magnetic field. At higher fluid velocity, 2D rolling
waves persist to lower fields as shownFiy. 36

In addition, it appears that the MHD drag caused
by this magnitude of gradient toroidal field is not
strong enough to significantly slow down the flow,
other than modifying the flow structure as described
above.

. Same flow setup with a surface normal field only.

Two permanent magnets are placed near the outlet
of the test article to simulate the NSTX case where
the surface normal field is the strongest. The setup
gives an average surface normal field of about 0.3 T
over a 12-cm-flow path starting at 18 cm away from
the inlet.

With a surface normal filed of about 0.3 T in the
present experimental setup, the MHD drag oppos-
ing force (proportional t@mBi) appears to be sig-
nificant enough to slow down the flow and cause
the fluid to pile up. In addition, the flow is charac-
terized with thick, streaky columns parallel to the
flow direction. Film thickness traces from an induc-
tive probe located at 28 cm downstream and 1cm
away from the sidewall indicate a factor of 2.25 in-
crease in film height from the MHD drag produced
by this magnitude of surface normal field. The trace
in Fig. 37shows a significant amount of fluctuation
in film thickness at this specific operating condition.
This fluctuation has been suppressed significantly
when the fluid is subjected to additional gradient
toroidal field when MTOR is operated at 2000 A
(Fig. 37. By decreasing GalnSn velocity from 3 to
2m/s the result is a further increase in film thick-
ness by a factor 2.5. Clearly, decreasing velocity
increases the interaction number, indicating that the
magnetic forces dominate the inertial forces.

A comparison illustrating the effect of magnet field
orientation on LM MHD free surface characteristics
is shown inFig. 35

A combined toroidal field from (1) with the surface
normal field from (2).

The image shown iifrig. 38reflects a combined-
added effect resulting from the gradient toroidal
field plus the surface normal field. Near the out-
let of the nozzle where only the toroidal field ex-
ists 2D rolling waves dominate the flow; however,
as GalnSn alloy encounters a strong surface nor-
mal field, the fluid piles up and slows down as if
it were frozen. Additionally, the flow appears non-
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Fig. 35. Film surface patterns under different magnetic field conditions.

symmetric at 30 cm downstream where the surface ~ With an inlet velocity of 2m/s, quantitative mea-

normal field is significant, which may result from surements were obtained for film heights at six loca-
lateral forces caused by the induced axial return cur- tions using the ultrasonic flow height measurement sys-
rent interacting with the surface normal field. tem. The MHD drag caused by the induced toroidal

2-D rolling waves broken down as field drops

Toroidal field

Fig. 36. Inverted images of wavy surface structures under gradient transverse fields for different initial velocities.
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Fig. 37. Inductive probe signals of film heights at 28 cm downstream versus time for different coil current/magnetic field conditions.

current interacting with the surface normal field has spills over the side of the chute. An improved under-
resulted in an increase in film height by a factor of standing is needed of the implications of non-uniform
3—4 times at 30 cm downstream, with the existence of flow thickening and magnetic field-influenced surface
surface normal fields only. The flow thickening is not turbulence structures on the use of liquid metal surfaces
uniform over the film cross-section as shown, so that as divertor.

one side of the fluid is about 40% thicker than the other ~ The ultrasound transducer fails to detect the reflec-
side. Note that if the fabricated sidewall of the test arti- tive sound wave at a velocity of 2.5m/s or higher, as
cleisleveled at the initial film height, then the presently the fluid becomes relatively turbulent. Turbulent fluc-
observed increase in film height implies that the fluid tuation of liquid surfaces causes energy to be lost be-
spills over the sides of the module. This observation ap- fore the wave reflects back to the sensor (loss of sig-
pears qualitatively consistent with the previous FLOW- nal). Presently, the film heights at high velocities are
3D/MHD calculations, where the results showthatfluid measured by the inductive probe, in which the film

Flow piles-up. «

L a st
: \"-};1 - 3

-
--' .‘.},

P

Fig. 38. Distinct wavy flow pattern appears as magnet field configuration becomes complicated (inlet velocity 3 m/s) (Field configuration values
shown inFig. 34).
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height change by the MHD drag is reflected through
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attractive option. Several key issues have to be resolved
before the possibility of a module can be definitively
established. A major issue is the MHD effect on the
liquid metal free surface due to the existence of strong
magnetic fields. This paper describes experimental in-
vestigations conducted on MHD liquid metal jet and
film flows under NSTX divertor-like conditions at the
MTOR facility at UCLA. The experiments are directed
towards providing hard data for the APEX study to help
evaluate the feasibility of a fast free lithium surface for
particle and heat removal in a near-term physics de-
vice (e.g. NSTX). A gallium alloy (GalnSn) has been
used instead of the actual working fluid (lithium) as the
experimentation fluid due to safety considerations and
ease of operation at room temperature. The flow inlet
conditions, the magnetic fields and the flow dimensions
have been appropriately scaled in order to obtain the
same Reynolds NumbeRé), Hartmann NumberHa)
and Froude Numbei) as proposed for a NSTX di-
vertor module with lithium.

Experimental findings from the MTOR jet study in-

the change in the inductance between the film surface dicate that the steady-state transverse field gradients

and the probe’s face. The film height at 28 cm down-
stream and 1 cm away from one side of the wall with
respect to different interaction numbers is plotted in
Fig. 39 The interaction number is defined as

2
0 Bjcalbo
puo

N =

whereug andé§g are the initial film velocity and initial
film height, respectively. Also, thBjyc is defined as:

Biocal = |/ B2 + B? . These nitial data suggest that the
localfilm thickness increase semi-parabolically (within

the range of the experiments) with the interaction num-
ber and are not differentiable from the initial velocities.
Since the field orientation has a distinct impact on the
types of vorticity modification, the MHD effect may
not be added linearly. Effort is underway to distinguish
between the increase in the MHD induced film thick-

have stabilized the jet, reduced turbulent disturbance,
and delayed jet breakup. The MTOR NSTX-like mag-
netic field strength significantly stabilized the jet by
suppressing velocity perturbations. Lorentz forces sig-
nificantly modify vortex structure and reduce its inten-
sity. Through this process the magnetic field stabilizes
the liquid metal free jet and results in a delay of jet
breakup. The induced axial current in the existing setup
is symmetric, and no significant parallel magnetic field
exists, which results in insignificant jet deflection. Note
that these results are for GalnSn liquid metal jets issu-
ing from an electrically insulated nozzle.

Important insights into the MHD behavior of lig-
uid metal films under NSTX-like environments are
also presented. It is seen that it is possible to estab-
lish an uphill liquid metal film flow on a conducting
substrate, although the MHD drag experienced by the
flow could be strong and cause the flow to pile up un-

ness by the spanwise field component from that by the der simulated NSTX magnetic field conditions. The

surface normal component.

5. Summary and future plan

The proposed use of flowing liquid surfaces for di-

high inlet flow velocity required to establish the flow
against the magnetic drag forces renders the flow tur-
bulent. The magnetic field predominantly changes the
turbulent flow structure that ranges from 2D column-
type turbulence structures at regions of high magnetic
field at the inboard to 3D ordinary hydrodynamic tur-

vertor applications in the NSTX machine seems a very bulence structures at regions of low field strength at
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the outboard. Another distinct phenomenon observed
is the non-uniform thickening of the liquid film over
the film cross-section. At present, the MHD drag in

61

In addition, the present set-up does not include the
axial magnetic field, in which the induced toroidal cur-
rent from the surface normal field can interact with this

this 5-cm (narrow) chute causes a three times decelera-field component and produce a pulling force normal

tion (or greater than three times increase in film height)
on flow near the walls and partial stagnation towards
the outboard end. Further understanding into the impli-
cations of non-uniform flow thickening and magnetic
field influenced surface turbulence structures, and on
the use and design of liquid metal modules as divertors,
is needed. In addition, present NSTX plans call for a
decision on the deployment of an LSM in 2006. With
this extended time scale, itis possible to consider a fully
toroidal LSM. This could avoid some of the boundary
problems associated with modules of limited toroidal
extent that were identified so far.

Future (near-term) experimental investigations will
continue to focus on LM MHD film flow with con-
ducting walls in a magnetic field region resembling a
NSTX field configuration as seen by an outboard diver-
tor lithium film. At present, the MTOR conducting wall
test article size is limited by the magnet gap required
for producing scaled field strength. The current test ar-
ticle width of 5 cm wide is much narrower than the size
of any practical liquid-surface divertor module (e.g.,
40 cm wide). A small-size test article implies a large
conductance ratio, and thus a strong MHD boundary
layer effect from the gradient toroidal field (although it
has been argued that the corresponding MHD drag from
the surface normal field would be less). Preliminary
data from this small test module shows up to a factor
of 3increase in film height as the result of MHD forces.
Such a fluid pile-up may not be favored since it would
act as a “leading-edge”, which would be vulnerable to

surface heating and resultin excessive vaporization and

possibly plasma disruption. A near-term goal would be
to extend the module’s toroidal width via a power up-
grade and operate the MTOR coils at their maximum
current rating. This automatically produces a factor of
2 increase in MTOR field strength without the use of
iron flux concentrators. Another option is to replace the
GalnSn with lithium or a better lithium simulant, such
as NaK. MTOR at its present power supply provides
adequate toroidal width for larger module experiments
or even for study with a complete toroidal coverage. Ex-
periments for larger toroidal span test modules should
incorporate downstream flow area expansion into de-
sign considerations.

to a liquid surface. To ensure a complete assessment
it may require adding an axial field component into to
existing 2D-field set-up.

The effect of a time-varying magnetic field on MHD
film behavior needs to be quantified, particularly the ef-
fects of prototypical field ramp-up and -down on MHD
film flow behavior. The ramp-up time for the NSTX
magnet is about 0.6 s. This is required to increase TF
currentthroughthe 36 TF turnstoits 71.2 kA maximum
design value, which provides the full 0.6 T toroidal field
at major radiuR = 0.854 m. Also, at the full current,
the maximum “Equivalent Square Wave” time is only
1.3s. After 1.3 s, itis necessary to shutdown the coils to
prevent overheating. It is known that the time-varying
magnetic field can lead to a large emf and cause un-
desirable fluid acceleration (preliminary experiments
with liquid jets showed that rapid power supply shut-
down led to jet motion and breakage into droplets).
To minimize emfs it may need to optimize the MTOR
film test article layout (and thus provide useful data
to NSTX LSM design). These aforementioned near-
term experiments are essential to allow for the project
to proceed with sound conceptual and engineering de-
signs suitable for divertor particle pumping and surface
heat removal applications in a near-term experimental
plasma device, such as NSTX.
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