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ABSTRACT

The basic considerations of HHD thermal
hydraulics for liquid-metal-cooled blankets and
first walls of tokamak fusion reactors are dis-
cussed. The liquid-metal HHD program of Argonne
National Laboratory (AND dedicated to analytical
and experimental investigations of reactor rele-
vant MHD flows and development of relevant thermal
hydraulic design tools is presented. The status
of the experimental program and examples of local
velocity measurements are given. An account of
the HHD codes developed to date at AHL is also
presented as is an example of a 3-D thermal
hydraulic analysis carried out with such codes.
Finally, near term plans for experimental invest-
igations and code development are outlined.

INTRODUCTION

Thermal hydraulic analysis is a crucial step
in the design of fusion reactor blankets and first
walls. It provides the temperature and pressure
distributions necessary for structural and safety
analyses and determines the operational limits -»nd
thermal performance of the reactor. The tr ••.mo-
mechanical response of the first wall is partic-
ularly critical because the highest material
temperatures and neutron irradiation occur at the
first wall. Also, in many designs, the first wall
is both an integral part of the load bearing
structure and the location of the peak material
stresses.

In liquid-metal-cooled magnetically confined
reactors, magnetohydrodynamic (HHD) effects pre-
sent an unusual challenge to the designer. This
is because the pressure level in the coolant, and
consequently the primary stresses in the coolant
ducts, depends on the induced electrical currents
that circulate in the liquid metal and the duct
walls. The magnitude of these currents increases
with wall thickness. Therefore, the magnitude of
the primary stresses cannot be reduced through an
increase in duct wall thickness because such an
increase results in increased pressure loads.
This coupling between duct wall thickness and HHD
pressure drop places, for a given blanket and
first wall configuration, a limit on the neutron
wall loading of the reactor. Such operational
limits, brought about by HHD considerations, make
accurate and reliable thermal hydraulic analyses
all the more important for such blankets.

For the high magnetic fields typical of toka-
mak reactors, MHD effects determine the structure

of the flow of the liquid metal coolants and, as a
result, have a profound effect on heat transfer.
It is for this reason that the experimental pro-
gram carried out at Argonne National Laboratory
(ANL) in the ALEX (Argonne Liquid-Hetal Experi-
ment) facility [1] is strongly focused on detailed
investigations of the structure of the flow at
reactor relevant conditions. The experiments have
yielded an abundance of high quality detailed
experimental data on MHD flows at reactor relevant
conditions [2]-[U]. Such data have been used suc-
cessfully to validate analytical and numerical
predictive tools for MHD flows in strong magnetic
fields [3l-[61. Ths experiments have also
revealed for the first time the existence of velo-
city fluctuations under conditions approaching
those that prevail in the reactor [7] (other re-
ports of fluctuating velocities in MHD flows are
based on observations made in experiments ir. which
the electromagnetic interaction parameter is at
least two orders of magnitude lower [8]). The
presence of such fluctuations will have a bene-
ficial effect on heat transfer rates. However,
before credit for this phenomenon can be taken,
more theoretical and experimental studies are
needed, not only to establish the conditions for
its existence, but also to quantify the resulting
heat transfer enhancement.

In the following, some of the most prominent
features of MHD thermal hydraulics in first wall
coolant channels are discussed, as is ANL's liquid
metal MHD program which is designed to address
these issues. A summary of the experimental
program carried out at ALEX is highlighted by
examples of flow structure measurements. The
status of ANL's predictive capability for MHD
flows at reactor relevant conditions follows. An
example of a 3-D HHD thermal hydraulic analysis in
a duct of a nonuniform cross section is presented
to both illustrate the predictive capability and
to demonstrate the substantial improvement in
thermal hydraulic performance that can be achieved
with proper Incorporation of certain salient
features of HHD flows into the design of blanket
and first wall. Finally, near term plans for
analytical and experimental Investigations of MHD
thermal hydraulics are discussed.

MHD CONSIDERATIONS

Self-cooled liquid-metal blankets are highly
rated because of their simplicity and favorable
operating characteristics [91. Important unre-
solved issues for such blankets involve MHD



effects and liquid metal corrosion. Magnetohydro-
dynamic effects are regarded as a critical issue
because they may determine not only the attrac-
tiveness but also the feasibility of Uquid-raetal
self-cooled blankets.

From the point of view of thermal hydraulics,
a first wall/blanket is a system of inlet and
outlet ducts, manifolds, and coolant channels,
subjected to volumetric heat deposition and
surface heat flux proportional to the neutron wall
loading. The success of a particular design is
determined by its ability to maintain the peak
material temperature and stress within allowable
limits. To make this determination, an HHD
analysis is needed to provide the flow and pres-
sure distributions. The flow distribution is then
used to arrive at a temperature distribution. The
latter, together with the pressure distribution,
yields the material stresses. Because predictive
capability and experimental results for the
detailed HHD flow structure in a complex system of
ducts and manifolds such as the blanket are not
yet available, liquid-metal-cooled blanket designs
are usually based on rectilinear slug flow
assumption in the first wall coolant channels
[g]—[111. There are several practical and/or
theoretical reasons that justify such an approach.

First, a heat transfer analysis for the
entire blanket .in all its complexity is not neces-
sary. The most critical portion of the blanket,
whose design determines the blanket thermomechan-
ical performance, involves the first wall coolant
channels because of the surface heat flux and the
high volumetric energy deposition there. Since,
for a given reactor, all first wall coolant
channels are exposed to essentially identical
thermal loads, design steps must be taken to
ensure comparable flow conditions in all channels.
Although such steps are in principle simple [10],
their details must await the development of
predictive capability for manifold/multiduct con-
figurations. Such codes will not only provide the
means for the development of detailed manifold
configurations, but will also provide the MHD
pressure drop associated with such manifolds.
This pressure drop has been the source of a major
Uncertainty in overall MHD pressure drop calcu-
lations, especially for the Blanket Comparison and
Selection Study blanket configuration 112]. The
fact that such a predictive capability is not yet
available does not detract from the fact that the
first wall coolant channels should exhibit com-
parable thermal hydraulic performance. It follows
that detailed heat transfer analysis would be
required for only a few representative first wall
coolant channels which can be considered thermally
isolated from their neighbors. Away from the
first wall, the much lower volumetric energy depo-
sition, coupled with the excellent heat transfer
characteristics of the liquid metals, obviate the
need for a detailed thermal analysis.

Second, the assumption of fully developed
flow in first wall coolant channels is not
unrealistic. If the channels are oriented pre-
dominantly in the poloidal direction, the large
toroidal field will establish fully developed flow
conditions over a length of a few centimeters,
as shown in the ALEX experiments (3]. If the

channels are oriented predominantly in the
toroidal direction, the poloidal field will make
the flow development length relatively short
according to a recently completed analysis [13/.
Therefore, the ability to perform heat transfer
analysis in single ducts at or near fully
developed flow conditions wi.'l satisfy most
realistic and practical design needs. A notaole
exception is the case of MHD flow tailoring in
which desirable features of 3-D MHD flows are
intentionally enhanced to facilitate beat
transfer.

Development of predictive capability for
velocity, pressure, and temperature distributions
in complex geometries is a formidable task even in
the absence of a magnetic field. In general,
including a magnetic field makes this task even
less tractable. However, the high magnetic fields
present in the tokamak blanket environment actual-
ly facilitate the development of thermal hydraulic
analyses. This is because, under high transverse
magnetic fields, the governing equations for the
flow outside thin boundary layers are simplified
considerably. Also, the boundary layers are suf-
ficiently thin so that, for the low Prandtl number
liquid metal coolants, the details of the flow
structure inside the boundary layers do not affect
heat transfer [14], Moreover, for sufficiently
high magnetic fields the flow is rectilinear, and
computation of temperature distributions for a
given velocity distribution is straightforward.
Whereas there is recent evidence that flow insta-
bilities may persist under higher magnetic fields
than was previously believed, the fact remains
that such instabilities are expected to enhance
heat transfer, and analyses based on rectilinear
flows will provide conservative results. The
rectilinear slug flow assumption used in design
analyses is conservative, not only because it
neglects the heat transfer enhancement brought
about by the possible existence of flow insta-
bilities, but also because it neglects the heat
transfer enhancement brought about by high
velocity Jets that exist along the first wall of
rectangular first wall channels [11]. In fact, it
may be too conservative and may unduly reduce the
attractiveness of liquid metal blankets.

These considerations suggest that the devel-
opment or general design tools for HHD thermal
hydraulics requires two distinct complementary
capabilities. The first capability involves the
computation of flow and pressure distributions in
manifold/multichannel geometries and will be used
to design blanket/first wall configurations with
optimal flow distribution and pressure drop char-
acteristics. Detailed heat transfer analysis is
of secondary importance away from the first wall
and need not be included. The second capability
involves detailed heat transfer treatment of typi-
cal first wall coolant channels. Such a capabil-
ity has already been developed for 3-D HHD flows
[1*1,[151, provided the flow is rectilinear. Heat
transfer experiments are needed to (a) validate
this capability and (b) provide heat transfer data
in the presence of fluctuating velocities [151.
It is expected that, as in ordinary riuid mech-
anics, such data will be used to construct semi-
empirical heat transfer models.



ANL'S LIQUID METAL HMD PROGRAM

The liquid metal MUD program at ANL has been
driven by the above considerations and has been
focused, up until recently, on developing experi-
mentally validated analytical capability for
treatment of MUD thermal hydraulic phenomena in
single ducts. There are both practical and theo-
retical reasons for devoting the first phase of
the program to single channel geometries. Experi-
ments in multichannel complex geometries require
magnets with large test volumes. Such integral
experiments are both very costly, due to the cost
of large magnets and associated power supplies,
and virtually impossible to interpret before
separate effects experiments addressing salient
features of relevant MHD flows have been carried
out. Also, it is prudent to develop experimental
techniques and instrumentation in first generation
low-cost tests before a major Investment in large
scale facilities is made.

Development of analytical capability was also
confined to single channel geometries for two main
reasons. First, the analytical activities were
strongly directed towards supporting the exper-
imental program. This approach proved extremely
fruitful. The analysis was used to define the
parameters of the tests and design the instrumen-
tation, and the experimental results were used to
guide the theoretical developments. Second, it
was our assessment that, given the large number of
nodes needed for the numerical analysis of HHD
flows with complex geometries and very thin boun-
dary layers, a straightforward numerical treatment
of the general equations governing MHD flows was
unrealistic. A decision was made to develop
specialized analytical tools that use a reduced
form of the governing equations made possible by
the strong magnetic fields present in the tokamak
blankets. The variables in the reduced two-
dimensional coupled partial differential equations
are the pressure in the liquid metal, which is
constant along magnetic field lines, and the
electric potential distribution at the conducting
iuct walls. After numerical solutions to these
equations are obtained, other variables, such as
th> components of velocity and current density,
are derived. Following validation by appropriate
experiments in single ducts, this method can be
used for the analyses of complex geometries.

Ultimately, integral tests in large scale experi-
ments are needed to establish the validity of such
an approach.

EXPERIMENTAL INVESTIGATIONS AT ALEX

Experimental investigations on thre? test
articles have been carried out at ALEX. The first
two test series investigated 3-D MHD effects on
uniform ducts of round and square cross section
with thin conducting walls. The 3-D MHD effects
were the result of the nonuniform transverse
magnetic field that exists in the fringing field
region of the ALEX electromagnet. The third test
series, a Joint undertaking between ANL and
Kernsforschungzentrum Karlsruhe (KfF), was a proof
of principle testing of MHD "flow tailoring" [16].
Here, the 3-D MHD effects were the result of
variations in duct cross section (expansions and
contractions) in a uniform magnetic field. The
pertinent parameters of the first three test
sections are given in Tcble I, as are the
parameters of the test section for the next test
series on MHD heat transfer. Sample results have
been reported previously 12],131,141, and [6].
Here only two examples of velocity profile
measurements are given in Figs. 1 and 2 to illus-
trate the unusual features of 3-D MHD flows and
the unique experimental capabilities of ALEX in
providing local velocity measurements under con-
ditions of high interaction parameter [1],[17].

In both the rectangular duct and the flow
tailoring test section, a velocity instability was
observed over a range of reactor-relevant condi-
tions. The presence of the instability is closely
linked to high velocity wall Jets which form in
ducts having sidewalls parallel to the applied
transverse magnetic field. For the square duct,
the location of the onset of the instability in
the axial direction depends on the details of the
shape of the magnetic field, duct geometry, and
other upstream conditions. Once initiated, the
instability spread rather rapidly from the side-
wall towards the center of the duct to occupy the
region between 1.0 > Z/L > 0.6 (the sidewall is
at Z/L = 1 and the centerline is at Z/L = 0).
Thereafter its spatial growth is limited.
Figure 3, which shows a distribution of local
velocity time histories with distance from the

Table I. Summary of ALEX Test Section Parameters

Parameter

Cross-sectional dimensions, cm

Characteristic length, cm

Conductance ratio, c

Peak B-field (max/min), T

Hartmann number (max/min)

Interaction parameter (max/min)

Average velocity (max/min), cm/s

Round

10.8 dia

5.41

0.027

2.1/1.0

6640/3070

I.1xio"/6O6

28.0/7.0

Square

8.78x8.78

4.39

0.07

2.3/1.1

5800/2900

1.26x1O5/54O

34.0/0.6

Flow
Tailoring

6x10, 14x10

5.0

0.014/1.65

2.0/0.5

6000/1500

105/200

20.0/0.4

Heat
Transfer

13x10

6.5

0.02/0.08

2.0/0.125

8000/500

105/100

23/1.0
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Fig. 1. Velocity profile in a round duct in the
fringing field of ftlEX's magnet along a diam-
eter perpendicular to the magnetic field, at
an axial location ufccre the local field has
one-half of its maximum value. H = 6500,
N = 10,500 (based on the maximum field value
of 2 T), U = 7 cm/s. Excellent agreement of
experimental results with inertialess,
inviscid theory and minimal difference at
inlet and outlet indicate negligible inertial
effects. The boundary layers at z/L = ±1, in
which the velocity decreases to zero to
satisfy the non-slip boundary condition, are
not part of the inviscid theory and are too
thin to yield experimental data.

Fig. 2. Velocity profile in the flow tailoring
test article. The profile is taken at the
middle of the expansion, x/L - 2.11. The
inertialess theory, which accounts for viscous
effects through the Hartmann number, H, pro-
vides the core velocity. The asymmetry of the
profile is due to unequal conductance ratios
of walls at z/L = ±1. The boundary layers at
z/L = ±1, are evidently the cause of the devi-
ation between analysis and experiment near the
walls. The thickness of the boundary layers
increases with decreasing Hartmann number, as
expected.

sidewall, typifies the very unusual nature of the
fluctuations observed. Figure 3 was constructed
from oscilloscope traces such as those shown in
Fig. t. Figure Ha corresponds to Z/L = 0.95 in
Fig. 3, and Fig. Hb corresponds to Z/L - 0.75.
Near the wall, at Z/L = 0.95, the peaks of the
fluctuations are roughly twice the local mean
velocity and highly periodic. Figure 3 shows that
the periodicity decreases with distance from the
wall. Additional data show that the periodicity
increases with downstream distance from the origin
of the instability 17}. The nature of the
instability in the flow tailoring test section is
being characterized with improved experimental
techniques and will be reported in the future.

ANALYSIS AND CODE DEVELOPMENT

The development of predictive tools for HHD
thermal hydraulics is being carried out Jointly
between ANL and the University of Illinois. These
tools treat flows that are inductionless, inertia-
less, and inviscid. The flow is inductionless

because the induced magnetic field is two to three
orders of magnitude smaller than the applied mag-
netic field. The bulk of the flow in the first
wall coolant channels is inertialess and inviscid
because the interaction parameter and the square
of the Hartmann number, which provide measures of
the relative magnitude of the electromagnetic
forces compared to the inertia forces and viscous
forces, are of order 103 antj ioa for Li coolant
and of order 102 and 107 for Li17Pb83 coolant. As
a result, inertia and viscous effects are expected
to be important only in very thin boundary and
under certain conditions, free shear layers.

Treating blanket relevant flows as inertia-
less and inviscid MHD flows in ducts with thin
conducting walls is not a new concept. The rele-
vance of such flows to fusion technology has been
discussed previously 118]. A number of papers on
the subject by Walker, Hunt, Ludford, Holroyd and
others appeared in the literature in the 70's and
early 80's. These papers presented asymptotic
solutions valid for small wall conductance ratios,
c. Since c for fusion reactor ducts is 0(10"'),
this approximation was deemed to be more than



Fig. 3. Variation of intensity and character of
velocity fluctuations with distance from
sidewall. Square duct: c = 0.07, M = 5300,
H = 2900. Sidewall is at z/L = 1.0; duct
centerline is at z/L - 0.0. Data shown for a
downstream distance from the onset of insta-
bility equal to twenty-five characteristic
lengths.

adequate. The sane approach was adopted in the
first attempt to provide a pre-test analysis for
the test series at ALEX involving a round duct in
a uniform magnetic field. Although this solution
gave results in qualitative agreement with the
experimental data [2], quantitative agreement was
less than satisfactory. A closer look revealed
that the thin conducting wall approximation was
not, in fact, appropriate, even for cases with c
as small as 0(10 )i and a new approach was
adopted. This approach uses the inertialess,
inviscld core equations, the thin conducting wall
boundary condition with no assumption about asymp-
totically small values for c, and a numerical
solution of the resultant equations which is uni-
formly convergent for all c [19]. The outstanding
agreement between analysis and experiment, shown
in Fig. 1, confirmed the validity for such an
approach.

Completion in late 1986 of the first code,
capable of treating 3-D MHD flows in uniform round
ducts in spatially varying magnetic fields with
arbitrary axial and circumferential variation of
wall thickness, was followed by completion of the
first code capable of treating 3-D MHD flows in
uniform rectangular ducts with sidewalls parallel
to spatially varying transverse magnetic fields
[5]. In this case, the presence of side layers
carrying significant fractions of the total flow
necessitates the simultaneous solution of more
equations than was the case for the round duct.
Agreement between the predictions of this code and
data from the second ALEX test section was also
exceptional [3]. The fact that the test section
had significantly rounded corners led to the

0.0 0.1 0.2 0.3

Time(Sec)
0.4

(a)

0.0 0.1 0.2 0.3

Time(Sec)
(b)

Fig. 4. Oscilloscope photographs of local velo-
city fluctuations in the ALEX square test
section for conditions of Fig. 3. In Fig. 4a,
z/L = 0.95; in Fig. 1b, z/L = 0.75.

extension of the rectangular duct code to ducts
with any cross sectional shape, provided the cross
section has an axis of symmetry perpendicular to
the transverse magnetic field.

The next significant advance in code
development was motivated by the 3rd ALEX test
series on flow tailoring. A code to account for
axial variation of cross sectional dimensions was
thus created [41. The comparison of the pre-test
results with experimental data exemplified in
Fig. 2 was again outstanding. The capability of
using the predicted velocity profiles as an input
to the energy equation to calculate the tempera-
ture distribution in the liquid metal and the duct
walls, for both surface and volumetric heating,
was incorporated into the MHD codes soon there-
after [14]. Finally, a code for treating 3-D MUD
effects in uniform round ducts with insulating
walls was developed as a first step in the devel-
opment of more general codes for insulating wall
geometries [20].



Witn the capability of treating MUD thermal
hydraulics in single ducts well established, the
effort has now shifted to the development of codes
capable of treating manifolds. A code for treat-
ing a simple manifold, typical of the poloidal
first nail channel designs [10], is operational
and in its testing stage. Also, a code for
analyzing flow in a sharp elbow that turns the
flow from a direction essentially perpendicular to
a direction essentially parallel to a strong
magnetic field has also been completed. This is
the first step towards the development of codes
for treating poloidal/toroidal flow configurations
[91. An analytical/numerical treatment for this
problem has also been completed [131 and the
results are being used to test the fully numerical
solution.

As an example of the MHD thermal hydraulic
predictive capability which has been developed, a
poloidally oriented first wall coolant channel
that utilizes the concept of flow tailoring has
been analyzed. The first wall channel consists of
four cycles of the flow tailoring geometry tested
at ALEX [4], Fig. 5. The flow distributions in
each of the four 9.6 L long (L is the character-
istic length) cycles are identical. A uniform
heat flux, q", is applied to the first wall.

0.12-

Fig. 5. Geometry of one flow tailoring cycle.
Wall conductance ratios (based on L) of walls
parallel to the magnetic field are 0.014 and
1.65. Wall conductance ratio of remaining
walls is 0.014.

The code uses the calculated velocity distri-
bution to compute the temperature distribution in
each cycle. The temperature distribution at the
inlet to the first cycle is taken to be uniform
and equal to T . The calculated temperature
distribution at the outlet from the first cycle,
x = 9.6 L, is used as the inlet temperature dis-
tribution to the second cycle, etc. Because the
side layer flow distribution is non-uniform in the
direction of the magnetic field, the temperature
distribution is three-dimensional. At each x/L,
the maximum interface temperature occurs at the
cross section corners adjacent to the first
wall. Figure 6 shows the variation of the non-
dimensionalized maximum temperature with axial
position for different Peclet numbers. The un-
usual spatial variation of the maximum temperature
is due to the axial variation of the velocity in
the core and the axial variation of the total side
layer flow. To understand the results, one must
realize that the peak side layer flow occurs near

0.00
40.0

Fig. 6. Axial distribution of maximum interface
temperature in a first wall coolant channel
utilizing four cycles of MHD flow tailoring
[4]. Uniform surface heat flux, q", is
applied at the first wall. Results are given
for four Peclet numbers, Pe.

the middle of the expansions or contractions as
shown in Fig. 7. As fluid moves from the cooler
core into the side layer to increase the side
layer flow, the temperature decreases. The
converse is true when the fluid moves away from
the hot side layer into the cooler core. The
component of the velocity towards (negative) or
away (positive) from the heated wall is shown in
Fig. 8.

0.45

0.0

Fig. 7. Fraction of total flow flowing in f irst
wall side layer over one-half cycle or flow
tailoring geometry.
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Fig. 8. Distribution of transverse component of
the velocity in flow tailoring geometry over
one-half cycle. First wall is at z/L = -1.
Negative velocity indicates flow toward the
first wall.

The heat transfer enhancement of the flow
tailoring configuration, for the geometry of the
flow tailoring article tested at ALEX, has been
compared to the heat transfer in a straight duct
of the same average dimensions [6]. Even when the
increased pressure gradient per unit flow rate of
the flow tailoring geometry was taken into
account, the heat transfer enhancement was so
effective that a net reduction of the MHD pressure
drop along the first wall coolant channels by
almost a factor of three was achieved. Such a
positive result suggests that further development
of the flow tailoring concept is warranted. Addi-
tional work is needed to quantify the effect of
electrically interacting neighboring channels,
optize the geometry with respect to heat transfer
enhancement, and develop the details of a blanket
design based on this form of MHD flow tailoring.

FUTURE ACTIVITIES

The possible presence of heat transfer enhan-
cing flow instabilities under reactor relevant
conditions has increased the importance of heat
transfer experiments. In rectilinear flows the
forced laminar convection heat transfer analysis
is a straightforward extension of codes that
provide MHD velocity profiles. In unstable flows,

\a straightforward calculation is no lcnger
possible. Experimental data must be used to
arrive at semi-empirical models. Methodology and
techniques borrowed from ordinary fluid mechanical
turbulence are useful, but the models themselves
are not applicable, because the character of the
MUD flow instabilities is materially different
from ordinary turbulence [71. In the absence of
well established models of MHD flow instabilities
to allow extrapolation of experimental results,
the need for experiments at or near prototypic
conditions is greater. Care must also be taken to
account for the possible effects of the wall con-

ductivity on the measured phenomena, since the
wall conductivity affects both the damping of
vortical motions in the liquid metal and the
velocity gradients in the vicinity of the side-
walls, where the instability originates [7],(15).
Clearly, a series of tests including different
duct geometries and wall conductivities will be
required to investigate fully MHD heat transfer at
reactor relevant conditions. A heat transfer test
in a rectangular duct with two different sidewall
thicknesses and, therefore, different sidewall
flow rates will be the next experimental activity
at ALEX [15]. The test article has parameters
that are very close to those that are expected to
prevail in lithium-cooled first wall coolant
channels.

Both the experimental and the code develop-
ment effort will also evolve towards more complex
geometries. A proposal to build ALEX II, a facil-
ity that utilizes an existing 6 T dipole magnet
and allows for testing of articles whose complex-
ity and size approximates that of blanket modules,
has been submitted and awaits approval. In the
interim, experiments on more complex test articles
will be carried out Jointly between ANL and KfK on
KfK's 4 T solenoid magnet CELLO. The first such
experiment involves a square cross section duct
with two sharp 90° bends. The purpose of the
experiment is to investigate MHD flows that result
from a sharp bend from a direction perpendicular
to a direction parallel to the magnetic field.
Following this test, a more complex geometry fea-
turing a single duct feeding several smaller ducts
at right angles will be studied. This geometry
approximates the poloidal/ toroidal flow blanket
concept [9] and the tests are designed to study
and resolve issues related to such a concept.
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NOMENCLATURE

B magnetic flux density, T
c wall conductance ratio (= tHow/Lo),

dimensionless
k thermal conductivity, W/(mk)
L characteristic length, m
M Hartmann number (= BL/o/u), dimensionless
N interaction parameter {= B2Lo/pU),

dimensionless
Pe Peclet number (= UL/a)
q" surface heat flux, W/m2

Q volumetric flow rate, m V s
t wall thickness, m
TQ inlet temperature, "C
^max maximum interface temperature, °C
u axial velocity, m/s
U average velocity, m/s
w transverse velocity, m/s



x axial coordinate, m
z transverse coordinate,
o thermal diffusivity,
u viscosity, kg/(ms)
p density, kg/m3

a electrical conductivity, S/m

Subscripts

side layer
wall
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