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ABSTRACT

An experiment to study heat transfer in liquid metal
MHD flow, under conditions relevant to coolant
channels for tokamak first wall and high heat flux
devices, is described. The experimental configuration
is a rectangular duct in a transverse magnetic field,
heated on one wall parallel to the field. The specific
objective of the experiment is to resolve important
issues related to the presence and heat transfer
characteristics of wall jets and flow instabilities in
MHD flows in rectangular ducts with electrically
conducting walls. Available analytical tools for MHD
thermal hydraulics have been used in the design of the
test article and its instrumentation. Proposed tests
will cover a wide range of Peelet and Hartmann
numbers and interaction parameters.

L INTRODUCTION

Thermal hydraulic analysis is a most important
step in the design of a fusion reactor blanket. It
provides the pressure and temperature distributions
necessary for structural and safety analyses and
determines the operational limits and thermal
performance of the blanket. The narrow operational
limits of liquid-melal-cooled blankets, brought about
by magnetohydrodynamic considerations, make the
need for accurate and reliable heat transfer analytical
capability all the more important for such blankets.

For the high magnetic fields typical of tokamak
reactors, magnetohydrodynamic effects determine the
flow structure of liquid metal coolants and, as a result,
have a profound effect on heat transfer. Detailed
investigation of the structure of the flow at reactor
relevant conditions carried out at the ALEX (Argonne
Liquid-Metal Experiment) facility is a recent and
ongoing undertaking and so far only relatively simple
duct geometries have been investigated. Since
predictive capability and experimental results for the
detailed flow structure in a complex system of ducts
and manifolds such as the blanket are not yet
available, it would seem that the development of a
design tool for heat transfer analysis and its
experimental validation would be a most difficult and
involved task, and that liquid-metal-cooled blanket
designs, such as those proposed in trje Blanket
Comparison and Selection Study, BCSS, and the

Tokamak Power Systems Studies, TPSS, were based
on unfounded and perhaps invalid heat transfer
analyses. There are, however, several practical and/or
theoretical considerations that alleviate both these
concerns.

First, a heat transfer analysis for the entire
blanket in all its complexity is not necessary. The
most critical portion of the blanket, whose design
determines the blanket thermo-mechanieal
performance, involves the first wall coolant channels
as a result 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
virtually identical thermal loads, design steps must be
taken to ensure comparable flow conditions in all
channels. The fact that the cost in additional pressure
drop that may be necessary to achieve this cannot at
present be predicted for all blanket designs, does not
detract from the fact that the first wall coolant
channels should exhibit comparable thermal hydraulic
performance. If this goal can be achieved, it follows
that detailed heat transfer analysis would be required
for only a few representative first wall coolant
channels which can be considered thermally and
electrically isolated from their neighbors. Away from
the first wall, the much lower volumetric energy
deposition, coupled with the excellent heat transfer
characteristics of the liquid metals obviate the need
for a detailed thermal analysis. Flow analysis alone
can be used to identify and correct potential heat
transfer problems in isolated areas.

Second, technical considerations dictate that
first wall coolant channels have transverse dimensions
of a few centimeters, whereas their length is of the
order of a few meters. If the channels are oriented
predominantly 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/ If the channels are
oriented predominantly in the toroidal direction, the
flow development length may be considerably longer.
In this case, the flow development length and the
associated velocity profiles depend strongly on the
configuration of the inlet and the attached manifold
and they will be, in general, different for different
coolant ducts. Since this is undesirable, a number of
modifications of the channel inlet, with varying



degrees of associated pressure drop, can be adopted to
achieve fully developed flow profiles much earlier, if
for no other reason than to eliminate variation of
thermal hydraulic performance among the first wall
coolant channels. It is seen then that the ability to
treat heat transfer analysis in single ducts at or near
fully developed flow conditions will satisfy most
realistic and practical design needs. A notable
exception is the case of MUD flow tailoring in which
desirable features of 3-D MHO flows are intentionally
enhanced to facilitate heat transfer ' .

Third, the high magnetic fields present in the
tokamak blanket environment actually facilitate the
development of a predictive capability for velocity,
pressure, and temperature distributions. This is
because under high transverse magnetic fields the
governing equations for the flow outside thin boundary
layers are simplified considerably, and the boundary
layers are sufficiently thin that, for the low Prandtl
number liquid metal coolants, the details of the flow
structure inside the boundary layers do not affect heat
transfer. Moreover, for sufficiently high magnetic
fields the flow is rectilinear, and computation of
temperature distribution for any velocity distribution
is straight forward. Whereas there is recent evidence
that flow instabilities may persist under6 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.

Heat transfer analysis of proposed
liquid-metal-cooled components for tokamaks ' was
based on the assumption of slug flow in single ducts.
The aforementioned considerations strongly suggest
that such an assumption is both justified and
conservative. In fact, it may be too conservative and
may unduly reduce the attractiveness of liquid metal
blankets. The slug rectilinear flow assumption is
conservative not only because it neglects the heat
transfer enhancement brought about by the possible
existence of flow instabilities but also because it
neglects the heat transfer enhancement brought about
by high velocity jets that exist along the first wall of
rectangular first wail channels.

In order to resolve questions related to the
presence and heat transfer characteristics of flow
instabilities and wall jets, a heat transfer experiment
to be performed in the ALEX facility is planned.
Theoretical considerations and results used in planning
and designing the experiment and a brief description of
the relevant capabilities of the ALEX facility are
given. The parameters to be achieved in the
experiment and their relation to reactor parameters
are discussed as is the test section configuration and
the measurements to be made.

U. THEORKTICAL CONSIDERATIONS

The governing equations and boundary conditions
of magnetohydrodynamie flows involve three
non-dimensional parameters: the Hartmann number,
M = B-L /o7U the interaction parameter, N = B Lo/oU,
and, for ducts with conducting walls, the wall

conductance ratio, C = two /oL. Here, B is the
transverse magnetic flux density, L is one-half of the
characteristic transverse dimension of the duct in the
direction of the magnetic field, o, p, and o are the
fluid's electrical conductivity, viscosity and density, U
is the average velocity of the fluid, and t^ and a are
the thickness and electrical conductivity or the wall.

For lithium coolant at reactor relevant
temperatures, and SI units, M = 10 • B • L and
N = 6 x 10 B L/U whereas for Lil7Pb83, M = 3 x 10
B • L and N = 10 B L/U.

The magnetic flux density, the duct dimension,
and the average velocity will depend, in general, on
the reactor and blanket design. For values of B = 7 T,
L = 0.02 m and U = 1 m/s typical for first wall coolant
channels, the values of M and N for lithium coolant
will be about 1.5 x 10 and 6 x 10 . For Lil7?b8^
coolant, the corresponding values will be about 5 x 10
and 10 . In fact, the lower thermal diffusivity and
thermal conductivity of Lil7Pb83 compared to those
of Li dictate an average velocity of Lil7Pb83 four
times higher than that of Li, all else being the same.
As a result, it would appear that the relevant
interaction parameter of Lil7Pb83 is about 25. Such a
conclusion would be misleading. First, it is unlikely
that, in the absence of electrically insulating coatings
for the duct walls, first wall channels with coolant
velocities of 4 m/s can be designed. Second, the lower
interaction parameter value for Lil7Pb83 resulting
from its high density will make the presence of heat
transfer enhancing flow instabilities much more likely,
so that a 4 m/s coolant velocity will not be
necessary. On the basis of these^ arguments, an
interaction parameter of about 10 for first wall
channels cooled with Lil7Pb83 is more appropriate.
The wall conductance ratio for the first wall coolant
channels will range from 0.01 to 0.1 depending on the
values of L and t w , the wall material, and the coolant.

An experiment with M, N and C values close to
these that prevail in the blanket environment will
provide prototypic flow structure. If in addition, the
Peclet number, Pe, in the experiment is close to that
in the blanket, the temperature distribution will also
be prototypic.

The MHD flow in rectangular ducts with large
transverse magnetic fields has been studied in depth.
Analytical results in uniform magnetic fields have
been obtained for C << 1 both for uniform ducts and
for duct,sg whose L dimension changes with axial
position. Numerical results have been obtained for
arbitrary values of jCJ and arbitrary variations of B in
the flow direction. According to these studies, a
sizable fraction of the flow is carried irj ^delayers,
thin jets of thickness of the order of LM" adjacent
to the walls which are parallel to B (sidewalls). The
velocity distribution of the wall jets is parabolic in the
direction of the magnetic field for fully developed
flows (close to parabolic otherwise), with peak jet
velocities occurring at the center of the sidewall and
zero jet velocities at the intersection of the sidewalls
with the walls that are perpendicular to the magnetic
field. In fully developed flow, the total amount of



flow carried by a sidewall jet is given by 2CUCL'/3C|,
where U is the uniform velocity outside the side
layers and C and C) are the wall conductance ratios
defined by the thickness of the walls which are
perpendicular^ and parallel to the magnetic field
respectively. The sizable sidewall jet vo^u/nelric flux
has a definite effect on heat transfer. For the
majority of the cases of interest to blanket design, the
velocity distribution within the side layer is not
required for heat transfer analysis because the side
layer is considerably thinner than the thermal
boundary layer. For those cases only the ^ ta l flow
and its parabolic distribution are required. These
theoretically predicted facts will be tested in the
planned experiments.

Although a quantitative theory for predicting the
onset and evolution of the observed flow instabilities
in MHD flows in rectangular ducts is not available, the
following physical mechanisms seem to be involved in
this phenomenon. First, both analogy to ordinary fluid
mechanical flow instabilities and experimental
evidence place the source of the instabilities at the
steep velocity gradients of the side layers.
Accordingly, the value for the average velocity
gradient in the side layer, which is proportional to
CUJJM/CJL, can reasonably be expected to affect the
onset of instabilities. Second, any vorticity of the
resultant secondary motions will be aligned with the
magnetic field. The emerging physical picture is that
of vorticity from the side layer pertaining into the
core being convected in the downstream direction.

The vorticity, being aligned with the magnetic
field, can only be damped by electrical currents which
close in the walls which are perpendicular to B. The
vorticity that penetrates into the core of the flow it
will be convected with velocity U~. A straightforward
calculation indicates that the non-dimensional
distance 1/L over which vorticity is convected before
it decays is proportional to 1/N«C.

For a given flow velocity, increase in B results in
higher velocity gradients in the side layer but it also
results in a stronger damping of vorticity (M increases
linearly with S whereas N increases quadratieally.)
Above a certain value of B the flow instability is
suppressed. Similarly, for a given magnetic field,
decrease in velocity results in both weaker gradients
and stronger vorticity damping. Of course this is a
simplified picture of a complicated phenomenon.
Vorticity generation and suppression are not
independent events. None-the-less this simplified
picture points out the parameters that are expected to
influence this phenomenon. The experiment will
provide the ultimate proof of the validity of this model
and/or correlation of heat transfer in the presence of
this instability.

III. EXPERIMENTAL FACILITY

The proposed heat transfer experiments will be
car. ied out in ALEX. The design, operating
parameters, and instrumentation of ALEX have been
presented previously. Here, only a few of ALEX's
capabilities of particular importance lo the proposed

experiments are summarized. The magnet of ALEX
can provide a continuously adjustable magnetic flux
density up to 2 T. The gap between the 0.76 m x 1.83
m pole faces is 20.3 em. The generous dimension of
0.76 m in the direction transverse lo the main flow
direction allows the use of probe traversing
mechanisms for obtaining detailed temperature and
velocity profiles, and the placement of heaters for
simulation of first wall heating. The magnet can be
moved along the axis of the test article by 2.45 m,
thus allowing a variety of uniform and non-uniform
magnetic field tests with a single test article.

The ALEX loop can provide a steady flow of NaK
which is continuously adjustable from 4 to more than
400 I/min. The available pressure drop through the
test article for a flow rate of 250 I/min is 0.5 MPa.
The instrumentation of ALEX allows measurements of
induced voltages down to a few microvolts, pressure
drops down to 200 Pa, velocities down to 1.0 cm/s, and
temperature differences down to 0.25°C.

IV. EXPERIMENTAL DESIGN CONSIDERATIONS

A. Test Section Geometry

As stated above, the objectives of the proposed
experiments are to provide heat transfer data relevant
to first wall and high heat flux device coolant channels
in general and to explore the effects of side layer jets
and flow instabilities on heat transfer in particular.
To accomplish these objectives, the experimental
design must be reasonably simple, so that if there are
discrepancies between the experimental results and
the available analytical models, the causes can be
identified. This suggests the use of a straight duct of
constant cross-section. A rectangular duct with
heating on one wall parallel to the magnetic field was
chosen because this geometry occurs in most first wall
and high heat flux device coolant channels (thereby
satisfying the objective of being fusion reactor
relevant). Figure 1 shows the rectangular duct of
dimensions 2L by 2W in the directions parallel and
perpendicular to the magnetic field, respectively. It is
particularly important to study rectangular ducts
because of side layer jets and flow instabilities
associated with the walls parallel to the magnetic
field. Because of the importance of side layers, it was
decided to construct two different lesi sections,
designed to provide different side layer
characteristics.

The fully developed velocity profile in MHD flow
in a rectangular duct can be roughly described by
knowing the thickness of the side layers, and the
fraction of the total flow which is carried by them.
These quantities are determined by the Hartmann
number based on L, the wall conductance ratios (which
may be different for the different walls), and the
aspect ratio L/W. It is desirable to make the duct
dimension L as large as possible, so that the Hartmann
number can take on fusion reactor relevant values.
For this reason, the height was chosen lo be 14 cm
(L = 7 cm). This dimension is limited by the magnet
gap, and the necessary clearance for thermal
insulation and instrumentation. The width was chosen



B. Ranges of Flow Parameters and Test Cases

FIGURE 1. RECTANGULAR CROSS-SECTIONAL
GEOMETRY OF TEST ARTICLE. SOLID CIRCLES
INDICATE THERMOCOUPLE POSITIONS AT
INSTRUMENTED CROSS-SECTION.

to be 10 cm ( W = 5 cm). This dimension has no effect
on the structure of the side layers or on heat transfer,
provided it is large enough so that the thermal
boundary layer which grows along the heated wall
never comes in contact with the opposite wall.

The wall thicknesses were chosen to give two
test sections with different side layer
characteristics. For both test sections, the top and
bottom walls will be 3.2 mm thick. This yields a wall
conductance ratio for the top and bottom walls of C =
0.02, which is in the range of fusion realtor coolant
channels. The two test sections will be distinguished
only by the thickness of the heated wall. The
thickness of the wall opposite to the heated one has no
effect on any of the phenomena to be investigated.
The two different test sections will have heated wall
thicknesses of 3.2 mm and 12.7 mm. All else being
equal, the flow rate in the side layer is inversely
proportional to the side wall thickness. Thus, for the
same U , the two different side wall thicknesses will
yield side layer flow rates which differ by a factor of
four. This difference is expected to have a substantial
impact on heat transfer and on the occurrence of flow
instabilities. The two test sections will be constructed
as a continuous duct approximately 4 m long, with
each test section about 2 m long.

Throughout this paper, the magnetic field and
the heated wall are taken to be in the vertical
direction. This corresponds to the existing orientation
of the ALEX magnet. To eliminate concerns about the
effect of natural convection on the measurements to
be performed, the magnet will be rotated by 90° so
that the magnetic field would be horizontal and the
heat flux would be applied on the upper horizontal
surface.

For a given test section geometry, the fully
developed velocity profile is determined by the
Hartmann numuer. The value of the interaction
parameter does not affect the fully developed
rectilinear flow profiles, but it is expected to affect
the onset and structure of flow instabilities. Since the
objective is to provide fusion reactor relevant data,
the parameter ranges will be chosen to approach those
of fusion reactor coolant channels. The parameter
range will also extend to low enough values of M and N
to test the limits of available analytical tools and to
provide additional insight into the physical mechanisms
involved.

The largest value of M that can be achieved in
the ALEX facility with the maximum field of 2 T, and
L = 7 cm, is M = 8 x 10 . This compares favorably
with the expected range of M in tokamak first wall
coolant channels. The flow rates that can be achieved
in ALEX wijh the proposed test article range from 63
to 7600 cm /s. The corresponding average velocities
range from 4.5 to 540 mm/s. The maximum field of 2
T, and the minimum velocity of 4.5 mm/s, determine a
maximum value of N of 2 x 10 . Table 1 shows the
planned series of test cases.

The experiments will be carried out in two
stages. The first stage will involve only fully
developed flow experiments. The heating will be
initiated at a location far enough downstream of the
fringing magnetic field (typically a few transverse
duct dimensions) so that the velocity profile has
become fully developed. Depending on the results
obtained in the first stage, a decision on whether to
proceed with the second stage will be made. The
second stage will involve experiments in developing
flows. The heating will be initiated in the fringing
magnetic field, so that the thermal and hydrodynamic
flow developments occur simultaneously. The
objective of the second stage would be to provide
further confirmation of any conclusions drawn from
the first stage rather than to provide prototypic heat
transfer data. The second stage tests are not thought
to be prototypical of heat transfer in the presence of
3-D MHD effects because the latter are strongly
dependent on the particular geometric or magnetic
field configuration which ccuses them.

In the absence of flow instabilities, and for
either fully developed MHD flow or for large N, the
velocity profile is independent of N, and, for large M,
the velocity also becomes independent of M. The heat
transfer then depends only on the wall conductance
ratios and the Peclet number, Pe = UL/a. The Peclet
numbers are also shown in Table 1. Smaller Peclet
numbers correspond to lower velocities, which cause
the fluid to be hotter at a given axial location.

C. Measurement Accuracy and Instrument Locations

An important consideration in designing the
experiment is the accuracy of the measurements to be
made. Temperature measurements are the new
element in this experiment compared to other



experiments performed in the ALEX facility.
Therefore, we have paid considerable attention to
ensuring a) that temperature rses will be large enough
to measure accurately, and b) that the region of
elevated temperature will extend for enough away
frcm the wall to measure the temperature profiles
accurately.

Table 1. Test Matrix
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The temperature rise and the thermal boundary
layer thickness increase with distance downstream of
the onset of heating. Therefore, the accuracy of
temperature measurements is enhanced by making
those measurements as far downstream as possible.
However, confining measurements only to the far
downstream region will reduce the amount of useful
data that can be obtained from the experiment,
particularly as they pertain to the growth rate of the
thermal boundary layer. For this reason, the
parameters of the experiment will be chosen to allow
accurate temperature measurements as close as a
distance of 2 L to the onset of heating.

It should be noted that, for a given axial
location, the temperature of the heated wall is not
uniform, being coolest at the center, and hottest at
the corners, due to the lower wall jet velocities near
the corners. The limit for accurate temperature
measurements is set by the coldest point on the wall,
which is the center. The lowest temperatures will be
for the highest Peclet number, ?e = 620 (U = 230
mm/s, M = 4000, N = 10 ), with the thinner side walls,
since this gives greater flow in ths side layers. The
non-dimensional temperature at the center of the
heated wall has been plotted in Figure 2 for this case,
as a function of non-dimensional axial distance from
the onset of heating. The predicted distributions of
the parameters given in Figs. 2 and 3 were obtained by
applying the 3-D MHD thermal hydrai^e code
developed at Argonne National Laboratory to the
specific test geometry and conditions considered
here. The flow has been assumed to be fully
developed. The non-dimensional temperature, *, is
defined as (T - T,)/(q"L/k), where Tf is the uniform
temperature at x = 0, q" is the heat flux at the heated
wall, and k is the thermal conductivity of the liquid
metal. It can been seen that at x/L = 2.0, the
non-dimeasiona) temperature has a value of 0.0065.
The uncertainty in thermocouple temperature
measurement at ALEX is about 0.25° C. If we require
that this error be no more than 10% of the

temperature rise, then the temperature rise at x = 2L
must be 2.5° C. To achieve such £ temperature rise, a
heat flux cf 1.2 • 10 W/m is needed. We believe this
to be feasible.

The ability to measure accurately the
temperature profile depends not only on the
temperature rise but also on the boundary layer
thickness. Figure 2 also shows the thermal boundary
layer thickness at the center of the side wall, aj a
function of axial distance. The thermal boundary layer
thickness is defined here as the distance from the wall
at which the temperature rise is 10% of the wall
temperature rise. It can be seen that at x/L = 2.0, the
thermal boundary layer thickness is 7.5 mm. It is
feasible to position a thermocouple as close as 1 mm
from the wall, using the traversing probes developed
previously for use in velocity measurement. The
temperature rise at the edge of the thermal boundary
layer at this-location will be 1.0% of 2.5° C, or 0.25°
C, which is at the lower detectable limit. Of course,
nearer to the wall than 7.5 mm or for the lower
velocity cases with thicker thermal boundary layers,
the temperature rises will be higher and the accuracy
of the measurements will improve.

4.0 8.0 12.0

X/L
FIGURE 2. AXIAL DISTRIBUTIONS OF WALL
TEMPERATURE AND THERMAL BOUNDARY LAYER
THICKNESS AT CENTER OF HEATED WALL FOR
LOWEST TEMPERATURE RISE AND BOUNDARY
LAYER THICKNESS CONDITIONS: Pe = 620, t = t, =
t2 , (L = 7 cm, W = 5 cm) HEATING FROM i / L = 0 TO
x/L = 12

The heated length for both test sections will be
84 cm (from x/L = 0 to x/L = 12). During the first
stage of the experiments, the midpoints of the heated
length and the magnet pole face, which is 26L long,
coincide. The unheated inlet and outlet lengths of 7L
are sufficiently large to ensure fully developed flow
conditions over the heated length. During the second



stage the magnet will be moved relative to the test
sections so that portions of the heated length will be in
the fringing magnetic field and the associated 3-D
flow distributions.

The region of interest for the measurements is
between x = 2L and x = 10L, away from the thermal
inlet and exit regions. Ordinarily, several
instrumented locations would be needed at the x/L
values of interest. However, if a movable heater is
used, a virtually unlimited number of axial locations
can be investigated with a single instrumented
station. This is accomplished by moving both the
magnet and the heater relative to the instrumented
location while maintaining the same position relative
to each other.

D. Instrumentation Details

As noted, there will be a heavily instrumented
cross-section in each of the two test sections. To
determine the optimum placement of thermocouples in
this cross-section, we considered a typical case, for M
= 8000, N = 10 , Pe = 250, and t = t, = 3.2 mm.
Figure 3 is a contour plot of the temperature for this
case, at a location 10L downstream of the start of
heating. It can be seen that the temperature is hottest
at the corner, and that the region of elevated
temperature extends from the wall to roughly the
center of the duct. It is proposed to place
thermocouples at the locations indicated in Figure 1.
Since the flow and temperature should be symmetric
about the horizontal centerline, the majority of the
thermocouples are in the upper half. However, one
thermocouple is placed at the bottom corner, to check
the expected symmetry. A traversing probe will be
used for both temperature and velocity profile
measurements. The probe has an L-shaped
configuration, with one leg traversing along the
horizontal cross-sectional centerline, and the other,
bearing the sensor at its tip, usually aligned with the
longitudinal axis of the duct to provide profiles along
the horizontal cross-sectional centerline. By rotating
the former about its axis, the latter is placed at an
angle with respect to the longitudinal axis of the duct
and the sensor is displaced from the centerline. This
allows the measurement of temperature and velocity
profiles off the horizontal cross-sectional centerline.
The longitudinal displacement of the sensor, that
accompanies the required vertical displacement
because of this geometric arrangement, must be taken
into account in the data reduction. In addition to this
heavily instrumented cross-section, there will be
thermocouples placed at the corner and center of the
heated wall at four other cross sections .

V. CONCLUSIONS

It was shown that the ALEX facility can provide
test conditions suitable for heat transfer experiments
relevant to tokamak coolant channels for first walls
and high heal flux devices, provided the channels are
oriented predominantly transversely to the toroidal
magnetic field. Corresponding experiments for
coolant channels aligned with the toroidal magnetic
field would require a larger dimension along the

FIGURE 3. ISOTHERMS AT x/L = 10 OVER A
QUADRANT OF THE CROSS-SECTION. NUMBERS
ON ISOTHERMS DENOTE DEGREES CENTIGRADE.
Pe = 250, t = t, = t2, q" = 1.2 • 103 W/m , k = 21.8
W/mK

magnetic field lines than is available at ALEX. The
proposed test matrix is expected to resolve important
issues related to the presence and beneficial effect of
wall jets and flow instabilities in MHD flows of
rectangular ducts. Experimental methodology and
techniques already developed for previous ALEX
experiments augmented by standard temperature
measurement techniques will be employed. Available
analytical tools for MHD thermal hydraulics were used
in the design of the test section and the development
of the test matrix.
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