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SUMMARY REPORT FOR ITER TASK - T19: MHD PRESSURE DROP AND
HEAT TRANSFER STUDY FOR LIQUID METAL SYSTEMS

Claude B. Reed, Ken Natesan, Thanh Q. Hua, Igor R. Kirillov,
Ilvan V. Vitkovski, and Aleksandr M. Anisimov

ABSTRACT

A key feasibility issue for the ITER Vanadium/Lithium breeding blanket is the question of
insulator coatings. Design calculations show that an electrically insulating layer is
necessary to maintain an acceptably low MHD pressure drop. To begin experimental
investigations of the MHD performance of candidate insulator materials and the
technology for putting them in place, a new test section was prepared. Aluminum oxide
was chosen as the first candidate insulating material because it may be used in
combination with NaK in the ITER vacuum vessel and/or the divertor; and MHD
performance tests could begin early in ALEX (Argonne's Liquid Metal EXperiment)
because NaK was already the working fluid in use.

Details on the methods used to produce the aluminum oxide layer as well as the
microstructures of the coating and the aluminide sublayer are presented and discussed.

The overall MHD pressure drop, local MHD pressure gradient, local transverse MHD
pressure difference, and surface voltage distributions in both the circumferential and the
axial directions are reported and discussed. The overall MHD pressure drop, measured
at 30, 85, and 200°C, was higher than the perfectly insulating case, but many times
lower than the bare wall case.

The positive results obtained here for high-temperature NaK have two beneficial
implications for ITER. First, since NaK may be used in the vacuum vessel and/or the
divertor, these results support the design approach of using electrically insulating
coatings to substantially reduce MHD pressure drop. Secondly, while AloOg/SS is not
the same coating/base material combination which would be used in the advanced
blanket, this work nonetheless shows that it is possible to produce a viable insulating
coating which is stable in contact with a high temperature alkali metal coolant.




Summary

A key feasibility issue for the ITER Vanadium/Lithium breeding blanket is the
question of insulator coatings. Design calculations show that an electrically
insulating layer is necessary to maintain an acceptably low MHD pressure drop.
To begin experimental investigations of the MHD performance of candidate
insulator materials and the technology for putting them in place, a new test
section was prepared. Aluminum oxide was chosen as the first candidate
insulating material because it may be used in combination with NaK in the ITER
vacuum vessel and/or the divertor; and MHD performance tests could begin early
in ALEX (Argonne's Liquid Metal Experiment) because NaK was already the
working fluid in use.

Details on the methods used to produce the aluminum oxide layer as well as the
microstructures of the coating and the aluminide sublayer are presented and
discussed.

The overall MHD pressure drop, local MHD pressure gradient, local transverse
MHD pressure difference, and surface voltage distributions in both the
circumferential and the axial directions are reported and discussed. The overall
MHD pressure drop, measured at 30, 85, and 200°C, was higher than the
perfectly insulating case, but many times lower than the bare wall case. It was
demonstrated that the increase in MHD pressure drop above the theoretical
values is due largely to the presence of instrumentation penetrations in the test
section walls, which provide current paths from the fluid to the walls of the pipe,
resulting in local areas of near-bare-wall MHD pressure drop.

The positive results obtained here for high-temperature NaK have two beneficial
implications for ITER. First, since NaK may be used in the vacuum vessel and/or
the divertor, these results support the design approach of using electrically
insulating coatings to substantially reduce MHD pressure drop. Electrically
insulating coatings are, therefore, no longer a feasibility issue in these two
components. Secondly, while AloO3/SS is not the same coating/base material
combination which would be used in the advanced blanket, this work nonetheless
shows that it is possible to produce a viable insulating coating which is stable in
contact with a high temperature alkali metal coolant.




1. Introduction

A key feasibility issue for the ITER Vanadium/Lithium breeding blanket is
the question of insulator coatings. Design calculations, Hua and Gohar [1], show
that an electrically insulating layer is necessary to maintain an acceptably low
MHD pressure drop.

The goals of this task were to:

e apply an electrically insulating coating to the inside surface of a
large-scale component,

e show that the coating on the component is compatible with a
high-temperature liquid metal (NaK at 200°C),

e demonstrate that the coating produces a significant reduction in
the MHD pressure drop, comparable to a perfectly insulating
coating, and

e compare the resuits to pre-test predictions.

To begin experimental investigations of the MHD performance of
candidate insulator materials and the technology for putting them in place, a new
test section was prepared as follows. A round pipe of Type 304 stainless steel
was aluminized on the inside surface, resulting in a layer of Fe-Al alloy 50-100
um thick. A commercially available high temperature packed powder process
was used. The resultant aluminum rich surface layer was subsequently oxidized
in air at 980°C for 4 h, followed by a slow cool in air to room temperature. The
end product was a stainless steel tube having an aluminum oxide layer on the
inside surface which was a few micrometers thick. Aluminum oxide was chosen
as the first candidate insulating material because it may be used in combination
with NaK in the ITER vacuum vessel and/or the divertor; and MHD performance
tests could begin early in ALEX (Argonne's Liquid Metal EXperiment) because
NaK was already the working fluid in use. Future testing will move toward
Vanadium ducts with an appropriate insulating layer.




The inside diameter of the pipe was 10.8 cm, the wall thickness was
2.9 mm, the length of the uniform magnetic field was approximately 1.8 m, and
the maximum magnetic field strength was 2.0 T. The highest Hartmann number
(M) and interaction parameter (N, using the pipe radius as the characteristic
length) are 9200 and 104, respectively, at which reliable MHD pressure drop
measurements were made. Each of these values is within one order of
magnitude of ITER-relevant conditions. A movable electrode device consisting of
arrays of electrodes was mounted on the outside surface of the pipe. This device
was used as a diagnostic tool to assess the impact of any imperfections which
may exist in the insulating layer. Any non zero voltages measured by the
electrodes are an indication of leakage current flowing in the walls of the test
section. Measurements were gathered in the uniform field and fringing field
regions. Results of MHD pressure drop measurements and electric potential
profiles acquired from this first insulated wall test section under a wide variety of
conditions produced by varying the magnetic field, flow rate, operating
temperature, and operating time at temperature are presented and compared
with ANL pre-test predictions.

2. Description of Coating Achieved on Inside Surface of Test Section
Extensive thermodynamic calculations have been made to evaluate
potential electrical insulator candidates that are (a) chemically compatible in
liquid metals and (b) possess adequate insulating characteristics for use as a
coating on the first-wall and blanket structural material. A review of available
information on the electrical resistivity values for several oxides, nitrides, and
oxynitrides showed that a number of oxides (e.g., CaO, MgO, SiO», Al2Og3,
MgAl>O4) and nitrides (e.g., AIN, SizN4) have resistivities greater than 105
Ohm-m at temperatures below approximately 600°C, Natesan et al. [2]. The
requirement is that the product of insulator coating electrical resistivity and
thickness should exceed a nominal value of 0.024 Ohm m2, Hua and Gohar [1],
under ITER operating and geometric conditions. Based on the resistivity values
of materials listed above, a coating layer of 1-10 pm thick of any of these
materials would be several orders of magnitude higher than the requirement.
Radiation effects will reduce this margin because of resistivity degradation. An
experimental program is under way to quantify the radiation effects. To validate
the effect of insulated pipe on the MHD pressure drop, eutectic alloy of Na-78
wt.%K and alumina coating on a Type 304 stainless steel pipe are used in the




present study. Figure 1 shows a comparison of resistance of several oxide
materials, together with the requirements for ITER application.

The alumina coating has been applied using a pack diffusion method. In
the pack process, the substrate material is contacted and heated for 4-12 h at
temperatures of approximately 900°C with a pack of powders. The composition
of such powders (e.g., 65 wt.% AlxO3, 33 wt.% Al, 2 wt.% NH4Cl) provides the
packing with metallic Al, alumina as filler material, and NH4C! as activator. The
amount of Al can be reduced by partly replacing with Ni. The Al deposited on the
substrate surface diffuses into the subsurface regions of the material, where it
forms intermetallic phases as aluminides of Fe or Ni. Since the substrate
materials are heated to temperatures close to the annealing range for times
sufficient to cause solution processes in the matrix, the materials need a final
treatment in order to optimize the structure. The aluminide layers reach
thicknesses of 0.025-0.20 mm, depending on the composition of the substrate
materials. Figure 2 shows the elemental concentration profiles for Type 304
stainless steel in as-aluminized condition. The aluminum concentration can
reach 50 wt.% or more over a depth of approximately 160 um from the surface
beyond which the Al concentration decreases to zero at a depth of about 440 pm.
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Fig. 2 Typical elemental concentration profiles for Al, Fe, Cr, and Ni for Type
304 stainless steel in the as aluminized condition.

After aluminizing using the above procedure, the pipes needed to be
oxidized at elevated temperature for a time period sufficient to develop an
adherent alumina layer with adequate insulating properties. To establish the
optimum time for oxidation, specimens of aluminized pipe were exposed to an air
environment for time periods of 4, 8, 12, 24, and 48 h at 982°C. Detailed
analysis of the surfaces and cross sections of the exposed specimens were
conducted using scanning electron microscopy (SEM) and it was concluded that
4 h exposure will be optimum for developing an insulating layer of alumina.
Figure 3 shows the SEM photomicrographs of specimens exposed to air at
982°C for 4, 8, 12, and 24 h. Even though the depth of aluminized layer is of the
order of 160 um with a gradient to 440 um, the thickness of oxide layer after 4 h
was only of the order of 2-5 pm which is more than adequate from the insulating

standpoint. Figure 4 shows SEM photomicrographs of three different locations of
the pipe after 4 h exposure to air at 982°C.
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Fig. 4 SEM photomicrographs of three different locations of aluminized Type
304 stainless steel pipe oxidized in air for 4 h at 982°C.




3. Description of Method Used to Produce Test Section Coating

A round pipe of Type 304 stainless steel was aluminized on the inside
surface, resulting in a layer of Fe-Al alloy 50-100 um thick. A commercially
available high temperature packed powder process was used. The resultant
aluminum rich surface layer was subsequently oxidized in air at 980°C for 4 h,
followed by a slow cool in air to room temperature. The end product was a
stainless steel tube having an aluminum oxide layer on the inside surface which
was a few micrometers thick.

The specific process used, "Alonizing," was performed by ALON
Processing, Inc., Tarentum, PA. It is not a coating process; rather, it is a pack
cementation process during which aluminum forms intermetallic compounds, in a
high temperature vapor phase operation, with the surface layers of the stainless
steel substrate. The resultant diffusion zone is resistant to high temperature
oxidation, sulfidation, and/or carburization. The exact composition of the pack is
proprietary, but it is a mixture of alumina with a fine dispersion of aluminum
throughout. Both the alumina and the aluminum particles are extremely fine and
as free from foreign materials as is commercially possible.

The inside of the tube was filled with a mixture of the powder; the loaded
tube was then placed on its side in a bed of similar powder in a metal retort. The
retort was made of 19 mm thick carbon steel and measured approximately 1 m x
1 m x 15 m in length. When the retort was filled with pieces to be Alonized and
the processing powder, the top was welded on and two of these vessels were
placed in a furnace side by side.

The retorts were heated somewhat beyond 950°C, at which temperature
the aluminum component in the powder mix vaporizes and, with the aid of a
proprietary activator, diffuses into the inside surface of the pipe creating the
characteristic Alonized surface.

After remaining at temperature for more than 24 h, the furnace was turned
off. The retort was cooled at a proprietary rate, to a temperature below the lower
transformation range (approximately 590°C) at which point the retorts were
removed from the furnace and allowed to cool to room temperature on the floor of
the shop. The entire cooling process required about 2 days. When cool, the tops




of the retorts were cut off, the pieces removed, and the powder blown from the
surface of the pipe.

The mechanism by which the Alonized surface is made resistant to
oxidation, sulfidation, and/or carburization is essentially the same as is found with
aluminum and its alloys in general, i.e., a very thin film (of the order of a few
microns) of aluminum oxide forms on the surface of the Alonized materials and
this is a self healing film which is inert in many environments.

An oxide layer thickness approaching 10 um is considered necessary to
produce acceptable ITER relevant conditions. This is based on electrical
resistivity values of bulk aluminum oxide, and a margin of three orders of
magnitude above the performance requirement to accommodate possible
degradation by radiation effects. To achieve this increase (from a few
micrometers to approximately 10 um) the Alonized pipe was suspended in a
vertical electric gantry furnace at 980°C for 4 h. The furnace belonged to
Lindberg Heat Treating Co., Melrose Park, IL. The heated cavity was 1.8 m in
diameter by 7.3 m high. The furnace environment was air at atmospheric
pressure; a small air flow (~0.35m3 s-1) was maintained to favor oxidation over
nitridation. Following the four hour heat treat at 980°C, the pipe was cooled to
370°C at less than 100°C h-1; below 370°C, the pipe was allowed to cool in
ambient air by natural convection.

4. Description of Test Section

The physical dimensions of the test section were very similar to a previous
conducting wall round pipe test section used at ALEX [3,4]. Pressure taps were
provided for measuring the axial pressure gradient over a distance of 152.4 mm
(2.81 times the pipe radius), the overall pressure drop across the entire magnet
including the inlet and outlet fringing fields, and the transverse pressure
difference within a cross section. The transverse pressure difference is zero in
fully developed flow and arises as a result of axial currents which are created
near the fringing fields of the magnet. Two flanges for introducing traversing
probes were also provided, see Figs. 5a and 5b. The combination of two flanges
and the pressure taps permits the acquisition of data at the inlet, outlet, and
within the uniform field region of the magnet. Figure 5b shows the layout of the
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instrumentation penetration cluster from which the pressure measurements
reported here were collected.
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A movable electrode assembly was fabricated and tested for the first time
on this test section. The concept of a movable electrode device was
demonstrated in previous tests on a square duct at ALEX. In those tests, a
single row of electrodes was constructed and successfully used. In the present
tests, a multiple-row assembly of movable electrodes was used, see Figs. 6a and
6b. The movable electrode assembly was made from a fiberglass tube, the
inside diameter and wall thickness of which were 127. mm and 12.7 mm,
respectively. The movable electrode assembly had six rows of nine electrodes
each. The six rows of electrodes were spaced one characteristic length (i.e.,
pipe radius) apart axially, thus enabling the determination of coating quality and
" integrity over a section of the pipe extending five characteristic lengths in the
axial direction. Voltage distributions which were the result of current flowing in
the walls of the test section could be detected.

Fig. 6a ALEX insulated pipe movable electrodes.
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5. Description of Test Conditions and Measurements
Data were taken at five magnetic field strengths (0.0, 0.5, 1.0, 1.5, and

2.0 T) yielding a maximum Hartmann number of 9200. An average NaK velocity
of approximately 6.5 cm s1 was used; producing a maximum interaction
parameter of 104. Three bulk fluid temperatures, 30, 85, and 200°C were
attained.

The overall pressure drop across the entire magnet, including the three-
dimensional pressure drop caused by the fringing field on each end of the
magnet, was determined by measuring the differential pressure between
pressure taps located on each end of the test section, very far away from the
magnet and its fringing field. This simple measurement was used as the primary
indicator of gross reduction in pressure drop due to the presence of the coating.
Also, the following measurements were made both within the uniform field and in
the fringing field: local axial pressure gradient; local transverse pressure
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difference; circumferential and axial voltages on the outside surface of the test
section.

The local pressure measurements were acquired by connecting a pair of
pressure taps to the pressure transducer system and then moving the magnet to
expose the pressure taps to the uniform, fringing, and zero field regions. The
voltage measurements were acquired in the same manner, simultaneously with
the local pressure measurements. The speed of the magnet motion was
approximately 1/25th of the average NaK velocity.

The NaK bulk temperatures of 85 and 200°C were attained by heating the
NaK in the dump tank to roughly 25°C above the desired final temperature, filling
the loop with the hot NaK, and then circulating the liquid until a quasi-equilibrium
temperature was reached. The NakK, the loop piping, and the test section were
maintained within 5°C of the desired final temperature for several hours while the
data were acquired.

6. Results

Figure 7 shows the overall gross pressure drop across the magnet and
fringing fields on each end; data for 30, 85, and 200°C are presented. The
lowest curve in the figure is the theoretical prediction of the measurement for a
perfectly insulated duct, including the three-dimensional pressure drop coming
from the fringing fields, Hua and Walker [5]. The upper curve in the figure (a flat,
horizontal line) is the theoretical value of the measurement for a round duct
having the same wall thickness as the present test section, but having no
insulating coating, i.e., for a bare-wall pipe. The measurements are far below the
bare-wall value, indicating that the coating is doing an effective job. The increase
of the measurements above the predicted values for perfect insulation may resuit
from two effects: (a) non-perfect electrical insulation as a whole, or (b) the
presence of pressure tap and LEVI flange penetrations within the magnetic field.
We believe that the second reason is the main factor in these experiments.
These penetrations expose the liquid metal to the wall, providing current paths
between the liquid metal and the wall. Currents flow from within the liquid metal,
through the penetrations, into the wall of the test section, and finally back into the
fluid through one of the other penetrations to produce a local axial MHD pressure
gradient of the same order as that found in a bare-wall pipe.
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This can be seen in Fig. 8, which shows measured axial pressure gradient
distributions as a function of the dimensionless axial coordinate, X, for
temperatures 85 and 200°C; the B-field distribution and the theoretical axial
pressure gradient distribution for a bare-wall pipe are superimposed for
reference. The data in Fig. 8 are normalized by the pipe radius, a, instead of the
usual axial separation between the pressure taps, so that comparisons between
the data in Figs. 7 and 8 are straightforward. Hence, for the remaining
discussion, we will speak about dimensionless pressure drops per unit of pipe
radius. We can see from Fig. 8 that, within the uniform field region, a pressure
drop between the two axial pressure taps of roughly 0.06-0.065 was measured.
If one assumes that each of the two instrumentation penetration clusters
contributes a pressure drop approximately equal to 0.065 [actually somewhat
more, because of the flange penetration, say 4.2/2.8 = 1.5 times 0.065; 4.2 a is
the axial length of the instrumentation penetration cluster, see Fig. 5(b)], then the
sum of these two pressure drops, plus any pressure drop coming from the
remaining well-insulated lengths of the test section inside the uniform field region
of the magnet, should add up to the overall MHD pressure drop shown in Fig. 7.
However, the position of the magnet during the acquisition of the data in Fig. 7
was such that only part of each of the two penetration clusters was in the uniform
field region (one on each end of the magnet), and hence each penetration cluster
contributed a pressure drop somewhat less than (1.5 x 0.065). Finally then, the
sum of these two pressure drops (say 0.065 + 0.065) was primarily responsible
for the difference between the measurements in Fig. 7 and the perfectly
insulating curve at the bottom of the figure. This scenario leads to the conclusion
that the AlpOg3 coating was doing a very good job indeed, because there was
more than enough pressure drop coming from the two instrumentation
penetrations alone, to account for the measurements in Fig. 7.

The data can also be examined from another viewpoint. [f we multiply the
value of 0.065 obtained from Fig. 8 by the ratio of the length of the uniform
magnetic field region (1800 mm) to the pressure tap separation (152.4 mm), we
obtain a value of the overall MHD pressure drop, dp = 0.065 x 1800/152.4 ~ 0.8

which is very close to the bare-wall value shown in Fig. 7.
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Further data in support of this hypothesis can be found in Fig. 9, which
shows the transverse pressure difference at the upstream edge of the first
penetration cluster for T=85 and 200°C. The peak value measured, 0.025-0.035,
is only roughly two-thirds of the corresponding value found in a bare-wall pipe.
The currents which are responsible for this transverse pressure difference are
axial currents. Assuming a good coating, the return path of these axial wall
currents to the liquid metal is determined by the separation of the penetrations.
Consequently, the electric resistance in the circuit is larger and current
magnitudes are smaller than in the bare-wall case.

Figure 10 shows the axial distribution of normalized voltages from the nine
electrodes in row 1 of the movable electrode device, in both the uniform and
fringing field regions. This row of electrodes was 5.4 pipe radii downstream of
the LEVI flange. The magnitude of the highest voltage shown in the figure is
roughly 25 times smaller than the bare wall value. Figure 11 shows similar data
taken from row 4 of the movable electrode device, 8.4 pipe radii downstream of
the LEVI flange; Fig. 11 shows that at this further downstream location, almost no
currents flow, except in the fringing region. The trend shown by the other rows in
the movable electrode device is to lower voltages as we move further away from
the disturbance caused by the nearby penetration cluster. At the furthest row
away, 10.4 pipe radii downstream, there is virtually no current flow in the walls of
the test section. These electrode data support the claim that the AloO3 coating is
intact everywhere except where the instrumentation penetrations have breached
it.

Finally, Fig. 12 shows axial distributions of axial surface voltage
differences measured between rows of the movable electrode device for T=85
and 200°C. An electrode in the upstream most row was the reference electrode
for this figure. The voltages here were normalized by the axial separation of the
two electrodes involved. Again, the magnitudes of the voltages are roughly the
same or smaller than the circumferential voltages in Figs. 10 and 11, confirming
that axial currents are also 25 or more times smalier than the bare wall case.
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The hypothesis that the penetration clusters are largely responsible for the
discrepancy between the theory and the data in Fig. 7 is consistent with the
increase in MHD pressure drop noted as the temperature was increased from 30
to 85 to 200°C. This is because the wetting action of NaK increases as the
temperature increases, thus reducing the electrical contact resistance on the
uncoated stainless steel surfaces of the instrumentation penetrations, leading to
higher current flow into the walls (NaK generally does not fully wet stainless steel
below 300°C). It is important to note that, according to Fig. 12, there was little
effect of temperature on the axial currents flowing in the walls of the pipe far
away from the penetration clusters (10.4 pipe radii downstream of the LEVI
flange). This figure would most clearly indicate a failed coating with high levels of
axial surface voltages; but none of significance were detected.

7. Implications for ITER

The positive results obtained here for high-temperature NaK have two
beneficial implications for ITER. First, since NaK may be used in the vacuum
vessel and/or the divertor, these results support the design approach of using
electrically insulating coatings to substantially reduce MHD pressure drop.
Electrically insulating coatings are, therefore, no longer a feasibility issue in these
two components.

Secondly, while Al2O3/SS is not the same coating/base material
combination which would be used in the advanced blanket, this work nonetheless
shows that it is possible to produce a viable insulating coating which is stable in
contact with a high temperature alkali metal coolant. Also, it was demonstrated
that such coatings can be formed on large scale components, in this case
10.8 cm in diameter, using commercially available industrial equipment and
processes.

8. Conclusions

A round pipe test section, coated on the inside surface with AloOg3, was
fabricated and tested in ALEX. NaK temperatures of 200°C were reached.
Measurements were made of the overall gross MHD pressure drop, local axial
pressure gradient, local transverse pressure difference, and axial and
circumferential surface voltage distributions. Hartmann numbers reached 9200,
and interaction parameters reached 104. Overall gross MHD pressure drops
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were higher than perfectly insulated values, but many times lower than bare-wall
values. Local measurements of pressures and voltage distributions showed that
the presence of the instrumentation penetrations themselves caused the higher
values of the overall gross MHD pressure drop.
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