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Abstract

L ead-bismuth eutectic (LBE) corrasion has been considered as an important design factor to limit the
temperature and velocity of the accelerator-driven transmutation system. For the corrosion study,
KAERI finished the set-up of the LBE static corrosion facility and also finished the preliminary design
of a dynamic corrosion loop and started a set-up process to construct the loop by the fall of 2004. In this
paper, we describe the results of the preliminary static test during 500 hrs under a reduced condition to
check the performance of the static facility. We also describe a design concept of corrosion loop and
the state of the art for itsinstallation at KAERI, aswell asthe results of EM pump preliminary testing.
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Introduction

ADS has been widely studied over the past few years, as it has the possibility to transmute minor
actinides and long-lived fission products in nuclear spent fuel. Since 1997, KAERI has also conducted
systematic studies to develop the ADS system, called HYPER [1]. HYPER is a 1 000 MWth fast
spectrum reactor with ke; = 0.98 that has been designed to transmute TRU, *Tc and *I. LBE is
preferred as the target materia due to its high production rate of neutrons and effective heat removal.
Recently, LBE has been widely studied as a core coolant and target materia of ADS in various
countries. However, LBE and lead are more corrosive than sodium because the solubility of Ni, Cr and
Fe is high. Thus, LBE corrosion has been considered as an important design factor to limit the
temperature and velocity of the ADS system [2-4].

In designing HY PER, it was taken into consideration that the average temperatures of LBE at the
inlet and outlet are 340 C and 490 C, respectively. The maximum temperature of the cladding is
estimated at around 575 C. In the case of the beam window, the LBE corrosion effect can be combined
with radiation damage to produce more severe damage. The maximum temperature of the beam
window contacted with LBE is designed not to exceed 500 C.

Several methods have been considered to prevent the corrosion problem in LBE. In the research
on LBE technology, it has been made clear that the corrosion behaviour is controlled by the oxygen
concentration in the liquid LBE. Thus, one method is to form a stable oxide layer on the material
surface through an oxygen level control in LBE. Another isto modify the material compositions or the
surface of the material. If an appropriate method to prevent corrosion cannot be found, the design
should be modified so that the maximum temperature decreases.

Static corrosion tests are useful to investigate the corrosion properties and modes of various kinds
of materials to develop corrosion-resistant materials for liquid LBE. KAERI recently finished the
set-up of the LBE static corrosion facility and began a static test and systematic research to develop
the measuring techniques for the control of the oxygen concentration.

Corrosion tests using a liquid-metal loop are also necessary to estimate the corrosion and erosion
behaviour in the LBE flow. KAERI recently finished the preliminary design of a dynamic corrosion
loop and started a set-up process to construct the loop by the fall of 2004. We also have a long-term
plan to build a proton irradiation test loop since it is essentia to estimate the effects for irradiation of
high-energy protons and neutrons on the beam window materials. In this paper, we described the
results of the preliminary static test with SUS316 and HT9 during 500 hrs under a reduced condition
to check the performance of the static facility. For the corrosion loop, we describe a general design
concept and the state of the art for the installation at KAERI.

Test in static corrosion facility

Figure 1 shows the schematics of the static corrosion facility recently installed at KAERI. It is
mainly composed of tube furnaces, a gas supply system and a glove box. The glove box was installed to
control the gas concentration during the treatment of test samples. A wall of the glove box is connected
to aflange of the furnace to install and draw out the test samples for the static corrosion experiment;
bottom of the glove box is also connected with aflange of the test section of the dynamic corrosion loop.

The gas control of the glove box is conducted with an argon gas or a mixture gas of argon and

hydrogen. The furnace has three independent heaters to reduce the temperature difference along the
quartz test tube (70 mm in inner diameter and 700 mm in length). The gas concentration of the furnace
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Figure 1. Schematics of static corrosion facility
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ismonitored at the inlet and outlet position with the oxygen analysing system of ZIROX SMGT 1.6 up
to oxygen partial pressure O,(10™) ppm. The temperature of liquid LBE is measured by a K-type
sheathed thermocouple in each crucible. The mass flow of gas is controlled with the mass flow
controllers (MFC), the pressure regul ators and the needle valves.

A total of six crucibles are installed in the test tube of the furnace and atota of four samples are
mounted in each crucible. The LBE massin a ceramic crucible was around a total of 55 g LBE for the
corrosion test, which was calculated by considering the solubility, the volume of LBE and the contact
surface between the samples and the LBE. The test samples in Table 1 were prepared by annealing for
one hour at 1050 C. The heat treatment was conducted at 750 C for two hours for the HT9 after
annealing. Its dimensions are: 10 mm in width, 18 mm in height and 2 mm in thickness. The experiment
was conducted at a temperature of 650 C during 500 hours. The oxygen concentration was controlled
with the mixture ratio of H, and H,O vapour.

Table 1. Chemical composition of specimens (wt.%)

Material| C S Mn Ni Cr Mo V Nb W P S N

HT9 | 019 ] 036 | 059 | 053 |11.79] 0.99 | 0.31 | 0.02 | 0.49 | 0.019 | 0.006 |<0.01

316L 002 | 035 | 18 | 121 | 173 | 231 — — —

Figure 2 shows the EPMA results of the 316L and HT9 exposed to LBE at 650 C with a reduced
condition for 500 hours. The oxygen meter shows that the oxygen content in the flowing gas is less
than 10°® wt.%. Table 2 explains the EPMA data results of Figure 2. In spite of the well-known serious
corrosion attack for 316L, no dissolution attack was shown and the oxygen layer was not detected. It is
necessary for us to investigate the test conditions, which should include the oxygen concentration and
the surface of the specimens.

Corrosion loop

Figure 3 shows the schematic diagram of the dynamic corrosion loop to be installed at KAERI.
The LBE loop is an isothermal loop. The flow velocity in the test section was designed to be around
2m/s in the range of 400-550 C and the charging volume of the LBE is around 0.03 m® in the
circulation loop.
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Figure 2. SUS316L, HT9 at 650 C with oxygen content <1078 wt.% (500 hrs)

a) 316L b) HT9

T

Table2. TheEPMA resultsof 316L, HT-9 at 650 C

316L HT9
Fe | Cr Ni | Pb | Bi ©) Fe | Cr | Ni | Pb | Bi ©)
1 67.43|21.13| 9.98/ 0.25| 0 1.20 {93.27] 3.87| 0 0 |133[154
2 70.76|17.48|10.62| O 042 ] 0.72 |191.27| 6.26/ 016 | O | 1.56| 0.75
3 70.08|17.25|10.83| O 0.95]0.88 8512|1215/ 051 | O |142]|0.81
Original |70.6 [17.3 [12.1 87.68|11.79| 0.53

Figure 3. Three-dimensional schematics of corrosion loop

The LBE loop is mainly composed of a main test loop, a bypass loop for filtering LBE and a
mixture gas supplying system. The liquid metal in the main test loop circulates in the following order:
EM pump fi EM flow meter fi oxygen controller fi test section fi magnetic filter fi EM pump.
The major specifications of KAERI' s loop are summarised in Table 3.

Since LBE is a heavy liquid metal and has a higher viscosity than water or sodium, the forced
convection loop should be designed to reduce the pressure drop to be as small as possible and adopt a
pump with a high pumping head. From the analysis of the pressure drop, the specification of the piping
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Table 3. Major specification of corrosion loop

Operation temperature 400 C ~550 C (max. 600 C)
Liguid metal volume Pb 44.5%, Bi 55.5%, 0.08 m’
Test section 3/4 inch, Sch. 40, SUS 316 seamless pipe, V mean = 2 MV/s (at 45 Ipm)
Sample specification £ 8 mm, thickness 2 mm, height 5 mm
Piping system 1.5 inch, Schedule 40, SUS 316 pipe
Flow measur ement EM flow meters
Liguid metal pumping EM pump (60 Ipm, 4 bar, 40 kKVA)
Oxygen control H,/H,0 partial pressure (10~ wt.% ~ 10~ wt.%)
Purification Magnetic filter, mechanical filter

system was determined as 1.5-inch pipe to reduce the pressure drop by a high mean fluid velocity.
The pressure drop of the main test loop was estimated at around 3 bar (3 m head in LBE) with a flow
rate of 60 Ipm.

The LBE is circulated with an electromagnetic pump (60 Ipm, 4 bar, 40 kVA), which is akind of
annular linear induction pump designed by an equivalent electric-circuit method. By considering the
uncertainty, the pump head was conservatively determined as 4 bar under a maximum flow rate to
overcome the pressure loss of the LBE flow.

The flow rate is measured with electromagnetic flow meters based on Faraday’s induction law [5].
In the present study, several types of electromagnetic flow meters will be seridly installed to investigate
the effects such as contact impedance due to wall oxidation and others. The performance of every EM
flow meter can be calibrated with a calibration tank in the loop.

A total of 0.08 m® of LBE is stored in the sump tank before charging into the test loop. Most parts
of the piping system are made of stainless steel pipe 1.5 inches in inner diameter (SUS 316, 1.5 inch
schedule 40) and are connected by welding for the prevention of leakage of the LBE.

The oxygen concentration of the range of 107 wt.% ~ 10 wt.% is controlled by a chemical
equilibrium between the mixture gas of hydrogen-argon and the water vapour. At present, the oxygen
concentration in the LBE and mixture gas is measured with an oxygen sensor made of a yttria-stabilised
zirconia as a solid electrolyte cell and Pt/air as a reference system. The electric potential between the
LBE flow and the reference electrode is measured by a voltmeter with a high input impedance to
maintain the difference of the oxygen concentration. The oxygen partia pressure is determined by
Nernst’ s equation.

The oxygen controller is used to control the level of the oxygen concentration in the loop and
expand the liquid LBE during the test. Direct control of the oxygen concentration is not easy since the
required oxygen level is very low. However, the oxygen partial pressure Py, can be chemicaly
controlled with the ratio of the other gasesinvolved, e.g. the H,/O,/H,O. In order to control the oxygen
level in the loop, a mixture gas of argon, hydrogen and water vapour is continuously injected into the
LBE flow in the oxygen controller.

=
Co=Cos| [wt%]
SlP, .

0,,
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where Co is the oxygen concentration, Co s is the solubility of oxygen in the LBE and Py,0 and Py, are

[o]

the partial pressure of H,O and H,, respectively and DG}, , isthe oxygen potentia of water vapor.

Test samples are installed in the test section with an annular cross-section. In order to treat the
test samplesin aregulated oxygen environment, the upper part of the test section isinstaled inside the
glove box. The test section is made of a seamless pipe (SUS 316, 3/4 inch, Schedule 40). Most LBE
flows in the test section have to be turbulence due to a high density. Test samples are mounted from a
distance of 15~20 Dy, (hydraulic diameter of test section). In fact, the disance of the entrance zone is
longer than this distance. However, we determined the distance as small as possible by considering the
pressure drop, the static head and the height of set-up space. Test samples in Table 4 will be firstly
prepared from the static test and have the dimension of 8 mm in outer diameter, 2 mm in thickness and
5 mmin height.

Table 4. Compositions of test samples (composition, wt.%)

C S Mn | Ni Cr [ Mo | V Nb | W P S N
HT9 0.19 | 0.36 | 0.59 | 0.53 |11.79| 0.99 | 0.31 | 0.02 | 0.49 |0.019|0.006| 0.01
HTOM 0145/ 01 [ 045|046 (979123 | 02 | 018 | - [<0.003<0.003 0.02
HTOMN | 0.15 {0.072] 049 | 0.05 | 10.0 | 1.28 |0.205|0.204| — ]0.002|0.004|>0.02
T91 0.105| 0.43 | 0.38 | 0.13 | 826 | 0.95 | 0.20 |0.075( — ]0.009|0.003| 0.055
9Cr-1Mo |0.099]| 0.32 | 0.42 | 0.10 | 9.03 | 0.96 | 0.22 |0.094| — [<0.003 0.003| 0.032
316LN |0.022| 0.53 | 0.87 | 10.6 |17.69| 2.61 | — - — | 0.02 | 0.001 [>316ss
AlSI 316L | 002 | 035 | 18 | 121 | 173 | 231 | — — —
9Cr-2WVTa) 0.11 | 0.21 | 044 |<0.01| 890 | 0.01 | 023 | — | 2.01 |0.015]0.008]0.0215

Generally, an EM pump has been employed to circulate eectrically conductive liquids like molten
metals by Lorentz force (J - B) generated from the surrounding magnetic field and its perpendicular
current. We adopted an EM pump as the pumping device in the test loop by considering corrosion.
In the present design, the EM pump of an annular linear induction type with a flow rate of 60 Ipm and
a head of 4 bar is designed by using the electrical equivalent circuit method that is applied to linear
induction machines for the circulation of the liquid LBE. In an annular-type pump, the developing
force is generated by a cross product of the azimuthally-induced current (J) at the liquid metal and the
radial magnetic field (B) form the outer core. The maximum velocity was 1.5 m/s in the annular
channel of the EM pump.

Figure 4 shows the cross-section of the annular linear induction EM pump to be designed. It is
divided into the electromagnet made of the inner and outer cores with a high magnetic permeability
and exciting conductor coils, and ducts with a narrow annular channel gap for the liquid-metal flow.
The EM pump with designed variables by the equivalent circuit method is operated for the corrosive
LBE circulation under a high temperature around 500 C. Therefore, the material of the EM pump should
be compatible with those operation conditions. A silicon-iron sheet (0.35 mm) with a high magnetic
permeability is selected as the core materia to keep the magnetic property under a high temperature.
The outer and inner cores are fabricated by the stacking of thin silicon-iron platesto reduce the Joule' s
heat losses by the eddy current. Moreover, cores are arranged radialy so that the stacked direction of
the inner core is consistent with that of the outer core for directing the strong magnetic field towards
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Figure 4. Schematics of annular linear induction EM pump
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the radia direction. As coil conductors, an aumina-dispersed, strengthened copper band (GLIDCOP,
AL-15, 1.0 mm) is employed taking into account the mechanical and electrical properties under a high
temperature, which are a small volume expansion coefficient and a sufficient electrical conductivity
compared with the other conductorsin the operation environment. The mica-silicon insulator (1.0 mm,
SR864G) that has flexibility in the coil curvature and durability under high temperatures is inserted
between the coils to prevent an electrical short circuit. On the other hand, to prevent the distortion of
the magnetic field at the narrow flow channel, the ducts are made of austenitic stainless steel with non-
ferromagnetic material.

Figure 5 shows an EM pump system manufactured for the corrosion loop and a measuring system
to investigate its performance. The performance of the EM pump was measured using a one-component
dynamometer and strain amplifier after calibration with the known weight. For the verification of the
magnetic field, we used a three-component Gauss meter and a transverse and an axial-type probe. The
EM pump and dynamometer were installed on the accurate stone table to prevent vibration and
deformation. A stainless steel pipe was inserted into the annular space as an LEB simulator and
several thermocouples were attached to check the temperature of the EM pump.

Figure5. EM pump system and the measuring system of its performance
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Figure 6 shows the performance of the EM pump. We calculated the pressure head from the
measuring force by dividing the area of annular space between the outer duct and inner duct. The
pressure head of the initial design was not enough to pump the LBE in the loop and thus we checked
the magnetic field of annular space with the Gauss meter. The pressure head of the revised pump was
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Figure 6. Pumping power of EM pump with current input
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largely enhanced after changing the structure of the inner core and the inter-core gap between the inner
core and outer core. From this test, we confirmed that the prototype EM pump could operate more
than around 500 C and pumped the LBE more than 2.5 bar.

Figure 7 shows the schematics of the corrosion loop and its main components. Most of the
components to be ingtalled on the loop have aready been manufactured, and a set-up process will be
completed by the fall of 2004. The valve was specially manufactured for the LBE environment, which
was considered for the temperature of seal and did not include any bellows.

Figure7. State of theart of KAERI'scorrosion loop installation
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Conclusions

KAERI finished the set-up of the LBE static corrosion facility and started a static test for material
screening and a systematic research to develop the measuring techniques for the control of oxygen
concentration. KAERI completed the preliminary design of a dynamic corrosion loop on the basis of
thermal and hydraulic experience of the sodium test and started a set-up process to construct the loop
by the fall of 2004. From the EM pump test, we confirmed that the prototype EM pump could operate
at more than around 500 C and the LBE pumped at arate of more than 2.5 bar.
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