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Abstract

Lead–bismuth eutectic (LBE) regained interest as a target and a nuclear coolant in nuclear applications. However,

the corrosion of the structural materials such as ferritic/martensitic and austenitic stainless steels remains a major issue.

Usually, their corrosion behavior measured as the mass transfer by dissolution/precipitation of metal solutes in non-

isothermal flowing LBE is tested in loop systems. The exposures usually last for several thousand hours but, to date,

almost no reliable long-term experience is reported. A mass transfer model based on species conversion and experimen-

tally verified flow parameters is proposed and applied to predict the corrosion rate of iron solute at dissolved oxygen

levels typical for active oxygen control in LBE. The sensitivity of the model indicates that iron diffusion seems to play a

decisive role.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Recently, LBE gained renewed interest in nuclear

applications such as accelerator driven systems (ADS)

[1–6]. The corrosion of the structural materials mainly

steels is a great concern particularly the dissolution of

their base and alloying elements [4,7–10] leading to cool-

ant contamination but more deleterious to the structural

integrity. Component clogging and plugging may occur

as a result of solute precipitation likely in a non-isother-

mal regime. Long-term corrosion data acquired in loop

tests [8,10–15] are an absolute necessity for real ADS but

are so far scarce. Modeling seems thus an attractive op-

tion. Here, a mass transfer model is derived to predict

exemplarily the corrosion (dissolution/precipitation)
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rate of iron stemming from a stainless steel exposed to

non-isothermal LBE flowing in the CORRIDA loop

[16].
2. Dissolution/precipitation mechanism

At active oxygen control [10,16–20], the steel is sup-

posed to form magnetite dissociating as:

1

3
Fe3O4ðsÞ ¼ ½Fe� þ 4

3
½O� ð1Þ

in the hot part of the loop yielding the iron solute con-

centration (in wppm),

lgðcFeÞ ¼ AFe;s þ
BFe;s
T

� 4
3
lgðcOÞ þ

4

3
AO;s þ

BO;s
T

� �

� 1

3 ln 10
ðAFe3O4 þ BFe3O4T Þ; ð2Þ
ed.
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Table 1

Solubility data and Gibbs free energies

I A B References

Fe,s (wppm) 6.01 �4380 (K) [18,21]

O,s (wppm) 5.2 �3400 (K) [18,21]

Fe3O4 �1110.8 0.3245 (K�1) [25]
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where T, the absolute temperature (in K), the A�s and B�s
given in Table 1 and applying Henry�s law while it pre-
cipitates that is reverting reaction (1), at cooler parts.
3. Mass transfer model

Applying the one dimensional mass conservation law

to the mean concentration, c of non-reacting iron in a

volume, dV = p/4 Æ d2 Æ dx passing streamwise (x direc-
tion) with the velocity, u (2 m/s) the surface, dA = p Æ
d Æ dx in the duct (of 16 mm hydraulic diameter) during
the time, ot one finds

o

ot
cðt; xÞ þ u

o

ox
cðt; xÞ

� �
dV ¼ jwðt; xÞdA; ð3Þ

where

jwðt; xÞ ¼ Kmðcwðt; xÞ � cðt; xÞÞ ð4Þ

is the solute wall flux and

Km ¼ 0:0177u0:875d�0:125m�0:579D0:704; ð5Þ

an experimentally determined mass transfer coefficient

[15] with D, the iron diffusion coefficient being typically

10�5 cm2/s, as explicit given in the key references [21–24]

cp [25,26] and m, the kinematic LBE viscosity, being
1.3 · 10�7 m2/s [27–30] at the maximum temperature

of 550 �C. The Eq. (5) was primarily derived for con-
stant temperatures. Its applicability to non-isothermal

cases (linear temperature gradients in subsequent parts

of the loop) is ensured, because local mass transfer coef-

ficients are obtained separately for each cell, in which

the loop segments are numerically subdivided. This is

valid for a large number of quasi-infinitesimal thin vol-

ume elements along the loop length. Assuming a fully

developed velocity profile of the turbulent flowing LBE

(Re = 2.46 · 106), Eq. (3) simplifies at steady state to

d

dx
jðxÞ ¼ Km cwðxÞ � jðxÞ 4

pd2u

� �
pd; ð6Þ

using the general flux definition,

jðxÞ ¼ p
4
d2ucðxÞ: ð7Þ

For a closed loop (having the length, L of 35.8 m),Z L

0

jwðxÞdx ¼ 0 ð8Þ
applies while we have at any radial position

cðx ¼ 0Þ ¼ cðx ¼ LÞ ð9Þ

so thatZ L

0

cðxÞdx ¼
Z L

0

cwðxÞdx ð10Þ

follows, enabling to calculate the mean iron concentra-

tion numerically. The wall flux can thus be estimated

from Eq. (4) and checked for the requirement (6) until

achieving the desired accuracy.
4. Results

Fig. 1 shows the temperature profile of the loop and

the iron corrosion rate at 0.01 wppm O typical for active

oxygen control conditions. Starting at the bottom inlet

of the heat exchanger iron dissolves as the temperature

increases reaching a maximum of about 180 lm/a at
the exit of the second heater where the highest tempera-

ture prevails. Keeping that temperature, dissolution de-

clines continuously and finally precipitation starts at the

upper inlet of the heat exchanger with its maximum of

about 240 lm/a at the bottom exit, assuming that no

protective oxide layer limits the corrosion attack. A fur-

ther temperature decline at the air cooler retards the

precipitation. Given the tube thickness of 2.6 mm on

average, one may conclude that the loop structure may

last for several test campaigns comprising a couple of

thousand hours each, provided the model assumptions

hold and the fluid properties are correct.

Further, the suggested diffusion coefficient of iron

solute in LBE is compared to 4 · 10�5 cm2/s provided
at 550 �C by the Einstein–Sutherland relation [15,31,32]

D ¼ kT
4plr

; ð11Þ

where k, the Boltzmann constant (in JK�1); r, the solute

radius, 1.72 Å [33] and l, the dynamic viscosity,
1.3 · 10�3 Pas [28–30] and to 7.35 · 10�5 cm2/s obtained
experimentally [34] unfortunately not disclosing any de-

tails. That comparison at the dissolution maximum

yields striking differences, Fig. 2. Obviously, more rapid

diffusion leads to greater dissolution while dissolving

more oxygen reduces that effect considerably almost

vanishing at about 0.1 wppm. Probably, oxide scales
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Fig. 1. Temperature profile of the loop and predicted corrosion rate of iron at the wall tubing.
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Fig. 2. Effect of the rate of iron diffusion on the maximum dissolution at different wppm O.
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form at higher oxygen potentials restricting the iron

delivery to the melt/scale interface while also shifting

the equilibrium (1) to the left.
5. Discussion

The decline in dissolution and precipitation after

passing the second heater and on the return flow of

the heat exchanger, respectively, may be explained by

the downstream effect (DSE) [35–38]. That is, towards

progressive saturation the driving force for dissolution/
precipitation reduces. Consequently less iron dissolves/

precipitates. The maximum dissolution in the vicinity

of the test sections may cause some concern with respect

to the materials actually tested. The various materials

will be located at the duct�s centerlines along their
lengths (�560 mm). One concern is the iron dissolution
stemming from the wall tubing may affect the one

expected from the specimens. Probably, the DSE may

reduce the extent of dissolution at these sites. Secondly,

a streamwise positioning effect may arise. For that, same

material will be exposed at the same position in each of

the two test sections being about 2.5 m apart.
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Above all is the interaction of the dissolved oxygen

with the metal solutes especially Fe, Cr and Ni. Indeed,

an increased oxygen solubility in liquid Pb in the pres-

ence of nickel up to its saturation was found [39,40].

To our knowledge, no such investigations are reported

for LBE. Similarly, an influence on the solubility of a

particular metal solute in the presence of another may

arise. It seems recommendable to study such effects.

Moreover, the influence of the rate of diffusion is of

concern since the loop will likely be operated at the low-

er oxygen levels to allow a considerable safety margin

with respect to PbO formation. Whether 7.35 · 10�5

cm2/s reflects a true value or its measurement was con-

taminated by convective contributions [26,27,41–45] al-

most unavoidable remains unanswered as details were

not reported. Also, 4 · 10�5 cm2/s about four times
higher than the suggested value [21] seems not applicable

either. Strictly, the relation (11) applies near the melting

point [46] which is between 123.5 �C [47,48] and 125 �C
[30] for LBE. Certainly, more reliable solute diffusion

data are needed to enable proper judgment.

However, extrapolating short term (<5000 h) corro-

sion data of Cr–Ni steels may provide an indication

for the corrosion rate. For example, a weight loss of

124 lg/mm2 corresponding to 31 lm/a is reported for
AISI 316L after 4500 h at 400 �C, 3.1 · 10�6–
7.3 · 10�4 wppm O and 3 m/s flow [49] whereas the max-
imum loop temperature was 550 �C. Further, a rate of
900 lm/a at 500 and 350 �C maximum and minimum

temperature, respectively, is reported for such a steel

after 1500 h in deoxidized (with 0.05 wt% Mg addition)

LBE flowing with up to 1.5 cm/s [9]. At 600 �C maxi-
mum temperature and the same temperature difference,

a rate of 9 mm/a is estimated [9]. Moreover, 0.1 mm

maximum corrosion depth corresponding to 292 lm/a
is estimated for such a steel after 3000 h at 450 �C max-
imum and 400 �C minimum temperature, respectively in
saturated oxygen (3.2 wppm) and 1 m/s flow [11].

Apparently, the predicted maximum dissolution of 180

lm/a is a reasonable estimate for the parameters used.
Nevertheless, a verification of the model will be per-

formed by using experimental mass transfer data of

the test campaigns of martensitic and austenitic steels

in the CORRIDA loop of FZK�s KALLA lab.
6. Conclusions

The model used to analyze the site and extent of cor-

rosion proved very useful in identifying the maximum

dissolution predicted at the second heater exit and max-

imum precipitation at the heat exchanger bottom outlet.

Although, the predicted values seem reasonable com-

pared to the few reported experimentally depend

strongly on diffusion data requiring the latter to be
measured precisely and verifiable. A comparison with

experimental loop data can be used to validate the

model and increase the accuracy. The tendency of a cor-

rosion increase with an oxygen decrease is understood

on the account that more solute is released as the oxide

scale grows thinner so that active oxygen control can

effectively contribute to lower dissolution.
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[15] F. Balbaud-Célérier, F. Barbier, J. Nucl. Mater. 289 (2001)

227.

[16] J.U. Knebel, X. Cheng, G. Müller, G. Schumacher, J.

Konys, O. Wedemeyer, G. Grötzbach, L. Carteciano,
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