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It is generally accepted that corrosion of steel components in flowing liquid Pb–17Li is ruled by dissolu-
tion/deposition processes. A simple method has been devised to calculate the mass transfer in liquid
metal loops. It is based on the use of mass transfer coefficients which determine the mass flux from
the wall into the fluid and vice versa. These coefficients depend on a characteristic dimensionless
thermo-hydraulic number, namely the Sherwood number, which itself depends under forced convection
flow conditions on the Reynolds number and the Schmidt number. This is supplemented by the applica-
tion of differential equations for dissolved steel components. The dissolution and deposition rates deter-
mine then the evolution of the flow channel geometry along the loop and the flow velocity. The newly
developed code MATLIM can routinely deal with multi-modular liquid metal loops. Thus, calculations
have been done for the PICOLO loop based on iron solubility and diffusivity correlations of Feuerstein
et al.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Pb–17Li alloy is considered as a coolant and breeding medium
in future fusion reactors. One major problem in non-isothermal li-
quid metal systems lies in the corrosion of their structural materi-
als, consisting mainly of martensitic and austenitic stainless steels.
It is generally accepted that corrosion of steel components in
flowing liquid Pb–17Li is ruled by dissolution processes. Although
Pb–17Li loops are operated with low oxygen concentrations pre-
venting the formation of new oxide phases, we must foresee the
possibility of oxide scales or other protective layers on structural
components.

The locations of dissolution and deposition are mainly deter-
mined by the temperature dependence of the solubility of iron.
This means that we have dissolution in the hot parts of the system
and deposition in the cold parts, irrespective of the nature of the
dissolution process, whether it is exothermic or endothermic.

We have developed a simple model, which calculates the mass
transfer and the geometrical changes of structural components in
liquid metal loops. This model was implemented in the computer
code MATLIM.
ll rights reserved.

ner).
2. Theoretical background

The mass flux of the solute i from the channel wall into the bulk
of the fluid is calculated in MATLIM [1,2] with the help of the fol-
lowing equation:

ji ¼ Kfl
i � ðc

w
i � cb

i Þ; ð1Þ
Kfl

i is the mass transfer coefficient for the solute i, cw
i the concentra-

tion of the solute i at the wall and cb
i is the concentration in the bulk

of the fluid.
The mass transfer coefficient Kfl

i is determined by the Sherwood
number Sh in the following way [3]:

Kfl
i ¼

Di

dhyd
� Sh; ð2Þ

dhyd is the hydraulic diameter and Di the diffusion coefficient in the
liquid metal.

The calculation of the solute concentration in the bulk of the
fluid cb

i along the whole loop is done with the help of the mass con-
servation law:

ocb
i ðt; xÞ
ot

þ ufl �
ocb

i ðt; xÞ
ox

¼ Uch

Ach
� jiðt; xÞ; ð3Þ

Uch is the circumference of the flow channel, Ach the cross section of
the flow channel, ji the mass flux and ufl the flow velocity in the
coolant channel. The flow velocity ufl is calculated from the mea-
sured mass flow rate. For the time being we are only considering
quasi steady-state conditions. Thus, the first term in Eq. (3) is not
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taken into account. Eq. (3) is solved with the help of an iterative
procedure starting with pre-defined initial values for cb

i .
There are mainly three different types of physical properties

and parameters, which determine material behavior in a liquid me-
tal system. The first group concerns the thermo-hydraulic data of
the system like the flow velocity and the hydraulic diameter but
also the temperature distribution along the system. The second
group concerns material data like viscosity of the liquid metal, dif-
fusivity and solubility of the solutes. The third group encompasses
properties of the wall materials itself.

3. Dissolution and deposition rates and evolution of the channel
inner wall radius

We have now all the necessary elements for the calculation
of the dissolution and the deposition rates, one of the main aims
of this work. We are mainly concerned with stainless steel
components.

As iron is the major steel constituent it is assumed that this ele-
ment determines dissolution and deposition rates bme:

bme ¼ �jFe �
1

qss � fFe
; ð4Þ

qss = specific mass density of stainless steel fFe = iron mass fraction
in stainless steel.

The change of the inner channel radius in a time interval Dt is
given by:

Drch
i ¼ �bme � Dt: ð5Þ
Fig. 1. Axial distributions of the flow velocity and the hydraulic diameter in the
PICOLO loop.
4. Correlations for the mass transfer coefficient, for the
solubility and diffusivity

There are a number of correlations for the mass transfer coeffi-
cient obtained under fully developed turbulent pipe flow. Our main
assumption is that they can also be applied for liquid metal loops.
Three of these correlations were investigated and discussed in Ref.
[3]. These are the correlation of Berger and Hau [4], that of Silver-
man [5], and that of Harriott and Hamilton [6]. All these three cor-
relations give similar values for the mass transfer coefficient. It is
therefore sufficient for us to use only one of them, namely that
of Silverman [5]:

KSilv ¼ 0:0177 � u0:875
fl � D0:704

Fe =ðd0:125
hyd � t0:567

fl Þ: ð6Þ

Values of the iron solubility and diffusivity are very important for
the model used in MATLIM, and great care must be applied in
selecting appropriate correlations. Correlations for the iron solubil-
ity in Pb–17Li were given in Refs. [3,7–10]: The values differ by or-
ders of magnitude. The data obtained by Feuerstein et al. [10] for
alpha-Iron are compatible with values of the iron diffusivity being
in a reasonable range (10�10–10�9 m2/s) and deemed us the most
trustworthy ones.

The following correlation has been given in [10]:

cs
FeðTÞ ¼ e4:94�4992=T in wppm: ð7Þ

It is evident from the work in Ref. [10] that the iron solubility over
stainless steels is somewhat different from that over alpha-Iron.
Thus, there must be some variation with the steel composition. It
should be noted that the dissolution of alloys and compounds in
Pb–17Li is not well-understood.

The authors in Ref. [10] have deduced the following correlation
for the iron diffusivity from the dissolution rates in crucibles by
applying a simple model:

DFeðTÞ ¼ e�19:64�2844=T in m2
=s: ð8Þ
5. Results of calculations for the PICOLO loop with the MATLIM
code

A description of the PICOLO loop can be found in Ref. [11] and is
therefore not repeated in this report. The loop has recently been
upgraded to a maximum temperature of about 550 �C and the main
aim of the calculations with the MATLIM code was to estimate the
effect of the temperature increase on the dissolution rates. It
should be noted that in low temperature case (480 �C) the MATLIM
code has calculated a dissolution rate of about 80 lm/y for a flow
velocity of 22 cm/s [12].

The code MATLIM provides a 1-D simulation of the multi-mod-
ular PICOLO loop, with Fig. 1 showing the axial profiles of the
hydraulic diameter and of the calculated flow velocity along the
whole loop. The flow velocity has its highest value along the test
section loaded with the test specimens (22 cm/s) and is lowest in-
side the magnetic trap (1 cm/s).
Fig. 2. Dissolution rate in the test section of the PICOLO loop versus flow velocity.



Fig. 3. Axial distributions of temperature and dissolution/deposition rates in the
loop (high temp. case).

Fig. 4. Dissolution layer and flow velocity in the test section of the PICOLO loop
versus time.
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The design parameter of greatest interest concerns the flow
velocity in the test section. Fig. 2 shows for the high temperature
case how the dissolution rate in the test section evolves with
increasing flow velocity. For a value less equal 3 cm/s we are in
the laminar flow regime, between 3 and 10 cm/s in the transition
regime, and above 10 cm/s in the fully turbulent flow regime. It
should be noted that in the fully developed laminar flow regime
the Sherwood number is independent of the flow velocity. For
the laminar flow regime the code predicts very low (a few lm/y)
but non-zero dissolution rates.

Due to the dissolution/deposition effects the flow channel along
the loop changes its size during the operation. This effect is most
important in the test section where dissolution leads to an increase
of the cross section and therefore to a decrease of the flow velocity
with the effect considerably enhanced for the high temperature
condition. The test campaign for EUROFER started with a flow
velocity in the test section of 22 cm/s. A value of 20 cm/s is repre-
sentative for test durations of 5000 h and a value of 17 cm/s after
10000 h.

For a value of the flow velocity in the test section of 22 cm/s the
dissolution/deposition rates along the loop are shown in Fig. 3. It
should be noted that due to the convention used in the MATLIM
code negative values stand for dissolution and positive values for
deposition. The maximum dissolution rates are to be found in
the loaded test section. The axial profiles of the dissolution/deposi-
tion rates are rather perturbed, a consequence of the hydraulic
properties of the different components.

Due to corrosion of the test specimens and corrosion of the
channel wall the flow velocity in the test section decreases with
time as the channel cross section increases and as the mass flow
rate is kept constant. Fig. 4 shows the evolution of the flow velocity
and the dissolution layer in the test section as calculated by MAT-
LIM6 together with experimental values. The increase of the disso-
lution layer is not strictly linear with time as the flow velocity
decreases from 22 cm/s to about 17 cm/s within test duration of
about 11000 h.

6. Conclusion

A kinetic model for the calculation of mass transfer in liquid
metal systems under forced convection flow conditions has been
developed. It is based on the use of the relevant characteristic ther-
mo-hydraulic numbers, which determine the mass flux from the
wall into the fluid. This is supplemented by the application of the
mass conservation law to calculate the conditions in the bulk of
the fluid. The dissolution/deposition rates determine then the geo-
metrical changes of the structural components. For metallic sur-
faces the dissolution rates can be considerable. In this case a lot
of experimental data are available. If oxide scales are present the
dissolution rates should be very much smaller.

In a first round of calculations for the PICOLO loop we have
started to validate the newly developed code MATLIM. For this
we have used correlations for the iron solubility and iron diffusiv-
ity provided by Feuerstein et al. These correlations yield reasonable
results for the dissolution rates. With the code MATLIM a simple
and flexible tool for the calculation of mass transfer and geometri-
cal changes in liquid metal loops is now available at FZK.
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