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In the present study, models for liquid metal corrosion are reviewed and their applications in nuclear
reactor engineering are discussed. The paper presents mathematical analysis of liquid metal corrosion,
including species transport in solid steels, in flowing liquid metals, and mass exchange at liquid/solid
interface. The survey illustrates the mechanisms of the liquid metal corrosion and sets up a system to cal-
culate the corrosion rate and to study the corrosion species distributions in the solid and liquid metal/
alloys. Both light liquid metal/alloy (sodium and sodium–potassium) and heavy liquid metal/alloy (liquid
lead and lead–bismuth) are considered. Oxygen effects on liquid metal corrosion are also discussed. For
liquid sodium and sodium–potassium the corrosion rate increases with increasing oxygen concentration,
while for liquid lead and lead–bismuth it is reasonable to produce a protective oxide layer using an oxy-
gen control technique which can mitigate the corrosion rate significantly. Finally, the corrosion–oxida-
tion interaction in liquid lead and lead–bismuth are discussed.
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1. Introduction

Liquid metal corrosion is one of the key factors that have to
be considered when using liquid metal as a heat transfer medium
such as the primary coolant in advanced nuclear reactors. Liquid
metal corrosion is a physical or physical–chemical process,
involving species dissolution and transport, chemical reactions
and new phase formation. The processes can be simply shown as
in Fig. 1.

As shown in the figure, there are three significant steps: (1)
transport in the solid (metal or alloy), (2) dissolution of the steel
constituents into the liquid, or mass exchange at the solid/liquid
interface, and (3) transport of the corrosion products and impuri-
ties in the liquid. The first step is governed by the movability of
mass in the solid materials, and the second step is governed by dis-
solution/chemical reactions at the liquid/solid interface, while the
third step is controlled by both mass convection and diffusion in
the liquid. The transport processes in liquid and solid are coupled
with each other at solid/liquid interface through mass exchange.
The two processes (transports in liquid and solid) can also lead
to impurity redistribution and new phase formation at the surface
area of the solid contacting with the liquid metal. The impurities
redistribution and new phase formation also relate to the surface
behaviors as shown in Fig. 1.

The transport of the corrosion products in the liquid metal and
their reactions with impurities play important roles in liquid metal
corrosion. The mass transfer has been classified into two categories
[1]: dissimilar metal mass transfer and thermal gradient mass
transfer. The first one is due to the thermodynamic requirement
that all element chemical potentials should be equivalent in all
phases, and the second one is due to the temperature dependent
solubility in the liquid of all corrosion products.

In an isothermal liquid metal closed loop system, if the loop is
made of same materials the corrosion may finally stop because
of saturation of the corrosion products, while in a non-isothermal
system such as the primary coolant loop system of a nuclear reac-
Transport in 
liquid 

Impurities 
redistribution 

Transport in 
solid 

New Phase 
formation 

Surface 
behavior 

Fig. 1. Simple view of corrosion by liquid metal.
tor, the final state is a kinetic equilibrium in which the amount of
corrosion is balanced by the amount of the precipitation all
through the loop. It is the precipitation that sustains the corrosion
in a non-isothermal liquid metal loop [2]. The precipitating corro-
sion product may be in the form of layers tightly adhering on the
pipe wall or particles suspending in the liquid [3]. The second form
may inhibit the corrosion when the particles are transported to
corrosion sections where they dissolve again, however, the two-
phase flow with solid particles results in mechanical erosion which
can damage the structural materials seriously.

Liquid metal corrosion may or may not result in surface reces-
sion of structural materials, depending on the transport of corro-
sion product in the solid and liquid phases, and the dissolution
reaction at the interface. The slower rate of the mass transfer rate
in the liquid and the dissolution rate (reaction rate) at the inter-
face controls the whole corrosion rate. If the corrosion rate is con-
trolled by mass transfer rate, it is called as mass transfer
controlled corrosion, and for the other case, it is called as activa-
tion controlled or dissolution controlled corrosion. If the diffusion
rate in the solid is fast enough to balance the mass transfer rate,
there will be no surface recession. However, such ideal case does
not occur in a practical system because the diffusion in the solid
phase is always the slowest process. Since different constituents
have different diffusion coefficients in the steel, a selective corro-
sion layer can be formed due to selective corrosion if the diffusion
rate in the steel is not very low compared with the dissolution
rate at interface [4].

Liquid metal corrosion depends on the liquid metal itself and
impurities in it. Liquid sodium and sodium–potassium alloy are
less corrosive than liquid lead and lead–bismuth alloy at the same
operating conditions when impurities’ effects are not considered. If
liquid lead or lead–bismuth is selected for the primary coolant of
nuclear reactors, protective methods must be applied to mitigate
the corrosion of structural materials. One of these methods is oxy-
gen control technique which can control the oxygen concentration
in the liquid in a certain range to form a protective oxide layer on
structural material surfaces and to avoid the precipitation of the
lead oxide from the liquid [5]. For liquid sodium and sodium–
potassium alloy, the oxygen concentration has to be controlled as
low as possible because the corrosion rate by liquid sodium and so-
dium–potassium increases significantly with oxygen concentration
[6].

Liquid metal corrosion involves many physical and chemical
processes: mass diffusion and convection, oxidation, impurity
redistribution, liquid metal penetration, etc. In the present survey,
some of these processes are considered mathematically. Theoreti-
cal models and analytical solutions of the liquid metal corrosion
are reviewed, compared and analyzed. The models for different
steps of liquid metal corrosion are integrated into one theoretical
model system based on mass exchange at the solid/liquid interface
by chemical and physical processes of liquid metal corrosion.



N

1,iJ

3,iJ

2,iJ

Solid Liquid 
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2. Liquid metal corrosion theory

2.1. Basic equations

Concentration in mass fraction is denoted by c. The following
parameters are first defined:

c0i = concentration in liquid;
c0i;s = solubility in liquid;
c0i;I = concentration at the interface in liquid side;
c0i;b = bulk concentration in liquid;
ci = concentration in solid;
ci,0 = bulk or initial concentration in solid;
ci,I = concentration at the interface in solid side.

The subscript i represents the species i. Generally, the mass
transfer equation can be written by:

@c
@t
þrJ þ q ¼ 0 ð1Þ

where q is the homogeneous reaction term in the material bulk and
J is the flux. For species i in liquid:

J0i ¼ �D0irc0i þ~uc0i ð2Þ

where ~u is the velocity vector and D0i is the diffusion coefficient in
the liquid. For the species i in solid with a corrosion rate R(t) as
function of time and with the original point fixed on the surface
of the solid materials as shown in Fig. 2.

The mass flux can be expressed by:

Ji ¼ �Dirci þ RðtÞci ð3Þ

where Di is the diffusion coefficient of species i in the solid. The
mass transport equation in the coordinate for constant diffusion
coefficient can be expressed by:

@c0i
@t
þ u

@c0i
@x
þ v @c0i

@y
þw

@c0i
@z
¼ D0i

@2c0i
@x2 þ

@2c0i
@y2 þ

@2c0i
@z2

 !
þ q0i ð4Þ

for the species in liquid (y > 0, Fig. 2), where u, v, and w are the
velocity components in x, y, z direction, and:

@ci

@t
þ RðtÞ @ci

@y
¼ Di

@2ci

@x2 þ
@2ci

@y2 þ
@2ci

@z2

 !
þ qi; ð5Þ

in solid (y < 0). The diffusion coefficient in liquid and solid are as-
sumed to be independent of the space all through the paper. If
the reaction term is greater than zero, the reaction is species pro-
duction, while if the reaction term is less than zero, the reaction
is species consumption.
∫
t

dR
0

)( ζζ

x

z

y

Flow 

Solid Liquid 

ic

ic′

Fig. 2. Coordinate of the corrosion by liquid metal.
2.2. Mass exchange at the solid/liquid interface

At the interface along the normal direction, as shown in Fig. 3
there are (a) mass flux in the liquid, Ji,1; (b) mass flux in the solid,
Ji,2 and (c) mass flux through the interface due to absorption and
desorption, Ji,3. The fluxes are defined by:

Ji;1 ¼ �qLD0i
@c0i

@ N
! þ qLRc0i;I ð6Þ

Ji;2 ¼ �qSDi
@ci

@ N
! þ qSRci;I ð7Þ

Ji;3 ¼ qSkdci;I � qLkac0i;I ð8Þ

where

qL = density of the liquid;
qS = density of the solid;
ka = absorption rate;
kd = desorption rate;

and N
!

is the normal as shown in Fig. 3. In Eqs. (6)–(8), the reac-
tion terms are neglected.

The concentration at the interface in both solid and liquid sides
is governed by:

dc0i;I
dt
¼ Ji;3 � Ji;1 ð9Þ

in liquid and

dci;I

dt
¼ Ji;2 � Ji;3 ð10Þ

in solid. Considering a steady state or a quasi-steady state at the
surface, we get:

Ji;1 ¼ Ji;2 ¼ Ji;3 ð11Þ

Therefore, the transports in liquid and solid are coupled to each
other through mass balance at the interface.

2.3. Corrosion rate for general cases

At the beginning for a fresh liquid, the dissolution reaction will
be the fast step among the three steps and the control step of the
net corrosion will be the third step: mass transfer in the liquid.
While for long term operations at a steady state the net corrosion
will be controlled by either dissolution at the surface (activation
control) or mass transfer in liquid (mass transfer control). For the
mass transfer control, if the diffusion flux of the corrosion product
in solid is less than the mass transfer rate in liquid, dissolution of
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the surface will meet up the difference resulting in a finite surface
recession rate (second term in Eq. (7)). The recession rate (R) is
generally called the bulk corrosion rate or corrosion rate in the
present study. If the diffusion flux through the interface is no less
than the mass transfer rate, there will be no bulk corrosion or sur-
face recession, and all the corrosion products come from the spe-
cies diffuses in the solid (all the terms in Eqs. (6) and (7) related
to R will not appear in the equations). For cases with very high flow
velocity, the corrosion rate becomes independent of the flow veloc-
ity and the corrosion becomes activation control which is con-
trolled by the dissolution reaction. If the diffusion rate in the
solid is greater than the dissolution rate, then there is no surface
recession, otherwise there will be surface recession.

Although the diffusion in solid is the slowest process among the
three steps of the liquid metal corrosion, it can result in a selective
corrosion layer at the surface contacting with the liquid because of
the different diffusion coefficients of the steel constituents in the
steel. This selective corrosion changes the steel composition at
the surface area, which can lead to material failure. If the diffusion
rate in the solid is very low compared to the dissolution rate at the
surface, the diffusion layer or the selective corrosion layer can be
avoided. For such cases, all the corrosion products entering into
the liquid are from the dissolution of the surface or the surface
recession.

2.3.1. Cases with recession but no selective corrosion layer
For such cases, the first term on the right of Eq. (7) is zero.

Equalizing the expressions on the right of Eqs. (6) and (7), the bulk
corrosion rate can be expressed by:

R ¼ � qL

qS � qL

P
ic
0
i;I

X
i

D0i
@c0i

@ N
! ð12Þ

If the concentration of corrosion products in liquid at the liquid/
solid interface is assumed to be very small, Eq. (12) can be simpli-
fied to:

R ¼ �qL

qS

X
i

D0i
@c0i

@ N
! ð13Þ

Then the weight loss rate can be obtained by:

RDw ¼ RqS ð14Þ
2.3.2. Cases with diffusion layer only
In these cases, the diffusion in the solid is fast enough to supply

the mass removal by the liquid metal. Therefore, there will be no
surface recession, and the bulk corrosion rate is zero (R = 0, no sur-
face recession). The weight loss can be obtained by:

RDw ¼ �qL

X
i

D0i
@c0i

@ N
! ð15Þ
2.3.3. Cases with both diffusion layer and surface recession
In these cases, the diffusion rate in the solid is pretty large, but

is less the mass transfer rate. There will be surface recession in this
case. The recession rate can be calculated through the mass bal-
ance at the interface. The rate can be expressed by:

R ¼ � qL

qS � qL

P
i

c0i;I

X
i
D0i
@c0i

@ N
! �

qS

qL

X
i

Di
@ci

@ N
!

 !
ð16Þ

The weight loss rate can be obtained by:

RDw ¼ R qS � qL

X
i

c0i;I

 !
ð17Þ
If we assume that
P

ic
0
i;I � 1, the weight loss rate can be simpli-

fied to:

RDw ¼ RqS ð18Þ

which is same to the case surface with recession only (Eq. (14)).

2.4. Boundary conditions for steady states

The metal dissolution reaction at solid/liquid interface can be
represented by:

MiðsÞ () MiðLÞ ð19Þ

There is an up limit of the concentration that may be either the
solubility or the equilibrium concentration of the dissolved metal.
If the dissolution reaction (Eq. (19)) is very fast, the concentration
at the interface in the liquid reaches the limited concentration very
quickly, and then at the steady state, the boundary concentration
in the liquid phase can be expressed by:

c0i;I ¼ c0i;eq ð20Þ

where c0i;eq is constant for a given operating condition. Based on this
boundary equation, the flux Ji,1 can be calculated by solving the
transport equation in the liquid phase. Then the boundary condition
for the transport equation in the solid phase can be obtained
through Eq. (9), and at a steady state the boundary condition can
be expressed by:

Di
@ci

@ N
! ¼ Rci;I �

1
qS

Ji;1 ð21Þ

which corresponds to a constant flux for the transport in the solid.
If the mass transfer in the liquid is very fast and can almost re-

move all corrosion products due to dissolution reaction, the con-
centration at the interface in solid phase will reach its limit
value. Then boundary condition for a steady state of the transport
equation in the solid phase can be expressed by:

ci;I ¼ ci;eq ð22Þ

Similarly, for this case, the boundary condition for the transport
equation in the liquid phase can be obtained through Eq. (9) and
can be can expressed by:

D0i
@c0i

@ N
! ¼ Rc0i;I �

1
qL

Ji;2 ð23Þ

In which Ji,2 is known by solving the transport equation in the
solid phase based on boundary condition of Eqs. (22). Eq. (23) cor-
responds to a constant flux boundary condition for the transport
equation in the liquid phase.

3. Corrosion product transport in liquid phase (isothermal
cases)

3.1. Mass transfer coefficient for fully developed turbulent flow

For a fully developed turbulent flow, the species concentration
profile in the liquid can be simply shown as in Fig. 4. The variation
of the concentration only occurs within the mass transfer bound-
ary layer, while in the bulk flow, it can be assumed to be uniform.
Based on this and assuming that the concentration has a linear dis-
tribution in the boundary layer as shown in the figure, the mass
transfer coefficient in liquid is defined by

Ki;m ¼
D0i
di;m

ð24Þ

di,m is the thickness of the linear boundary layer. The mass
transfer coefficient is a function of Reynolds number (Re) and
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Fig. 4. Simple view of the concentration profile in turbulent flow.
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Schmidt number (Sc) defined by: Re = dU/t and Sci ¼ t=D0i, where d
is the hydraulic diameter and t is the viscosity of the liquid. Con-
ventionally, a dimensionless parameter, Sherwood number (Sh) is
introduced by:

Shi ¼
Ki;md

D0i
ð25Þ

The Sherwood number can be expressed in terms of Reynolds
number and Schmidt number by:

Shi ¼ aRebScc
i ð26Þ

where a, b and c are constant and can be obtained theoretically [7]
and experimentally [8–10]. Recommended relations are given in Ta-
ble 1. The correlation by Pinczewski and Siderman is a theoretical
result for high Schmidt number, and others are experimental corre-
lations. The table indicates that the mass transfer coefficient
depends on the Schmidt number with a power around 0.33 and
Reynolds number with a power around 0.9.

Based on the definition of the mass transfer coefficient for fully
developed turbulent flow, the mass transfer rate Ji,1 can be roughly
rewritten by:

Ji;1 ¼ qLKi;m c0i;I � c0i;b
� �

þ qLRc0i;I ð27Þ

where c0i;b is the concentration of corrosion products in bulk flow,
which may be unknown variable and in some cases it is reasonable
to assume it to be zero.

3.2. Transient corrosion cases

For a static case, there is no convection. The transport in the li-
quid metal is due to diffusion only. Considering a sample with an
area A contacting with the liquid metal having a volume V, the con-
centration in the liquid, as a function of the exposure time, can be
expressed by [3]:

dc0i
dt
¼ ak c0i;eq � c0i

� �
ð28Þ

where a is the specific dissolution rate, and k is the ratio of the area
A to the volume V, i.e. k = A/V. By integrating Eq. (28), it is easy to
get a solution as:

c0i ¼ c0i;eq½1� expð�aktÞ� ð29Þ

To calculate the concentration, the dissolution rate a has to be
determined first. For the mass transfer controlled corrosion, the
dissolution rate depends on the diffusion coefficient [3] through:
Table 1
Correlations for Sherwood number.

Sh = aRebScc

a b c Ref.

0.0165 0.860 0.33 Berger and Hsu [8]
0.0177 0.875 0.296 Silverman [9]
0.0096 0.913 0.346 Harriott and Hamilton [10]
0.0102 0.90 0.33 Pinczewski and Sideman [7]
a ¼ kD0ni ð30Þ

where k and n are constant. For the activation controlled corrosion,
the dissolution rate is independent of the diffusion coefficient and
can be expressed by:

a ¼ 10aþb=T ð31Þ

where a and b are constant and can be determined through exper-
iments, for example, it was reported [11] that a = �0.007 and
b = �2388 for dissolution rate (cm/s) in liquid sodium.

The weight loss rate can be obtained through the Eqs. (30) and
(31):

RDWi
¼ qLc0i;eq expð�aktÞ ð32Þ

Eq. (29) indicates that the concentration in the liquid increases
with time and approaches the equilibrium concentration for long-
term operation. Eq. (32) indicates that the corrosion rate or weight
loss rate decreases with time and approaches zero. The change of
the concentration and the corrosion rate with time shows that
the corrosion stops if the exposure time is long enough.

It is necessary to notice that this model for corrosion in static
liquid metal is based on the assumption that the concentration in
the bulk liquid is uniform which is not true in practice. The concen-
tration is not uniform at short-term and there is diffusion in the
bulk liquid which affects the corrosion rate as function of time.
However, with time elapsing, the concentration becomes uniform
in the bulk liquid.

For a flow system, the convection has to be considered. Consid-
ering a two dimensional channel flow as shown in Fig. 4, the length
L is much larger than the hydraulic diameter d, so the diffusion
term in the stream wise is much smaller than the diffusion term
in the transverse direction, while the transverse flow velocity is
much smaller than the stream wise velocity and its effect on con-
vection can be neglected. Then the transport equation can be sim-
ply written as:

@c0i
@t
þ u

@c0i
@x
¼ D0i

@2c0i
@2y

ð33Þ

In which the reaction term in the flow is also neglected. For li-
quid metals, the Schmidt number is very large, leading to a fact
that the mass transfer boundary layer is underneath the linear
momentum boundary [2], therefore in the mass transfer boundary
layer the flow velocity can be expressed by a linear function as
u = cy with the shear stress rate c = fU2/2t in which the friction fac-
tor f depends on Reynolds number [12]:

f ¼ 0:079Re�0:25 for 2:3� 103 < Re < 105

f ¼ 0:046Re�0:2 for Re P 105

Introducing the following non-dimensional parameters:

g ¼ c
D0id

� �1=3

y; n ¼ x
d
; s ¼ d2

c2D0i

 !�1=3

t

Eq. (33) becomes

@c0i
@s
þ g

@c0i
@n
¼ @

2c0i
@2g

ð34Þ

For constant concentration at the boundary, Soliman and Cham-
bre [13] obtained a solution of the time dependent corrosion rate:

Ji;1=Ji;1;ss ¼ 1þ 31=3C
1
3

� �X1
n¼1

1
sn

� exp � 2
27
ðsnsÞ3

� �
Ai

sns
32=3

� �2
" #

ð35Þ
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Ji,1,ss is the corrosion rate at the steady state:

Ji;1;ss ¼ qLc0i;I
31=3

C 1=3ð Þ
cD02i
nd

 !1=3

ð36Þ

C() is Gamma function defined by:

CðxÞ ¼
Z 1

0
e�ttx�1 dt ð37Þ

and Ai() is the Airy function defined by:

AiðxÞ ¼ 3�2=3
X1
n¼0

1
n!

sin½2=3ðnþ 1Þp�

�
Z 1

0
zn=3�2=3e�z dzð31=3xÞn ð38Þ

and sn are constant:

s1�6 ¼ ð2:33810;4:08794;5:52055;6:7867;7:9441;9:0227Þ ð39Þ

and for n P 7

sn ¼
3p
8
ð4n� 1Þ

� �2=3

ð40Þ

For short-term exposure (s ? 0), Eq. (35) reduces to:

Ji;1=Ji;1;ss �
1:0480
s1=2 ð41Þ

and for long term exposure (s ?1), Eq. (35) reduces to:

Ji;1=Ji;1;ss � 1þ
32=2C 1

3

� 	
2
ffiffiffiffi
p
p

s1

1

ðs1sÞ1=2 exp � 4
27
ðs1sÞ3

� �
ð42Þ

The transient corrosion rate in an isothermal system is shown in
Fig. 5. As shown in the figure, the rate decreases and it almost
reaches the steady state value when s = 1.0. The short-term solu-
tion can be applied up to s = 1.0, while the long-term solution is
valuable when s is no less than 1.2. For estimating the true time
needed for corrosion to reach the value of steady state, the dimen-
sionless time is rewritten as:

s ¼ 4
f 2

Sc
Re

� ��1=3 d
U

t ð43Þ

For iron in lead [14], Sc = 333.0 at temperature 500 �C. Consider-
ing Re = 105 and U = 2.0 m/s, the time for reaching the steady state
Fig. 5. Cure of transient corrosion rate as a function of dimensionless time.
is about 4.0 min which is very short compared with several years
operation of a nuclear reactor. For other liquid metals such as
Lead–bismuth and sodium, similar result will be obtained. There-
fore, the transient effects can be neglected for liquid metal
corrosion.

4. Corrosion product transport in liquid phase (non-isothermal
loop cases)

4.1. General description

Non-isothermal liquid metal loops have been used as the pri-
mary coolant loop of a liquid metal cooled fast reactor. For such
a system, the liquid metal passes through the reactor core and
reaches its highest temperature at the outlet of the core, and then
passes through a heat exchanger where its temperature is reduced
to its lowest temperature. It is the temperature gradient along the
flow path that sustains the corrosion/precipitation process in such
non-isothermal loop. In this section, we consider cases with time-
independent concentration distribution at the inner surface along
the stream wise direction.

If the non-isothermal loop is made of one kind of steel, thermal
gradient mass transfer will be the main corrosion mechanism
which is because of temperature dependent solubility of the steel
constituents in the liquid metal. Considering that liquid metal is
not being refreshed during operation for a liquid metal nuclear
coolant system, the total amount of corrosion should equal the to-
tal amount of precipitation all through the loop. The corrosion and
precipitation zones can be predicted by a theoretical model [14]. It
is reported that the highest corrosion rate occurs at the core outlet,
and highest precipitation rate happens at the outlet of the heat
exchanger.

4.2. Epstein’s model

Epstein [3] considered an idealized loop with a structure having
a hot isothermal zone, a cool isothermal zone, a heat exchanger
and a heater.

For the mass transfer corrosion, the wall concentration at the
hot zone equals the equilibrium concentration of the species in
the liquid at the highest temperature, while the bulk concentration
in the liquid is assumed to be the equilibrium concentration at the
lowest temperature all over the loop. Therefore, at the hot zone:

c0i;I � c0i;b ¼ c0i;eqðT ¼ TmaxÞ � c0i;eqðT ¼ TminÞ ¼
dc0i;eq

dT
DT ð44Þ

where DT is the temperature difference in the loop: DT = Tmax �
Tmin. The corrosion rate at the hot zone was obtained by:

Ji;1ðT ¼ TmaxÞ ¼ qLKi;mðT ¼ TmaxÞ
dc0i;eq

dT
DT ð45Þ

Replace the mass transfer coefficient using the theoretical
expression given in Table 1, to obtain:

Ji;1ðT ¼ TmaxÞ ¼ 0:0102qLRe0:9Sc1=3 D0i
d

dc0i;eq

dT
DT ð46Þ

Eq. (46) indicates that the loop length has no effects on the cor-
rosion rate at the hot zone and the corrosion rate has a same value
along the hottest zone, and there is only one systematic parameter,
DT, that affects the corrosion rate. Eq. (46) cannot predict the
downstream effects which have been reported experimentally
[15]. On the other hand, Eq. (46) can only be applied to a loop with
small temperature difference considering Eq. (44).

Commonly, the equilibrium concentration equals the solubility
which can be expressed by:
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c0i;eq ¼ 10AþB=T ð47Þ

where A and B are constant. Substitute the solubility expression into
Eq. (46), the corrosion rate at the hottest temperature isothermal
zone in a non-isothermal loop can be obtained:

Ji;1ðT ¼ TmaxÞ ¼ 0:0102qLRe0:9Sc1=3 D0i
d

10AþB=T �BDT

T2
max

ð48Þ

Eq. (48) indicates that the corrosion rate increases with the
temperature gradient and the maximal temperature increasing.

For activation controlled corrosion, the concentration in the
bulk liquid is governed by:

dc0i;b
dx
¼ j c0i;s � c0i;b

� �
ð49Þ

where j = 4a/dU. Epstein [3] assumed that the corrosion rate at the
hot zone can be expressed by:

Ji;1ðT ¼ TmaxÞ ¼
1
4

dqLU
dc0i;b
dx

 !
max

ð50Þ

and can be rewritten in the following formation if f is the value of x
at which dc0i;b=dx is a maximum:

Ji;1ðT ¼ TmaxÞ ¼
1
4

dqLU�jðc0i;sðfÞ � c0i;bðfÞÞ ð51Þ

where: c0i;bðxÞ ¼ expð��jxÞ½IðxÞ þ C� and IðxÞ ¼ �j
R

c0i;sðxÞ expð�jxÞdx. f
and the integral constant C are determined by:

dc0i;s
dx

 !
x¼f

¼ �j c0i;sðfÞ � expð��jfÞ½IðfÞ þ C�
n o

ð52Þ

ðexpð��jLÞ � 1ÞC ¼ expð��jLÞIðLÞ � Ið0Þ ð53Þ

The bar in Eqs. (51)–(53) represents the value at the medium
temperature.

4.3. Sannier and Santarini’s model

Sannier and Santarini developed a corrosion model for liquid
lead loops. The model can predict both corrosion and deposition
in a closed loop system [16]. The corrosion products’ transport in
the liquid was classed into three steps: dissolution at the interface,
diffusion through the boundary layer, and convection in the bulk
flow:

Convection rate in the bulk flow:

Ji;1;conv ¼
Ud
4

dc0i;b
dx

ð54Þ

Diffusion rate through the boundary layer:

Ji;1;diff ¼
D0i
dD

c0i;I � c0i;b
� �

ð55Þ

where dD is the mass transfer boundary layer related to the flow.
Dissolution rate at the interface:

Ji;1;diss ¼
kd

c0i;s
c0i;s � c0i;I
� �

ð56Þ

Parameters are defined as: kd = kd0exp(�hd/RT), c0i;s ¼
c0i;s;0 expð�b=RTÞ, where kd is in m/s.

Case I: activation control U ¼ 1; D0i ¼ 1
� 	

For such case, the convection transport rate through the bulk
flow and diffusion transport rate through diffusion boundary layer
are much greater than the dissolution rate at the interface, i.e. Ji,1,-

conv� Ji,1,diss, Ji,1,diff� Ji,1,diss, therefore:
c0i;b � c0i;I; Ji;1 ¼ qLJi;1;diss ð57Þ

Rewrite Eq. (56), one gets:

Ji;1 ¼ qLkd0 exp � hd

RT

� �
� kd0

c0i;s;0
qLc0i;b exp

b� hd

RT

� �
ð58Þ

The bulk concentration is determined by considering

Ji;1 ¼ Ji;1;conv ð59Þ

at the steady state and the mass conservation equation shown in Eq.
(54).

Case II: convection control kd ¼ 1; D0i ¼ 1
� 	

In this case, the dissolution rate at the interface and the diffu-
sion rate through the diffusion boundary layer, i.e. Ji,1,diff� Ji,1,conv,
Ji,1,diss� Ji,1,conv, the corrosion rate is determined by the convection
rate in the bulk flow:

c0i;b � c0i;I � c0i;s; Ji;1 ¼ qLJi;1;conv ð60Þ

The corrosion rate can be expressed by:

Ji;1 ¼ qL
bdUci;;s;0

RT2

dT
dx

exp � b
RT

� �
ð61Þ
Case III: diffusion control (U =1, kd =1)

In this case, the convection rate in the bulk flow and the disso-
lution rate at the interface are much greater than the diffusion rate
through the boundary layer, i.e. Ji,1,conv� Ji,1,diff, Ji,1,diss� Ji,1,conv,
therefore:

c0i;I � c0i;s Ji;1 ¼ qLJi;1;diff ð62Þ

Considering that D0i ¼ D0i;0 expð�ED=RTÞ, the Eq. (62) can be
rewritten by:

Ji;1 ¼ qL

D0i;0c0i;s;0
d

exp � ED � b
RT

� �
�

c0i;b
c0i;s;0

exp � ED

RT

� �" #
ð63Þ
Case IV: Mixed corrosion mechanism

A general relation for the corrosion rate determined in the li-
quid phase as:

d
dx

1
vdiss
þ 1

vdiff

� �
Ji;1

� �
þ 1

vconv
Ji;1 �

dc0i;s
dx
¼ 0 ð64Þ

where

vdiss ¼
kd

c0i;s
; vdiff ¼

D0i
d
; vconv ¼

Ud
4

In a non-isothermal loop, vdiss and vdiff are function of x, and vconv

may or may not be the function of x depending on the flow path
and the hydraulic diameter of the flow path.

4.4. Kinetic corrosion model

For studying the corrosion by heavy liquid metal such as liquid
lead and lead bismuth, He and Li [2] developed a kinetic model by
solving Eq. (34) at a steady state. The model was extended and ap-
plied by Zhang and Li in series publications [17]. First of all, it is as-
sumed that the concentration at the pipe wall (liquid/solid
interface) does not depend on time and its distribution along the
flow direction can be expended in a Fourier series:
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c0i;IðnÞ ¼
X

k

ak expð2piknÞ ð65Þ

Then, the concentration distribution in the mass transfer
boundary layer is obtained as:

c0i;sðg; nÞ ¼ a0 þ
X
k>0

YkðgÞe2pkin þ
X
k<0

Y jkjðgÞe2pkin ð66Þ

and the corrosion flux through the boundary layer is expressed by:

Ji;1ðnÞ ¼ �qLD0i
@c0i
@yy¼0

¼ 0:3825qL
D0i
d

d
L

� �1=3

Sc1=3Re0:6
X
k–0

Qk expð2pkinÞ ð67Þ

where

Yk>0ðgÞ ¼
ak

Aið0ÞAiðð2pkiÞ1=3gÞ

Yk<0ðgÞ ¼ Y jkjðgÞ
Qk>0 ¼ akk1=3i1=3

Qk<0 ¼ akjkj1=3ð�iÞ1=3

The concentration of corrosion products in the bulk flow is also
obtained:

c0i;bðnÞ ¼ c0i;b;0 þ 0:3825
LP
A

d
L

� �1=3

Sc�2=3Re�0:4
X
k–0

bk expð2pkinÞ

ð68Þ

where c0i;b;0 is the average bulk concentration calculated by consid-
ering the amount of corrosion has to be balanced with the amount
of precipitation in a closed non-isothermal loop which can be ex-
pressed by:Z L

0
Ji;1ðxÞPðxÞdx ¼ 0 ð69Þ

P is the wetted perimeter. The coefficient bk in Eq. (68) relates to
Qk through:

bk ¼ Qk=ð2pkiÞ; for k > 0; bk ¼ �b�k; for k < 0; and b0 ¼ 0

For activation controlled corrosion, c0i;b ¼ c0i;I , and c0i;b is governed
by Eq. (49) which can be rewritten in the following formation:

qL

dc0i;bðnÞ
dn

¼ PðnÞaðnÞ c0i;sðnÞ � c0i;bðnÞ
h i

ð70Þ

where qL = UA (A is the flow area) is the liquid flow rate. For a closed
loop system, qL is constant. Integrate Eq. (70), the solution is ob-
tained as:

c0i;bðnÞ ¼ e�/ðxÞ½IðnÞ þ G� ð71Þ

with

/ðnÞ ¼
Z

PðnÞ
qL

aðnÞdn

IðnÞ ¼
Z

PðnÞ
qL

aðnÞc0i;sðnÞe/ðnÞ dn

and G is an integration constant which can be determined by the
condition c0i;bð0Þ ¼ c0i;bð1Þ.

To get a solution with an expression similar to Eq. (67), a new
variable is introduced:

f ¼ /ðnÞ ð72Þ

and a constant is defined by:
l ¼
Z 1

0
PðsÞaðsÞ=qLds ð73Þ

Then Eq. (70) becomes:

dc0i;bðfÞ
df

¼ c0i;sðfÞ � c0i;bðfÞ ð74Þ

Expand the bulk concentration into the following Fourier series:

c0i;bðfÞ ¼
X

k

ck exp½2ikpf=l� ð75Þ

and also the solubility:

c0i;sðfÞ ¼
X

k

bk exp½2ikpf=l� ð76Þ

For a non-isothermal loop, if the temperature profile is given, bk

can be calculated. Substitute Eqs. (76) and (75) into Eq. (74), and
the ckin Eq. (75) can be expressed by:

ck ¼
bkð1� 2pki=lÞ
1� 4k2p2=l2

ð77Þ

Therefore the solution of the bulk concentration is

c0i;bðnÞ ¼
X

k

bkð1� 2pki=lÞ
1� 4k2p2=l2 exp½2pki/ðnÞ=l� ð78Þ

and the corrosion/deposition rate as a function of the stream wise
coordinate:

Ji;1ðnÞ ¼ qLaðnÞ
X

k

bkð2pki=l� 4p2k2
=l2Þ

1� 4p2k2
=l2 exp½2pki/ðnÞ=l� ð79Þ

Clearly, the corrosion rate is also a function of the stream wise
coordinate similar to the cases of mass transfer control.

There are some other models not listed in this survey, such as
the models given in Refs. [18,19]. In Ref. the bulk concentration
was assumed to be the average concentration of wall and the
boundary layer thickness effects were considered in Ref. [19].

4.5. Particulate model

The corrosion product dissolved into the liquid metal in a non-
isothermal loop can come out of the liquid as shown by the kinetic
model. The products can come out in several formations such as
suspending particles or as a deposit layer adhered on the wall sur-
face. If the particles are small enough to remain in suspension, they
can be transported to the corrosion section by the liquid and re-
dissolve, which can inhibit the corrosion [3]. Therefore, most of
the corrosion models for liquid metal corrosion not considering
the coming out particles transport predict a higher corrosion rate
compared with experimental data. The particulate model was first
developed by Wachtel et al. [20] and then analyzed by Polley and
Skyrme [6] and Weeks and Isaacs [21].

For diffusion controlled mass transfer, Polley and Skyrme [6]
gave a Sherwood number for the particle that can dissolve into
the liquid:

Shi;p ¼
di;pKi;p

D0i
¼ 2þ eRe2

pSc1=3 ð80Þ

for the range of 1 6 Sc 6 1500. The subscript p represents the
parameter for the considered particle. e is constant and is assumed
to be less than unity. By rewriting Eq. (80), the mass transfer coef-
ficient through the boundary layer around the particle can be ex-
pressed by:

Ki;p ¼
D0i
di;p

2þ eRe2
pSc1=3

� �
ð81Þ
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For particles of radius less than one micron under turbulent
flow with Re 6 105, the second term on the right side in Eq. (81)
can be neglected. Then the equation becomes:

Ki;p �
2D0i
di;p

ð82Þ

which indicates that the smaller the radius of the particle is, the fas-
ter the rate of the mass transfer will be. Physically, this means that
smaller particles respond more rapidly to the turbulence so that
mass transfer is dominated by diffusion rather than by convection
[6]. The dissolution rate of the particle at the corrosion zones can
be expressed by:

Ji;p ¼ qLKi;p c0i;sa � c0i;b
� �

ð83Þ

c0i;sa is the saturation concentration in the fluid adjacent to the par-
ticle. Considering the Kelvin relationship [22], c0i;sa is related to the
solubility through:

c0i;saðTÞ ¼ c0i;sðTÞ exp
4viMi

dpqiRT

� �
ð84Þ

where vi is the metal i–liquid interface energy and Mi is the atomic
weight of the metal i.

Assuming that the particle has a uniform distribution, the mass
transport equation in the bulk liquid can be expressed by:

qLUA
dc0i;b
dx
¼ PJi;1 þ Apd2

pnJi;p ð85Þ

where n is the particle number in a unit volume. Substitute
Ji;1 � qLKi;m c0i;s � c0i;b

� �
for mass transfer control and Eq. (83) into

Eq. (85), it is gotten:

UA
dc0i;b
dx
¼ PKi;m c0i;s � c0i;b

� �
þ Apd2

pnKi;p c0i;sa � c0i;b
� �

ð86Þ

It should be noticed that for a given non-isothermal system,
Ki,m, c0i;s; c0i;sa are known, Ki,p is related to the particle diameter
which is governed by [6]:

ddp

dx
¼ 4D0i

Uqidp
c0i;b � c0i;sa

� �
ð87Þ

For applications of the particular model, the particle concentra-
tion, particle size and distribution must be known.

5. Transport in solid

5.1. Stoichiometric corrosion

For such case, all the constituents of the solid materials dissolve
into the liquid homogeneously, so the weight loss as a function of
time can be expressed by:

dDw
dt
¼
X

i

Ji;Dw ð88Þ

where Ji,Dw is the weight loss of constituent i, and it is related to the
net weight loss rate of the solid by [23]:

Ji;Dw ¼ ci;0
dDw

dt
ð89Þ

where ci,0 is the initial concentration of species i in the solid steel/
alloy. Considering in the liquid side in an isothermal case, Eq. (88)
can be simply rewritten:

dDw
dt
¼ qLaste cste;s � c0ste;b

� �
ð90Þ

with aste is the dissolution rate of the steel, cste,s and c0ste;b are the sol-
ubility of the steel in the liquid and the bulk concentration of the
steel in the liquid. For a static system, the concentration in the bulk
liquid is a function of time. The solution is given by Eq. (32). For a
flowing system, it is reasonable to assume that c0ste;b is independent
of the time but a function of the coordinate in the streamwise direc-
tion. Then Eq. (88) becomes:

dDw
dt
¼ qLastecste;s exp � Paste

AU
x

� �
ð91Þ

Instead of using weight loss rate for corrosion, select the surface
recession rate to represent the corrosion rate, it is gotten [24]:

Rste ¼
X

i

Rici;I ¼
X

i

Rsteci;0 ð92Þ

where Rste is the corrosion rate of the steel and Ri is the corrosion
rate of the species i. Therefore, knowing the actual species concen-
tration at the interface and the original composition of the steel, one
can estimate the pure species dissolution rate by:

Ri ¼ Rsteci;0=ci;I ð93Þ
5.2. Selective corrosion

The selective corrosion is due to the different diffusion rates of
the steel constituents. In the case of selective corrosion, the weight
of one constituent does not follow Eq. (89), that is:

Ji;Dw – ci;0
dDw

dt
ð94Þ

According to Ref. [23], the constituent is named by ‘‘noble” ele-
ment if

Ji;Dw < ci;0
dDw

dt
ð95Þ

and ‘‘active” element if

Ji;Dw > ci;0
dDw

dt
ð96Þ

For the noble element, the initial corrosion rate is less than the
rate dictated by its bulk fraction in the steel (Eq. (95)). For an active
element, the initial corrosion rate is larger than the rate dictated by
its bulk fraction (Eq. (96)), the mass initially corroding above stoi-
chiometric amounts must come from within the steel by diffusion
toward the liquid/solid interface.

For selective corrosion, the constituent concentration in the so-
lid phase has to follow the following equation everywhere [23]:X

i

ci ¼ 1 ð97Þ
5.3. Selective corrosion without surface recession

Considering the diffusion term in the normal direction of liquid/
solid interface, the governing equation of the species diffusion in
the solid becomes:

@ci

@t
¼ Di

@2ci

@y2 ð98Þ

For a constant concentration case at the surface (corresponding
to a fast mass transfer in liquid phase), the boundary and initial
conditions are:

ci ¼ ci;0 at y < 0 for t ¼ 0 ð99aÞ
ci ¼ ci;I at y ¼ 0 for t > 0 ð99bÞ
ci ¼ ci;0 at y! �1 ð99cÞ

With these conditions, the solution of Eq. (98) is:

ciðy; tÞ ¼ ci;I þ ðci;I � ci;0Þerf
y

2
ffiffiffiffiffiffiffi
Dit
p

� �
ð100Þ
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where erf() is the error function. The weight loss rate is obtained by:

Ri;Dw ¼ qSðci;0 � ci;IÞ
Di

pt

� �1=2

ð101Þ

Then the weight loss per unit area is obtained by:

Dwi ¼
Z t

0
Ri;Dwdt ¼ 2qSðci;0 � ci;IÞ

Dit
p

� �1=2

ð102Þ

The total weight loss can be expressed by:

Dw ¼
XN

i¼1

Dwi ð103Þ

where N is the total number of corrosion species. For particular
cases ci,I = 0, Eqs. (100) and (101) become:

ciðy; tÞ ¼ �ci;0erf
y

2
ffiffiffiffiffiffiffi
Dit
p

� �
ð104Þ

Dwi ¼
Z t

0
Ri;Dw dt ¼ 2qSci;0

Dit
p

� �1=2

ð105Þ

Eqs. (104) and (105) was first obtained and discussed by Anno
and Walowit [25].

For a constant mass flux at the surface (corresponding to a con-
stant concentration at the interface in liquid phase), the initial and
boundary conditions are:

ci ¼ ci;0 at y < 0 for t ¼ 0 ð106aÞ

� Di
@ci

@y
¼ Ji;2 at y ¼ 0 for t > 0 ð106bÞ

ci ¼ ci;0 at y! �1 ð106cÞ

where Ji,2 is a constant which can be obtained by solving mass
transfer equation in the liquid phase. Using these conditions, the
solution of Eq. (98) is:

ciðy; tÞ ¼ ci;0

�
2Ji;2ffiffiffiffiffiffiffiffi
Dip
p t1=2 exp

�y2

4Dit

� �
� yp1=2

2
ffiffiffiffiffiffiffi
Dit
p erfc

y
2
ffiffiffiffiffiffiffi
Dit
p

� �� �
ð107Þ

Then the concentration at the interface is expressed by:

ci;I ¼ ci;0 �
2Ji;2ffiffiffiffiffiffiffiffi
Dip
p t1=2 ð108Þ

Considering that ci,I P 0, Eqs. (108) and (107) can only be ap-
plied to time rage of t < t0, where:

t0 ¼
ci;0

ffiffiffiffiffiffiffiffi
Dip
p

2Ji;2

 !2

ð109Þ

When t P t0, ci,I = 0.

5.4. Corrosion with a constant surface corrosion rate

With a constant recession rate, the governing equation for the
transport in the solid phase can be expressed by:

@ci

@t
þ R

@ci

@y
¼ Di

@2ci

@y2 ð110Þ

For the boundary condition indicated in Eq. (99), the solution
was given by Ref. [23] as:

ci ¼ ci;0 �
1
2
ðci;0

� ci;IÞ erfc �g� s
2
ffiffiffi
s
p

� �
þ expðgÞerfc �gþ s

2
ffiffiffi
s
p

� �� �
ð111Þ
where s = R2t/Di, g = Ry/Di. If ci,I=0, Eq. (111) reduces to the solution
obtained by Anno and Walowit [25]. The weight loss rate can be ob-
tained by:

Ji;2 ¼ �qSDi
@ci

@y
jy¼0 þ qSRci;I

¼ 1
2
qsRðci;0 � ci;IÞ

2ffiffiffiffiffiffi
ps
p exp � s

4

� �
þ erfc �1

2
ffiffiffi
s
p� �� �

þ RqSci;I

ð112Þ

Integrate Eq. (112), the weight loss as a function of time is
obtained:

Dwi ¼
1
2
qsDiðci;0 � ci;IÞ

2
R

erf
s
2

� �
þ s

R
erfc � s

2

� ��

þ 2s
R
ffiffiffiffi
p
p exp � s2

4

� ��
þ Di

R
qSci;Is ð113Þ

For long-term operation or for the steady state, t ?1, Based on
Eqs. (111)–(113):

ci ! ci;0 � ðci;0 � ci;IÞ expðgÞ ð114aÞ
Ji;2 ! qSRci;0 ð114bÞ
Dwi ! qSRci;0t ð114cÞ

Eq. (114) indicates that weight loss is determined by the surface
recession rate and the bulk species content in the steel.

The curve of the weight loss as a function of time is given in
Fig. 6. The total weight loss increases with time and has a linear
dependence of time after s = 2.0 which is the steady state relation-
ship between the weight loss and the time as shown in Eq. (114c).
According to this figure and considering the definition of non-
dimensional time s, the real time needed to reach the steady state
can be estimated by the following equation:

t0 �
2Di

R2 ð115Þ

Therefore, the higher the corrosion rate by the liquid is, the
shorter the time for reaching the steady state will be.

For the boundary condition expressed by Eq. (106), the solution
was obtained by Polley [26]:
of the bulk concentration in the steel.
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ci ¼ ci;0 �
1
2
ðci;0 � ci;eÞ erfc �g� s

2
ffiffiffi
s
p

� �
þ 1

2
expðgÞerfc

�

� �gþ s
2
ffiffiffi
s
p

� �
� 3

2
expð�gþ 2sÞerfc �g� 3s

2
ffiffiffi
s
p

� ��
ð116Þ

with ci,e = Ji,2/qsR, and Ji,2 can be obtained by solving the transport
equation in the liquid phase.

At the steady state, the solution becomes:

ci ¼ ci;0 �
1
2
ðci;0 � ci;eÞ expðgÞ ð117Þ

And the surface concentration can be calculated by:

ci;I ¼
1
2

ci;0 þ
Ji;2

qsR
ð118Þ
5.5. Two region problem

5.5.1. With zero surface recession rate
When the constituents of initially austenitic steel are depleted

by corrosion process beyond a specific minimum threshold level,
the depleted layer becomes ferritic, which has been reported in li-
quid sodium experimentally [25].

In this section, we will consider the two-region problem with
zero surface recession rate, i.e. R = 0. The coordinate and the profile
for the active species are shown in Fig. 7. In the figure, ci,a and ci,f

represent the concentration in austenitic phase and ferric phase,
respectively, ci,a,I and ci,f,I represent the concentration at the aus-
tenite/ferrite interface, y = �Y(t), where Y(t) is the thickness of
the ferric layer. For getting an analytic solution, it is assumed that
the concentration is continuous at austenite/ferrite interface and
the ferrite thickness follows the parabolic law. Furthermore, the
concentration at the austenite/ferrite interface is also assumed to
be a constant with time. Then

ci;a;I ¼ ci;f ;I ¼ cc ð119aÞ
YðtÞ ¼ ð2kptÞ1=2 ð119bÞ

The other conditions are given by:

Di;a
@ci;a

@y
¼ Di;f

@ci;f

@y
; at y ¼ �YðtÞ ð120aÞ

ci;a ! ci;0; when y! �1; ð120bÞ
ci;f ¼ ci;I; at y ¼ 0; ð120cÞ

With these conditions, solutions for the concentration profile in
the two phases were given by Anno and Walowit [25]:
y0

0,ic

Iic ,

Liquid
Solid 

Original surface

Ferric layer

Ific ,,

Iaic ,,

fic ,

aic ,

)(tY

Fig. 7. Coordinate and concentration profile for the two-region problem without
surface recession.
ci;f ¼ ci;I þ
cc � ci;I

erf ðaÞ erf
y

2ðDi;f tÞ1=2

" #
ð121Þ

ci;a ¼ ci;0 þ
c0 � cc

erf a Di;f

Di;a

� �1=2
� � erf

y

2ðDi;atÞ1=2

" #
ð122Þ

where a is related to the parabolic constant kp by:

kp ¼ 2a2Di;f ð123Þ

Following the analysis by Anno and Walowit, it will show that
a � 1.0. Then the interface concentration cc can be calculated by
considering the boundary condition (120a) at the ferrite/austenite
interface:

ci;0 � cc

cc
¼ e

erf ð1Þ
Di;f

Di;a

� �1=2 erfc Di;f

Di;a

� �1=2
� �

exp � Di;f

Di;a

� � ð124Þ

Considering that the nickel diffusion coefficient in ferrite is 5.5
time than that in austenite [25], that is DNi,f/DNi,a = 5.5, for Nickel
we get:

cc ¼ 0:37cNi;0 ð125Þ
5.5.2. With constant surface recession rate
For such a case, the coordinate and the concentration distribu-

tion is given in Fig. 8. It is impossible to get the transient analytical
solution when both the ferric layer and the surface recession are
presented in the problem, but it is possible to get the steady state
species concentration in the solid. For a constant surface recession
rate, the ferric layer is assumed following the Tedmon’s equation
[27]:

dY
dt
¼ kp

Y
� R ð126Þ

with an initial condition:

Y ¼ 0 when t ¼ 0 ð127Þ

The solution of Eq. (126) with the initial condition of Eq. (127)
was obtained by Tedmon as:

t ¼ �Y
R
� kp

R2 ln 1� R
kp

Y
� �

ð128Þ

with an asymptotic thickness Y0:

Y0 ¼
kp

R
ð129Þ

Considering that the formation of the ferric layer is due to the
depletion of nickel in the steel, the following equation can be
approximately obtained:
y0
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Fig. 8. Coordinate and concentration profile of the case with constant surface
recession rate.
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DNi;f ðcNi;I � cNi;f ;IÞ
Y0

� RðcNi;I � cNi;f ;IÞ ð130Þ

Because Y0 is very small according to experimental result of
steels exposure to liquid sodium. Then from Eqs. (129) and (130),
it is easy to find:

kp � DNi;f ð131Þ

which can be applied Eq. (129) to obtain the thickness of the ferric
layer at the steady state. Then the species concentration in the fer-
rite and austenite can be obtained by:

ci;a ¼ ci;0 þ ðcc � ci;0Þ exp
R

Di;a
ðyþ Y0Þ

� �
ð132Þ

in austenite and

ci;f ¼
cc � ci;I exp � R

Di;f
Y0

� �
1� exp � R

Di;f
Y0

� � þ ci;I � cc

1� exp � R
Di;f

Y0

� �
� exp

R
Di;f

y
� �

ð133Þ

The concentration at the austenite/ferrite interface cc is deter-
mined by Eq. (120a):

cc ¼ zci;I þ ð1� zÞci;0 ð134Þ

with z ¼ exp � R
Di;f

Y0

� �
. Eq. (133) reduces to:

ci;f ¼ ci;0 � ðci;0 � ci;f Þ exp
R

Di;f
ðyþ Y0Þ

� �
ð135Þ

Particularly, for nickel:

cNi;I ¼ cNi;0 � ðcNii;0 � cNi;cÞ expð1Þ ð136Þ

If the nickel concentration at the liquid/solid interface is very
small, i.e. cNi,I � 0, then one can estimate cc by:

cc ¼ 0:63cNi;0 ð137Þ

The corrosion rate in term of weight loss can be obtained by:

Ji;2 ¼ qsRci;0 ð138Þ
6. Surface recession rate determination

Most of the existing coolant systems such as the primary nucle-
ar coolant systems using liquid metals as coolants are made of
stainless steels whose main component is iron. Considering that
austenite/ferrite is a crystal consisting mainly of iron atoms, the
loss of iron layer due to surface recession will release the other al-
loy elements contained in the crystal [28]. Therefore, it is reason-
able to assume that it is the corrosion of iron that determines
surface recession rate or the bulk corrosion rate. For highly leached
species, the concentration in solid at the interface will be very low
and can be assumed to be zero, while for slowly leached species,
the concentration in solid at the interface will be a finite value
which is larger than or equal its solubility in the liquid.

Considering that JFe,2 = JFe,1 at the steady state, the recession rate
can be obtained by:

R ¼ 1
qscEe;I � qLc0Fe;I

qLD0Fe
@c0Fe

@ N
! � qSDFe

@cFe

@ N
!

 !
ð139Þ

For example, for the case of mass transfer control with two re-
gions in solid and non-isothermal system, the surface recession
rate can be obtained by equaling Eqs. (138) and (67):
R ¼ 0:3825qL

qscFe;0

D0i
d

d
L

� �1=3

Sc1=3Re0:6
X
k–0

Qk expð2pkinÞ ð140Þ

in which the term qLc0Fe;I is neglected considering that c0Fe;I � cFe;0.

7. Oxygen effects on liquid metal corrosion

7.1. Oxygen solubility

Oxygen is the key impurity that affects the liquid metal corro-
sion. Commonly, for a light liquid metal (sodium and sodium–
potassium alloy), the corrosion of iron based steels increases with
the oxygen concentration in the liquid metal, while for a heavy li-
quid metal (lead and lead–bismuth alloy), the presence of oxygen
may result in protective oxide layers that inhibit the corrosion.

The dissolution of oxygen into liquid metal is due to the follow-
ing chemical reaction:

1=2O2ðgasÞ ¼ ½O�ðliquidÞ

According to Sieverts’ law and if pure O2 at 1 atmosphere is
used as the standard reference, the oxygen partial pressure ðpO2

Þ
in gas phase and the activity of oxygen dissolved in the liquid
(a[O]) can be related by:

p1=2
O2
ðgasÞ ¼ a½O�ðliquidÞ ¼ cOXO ð141Þ

where XO is the concentration of the oxygen atom in the liquid with
a unit of mol fraction, and cO is the activity coefficient. The oxygen
solubility in liquid metal has an expression as:

log XO;s ¼ Aþ B=T ð142Þ

T is the temperature in K, A and B are constant. Values by mea-
surement can be found in reference, for example, Ref. [29] for li-
quid sodium and sodium–potassium alloy, and Ref. [17] for
liquid lead and lead–bismuth. The saturation partial pressure is re-
lated to the Gibbs energy of the formation of the liquid metal oxide
through the following reaction:

xM þ y
2

O2 ¼ MxOy

where M is the liquid metal. The Gibbs energy can be expressed by:

DGox ¼ �RT ln
aMxOy

py=2
O2

ax
M

 !
ð143Þ

Considering that the oxide is solid (aMxOy ¼ 1Þ, the saturation
oxygen partial pressure can be expressed by:

p1=2
O2 ;s
¼ 1

ax=y
M

exp
DGox

yRT

� �
ð144Þ

Then for given oxygen concentration, the oxygen partial pres-
sure can be obtained:

p1=2
O2
¼ XO

XO;s
p1=2

O2 ;s
ð145Þ

The oxygen chemical potential is defined by:

lM;O ¼ RT ln pO2
ð146Þ
7.2. Oxygen distribution coefficient

The oxygen dissolved in the liquid can be redistributed between
the liquid metal and structural materials. The redistribution pro-
cess won’t stop until the oxygen chemical potentials in both phases
(solid and liquid) equal each other, i.e. lL;O2

¼ lM;O2
. The diffusion

coefficient KD,O is defined by:
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KD ¼
XO

X 0O
¼ XO;s

X 0O;s

p0O2

pO2

 !1=2

ð147Þ

Considering that the oxygen solubility in metals depends on the
Gibbs energy of the formation of the most stable oxide of the me-
tal, the oxygen distribution coefficient can be related to the Gibbs
energy. As indicated by Smith and Natesan [30] the oxygen distri-
bution coefficient can be expressed by:

ln KD ¼ Aþ B
T

ð148Þ

where A and B are constant. Values of A and B for kinds of pure solid
metals in sodium and sodium–potassium are given in Ref. [29]. No
data has been reported for the oxygen distribution coefficient be-
tween solid metals and liquid lead and lead–bismuth, however, as
shown by Li [31] it is much easier to form stable oxide of the com-
ponents of common stainless steel such as Fe, Cr and Ni than that of
lead and bismuth.

The oxygen distribution coefficient is an important parameter
that determines the oxygen effect on liquid metal corrosion. The
larger the value is, the more easily the metal in the liquid will be
oxidized. Therefore, based on the oxygen distribution coefficient
values the materials for oxygen getter (in liquid sodium and
NaK) and for protective oxide layer (in liquid lead and LBE) can
be determined. The threshold oxygen level in the liquid metal/alloy
for formation of stable oxide of the solid metal can be calculated
through calculation of the oxygen distribution coefficient and the
expression is:

ln X0O ¼ ln XO;s � ln KD ð149Þ

X0O is the threshold oxygen concentration.

7.3. Oxygen effects on corrosion by liquid sodium and NaK

The oxygen redistribution coefficients of Fe, Cr and Ni in liquid
sodium and NaK are very small [29], which indicates that it is more
difficult to form solid stable oxide of such metals than sodium and
potassium. However, soluble ternary oxide can be formed in the
form of FeO	nNa2O, so the solution of iron in liquid sodium can
be increased by dissolved oxygen [32]. The oxygen-dependent iron
solution in liquid sodium was given by Polley and Skyrme [33]:

c0Fe;s ðppmÞ ¼ c01:45
O 10�0:89�2347=T ð150Þ

Eq. (150) indicates that the iron solubility in sodium increases
with the dissolved oxygen concentration. There is an upper limit
of iron solubility which is thought to be the iron solution in liquid
sodium saturated with oxygen [4]:

c0Fe;s ðppmÞ ¼ 101:804�842=T ð151Þ

The metallic solution which is thought to be the low limit of Eq.
(150) (the iron solution in sodium free of oxygen) was given by
Baus et al. [34]:

c0Fe;s ðppmÞ ¼ 2:28� 10�3 � 1:63� 10�5T ð
CÞ þ 5:63

� 10�8T2 ð
CÞ ð152Þ

Eq. (151) determines the up limit of the iron solution while Eq.
(152) determines the low limit with changing the oxygen concen-
tration in the liquid metal. Eqs. (150)–(152) indicates that the iron
solubility in liquid sodium depends strongly on the oxygen concen-
tration in the liquid. For example, at 500 �C, the iron solubility in
liquid sodium is about 0.008 ppm if the liquid is free of oxygen,
while the concentration can increase to its up limit of 5.18 ppm
with increasing the oxygen concentration.
Corrosion rate of steels in liquid sodium also depends on the
oxygen concentration. Correlations between the corrosion rate
and oxygen concentration in liquid sodium have been developed
based on theoretical analyses or experimental data. They were
summarized by Fidler and Collins in a review paper [35].

7.4. Oxygen effects on corrosion by liquid lead and LBE

The oxygen potential for forming lead and bismuth oxides is
much higher than that for forming iron and chrome oxides [31].
Then in a liquid lead or LBE system, oxygen can act as a corrosion
inhibitor though forming protective oxide layer on the steel sur-
face. However, the oxygen level in the liquid needs to be carefully
controlled to avoid heavy oxidation of the steel and precipitation of
lead and bismuth oxides. Once the protective layer forms, the steel
is separated from the liquid metal and directly dissolution is inhib-
ited. The liquid metal corrosion appears as the dissociation of the
protective layer, which is much lower than directly dissolution.
Theoretical analysis [2] and experimental data [36] have shown
that the corrosion rate by liquid lead and LBE decreases signifi-
cantly with oxygen concentration increasing in a reasonable range.

Assuming that the protective layer is composed of Fe3O4, corre-
lations for the corrosion rate of steels in flowing liquid lead and LBE
have been developed theoretically [37]. In LBE, the correlation is
expressed by:

Rðm=sÞ ¼ 0:014V0:875d�0:125C 0�4=3
O ð1� aÞ exp

�2;84;310
RT

� �
ð153Þ

and in liquid lead, the correlation becomes:

Rðm=sÞ ¼ 0:434V0:875d�0:125C0�4=3
O ð1� aÞ exp

�3;05;797
RT

� �
ð154Þ

where the parameter a is the ratio of Fe concentration in the bulk
liquid to the concentration at the oxide/liquid interface. Eqs. (153)
and (154) show that the oxygen concentration has a power of �4/
3 which indicates that the corrosion rate decreases with increasing
the oxygen concentration in the liquid metal/alloy.

8. Models of corrosion–oxidation interactions in liquid lead
and LBE with oxygen control

Using oxygen control technique has been found to be the most
effective way to mitigate the corrosion of steel in liquid lead and
LBE technology for coolant in advanced liquid lead or lead–bis-
muth alloy cooled nuclear reactors [38]. Corrosion–oxidation inter-
actions at the steel surfaces are under wide-ranging investigation
to understand the compatibility between steels and liquid lead/
LBE. Experimental studies were reviewed [36], and this section fo-
cuses on the modeling studies.

Because of scatted test data and wide-ranging operation condi-
tions, modeling of the corrosion–oxidation interactions of steel in
liquid lead and bismuth becomes urgently necessary. The initial
study on modeling of corrosion was carried out by He and Li [2]
who developed an initial kinetic model to study the corrosion
and precipitation rate in a non-isothermal LBE loop. Following
this initial work, Zhang and Li illustrated the oxidation mecha-
nisms [39] of steel in liquid lead and LBE and analyzed the corro-
sion–oxidation interactions [37]. Modeling studies were also
carried out by European groups such as Steiner [40] and Martinel-
li et al. [41].

Assuming that there are two competitive processes going on
simultaneously at the oxide/liquid interface, Zhang and Li em-
ployed the original Tedmon’s model to interpret the corrosion–oxi-
dation interactions [37] in liquid lead and LBE. The growth of the
oxide layer is governed by the following equation:
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ddO

dt
¼ KO � RO ð155Þ

where dO is the oxide layer thickness, KO is the oxide layer growth
rate and RO is the scale removal rate. KO depends on the oxygen po-
tential in the liquid and the steel compositions, while RO depends on
the oxide layer compositions and flow conditions. It is reasonable to
assume that RO is constant for a steady state flow condition. Assum-
ing the oxidation process follows the parabolic law with a parabolic
constant kp,O, a solution of Eq. (155) was given [42]:

s ¼ �X � lnð1� XÞ ð156Þ

where s and X are dimensionless time and oxide thickness defined
by s = tRO/dO,f and X = dO/dO,f with dO,f is the asymptotic thickness
having an expression:

dO;f ¼
kp;O

2RO
ð157Þ

For early stages, the approximate solution becomes [43]:

Xðs! 0Þ ¼ ð2sÞ1=2 � 2
3
s ð158Þ

Eq. (158) has been applied to fit short-term (several thousand
hours) experimental data. kp,O and RO of kinds of steels under dif-
ferent operation conditions were reported [37].

Knowing the oxide layer growth rate, the weight change rate
per unit area can be expressed in a non-dimensional formation
as [42]:

Rw ¼ fO
dX
ds
� ð1� fOÞ ð159Þ

where fO is the mass fraction of the oxygen in the oxide.
Typical variations of the oxide (Fe3O4) layer thickness and the

weight change of steel in flowing liquid lead and LBE are shown
in Fig. 9. The layer thickness approaches its asymptotic value with
time, while the weight first increases then it decreases with time
after the peak. It is necessary to point out that the asymptotic
thickness may not be reached because of periodic spallation of
the unstable oxide layer.

Steiner [40] developed another equation to estimate the oxide
removal by liquid lead and LBE:

DlossðtÞ ¼ ðDrecessðtÞ � di:o:zðtÞÞU� dðtÞ ð160Þ
Fig. 9. Typical variation of oxide layer thickness and corresponding weight change
of steel in flowing liquid lead and LBE.
where U is the Pilling–Bedworth ratio, Drecess is the metal recession
and di.o.z is the inner oxide zone. The equation was developed based
on measured data of metal recession and oxide layer thickness. The
model has been applied to T91 steel at a tested condition of temper-
ature 550 �C, a flow velocity 0.5 m/s and an oxygen concentration
0.01 ppm. The scale loss (corrosion rate) was calculated to be in
the range of 0–5 lm per year which is much smaller than the value
calculated using Eq. (158) (Ref. 36).
9. Discussions

Compared with corrosion by aqueous solution which is known
as an electro-chemical process, the corrosion by liquid metal does
not involve electron transfer in the liquid and can be recognized as
a physical–chemical process. Some models of liquid metal corro-
sion were developed based on mass transport in the solid phase,
while others were based on mass transfer in the liquid phase. In
the present survey, the two kinds of models were coupled through
mass exchange at the solid/liquid interface to determine the bulk
corrosion rate or the solid surface recession rate. For each kind of
model, deferent solutions were presented for different operating
conditions and assumptions, however, in the present study, the
application ranges of each solution were not determined.

Corrosion models presented have been applied to study corro-
sion in the primary coolant loop in nuclear reactors and compared
with experimental data to determine the model application ranges
by different authors. Most of the studies agree with each other,
while some studies result in contradict conclusions. Epstein [3]
concluded that the corrosion by liquid sodium and sodium–potas-
sium was more closely to activation control than to mass transfer
based on comparisons between his model results and experimental
data available, while by applying the kinetic model to analyze the
same experimental data, Zhang et al. [4] believed that the corro-
sion is in the mass transfer control range. It is difficult to determine
which calculation is better because both of the models need ex-
actly operating conditions of the experiments which were not gi-
ven in the original reference.

As discussed in Ref. [12], the activation controlled corrosion oc-
curs when the flow velocity is high enough. Such cases should be
excluded in a nuclear reactor design because high flow velocity
can result in unexpected mechanical erosion. By assuming the cor-
rosion is controlled by mass transfer in the liquid phase, compari-
sons between the results of Epstein’s model, the Sannier and
Santarini’s model and the kinetic model were made in Ref. [17].
It was reported that the three models agreed with each other very
well. Epstein’s model is simple to be applied but can only predict
the constant corrosion rate at the hottest section in a non-isother-
mal loop. It is assumed that the bulk concentration equals to the
surface equilibrium concentration at the lowest temperature
section, which results in a high corrosion rate because the bulk
concentration is almost the average surface concentration all
through the loop which is greater than the surface concentration
at the coldest section [18]. The other two corrosion models can
predict the downstream effects and the corrosion/precipitation
zones. They are both based on the factor that the total amount cor-
rosion equals to the total amount of precipitation all through the
loop. Compared with Sannier and Santarini’s model, the kinetic
model is more complex to be applied, while the Sannier and Santa-
rini’s model needs more assumptions. It should be necessary to no-
tice that all calculations in Ref. [17] did not consider the corrosion
flux in the liquid phase due to recession of the surface as indicated
in Eq. (6) (the second term on the right side).

Most of the model developments based on transport in solid
phase are for sodium corrosion. The constituent distributions in
the solid phases were analyzed in Refs. [33,25]. By comparisons
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with experimental data, Anno and Walowit [25] believed that the
two-region model can predict the thickness of the ferric layer with
experimental errors.

Base on analysis of the transient model, the time for the tran-
sient process of the transport in liquid phases (several seconds)
is very short compared with a reactor operation period. It is rea-
sonable to consider only corrosion at the steady state in the liquid
phase. In mass transfer control range, the boundary conditions for
the transport in the liquid phase are constant concentrations, while
the boundary conditions for the transport in the solid phase are
constant fluxes which are obtained by solving the transport in
the liquid phase. While in the activation control range, the concen-
trations at the solid/liquid interface in the solid side are constant,
while fluxes into the liquid which is obtained by solving the mass
transport equations in the solid phase are constant, and serve as
boundary conditions for the transport in the liquid phase.

Through coupling each other at the interface, the transport in
the solid can be applied to predict the constituent distribution
change by corrosion in the solid phase, and the transport in liquid
can predict the surface recession rate.

If the constants in the models are not available, they can be esti-
mated by fitting experimental data using the some simplified solu-
tion. For example, the bulk corrosion rate and the parabolic
oxidation constant in the oxidation–corrosion interaction model
(Eq. (55)) were obtained by fitting the measured oxide layer thick-
ness using the short-term solution (Eq. (158)). Then the long term
interactions between corrosion and oxidation in an LBE system can
be predicted using the model.

10. Conclusions

The modeling system set up in the survey can calculate the cor-
rosion rate, corrosion layer thickness including the ferric layer due
to selective corrosion and oxidation layer due to oxygen control,
and transport of the corrosion product in both liquid and solid
phases. The interactions between the liquid and solid and the oxy-
gen effects are incorporated. The modeling system is expected to
be applied to advanced nuclear reactor coolant systems using li-
quid metal as coolant such as liquid sodium, sodium–potassium,
lead and lead–bismuth. Unfortunately, the pitting corrosion, stress
corrosion cracking and liquid metal embrittlement and penetration
corrosion are not included in the survey because of the scarce stud-
ies both experimental and theoretical. However, the degradation of
structural materials by these kinds of corrosion has to be mitigated
when operating a liquid metal coolant loop in an advanced reactor.
Therefore, further experimental studies and realizable models need
to be developed.
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