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Chapter 4 

CHEMISTRY CONTROL AND MONITORING SYSTEMS* 

4.1 Introduction 

The development of heavy liquid metal chemistry control and monitoring is one of the issues that 
is critical for nuclear systems using lead alloys either as a spallation target or as a coolant in the 
reactor primary circuit of a critical or sub-critical system, from the contamination control point of view 
as well as from the corrosion point of view. 

Corrosion rates at temperatures below 450�C are rather low and satisfactory operation in this 
temperature range can be achieved using many materials including stainless steels and alloy steels. 
However, low temperature operation comes at a sacrifice of thermal efficiency, which will have a direct 
effect on the economics of plant operation for any power producing system. Thus, for applications 
where economic power generation is the goal, reduced temperature operation is not an acceptable 
solution. This is especially true for fast reactor systems where capital cost is generally considered 
higher than that for current light water reactor systems. In the case of ADS and other non-critical 
systems, however, operation at a temperature for which corrosion becomes acceptable is an option. 
Low temperature operation does not, however, eliminate the production of spallation and activation 
products or other contaminants, such as the oxygen or the corrosion products. 

Then, for the operation of an HLM nuclear system, the chemistry control and monitoring is a 
critical issue for at least three distinct requirements: 

1) Contamination, the assurance of stable hydrodynamics and heat transfer during service lifetime 
requires that PbO production be avoided. Lead oxide production may result in plugging due to 
mass transfer in a non-isothermal system. Also, deposits of other contaminants may eventually 
reduce the overall heat transfer capacity, etc. 

2) Corrosion and/or dissolution must be kept to a minimum to ensure sufficient resistance of the 
structural materials during the expected service lifetime. This might require the use of active 
oxygen control to promote and maintain a protective film, although other method could be 
applied (see Chapter 6). 

3) Activation due to corrosion, spallation and fission products might require liquid metal specific 
control to ensure safe management of the operation and maintenance phases. 

The satisfaction of the above requirements makes chemistry control an essential element of nuclear 
system operation: control of oxygen and other relevant impurities including corrosion products, 
spallation and activation products. To this end, control processes, in conjunction with monitoring 
systems, must be developed and/or qualified for application to an ADS system for both the coolant 
loop (refereeing to the primary circuit), for the spallation target loop and for the primary circuit in any 
critical system. These issues will be discussed in detail in the following sections. 

                                                      
* Chapter lead: Jean-Louis Courouau (CEA, France). 
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4.2 Oxygen control in lead and LBE systems 

The oxygen is clearly the most important chemical compound for any lead alloy system, because 
of its potential contamination rate, as well as because of its consequences on the contamination by 
solid oxides, and its main influence on the corrosion rate of iron-based structures [Shmatko, 2000] 
[Zrodnikov, 2003] [Martynov, 2003] (see also Chapter 6). 

Oxygen comes from the start-up operations, from the maintenance phase as well as possibly from 
the incidental contamination, for which operating steps the oxygen saturation is more than likely 
[Courouau, 2003a, 2005a]. To the opposite, its contamination source should be negligible during 
normal operating mode. If the oxygen concentration must be adjusted to a specified value for corrosion 
control, the issue of implementing an oxygen contamination source arises. Contrarily, systems for 
oxygen purification would be necessary for the start up, restart, or maintenance phases. Therefore, the 
followings points that describe the requirements for operating a nuclear lead alloys system will be 
detailed hereafter: 

1) the upper limit for oxygen to avoid the contamination by coolant oxides; 

2) the lower limit for oxygen to enhance the corrosion protection by the self-healing oxide layer, 
which depends on the structure material – the iron-based alloy will be treated for illustration; 

3) the oxygen control policy for nuclear operations, including the method to select the oxygen 
activity. 

Finally, the issue of the homogeneity of the oxygen, which is present in very low concentrations 
in the lead alloys and submitted to various processes either consuming or releasing it, will be shortly 
discussed. 

4.2.1 Upper limit for the oxygen for operational control 

The coolant contamination by its oxides is defined by the solubility of oxygen in lead alloys, 
giving a maximum allowable oxygen chemical activity in the liquid metal. The following relations 
define theses limits for pure lead and LBE [Gromov, 1998] (see also Chapter 3), for which *

oC  stands 
for the dissolved oxygen concentration expressed in weight percentage: 

 Lead: � �
� �K

*
o

T
.C

5000
23log wt.% ��  for 400�C < T < 700�C  (4.1) 

 LBE: � �
� �K

*
o

T
.C

3400
21log wt.% ��  for 400�C < T < 700�C (4.2) 

The accuracy of these relations is not reported, especially for temperature lower than the specified 
temperature range, although this data is one of the key parameter of the lead alloys chemistry. It will 
have to be measured more accurately on a wider temperature range, as this relation is commonly 
extrapolated for the lower temperature. However, it is roughly confirmed by recent verifications 
[Ghetta, 2004] [Courouau, 2004a] [Ganesan, 2006] (see also Chapter 3). 

The main oxide formed in liquid LBE is lead monoxide (PbO), as it is the most stable oxide when 
compared to other lead oxides and bismuth oxides [Gromov, 1998]. The upper oxygen chemical 
activity needed to avoid contamination is then defined by the lead monoxide solubility, although in 
case of a large oxygen contamination, both lead and bismuth oxides will be formed. 
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In order to calculate dissolved oxygen concentration, the hypothesis of an ideal solution is often 
made, and the Henry’s law is applied to the dissolved oxygen. Assuming solid lead monoxide as the 
standard state for the oxygen in lead alloy, the oxygen activity, aO, shall be equal to unity when 
saturation is reached [Borgstedt, 1987]: 

 
*
o

o
O

C

C
a �  (4.3) 

where Co is the dissolved oxygen concentration and *
oC  is the saturated oxygen concentration. 

The operating specification to avoid any oxide precipitation in the coolant is then: 

 *
ooO CCa �� or1  (4.4) 

This specification must be ensured for all operating temperatures in any point of the loop, both in 
the liquid bulk as well as at the wall interface. 

Table 4.2.1. Oxygen solubilities in lead alloys expressed in �g/g or ppm* 

 130�C 200�C 330�C 400�C 500�C 600�C 700�C 
Lead – – 0.08 0.6 5.4 30 115 
LBE 0.0006 0.01 0.4 1.4 6.3 20 51 

* Concentration expressed in weight percentage converts to �g/g (or ppm) by the multiplication by 104 
or by addition of 4 in the log-type relation. 

Table 4.2.1 presents some values for the oxygen solubilities in lead and lead-bismuth eutectic at 
relevant temperature for a nuclear system operation LBE using Eq. (4.1) and Eq. (4.2) LBE [Gromov, 
1998]. As main operating consequence, the safety margin to avoid oxide precipitation is very limited, 
especially in low temperature range, and its potential risk of circuits clogging is then a real issue. 
Indeed, any small change in the coolant chemical conditions may induce very quickly oxide precipitation 
that is not acceptable for a nuclear system. 

The upper limit for the oxygen that will be allowed in any non-isothermal system is generally 
defined by the point where oxide is formed first: the surface of the coldest point because of the thermal 
gradient between the wall and the liquid bulk, and because oxide can be formed there and thrown 
elsewhere in the circuits [Shmatko, 2000]. For illustration, if the minimum temperature of the surface 
of a LBE system is 200�C, the upper oxygen limit for operation would be 0.01 ppm. 

4.2.2 Lower limit for the oxygen for operational control 

Almost all of the elements of significance for structural material development have a lower 
equilibrium oxygen partial pressure than heavy liquid metal such as lead and bismuth for their oxides. 
It is then possible, from a theoretical point of view, to promote a protective oxide film by assuring that 
the oxygen potential in the liquid metal is above the potential for film formation on the structural 
material for use in the high temperature range (>450�C) (see also Chapter 6). This active oxygen 
control scheme for corrosion protection has been widely studied for steel structure by the formation of 
an iron-oxide film (magnetite, Fe3O4) [Gorynin, 1998]. Russian test data on steels in liquid lead alloy 
have shown that there exist three different yet distinctive corrosion regimes as function of oxygen 
concentration. When the oxygen concentration is too low for a stable oxide film, dissolution of metal 
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occurs. At high oxygen concentrations rapid oxidation occurs which results in degradation of the 
structure and/or the formation of Pb oxides. Between these two extremes, there exists a transition 
region where the kinetics transitions between dissolution and oxidation and the overall reaction rate is 
kept very small [Ballinger, 2004]. 

The reliance of an oxide film based on an alloying element of the structure require that the 
oxygen potential be controlled within a narrow band, the upper oxygen potential being defined by the 
contamination by Pb oxide, and the lower oxygen potential by the conditions of formation of the 
protective oxide. The following structural elements are foreseen for corrosion protection by the 
formation of oxide film, except iron: Cr, Zr, Si, Al [Ballinger, 2004]. ZrO2, Al2O3, SiO2 or SiC can be 
considered as low solubility materials or be used as barriers layers to limit the corrosion. From the 
viewpoint of active oxygen control, the lower oxygen limit is firstly determined by the relative 
thermodynamic stability of the oxide when compared to Pb oxide, the more stable the lower the 
oxygen potential, and the largest operational temperature range (see also Chapter 3). 

First, the stability of various oxides is compared to each other thanks to their free energies of 
formation (Ellingham diagram). Reactions are written for the consumption of one mole of di-oxygen: 

 � � � � YXydissolveddissolvedy
x OMeOMe 2

2
2 ����  (4.5) 

The unit is then expressed in J/mol of oxygen O2. Calculation is made with HSC database 
software [HSC, V4.1], and the coefficients of the linear regression in the temperature range 
400-1000 K, or 127-727�C, are computed to give the standard free enthalpies of formation in the 
useful operating range, and reported in Table 4.2.2. Indeed, the construction of 	G – T diagram is 
useful to determine the relative areas of stability for one oxide, using the activities product of the 
previous reaction: 

 2ln OPRTG 
�	  and o
O

o PRTG
2

ln
�	  (4.6) 

All points of such a 	G – T diagram are then meaningful: 

� for 	G > 	Go, the system is outside is equilibrium conditions, and only oxide is present; 

� for 	G = 	Go, the system follows its red-ox equilibrium, where both oxide and the metal are 
present; 

� for 	G < 	Go, the system is outside its equilibrium conditions, and no oxide is stable. 

The corresponding 	G – T diagram is plotted in Figure 4.2.1, presenting clearly the more stable 
and the least stable oxide from a thermodynamic point of view in liquid lead alloy. The 
isoconcentration lines of dissolved oxygen for respectively 0.01 and 10–10 ppm in weight in LBE melt 
are also plotted for comparison. In particular, it can be noticed that the window for an active oxygen 
control for corrosion protection by iron oxide film corresponds to the narrow: area delimited by the 
PbO line (below) and the Fe3O4 line (above). To the opposite, all other potential oxides for other 
structure candidate materials, SiO2, Cr2O3, Al2O3, and ZrO2 present oxides that will be stable over the 
whole range of oxygen potential in the liquid metal alloys, including in the higher temperature range. 

Figure 4.2.1 is plotted with activity of all impurities equals to unity, meaning that all elements are 
dissolved in the LBE up to their solubility limit. This is unlikely to happen in nuclear system where 
impurities from the alloying elements of the structure as well as dissolved oxygen are submitted to 
mass transfer within the circuits, including release to the liquid metal by corrosion/dissolution of the  
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Table 4.2.2. Main oxides free enthalpies coefficients for the 400-1000 K temperature  
range, and for one mole of oxygen computed from [HSC v4.1] (see also Chapter 3) 

�Go = �Ho – T.�So �Ho (400-1000 K��
kJ/mol�

�So (400-1000 K) 
J/mol/K 

4/3 Al + O2 = 2/3 Al2O3 -1117.15 -209.8 
4/3 Bi + O2 = 2/3 Bi2O3 -389.14 -192.6 
4/3 Cr + O2 = 2/3 Cr2O3 -755.41 -171.8 
4/3 Fe + O2 = 2/3 Fe2O3 -544.13 -171.2 
3/2 Fe + O2 = 1/2 Fe3O4 -551.99 -156.9 
2 Fe + O2 = 2 FeO -529.19 -131.4 
2 H2 + O2 = 2 H2O(g) -490.31 -104.5 
2 Ni + O2 = 2 NiO -473.69 -175.7 
3/2 Pb + O2 = 1/2 Pb3O4 -357.93 -192.1 
2 Pb + O2 = 2 PbO (litharge < 762 K) -439.87 -198.8 
2 Pb + O2 = 2 PbO (massicot) -437.61 -199.1 
Pb + O2 = PbO2 -273.60 -195.5 
Si + O2 = SiO2 -909.32 -179.6 
Zr + O2 = ZrO2 -1094.54 -187.21 

 
Figure 4.2.1. Ellingham diagram for lead-bismuth eutectic melt 
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structure as well as precipitation/oxidation, so the actual activity results from a dynamic equilibrium, 
which may be very far from unity. Detailed analysis for the iron-based structure is given hereafter for 
illustration of the methodology used for specifying the lower limit for the oxygen for operational control. 
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Assuming iron-based alloys and corrosion protection by self-healing oxide layer, the oxygen 
potential must ensure the conditions for the formation of iron oxide in any part of the system, in the 
liquid bulk as well as at the wall interface, for all operating conditions. Indeed, the magnetite being the 
least stable oxide of the layer, it defines the minimum allowable oxygen concentration. The reaction of 
the steel oxidation in liquid lead alloys is assumed to be as follows:  

 � � � � � �liquid434
1

dissolveddissolved4
3 PbOFePbOFe �����  (4.7) 

where oxygen is supposed in solution in the form of dissolved PbO under its saturation limit. This is 
equivalent to consider that a cloud of Pb atoms surrounds the O atom. Dissolved oxygen chemical 
activity is then referring to dissolved PbO activity. Computed from Table 4.2.1 the standard free 
enthalpy of reaction is then: 

 � � � �K
o

r T.G 
���	 12157190molJ  (4.8) 

Lead activity is equal to unity in pure lead solution, and is given by the following Russian relation 
in LBE solution as quoted in [Courouau, 2002b], which is slightly lower than 0.45: 

 
� �

85980
21135

ln
K

Pb .
T

.
a ���  (4.9) 

The iron solubility in lead or lead alloys is expressed as [Gromov, 1998] [Tecdoc 1289], and 
illustrated in Table 4.2.3: 

 Lead: 
� �K

s
Fe(wt.%)

3450
340Clog

T
. ��  for 330�C < T < 910�C (4.10) 

 LBE: 
� �K

s
Fe(wt.%)

4380
012Clog

T
. ��  for 550�C < T < 780�C (4.11) 

Table 4.2.3. Iron solubilities in pure lead and LBE expressed in �g/g (ppm) 

 130�C 200�C 330�C 400�C 500�C 600�C 700�C 
Lead  – 0.04 0.16 0.75 2.4 6.2 
LBE 10–5 0.0006 0.07 0.3 2.21 10 32 
 
The activity product of the reaction of formation of magnetite in lead alloys is then as follows for 

equilibrium conditions:  

 � 

RT

G
aaa

o
r

O
	

��
 PbFe
43 lnln  (4.12) 

Defining the iron activity similarly to the oxygen activity, aFe = CFe/C
*
Fe, it is equal to one when 

the iron is saturated in the solution, and defining the minimum oxygen concentration required for 
effective corrosion protection, Co min (in wt.%), the following relations are derived: 
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 Lead: 
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FeO
T

.CC
10600

3552log
4

3
log (%)(%)min ����  (4.13) 

 LBE: 
� �K

FeminO
T

.CC
9757

23751log
4

3
log (%)(%) ����  (4.14) 

If the system enters the dissolution area, and if in situ oxide layers protect the structure, there will be 
a certain time lag corresponding to the time required to dissolve the magnetite and spinel oxide layers. 
This somehow introduces a safety margin. Conversely, when going back to the right oxygen level, there 
will be some delay. During these periods, the only measurement of oxygen is not enough, as oxygen 
concentration will be kept stable, defined by the iron oxide chemical reaction equilibrium. This is 
analogous to a buffer effect. The only way to detect if the oxide layer is dissolving or growing would be 
to measure directly its thickness using an electrical resistance probe measurement [Provorov, 2003]. 

The lower limit for the oxygen that will be allowed in any non-isothermal system is generally 
defined by the point where the iron oxide will be dissolved first: the surface of the hottest point 
because of the thermal gradient between the wall and the liquid bulk. For illustration, if the maximum 
temperature of the surface of a LBE system operating with a structure made of iron based alloy is 
650�C (hot spots), the lower oxygen limit for ensuring the iron oxide formation would be about 
0.0005 ppm. 

4.2.3 Specifications for active oxygen control 

The oxygen concentration areas of operation to ensure both no contamination, required for any 
system, and possibly corrosion protection for higher operating temperature are similar for the liquid 
lead or the lead-bismuth eutectic: 

 *
oomino CCC ��  (4.15) 

The operating specifications for oxygen is evaluated from the Figure 4.2.2 drawn with the 
previous relations illustrated for active control for iron-based structure, knowing that for other 
non-ferrous structure materials, the specification for active oxygen control for corrosion protection 
would be less restrictive. 

The minimum oxygen concentration required to ensure the oxide layer stability is plotted against 
the saturated iron content, which maximises the oxidation area as for lower iron concentration the 
minimum oxygen concentration increases (Figure 4.2.2) [Gromov, 1998] [Shmatko, 2000]. For an 
isothermal system, a vertical line plotted at the system temperature defines the oxygen range that is 
allowed: as illustrated in Figure 4.2.2, a system operating at 420�C is giving an oxygen range of  
2.5 10–6 to 2 wt-ppm. In principle, for a non-isothermal system, the intersection of the two ranges 
defined by the vertical lines plotted respectively for the cold and the hot legs temperatures are defining 
the oxygen range. As illustrated in Figure 4.2.2, a system operating between 420�C and 540�C would 
then give an oxygen range of 6 10–5 to 2 wt-ppm. 

For non-isothermal systems, the temperature at the interface is different from the bulk temperature 
because of the heat transfer process. However, if the oxide layer protection is required, the minimum 
oxygen content must be ensured at the wall temperature, which defines the oxygen concentration 
range allowed for operation for a given system. For instance, in the BREST-300 like coolant, the 
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operating conditions are: operating coolant temperature 420-540�C, maximum fuel clad temperature of 
650�C (hot spots), and minimum steam generator wall temperature of 200�C [Shmatko, 2000]. Thus, 
the oxygen concentration must be kept lower than 0.01 wt-ppm to prevent coolant oxidation at 200�C 
and higher than 0.0005 wt-ppm to keep oxide protection at 650�C for saturated iron activity (aFe = 1), 
that could be compared to the range defined only by the bulk temperatures: 6 10–5 wt-ppm (420�C) to 
2 wt-ppm (540�C) which is drastically larger. If the same kind of conditions are required for lead 
coolant, the range of oxygen to ensure no contamination and corrosion protection by iron oxide is 
0.31 wt-ppm at 375�C and 2.6 10–3 wt-ppm at 650�C, which is even narrower [Courouau, 2004b]. 

Figure 4.2.2. Oxygen specifications in LBE 

For a BREST-300 like primary coolant, showing in shaded area the allowable oxygen operating range, as well  
as the contamination (Co=Co

*), the oxidation (Comin < Co < Co
*) and the dissolution (Co < Comin) areas 
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However, the condition that iron is present in saturated condition is foreseeable in static 
condition, but unlikely in dynamic loop condition where mass transfer will play a role. Indeed, in a 
non-isothermal system, the iron will be released from the hot structural wall by corrosion, and 
transferred to locations with lower temperature, where it may precipitate. The diffusion and the 
convection processes are the 2 mechanisms responsible for the mass transfer: usually, the diffusion of 
the species from the wall to the liquid bulk through the boundary layer is the limiting process. This 
latter includes the diffusion through the oxide layer when it is present. The thermodynamic condition 
for oxide formation on the interface can then be quite different from the condition in the liquid bulk, 
which is the result of a dynamic equilibrium (aFe < 1). Figure 4.2.3 illustrates this: decreasing the iron 
concentration reduces the oxidation area, the higher the temperature the higher the reduction. For 
working at higher temperature, the oxygen content should then be close to its saturation limit. Indeed, 
the iron in equilibrium with its oxide at the wall interface can then be several orders of magnitude 
lower than its solubility, which reduces in turn the corrosion rate to low or very low level. This is the 
working mechanism behind the active oxygen control and the oxide film formation [Gromov, 1998] 
[Shmatko, 2000] [Li, 2002], which was recently more fully investigated from a theoretical point of 
view [Martinelli, 2005]. 

It can be noticed that the higher the operating temperature and the smaller the oxidation area, 
which will eventually prevent the use of active oxygen control for corrosion control by iron oxide film 
formation in the high operating temperature range (around 700°C). 
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Figure 4.2.3. Iron oxide formation threshold defining the couple of solution to ensure a 
protective oxide layer depending on both the iron (CFe or c) and oxygen concentrations (Co),  
in LBE expressed in wt.% and ppm respectively for the left and the right hand side graph 
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The iron concentration is difficult to measure and impossible to monitor on-line up to now. The 
lower detection limit is 5 wt-ppm by chemical analysis up to now, and could possibly be lowered to 
0.5 wt-ppm, which may still be higher than the iron concentration expected. There is no straight 
solution to control the iron content, but oxygen should be controlled and monitored on-line so that it 
gives at least the hand on one parameter. As a consequence, the oxygen specification should be set at 
the highest possible value that complies with the contamination requirement, which corresponds to the 
cold leg temperature interface, as this is maximising the oxidation area for an unknown iron 
concentration, which is defining the specification for oxygen control:  

 � 
etemperaturwalllegcoldcontrolcorrosionand
ionContaminat *

oo CC ��
�
��

�
�  (4.16) 

From the previous example, the oxygen concentration specification chosen would then be 
0.01 wt-ppm. 

This thermodynamic analysis was made thanks to some assumptions, and could be more or less 
well applied to perlite steel (Fe 100%), but might be slightly different for Cr alloyed steel or even, Zr, 
Si, or Al based materials or corrosion barrier materials, as the oxide layer will be a compound of more 
stables oxides. Real operating limits should be measured on test facilities in representative operating 
conditions and for relevant materials. 

4.2.4 Policy for a nuclear system 

The oxygen control is then a basic requirement for nuclear relevant system, for which long 
service lifetime is expected, meaning interventions for components and fuel handling, repair and 
maintenance, requiring a purification of the oxygen before any restart, together with a requirement for 
a as high as possible operating temperature, which might require the corrosion control by self-healing 
oxides layer on the structural iron-based materials. 

The contamination represents the main issue during the initial operations (first filling, start-up…) 
[Ivanov, 2003a] [Courouau, 2004c, 2005a], as well as during the maintenance and repair phases: air 
ingress can happen and the oxygen is released from the structural materials as well as from the LBE 
itself. It is critical to ensure that the liquid metal is kept clean and that no solid oxides are formed, as 
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these could possibly clog narrow sections of the facility, or deposit on heat exchanger surface, so that 
the overall cooling capacity of the system can be affected. However, it is reported [Martynov, 2005], 
and usually well observed, that there are no difficulties during the start-up of facilities from the 
viewpoint of the coolant purity and cleanliness, meaning that a few percent of solid lead oxide in the 
liquid metal melt appears still compatible with flowing conditions. However, the accumulation the 
long-term operation of the oxide, if not treated regularly, will eventually hinder the operation of the 
facilities by affecting its cooling capacity (clogging, deposits on pipes). Amount of solid oxide and 
deposit in circuits were recorded up to 5% of the coolant mass in the circuit [Martynov, 2005]. These 
deposits are composed of mainly PbO and LBE, with traces of iron, and are not affected by high 
temperature or by low oxygen concentration. Such occurrence of a two-phase flow is not acceptable 
for nuclear operation, so that the contamination must first be reduced to the minimum, as well as 
systems for regular purification must be implemented [Martynov, 2005]. 

Known major oxide slag formation failures date back from the 60s: the initial run of the KV/27 
land nuclear reactor based at IPPE and the project 645 nuclear submarine failure on cruise [Ivanov, 
2003b]. For the latter, a sudden ingress of slag in the core during sea trials in 1968 caused a loss of 
power by negative temperature reactivity effect. The crew tried to restore the power by levelling off 
the control rods that led to partial melting of the core. In fact, there were at least two sources of 
contamination for the coolant: the oxygen accumulated during the maintenance phases and the oil 
contamination from the rotating shaft of the primary pumps. As there were no quality-monitoring 
devices, nor process for purification, the slow ongoing contamination and accumulation could not be 
detected nor treated, eventually leading the nuclear failure of the system. 

By contrast, during the normal operating mode, the oxygen contamination sources are then 
negligible, so that, because of the various source of consumption of the oxygen, one can expect low or 
very low oxygen content in the liquid metal loop [Shmatko, 2000]. The corrosion control by active 
oxygen control could then be critical during that operating period, depending on the choice of the 
materials, and of the operating temperatures. For iron-based alloys and for temperature higher than 
450�C, for which the corrosion rates by dissolution become nor more negligible, the active oxygen 
control would be required. The use of other materials, such as low solubility materials such as 
composite SiC, ceramic Al2O3, ZrO2 that presents low solubility in lead alloys, or applied on a 
substrate materials as a barriers layers [Ballinger, 2004], may present a so large area of use as regard 
the oxygen that the lower oxygen limit may not be achievable in practice, excluding any requirement 
for active oxygen control. 

The requirements for oxygen control systems could then be divided into: 

1) purification from oxygen during start-up, or restart to prevent the formation of lead monoxide; 

2) active oxygen control for corrosion protection during the normal operating mode, and possibly 
at the initial stage to promote the formation of a protective oxide layer. 

The first requirement consists in ensuring the contamination control in any part of the circuit and 
for any operating condition, in order to avoid the oxides formation of firstly the coolant oxides. This 
requirement is common to all nuclear systems. 

The second requirement consists in active oxygen control for promoting a protective oxide film 
formation on the structure by controlling the oxygen potential in the liquid metal. This requirement 
depends on the design specifications of the systems, and firstly its operating temperatures, and then on 
the choice of the materials. 
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If no corrosion control is required, the contamination specifies the upper threshold for the oxygen 
control as follows: 

 � 
 � 
etemperaturwalllegcoldonlycontrolonontaminati *
oo CC �  (4.17) 

This choice was made for the MEGAPIE target, thanks to the choice of low operating temperature 
(<400�C peaks) for the short service lifetime (6 months). Figure 4.2.4 represents the expected oxygen 
concentration during its service lifetime, from its start-up tests to the on-beam operations. Its service 
lifetime was assessed as compliant with the corrosion by dissolution of the steel at the low operating 
temperature chosen. However, Figure 4.2.4 clearly indicates that the conditions for dissolution would 
be achieved after a certain delay, necessary for the residual oxygen present in the liquid bulk as well as 
the residual oxide layer present on the steels to dissolve, which may takes weeks or months depending 
on the initial oxide layer and the production of hydrogen and spallation products. This time lag will 
limit the overall corrosion further on. 

Figure 4.2.4. Oxygen expected behaviour for the MEGAPIE target during start-up  
operation (integral test stand – MITS), and during beam steady state operation where  

the oxygen will be reduced first down to the iron oxide stability threshold, and then even  
further down when all iron oxide will be reduced after an certain delay [Courouau, 2005a] 
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4.2.5 Oxygen control systems 

The first requirement consists in ensuring the contamination control in any part of the circuit and 
for any operating condition, in order to avoid the oxides formation of firstly the coolant oxides. This 
requirement is common to all nuclear systems. 

For any nuclear lead alloys circuits, it is necessary to provide the following systems for the 
oxygen control: 

� oxygen measurement systems for on-line monitoring for the cover gas and the liquid metal; 

� oxygen control systems for purification, and possibly for active oxygen control. 

Indeed, the oxygen will behave accordingly between the cover gas and the liquid phase in normal 
operating condition, where equilibrium will be reached most certainly. As the main contamination 
sources are not part of normal operation, it is important to be able to detect the transient due to 
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contamination as soon as possible. As the transient could be very different from one phase to another, 
because of the large difference in volume, the oxygen measurement in both media is required. This 
was the main lesson learnt from the 1990 air contamination at SUPERPHENIX, where only liquid 
metal quality sensor was implemented, although the plugging-meters were actually indicating the 
occurrence of the contamination, but the correct interpretation was not done. Since then on, as it was 
already performed on PHENIX since the beginning, gas chromatography of the cover gas allows 
detecting any variation of nitrogen content that will allow detecting any air ingress quickly, as the 
oxygen reacts quickly with sodium. 

The oxygen monitoring system for the liquid metal bulk, also referred to as the oxygen sensor, is 
part of a complete development in itself and will be detailed hereafter in a specific section. Measuring 
devices for the oxygen in the gas phase are commercially available. 

The oxygen control processes will be briefly detailed hereafter. 

Processes for the oxygen control in lead-bismuth systems are basically of two different kinds: 

� gas phase control; 

� solid phase control. 

The principle of the gas phase control is based on gas/liquid equilibrium between the cover gas 
and the liquid bulk when the liquid is below saturation. Controlling the oxygen partial pressure in the 
gas phase would set the dissolved oxygen content. 

In practice, pure oxygen or hydrogen are flowed in the cover gas, usually in dilution with argon, 
which is easy to achieve over flowing liquid in vessel, provided the interface is well mixed, or directly 
with the help of a bubbling line for a larger exchange area, in order to oxidise or reduce the liquid lead 
alloys according to the following reactions: 

 )dissolved()gas()liquid( PbOOPb �� 2  (4.18) 

 )liquid()Gas()dissolved( PbOHHPbO ��� 22  (4.19) 

The use of hydrogen gas allows recovering from oxides accumulation after a large contamination, 
for star-up or maintenance, or after prolonged operations in order to restore the thermal-hydraulic 
performances of the system. The mechanical impact of bubbles is reported to increase the efficiency of 
the process by putting back into solutions particles of deposit, which should be used together with a 
filtration system [Papovyants, 1998]. The use of getter addition, such as Zr, or Mg, will reduce the 
oxygen to the low concentration but will produce other solid oxides at the same time that would have 
to be purified somehow. Hydrogen presents the main advantages to produce only a gaseous reaction 
product that is easily evacuated in practice through the vent line. 

However, it is not easy to achieve the very low oxygen potential that is required for active oxygen 
control in the cover gas, so that the use of a ternary gaseous mixture is more practicable. Indeed,  
by fixing the ratio of steam over hydrogen for instance, the oxygen potential in the liquid metal  
is determined by the thermodynamic equilibrium [Gulevski, 1998], [Mueller, 2000], [Shmatko, 2000].  
In principle, the use of other reaction system could be used, such as the CO/CO2 system, but are not 
favoured for practical and safety reason. This can be used for the purification processes of system 
where oxide film is protecting the structure, in order to protect the oxide film from dissolution 
[Martynov, 2005]. Moreover, the use of a CO/CO2 system should be evaluated with a special focus on 
the potential carburisation effects on the structural material. 
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The process parameters of the gaseous systems are related to the mass exchange at the gas-liquid 
interface that limits the equilibrium process in practice. Bubbling, which increases the exchange area 
greatly, favours the exchange, and then the time to reach the thermodynamic equilibrium. Temperature 
is the second main parameter for the hydrogen reduction of solid lead oxide [Ricapito, 2002], the 
higher the better, which might be related to the solubility. To the opposite, the oxidation is fast, which 
may lead to solid oxide formation rather than dissolved oxygen, which can be transferred and settled 
in other part of the facility, and then requiring subsequent purification. This is why oxidation at a 
slower rate is better achieved when adjusting directly the gas phase composition with the help of a 
ternary gas mixture. 

To avoid the oxidation in excess and the solid oxide formation within the system, solid mass 
exchange was proposed [Gromov, 1996], [Zrodnikov, 2003]. It consists in dissolving solid lead oxide, 
which physical form is mechanically stable such as in pellet (Figure 4.2.5), in a device where the 
thermal-hydraulics is controlled. Indeed, the dissolution rate is depending on temperature and flow 
rate [Askhadulline, 2003, 2005], [Simakov, 2003], which give rise for the automated control of the 
oxygen by adjusting the consumption due to the oxidation with the contamination rate delivered to the 
system. The solid mass exchanger unit can be designed as a consumable item or for the whole service 
lifetime of small device such as spallation target, avoiding the handling requirement. Such a system 
will spare the needs for a complex gas circuits to be operated in a nuclear environment, except 
probably a regular venting out of the spallation residues, thus enhancing the confinement and the 
overall safety of the system. 

Figure 4.2.5. Lead monoxide pellets device for oxygen supply to the  
coolant using the solid phase method [Martynov, 2003], [Askhadulline, 2005] 

(G – liquid flow rate) 

 

4.2.6 The oxygen homogeneity issue 

Considering the oxygen as perfectly homogenised within the circuit [Shmatko, 2000], [Orlov 2005], 
i.e. that there is no limitation to the mass transfer because of the little convection/diffusion rate of the 
dissolved oxygen within the liquid metal, the oxygen concentration would be constant over the whole 
system. However, the condition for oxygen homogeneity is questionable. In the case of the corrosion 
protection, the oxygen range will be rather low, so that the process will only be qualified if the oxygen 
behaviour is controlled over all part of the circuits for all operating conditions. This means no lower 
oxygen spots where corrosion could happen, nor higher oxygen spots where Pb oxide can built up. 
This depends on the various convection and diffusion data for oxygen in lead alloys system (see also 
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Chapter 3), which are known as rather limited [Zrodnikov, 2003]. However, the low oxygen diffusivity 
in lead alloys could be, somehow, compensated for by higher convection in the system, ensuring the 
vigorous stirring of the liquid metal, and then its homogeneity. 

In small scale systems, such as SVBR-75 [Toshinsky, 2000] or the Angstrem concepts [Tecdoc 
1056], the liquid is renewed hundreds of times per hours, as illustrated in Table 4.2.4, so that the liquid 
phase can be assumed as perfectly stirred and homogeneous. In addition, as the volume of the coolant 
is small, there should be no stagnation zones. However, the highest flow velocity does not exceed 
2 m/s on the fuel-cladding walls. For larger system the homogeneity might not be ensured, especially 
because of the lower convection. For instance, the pool-type liquid metal reactors, such as BREST or 
sodium-cooled reactors, the system mass change rates are 10 times lower than for the small-scale 
reactors (Table 4.2.4), primarily because these reactors hold considerably larger coolant volume. 
Dealing with the system mass change rate, the circulation loop-type reactor, when compared to pool-
type, would be more efficient from the homogeneity point of view. Even though it would be necessary 
to compare in much more details distribution of Reynolds number in various parts of the reactors. The 
main event that can modify the distribution of impurities throughout the reactor (loop or pool type) is 
the shutdown or isothermal stand-by, which may affect the impurity distribution between hot plenum 
and cold plenum. 

Table 4.2.4. Typical design parameters for core coolant circulation for various reactors 

 Core flow rate Primary 
coolant 

System mass 
change rate 

Temperature 

PHENIX – 350 MWe (Na) 
10260 t/h 

(3 * 0.95 t/s) 
840 t 12 times/h 

400-550�C 
(150�C) 

SUPERPHENIX – 1500 MWe (Na) 
61056 t/h 

(4 * 4.24 t/s) 
3250 t 19 times/h 

395-545�C 
(150�C) 

EFR – 1470 MWe (Na) 61170 t/h 2100 t 29 times/h 
395-545�C 

(150�C) 

PWR – 1300 MWe (light water) 68000 t/h 380 m3 179 times/h 
286-323�C 

(37�C) 

SVBR – 75 MWe (EPB) 
3492 m3/h 
(11.18 t/s) 

18 m3 194 times/h 
275-439�C 

(164�C) 

NPHP Angstrem – 30 t (EPB) 382 m3/h 3 m3 127 times/h 
280-465�C 

(185�C) 

BREST – 300 MWe (Pb) 
143640 t/h 
(3.8 m3/s) 

600 m3 
(6300 t) 

23 times/h 
420-540�C 

(120�C) 

BREST – 1200 MWe (Pb) 
570240 t/h 
(158.4 t/s) 

2500 m3 
(26250 t) 

22 times/h 
420-540�C 

(120�C) 
 

The recommendation from [Shmatko, 2000] is to provide at the circuit design stage provisions to 
avoid any perturbation of the flow (junction, abrupt turns, etc.), and to exclude any stagnation zones. 
This would in principle limit the contamination, accumulation, and potential rapid release due to 
thermo-hydraulic instability such as during hot stand-by and shutdown of the reactor. 

However, the only possibility to validate a design for the safety authorities as regards the corrosion 
protection by self-healing oxide would be to model the mass transfer within the system, using accurate 
data on convection and diffusion of impurities, and appropriate relation to represent the corrosion/ 
precipitation phenomena in circuits [Zrodnikov, 2003], [Balbaud, 2001], [Li, 2002]. 
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4.3 Characterisation of impurities and requirements for control 

4.3.1 Impurity sources 

One of the main, and most important, impurities is oxygen. However, there are other sources of 
contamination that could present some macroscopic effects on the operation even though occurring at 
a microscopic rate. 

Apart from oxygen, the other main contamination sources include: (1) corrosion products (Fe 
mainly, Ni, Cr, etc.) expected to be generated continuously at a rate depending on the operating 
temperature, liquid metal flow rate, etc., (2) activation products from spallation, corrosion product 
activation, or fission (Po, Hg, Tl, Cs, Mn, ... ) and (3) light particle production such as hydrogen 
(including tritium) within the reactor core, the sub-critical assembly or the spallation target. 

In addition, if a self healing iron oxide film corrosion protection method is applied for iron based 
alloys, the oxygen must be controlled within a very narrow range, above the Fe3O4 formation potential 
but below the PbO formation potential (see Section 4.2.3). Advanced alloy systems that rely on either 
Si or Al based oxide formation for protection will expand the acceptable oxygen potential range. 
However, the effect of impurities, whether from the corrosion process itself, or due to contaminants 
introduced by other means can have a significant effect on the oxygen level required for protection, 
especially during transient phenomena, such as reactor hot or cold shutdown, which may affect 
dramatically the impurity distribution and stability within the liquid metal system. For this reason it is 
important that a complete determination of the potential impurities/contaminants be identified and 
characterised. 

The sources of impurities can be listed by analysing the reactor system conditions during various 
operating modes including: (1) initial start-up before the first irradiation, (2) normal operating 
conditions, including start-up and shutdown; and, (3) transient & accidental conditions. Table 4.3.1 
gives a synthesis of the various contamination sources expected for an accelerator driven system 
[Tecdoc 687&1289] [Courouau, 2003a, 2004b]. 

During normal operation, the only sources of contamination for an ADS system (primary circuit) 
will then be hydrogen and transition metal or metalloid impurities coming either from corrosion in the 
whole circuit or from spallation reactions in the target. An additional and incidental source of radio-
contamination of a critical system would be from any failed fuel cladding. 

A potential source of hydrogen in the intermediate circuits comes from the permeation from the 
steam generator units, if the energy conversion is performed with a Rankine cycle with steam, because 
of the steel aqueous corrosion as well as the thermal decomposition of the hydrazine (N2H4) added (in 
excess to the dissolved oxygen) in the water/steam circuits for reducing the aqueous corrosion. Actual 
diffusion rate will depend on the hydrogen partial pressure difference as well as on the oxide film 
thickness at the liquid lead alloys interface, of the steam-generator unit. 

Another source of residual hydrogen would be from the proton beam in the spallation target and 
light element production by ternary fission that includes tritium. It can also be mentioned the 
degassing of hydrogen adsorbed during some fuel elaboration process, which is almost negligible. 

For an ADS system, protons from the beam itself represent an intrinsic hydrogen source, as not 
all the protons injected into the system will result in a spallation reaction: unused protons will be 
thermalised and dissolved into the liquid metal as ionic hydrogen. The residual amount of hydrogen is 
however not well known. Spallation reactions generate hydrogen as well, in quantities that have been 
roughly assessed for instance for the MEGAPIE experiment to several litres of hydrogen, including 
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about 10% of tritium (69 l of LBE, 200 days of irradiation, 1.74 mA), which order of magnitude is not 
negligible, especially since the amount is steadily increasing with the irradiation time that could give 
rise to an accumulation effect in the spallation target, event though part of it reacts with oxides films 
or adsorbed gases. 

Table 4.3.1. Typical impurities sources in nuclear HLM systems 

A = coolant system of a critical or sub-critical reactor system, B = spallation target of an ADS 

 Pollutions sources A B Species Impact 
Cover gas renewal x x O; H2O Negligible 

Steam leak from  SG x   H2O, (O, H) 
Major if microleak  

or tube rupture 
x x H, tritium Release to the environment 

Spallation residues, ternary 
fission and proton beam 

  x 
Po, Hg, Tl, Au, Os and Ir 

Release in case of  
loss of confinement 

Fuel/fuel cladding x   
54Mn, 51Cr, 59Ni, 58Co,  

60Co, 110mAg-110m 
Coolant activation 

Normal 
operating 
conditions 

Corrosion products x x Fe, Cr, Ni Plugging/deposits 

Dissolved oxygen x x O Plugging/deposits 
Intrinsic pollution x x Ag, Cu, Sn, .. Grade definition 

Gas adsorption in structures 
during maintenance 

x   O; H2O Plugging/deposits 

Initial start-up, 
restart after 

maintenance or 
repair 

Air inlet x   O; H2O Plugging/deposits 

Fuel cladding failure x   
239Pu, 235U; 85Kr, minor actinides 

and Cs, I, Kr, Xe nuclides 
Activation on the long term 

Air ingress x x O; H2O Plugging/deposits 

Steam ingress x   H2O 
Cover gas pressurisation, 

plugging/deposits 

Off-normal 
pollution 
sources 

Casual pollution (oil, Hg, …) x   Oil, Hg, Pb-Sn, … Plugging/deposits 

 
The ternary fissions have to be accounted for, as it is usually not negligible. Production depends 

from the ternary fission yields for 239Pu, 235U and 238U. This produces all of the hydrogen nuclides 
continuously but at low rates, which is usually not negligible for the tritium with regards to the 
contamination release issue. As this impurity is produced inside the fuel rod, diffusion toward liquid 
metal is function of the fuel-cladding material, its operating temperature, and of the surface state of the 
material in contact with the liquid metal: steel retains almost no hydrogen or tritium, whereas 
zirconium alloys retains all hydrogen. Real transfer rate would have to be assessed for HLM systems, 
especially if specific coating (alumina) or surface modification treatment (GESA) is used, as it can 
significantly reduce the share of the contamination effectively transferred to the liquid media.  
In addition, if the use of neutron absorbers such as boron carbide is foreseen, its contribution to the 
tritium source would have to be accounted for, as its share might not be negligible when compared to 
the ternary fission contribution [Courouau, 2003a]. 

The steam generator units, if any, are normally designed as leak proof. However, some micro 
leaks could be expected, either because of the lower detection limit of the leak detection system, or 
because of some tolerance agreed for operation (a few litres/hours). From the liquid sodium reactor 
experience, a null leak rate between water-steam circuit and the secondary sodium circuit is, however, 
achievable, with extra constraints on the nuclear operation for the leak detection system and steam 
generator design. From the Russian experience [Toshinsky, 2000] [Shmatko, 2000], operation with 
small leaks is reported for some time without significant deviation of the designed technological 
parameters, which allowed the repair to be done at a convenient time. Indeed, the actual rate of 
oxidation in case of a small steam leak appears as limited [Shmatko, 2000] and does not induce the 
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formation of solid lead oxide in excess, but rather to a dynamic equilibrium in the intermediate oxygen 
range [Martynov, 2003]. This observation gives rise to the principle of direct contact steam generator 
[Martynov, 2003, 2005], as well as to the concept of Pb-Bi cooled direct contact boiling water small 
fast reactor (PBWR) [Takahashi, 2003]. The accurate knowledge of the possible micro leak rate is 
critical, as if any, it will most probably exceed all other contamination rates in oxygen. The relation 
giving the oxidation of lead by water is given in [Martynov, 2005]: oxidation stops once the oxygen 
activity reaches 10–3 of its saturation limits. The potential impact of larger leaks relates to the 
pressurisation of the cover gas. 

The other initial contamination consists in the residual compounds in lead or LBE after 
manufacturing: it is not the most important one, but represents a source that can be easily dealt with, 
either by the choice of a “nuclear grade” lead or lead alloy (see Chapter 3), or by the application of 
specific procedures that would enable to start the nuclear operation with the lowest impurities level 
achievable. 

During the initial start-up, or any restart after maintenance or repair, the oxygen is clearly the 
largest contamination at this stage of the operation of the nuclear facility [Ivanov, 2003b], [Courouau, 
2004c, 2005a]: chemical control and monitoring will enable to control the chemistry of the lead alloys 
prior to its first irradiation, as well as prior to any operating cycle. Moist air is adsorbed on the residual 
lead alloys layer as well as on the structural steels in a comparatively high amount that will have to be 
purified before any restart of the system. This contamination source that was neglected for the first 
submarine named “project 645”, as it was not known, led to the gradual accumulation of oxide in the 
primary circuit, which eventually concluded, together with the chronic oil leakages of the pumps, to 
the on-sea accident in 1968 [Ivanov, 2003b]. This accident occurred a few months after the second 
core have been loaded, and is at the origin of the intensive studies undergone by the Russian related to 
the liquid lead alloys technology control in the 70s. 

The evaluation of the release rates of corrosion products to the liquid metal is rather difficult as it 
depends firstly on the choice of materials (iron-based steels, ceramics, refractory metals…), on the 
corrosion mechanisms as well as on the corrosion protection policy chosen (none, self-oxide healing 
for steels, coating), on the oxygen activity, on the structural materials and on the operating conditions 
(see Chapter 6). However, the order of magnitude for iron, chromium and nickel for the coolant loop 
account to a few kilograms per year when iron-based steels would be used for a primary circuit of 
significant size. This impurities source is then not negligible over years of operations, and should be 
accounted for, even though it is only roughly assessed for the moment, and variations in the estimations 
could be very large. 

4.3.2 Behaviour of impurities and requirements for purification 

As previously listed, most of the contamination by impurities can be expected to remain limited 
in mass, except for oxygen and corrosion residues. Corrosion products potentially present long-term 
and cumulative effects, mainly because of the dynamic mass transfer equilibrium that will occur in a 
non-isothermal system. Pipes clogging due to corrosion products were experienced in several loops 
which is a specific issue of the HLM: hot or cold stand-by may lead to a rapid redistribution of the 
deposited impurities within a few hours, eventually clogging the cold pipes as it was observed on the 
CICLAD loop (see Chapter 12) as illustrated on Figure 4.3.1. This effect was observed within a few 
hours, as impurities were first accumulated in some cold spot within the loop, then following a change 
in the loop temperature distribution, the pump duct became the lowest temperature spot in the loop and 
got plugged. Such observations are reported for almost all research facilities operating with lead alloys 
and would not be acceptable for any nuclear system. 
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Figure 4.3.1. CICLAD, Ni pins precipitation in the  
EMP duct that eventually led to complete plugging 

Photo provided by F. Balbaud, CEA Saclay 

 

The noble elements, whose oxide are less stable than the lead monoxide, will be dissolved in the 
liquid metal melt up to their solubility limit, and then be present probably as particles (see Chapter 3). 
In addition, depending on the level of oxygen controlled in the facility, the impurities might be present 
either in the oxide or dissolved form according o the Ellingham diagram. In any case, mass transfer 
from the hot part to the cold part, as well as from the liquid metal bulk to the walls, will occur, thus 
generating an operating risk for long term operation, so that it is required to propose a continuous 
purification process to control these continuous contamination sources. 

Purification requirements 

For a lead-alloy coolant system, which is foreseen to operate for 30 years or longer, as well as for 
target loop systems, which, due to operating conditions, are expected to be operated only a few years, 
it appears necessary to trap continuously the impurities in a specific unit. Specific purification 
campaign during isothermal stand-by and cold shutdown should be foreseen as well. 

In principle, only the solid impurities, insoluble particles or oxides should be gathered in a bypass 
line containing precipitation, filtration,… capabilities. Lower operating temperature will allow 
minimising the amount of dissolved species. In addition, temperature gradients or packing may 
promote efficiently crystallisation of these metals and increase the efficiency of the purification unit. 

As some homogeneous crystallisation might happens, then, the conditions to provide enough 
sedimentation and residence time for the existing particles in a cold quasi-stagnant auxiliary vessel 
should be investigated as an alternative purification system for some specific needs, for example start 
up purification prior the filling operation. Particles could then be skimmed off from the gas-liquid 
interface, as most probably some will be settled up at the interface. This interface could be arranged in 
specific unit, rather than in the loop, as this will affect the gas-liquid equilibrium with non-metallic 
impurities (O, H…) because of the formation of an oxide film at the interface. It may be a specific 
issue to assess the localisation of the cold point in a particular system and to compare it to the interface 
temperature, so as to avoid as far as possible the formation of a thick impurities layer on the interface. 
This purification by sedimentation is the choice made for the MEGAPIE experiment, prior to its filling 
operation; where oxides and impurities will be kept in storage vessels [Courouau, 2004c, 2005a], but 
still require validation. 
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The filtration system, possibly at the coldest point of the facility, appears as one of the most suitable 
processes for the lead alloy coolant. This operation is typically a chemical engineering operation, 
difficult and complex to investigate in liquid metal. Its efficiency depends on numerous parameters, 
constants or variables during the operations. The main factors of importance are as follows: 

� location in the systems, geometry, etc.; 

� driving force that induces the flow through the media, regeneration ability; 

� operating parameters: flow rate, temperature, etc.; 

� solid: nature, form and size, concentration, and particles size distribution; 

� filter medium: nature, surface, thickness, pore size, hydrodynamic resistance, mechanical 
resistance, mode of operation (continuous or batch), pressure and temperature for the 
filtration, etc. 

The particle size distribution defines the choice of the filtration medium. The liquid presenting a 
large amount of particles of small size (1 �m or less, colloidal) will clog quickly the filtration medium 
by the formation of little permeable, and compact deposit on the filtration medium (“cake”). The 
filtration rate will slow down drastically. Particle size distribution might be modified by some process 
such as coagulation to increase the filtration efficiency. If particles are roughly spherical, the cake will 
have a good permeability to the liquid, and thus a large filtration rate. Another illustration is available 
for the elastic or compressible particles, that will act as valves, as any increase of the driving force will 
decrease the filtration rate, due the compaction of the cake, and a sharp decrease of the pore size 
[Perry, 1997]. 

There are typically two types of filtration mechanisms that could be applied to liquid metal 
technology for separating a solid from a liquid [Perry, 1997]: 

� deep bed filtration where solids are trapped within the pores or body of the filter medium; 

� cake filtration where solids are stopped at the surface of a filter medium and pile upon one 
another to form a cake of increasing thickness. 

From the lead alloys operating feedback, the following filtering media for deep bed filtration is 
reported: alumina fibre in the form of textile; glass fibre; metallic mesh textile like or sintered metal 
filter [Zrodnikov, 2003], [Orlov, 2005]. 

From the aluminium refinery technologies for advanced applications (aerospace), the use of 
filtering medium for deep bed filtration, such as alumina foam or zircon-mullite honeycomb medium 
is reported for the removal of tiny particles before the metal casting operation as once-through 
operation. In addition, a magnetic field is reported to have promoted the nucleation and crystal growth 
as well as adsorption on specific metal. There is then a variety of solutions, but, as the basic data are 
missing, nature of particles, size, form, etc., as well as the filtration rate, so that there neither current 
design rules or selection criteria are well defined, except for the pressed and sintered fibre metal 
medium developed for BREST-300 [Papovyants, 1998], [Orlov, 2005]. 

As the unit will eventually be plugged, it sounds logical either to design the system for the whole 
service lifetime, or to provide systems with an easy removal and replacement, or regeneration of the 
filtration medium. 

Moreover, nuclear systems purification must be designed to cope with incidental contamination 
such as the loss of cover gas tightness, water or other ingress (grease, oil, mercury, etc.), as their 
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impact lays on the loss of operating time because of the need for long and costly purification 
campaign. In the latter case of contamination, the oil ingress is by far the incident that happened the 
most often, as in the Prototype Fast Reactor of Dounray (UK-PFR) 1991 (150-200 l). The Russian 
feedback reports the effect of such an event on lead alloy system (KV-27 land reactor), which is very 
similar to the sodium-oil pyrolysis reaction giving solid materials [Ivanov, 2003a]. 

4.3.3 Active impurities 

The control of the radioactive impurities topic will not be fully addressed, as it is a complete 
realm of studies by itself (see Chapter 5), so that only some elements are given hereafter, and 
particularly supported by one fully documented case study [Petrovich, 2002], in order to sort out 
which of the active nuclides could be critical for a nuclear system operation, and to focus on some 
basic hard points for further studies, such as the behaviour of the volatile species (noble gas, Po, Hg, 
Cs, I), or the mobile species (tritium), or the long half-life nuclides that will affect the maintenance 
operations during shutdown, and later the waste management for decommissioning. Until now 
literature insisted mainly on the polonium nuclides production. 

4.3.4 Production rates assessment 

The activation/spallation sources are continuous and important in term of activities as well as in 
term of potential dose rate. However, this point should be more fully addressed in order to take 
provision to the fact that lead is often used as biological shielding to limit the dose rate. 

To support the following analysis, figures that were assessed by [Petrovich, 2002] for a primary 
circuit of a subcritical system, which can be assumed as representative of critical system, as well as for 
the spallation target circuit, will be taken into account. These calculations correspond to the TECLA 
project reference subcritical reactor: 300 MWth, 3.7 tonnes of LBE for the target, 2000 tonnes for the 
LBE coolant loop, 3 mA for the nominal beam current, 0.6 to 1.5 GeV for the beam energy [Courouau, 
2003a]. The codes used for the following assessment are MCNPX and SP-FISPACT [Petrovich, 2002]. 

The most abundant nuclides produced by the spallation reactions are the nuclides close in mass to 
the lead and bismuth, such as Po, Tl, Hg, and Au, directly descending from the spallation and activation 
reactions, which basically peel off neutrons from the nucleus. In fact, including all direct reactions and 
daughter reactions, almost all the periodic table is produced with a clear peak close to the atomic 
number of the lead or bismuth, and a second one at about half the value. There is about 3 to 4 orders of 
magnitude difference between the impurities concentrations observed in the target and in the coolant. 
As regards impurities production, the mass rates are low when compared to other potential source of 
impurities in the system such as the corrosion source, except for Po in the primary loop where the 
amount of Bi under the neutron flux is very large, and Po, Hg, Tl, Au, Os and Ir for the target loop: 

� target loop: 180 g per operating year (163 g for Po, Hg, Tl, Au, Os and Ir); 

� primary loop: 2970 g per operating year (2940 g of Po and 29 g of Tl, Hg, Au and Pt). 

As regards the chemistry of these systems, one can only considerer at first the influence of these 
few impurities:  

� target loop: Po, Hg, Tl, Au, Os and Ir; 

� primary loop: Po and to a less extent Tl, Hg, Au. 
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However, possible phenomena occurring in these systems and leading to a local accumulation 
(plugging), or local effect (corrosion inhibitors or promoters) are to be ascertained, as well as the 
gas-liquid interactions (Po, Hg, Cs, etc.) and the effect on the control of the dissolved oxygen content. 

After one year of irradiation at 3 mA, the total activity of the LBE of the target loop is assessed as 
being 44300 TBq for the 3.7 tonnes of LBE that makes 12 TBq/kg or 320 Ci/kg. This level of activity 
appears exceptionally high when considering fluid activity in typical nuclear power plant operation, 
although it is quite rational in the realm of the high neutrons source. The total activity of the primary 
loop is assessed as being 1.1 1018 Bq for the 2000 tonnes of LBE, which makes 0.55 TBq/kg or 
15 Ci/kg almost only due to 210Bi (52%) and 210Po (43%). The elements giving the highest activities 
after the coolant and polonium nuclides are the following: Tl, Hg, Au, Pt, Ir, Os, and Re. While the 
activity of Tl is only about one order of magnitude lower when compared to the coolant, the Re 
activity is 5 orders of magnitude less. Except for the lead and bismuth isotopes, which represent the 
coolant activation itself and which are numerous as expected, most of the activity is due to the isotopes 
of Po, Tl, Hg, Au, Pt, and Ir, listed in decreasing activity order. 

Then, after one year of radioactive decay, the total activity of the spallation target decreases by a 
factor of 35, but is still significant: 1260 TBq that makes 0.340 TBq/kg. Main contributions are the 
following: 210Po (75% of the total activity), 195Au (9.5%), 207Bi (4.5%), 204Tl (3.5%), 195Os (1.1%) and 
208Po (1.5%). The main nuclides responsible for the dose rate are then: 185Os (3.6 106 Bq/g), 88Y  
(2.55 105 Bq/g), 192Ir (2.24 105 Bq/g), 95Zr (6.9 104 Bq/g), with the assumption of a linear relation 
between the dose rate and the activity. 

For the coolant loop, the residual nuclides responsible of 99% of the total dose rate are listed as 
follows in decreasing order of dose rate contribution: 207Bi(� �+, 37.97 y – 2 104 Bq/g supposing a 
perfect homogeneity within coolant), 210Po (�, 138.4 d – 4 107 Bq/g), 185Os (� �+, 93.6 d – 73 Bq/g), 
208Bi (� � +, 3.67 y – 9 Bq/g), 144Pm (� �+, 363.42 d – 16 Bq/g), and 195Au (� �+, 186 d – 4500 Bq/g) 

To the spallation residues, the activation products should be added for both the coolant and the 
target loops: 

� activation of the coolant, lead and bismuth, which makes up, along with the spallation 
residues, the largest part of the total activity, as previously illustrated; 

� activation of dissolved impurities by the neutron flux, intrinsic impurities from the supplied 
alloys such as Ag, corrosion products, etc.; 

� release of activated products by the corrosion, dissolution of structures submitted to the 
neutrons. 

Then, due to mass transfer and deposition, the activated corrosion products can plate out on 
different parts of the circuit, being for instance responsible of significant dose rates for the personnel 
during maintenance and handling operations of some specific component such as pumps, heat 
exchangers, etc. 

To the spallation and activation products, fissions products are released into the primary coolant 
loop: tritium and fissile products. 

Tritium is produced by fission and spallation. This nuclide is rather particular for a reactor 
system, as it is very mobile throughout hot and metallic interfaces immersed in liquid metal. Although 
tritium have a low energy activity (beta), it is accounted for as it migrates, is present in section of the 
reactor where no other radioactive product is expected and is finally released to the environment, 
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where, as HTO, can have a significant dose impact, if it is not mastered. This is why tritium was 
studied for the prediction of release rates or inventories in various subsystems, at the time of the 
design or during operation. 

Fissile contamination sources in normal operation are due to surface contamination of the fuel 
cladding by traces of Pu or U. These traces migrate into the liquid metal, and account for fissile 
contamination of the coolant. In addition, when subjected to the neutron flux, fission products appear, 
such as caesium and iodine nuclides, but at very low level. In case of fuel-cladding failure, volatile 
fission products such as caesium, iodine, xenon and krypton nuclides are released in the system, 
mostly in the cover gas, in much larger quantities. 

4.3.5 Consequences on operations 

By contrast to the spallation target which present a small service lifetime with no maintenance nor 
repairing, the primary circuit is planned for the whole reactor service lifetime (tens of years), which 
necessarily requires maintenance operations, component handling, refuelling, etc., and might require 
the use of specific radioactivity control system. 

The behaviour of these nuclides depends on their chemical form in the liquid lead alloys: 

� dissolved, if the solubility is large when compared to the mass released (Au for instance); 

� dissolved, but submitted to precipitation if solubility is low enough in some part of the circuit 
when compared to the mass released; 

� oxidised, if the oxide potential is lower than lead oxide, and depending on oxygen potential of 
the liquid alloy. 

As previously seen, some active nuclides may build-up in specific parts of the system, such as the 
cold exchange surfaces of heat exchangers, or at the gas-liquid interface, or on other specific spots. 
This will not have any impact on operations, but during maintenance and component handling, this 
may lead to the necessity to perform cleaning and decontamination operations. 

As the dose rate of the primary coolant is mainly due to 207mPb, with a level not comparable to 
any other nuclide, it is critical for designing the biological shielding. However, this nuclide disappears 
in less than one hour as its half-life is only of 0.8 s, so that other nuclides are to be considered for 
maintenance or handling operations, and even for the dismantling. 

The coolant activation itself influences the operations related to components of fuel handling for 
maintenance, or repair, as they may require specific operations to allow repair, increasing the overall 
reactor complexity, as: 

� coolant cleaning process to remove the coolant itself; 

� decontamination process by acid attack to remove the deposits and first micrometers of the 
structure, and decrease the activity and dose rate due to nuclides adsorbed into the steel. 

In addition, the nuclides, which can transfer from the liquid coolant to another system such as 
secondary or auxiliary system, cover gas control system, etc., are the main source of concern during 
normal operating mode, as they may require specific control and processes to keep them within the 
release authorisations specified by the safety authorities: 
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� tritium, as it makes up one of the main contribution to the release to the environment; 

� volatile species such as Kr, Br, Xe, Ar, I, Cs, H, Po, and Hg nuclides. 

Depending on the cover gas system, various solutions can be implemented to control the activities, 
such as for instance: 

� Re-circulating cover gas loop, which can include some delay tanks to increase residence-time 
and favour radioactive decay of short half-life products (Kr), or trapping on charcoal bed 
(Xe), or even cryogenic trap, all of which were used for the liquid sodium fast reactor 
systems. Other specific traps for Po compound or mercury vapour could be designed to 
reduce coolant activity from those radioisotopes specific to lead alloys system. 

� Gas tight system, with venting from time to time to relieve the pressure, with the necessary 
gas decontamination before release to the stack, as foreseen for the MEGAPIE target operation. 

It may be a solution for the polonium nuclides to use their volatility properties (PoPb compound) 
to eliminate it in the gas phase rather than in the liquid phase, as it could be easier. The effect of the 
oxygen control process that requires gas flowing to either oxidise or reduce the lead alloys is to be 
addressed from this activity control issue, as it will affect the gas-liquid distribution of the active 
nuclides as well. This is especially true for the hydrogen/steam gaseous mixture bubbling or cover gas 
blowing, as: 

� H2Po, is volatile, so that the process will enhance the Po transfer to the gas phase. 

� Tritium, as a hydrogen isotope, will react isotopically with H2 from the gas phase as well as 
with the steam, so that the reaction will favour the tritium transfer to the gas phase. 

During incidental events, such as the loss of coolant accident, the alpha emitters activity in the 
lead alloy is often the dimensioning event for the safety scenario. In that case, this allows setting up 
the specification of the maximum 210Po nuclide that could be agreed in the coolant loop, so as to study 
and design the necessary control processes [Khorosanov, 2002], [Buongiorno, 2004]. 

4.4 Instrumentations for chemical monitoring  

4.4.1 On-line electrochemical oxygen sensor 

The accurate measurement of the oxygen concentration in the liquid lead-bismuth eutectic, as 
well as in the pure lead alloys for use as coolant in nuclear systems or as liquid spallation target for 
high neutrons source or accelerator-driven system is a critical issue for defining the active oxygen 
control that will first of all prevent the contamination of the liquid system by lead and bismuth oxides, 
as well as, possibly, to ensure an efficient corrosion protection of the iron based alloys structures if the 
self-healing oxide layer method is chosen. 

The use of the ionic conduction properties of some solid electrolyte [Desportes, 1994], and in 
particular the zirconia based ceramic, allow to make electrochemical cell assembly that allows the 
measurement of dissolved oxygen in liquid metal system, whose activity could be extremely low (<10–4). 
This is known as the electromotive force measurement in open circuit or as the galvanic cell method. 
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This technique presents several well-known advantages such as: 

� specific to the dissolved oxygen, but the bounded oxygen, such as in oxide, is not taken into 
account; 

� rapid and continuous measurement, that is able to be implemented directly on-line in the 
system, provided the leak tightness of the seal in between the liquid metal and the ceramic; 

� wide concentration range covered by one single sensor, with a lower detection limit that is 
actually very low, as well as its potential operating temperature range; 

� no relation with the size and contact area of the electrodes; 

� no disturbance on the measured system. 

However, its well-known limitation was its use at a rather high operating temperature, in the order 
of 750�C typically for a Pt-air reference system, because of the high cell resistance that increases with 
decreasing temperature, as well as the irreversibility of the cell. In addition, the poor thermal shock 
resistance requires special care to prevent high thermally induced stresses that can cause cracking of 
the solid electrolyte. A specific protection from rapid temperature fluctuation shall be provided. 
Another solution is to design sensor as a consumable item. The service life is often reported as being 
in the range of the tens to hundreds of hours only. 

Although the principle and the application have been well known since the 50s, especially at the 
laboratory scale for the measurement of basics thermodynamic data, its real application as industrial 
oxygen sensors began in the late 80s where its applications covered lots of applications, from the 
automotive industries (lambda sensors) to glove box gas control [Desportes, 1994]. However, some 
particular and earlier applications such as the sensor for the steel making industry, which is used to 
measure C/CO ratio, as well as the sensor for the liquid sodium to be used as nuclear coolant 
(yttria-stabilised thoria), could be noticed [Asher, 1988]. In addition, the Russian institutes developed 
a specific application for the oxygen control in lead-bismuth eutectic to be used as coolant in nuclear 
submarines in the late 70s-80s [Gromov, 1997, 1998], [Shmatko, 2000], whose teams paved the ways 
for this very specific instrumentation in heavy liquid metal coolant with the use of very specific multi 
layers pellet type sensor [Shmatko, 2000]. This specific design of the solid electrolyte, although very 
complicated and costly to produce (pellet type, multilayer ceramics, metal to ceramic bonding…), 
allowed a very accurate measurement of the oxygen together with an exceptionally long service 
lifetime of 10 years. Some of these sensors are still in use in Russia, as well as in Italy [Azzati, 2003], 
but are apparently no longer produced. Since the mid-90s, development and testing of new sensor 
design based on yttria-stabilised zirconia or magnesia-stabilised zirconia were conducted worldwide, 
including in Russia [Askhadulline, 2003, 2005], [Chernov, 2003], [Colominas, 2004], [Courouau, 
2002b, 2004a], [Fernandez, 2002], [Ghetta, 2002], [Konys, 2001, 2004], [Li, 2003], [Muscher, 2001], 
[Zrodnikov, 2003], [Takahashi, 2002]. 

The main requirements for an on-line oxygen sensor are as follows: accurate in such a low oxygen 
concentration range, reliable, predictable and safe for long-term nuclear operation. For instance, one of 
the main constraints as regards the safety for such system is related to the ceramic breakdown: any 
leaks of radioactive liquid metal outside the system must be prevented, as well as any ceramic pieces 
running in the nuclear loop. However, some limitations appeared on some sensors using the 
commercially available yttria-doped zirconia thimble [Courouau, 2005b], such as the ceramic relative 
fragility, as well as the time drift that is often observed that will delay for a while their direct 
implementation on nuclear system. However, the new Russian sensor design [Zrodnikov, 2003] was 
already used in the nuclear loop of the BOR-60 lead channel [Korotkov, 2003], which operated for  
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about 100 days. For this sensor, not only the shape (conical when compared to one-end closed tube) 
but also the composition of the solid electrolyte is adjusted to enhance the ceramic resistance to 
thermally induced stresses [Askhadulline, 2005]. 

4.4.1.1 Principle 

Sensors are based on the potential measurement method at null current for a galvanic cell built 
with a solid electrolyte: zirconia doped with either magnesia, calcia or yttria, as this doping element 
stabilises the ceramic into the tetragonal form that is oxygen ions conducting for a certain temperature 
and oxygen conditions. Although the Russian feedback indicated the achievement of such sensors for 
the low operating conditions expected of the lead alloys [Gromov, 1997], [Shmatko, 2000], their 
assembly was not straightforward at first as it was considered that such electrodes and cells would not 
work for the temperature of interest for the lead alloys applications (400 to 550�C), because of the 
irreversibility of the electrode, and because of the too high cell resistance. 

The electrodes define either the liquid metal phase where the dissolved oxygen is to be measured, 
the working electrode, as well as the reference electrode, which is the constant oxygen potential 
reference system, as illustrated in Figure 4.4.1. 

Figure 4.4.1. Galvanic cell principle 
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Sensors assembly is made within the laboratory and is now considered as a routine procedure, as 
illustrated in Figure 4.4.2, where the use of the one-end closed tube allow separating easily the 
reference (inside) from the measurement medium (outside). One of the critical elements for the design 
of such sensor is then the sealing between the ceramic tube and the structure of the liquid metal 
system, which must be leak tight as well as electrically insulated. 

Figure 4.4.2. Generic implementation scheme from [Konys, 2001] 
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The solid electrolyte supplied by FRIATEC AG company (yttria-doped zirconia, FzY grade, 8.1% 
in yttria) was used by [Courouau, 2003b] and [Konys, 2001] for instance whereas FERROTROM 
company supplied the ceramic used by IQS (both magnesia- and yttria-stabilised zirconia) [Colominas, 
2004], while some other suppliers can be found worldwide [Li, 2003], or Nikkato Corporation 
[Ganesan, 2006]. On-purpose ceramic can be synthesised and fired with the required characteristics 
and shape [Shmatko, 2000], [Askhadulline, 2005]. This supplier list is not exhaustive. 

Assembly is done in the open air. Ingots of pure metal and oxides powder are mixed to get a 
liquid metal internal reference at the operating temperature with only a slight excess of its oxide; 10% 
to 50% of oxides in excess are reported as satisfactory [Courouau, 2003a]. The air in excess is 
consumed during the first use, corresponding to the activation of the sensor, to form oxide of the 
reference metal. The activation of the sensor is done during the calibration procedure or during its first 
use, the first step of which is the immersion of the sensor in a LBE melt followed by a temperature 
increase. Once the sensor is giving a stable potential output (electromotive force – emf), the reference 
is considered at the thermodynamic equilibrium, and the sensor is said activated or ready for operation. 
This is done in a matter of minutes at 450-500�C. 

The choice of the reference system is critical. It depends widely on various parameters [Desportes, 
1994], such as the oxygen partial pressure of the reference, which must be close to the partial pressure 
to be measured, the good knowledge of the equilibrium value of the reference system, a good buffering 
effect in case of slight disturbances to keep the partial pressure stable, and good compatibility between 
the lead wire and the reference systems. The use of gas (air, or oxygen) present some advantages, as 
the partial pressure is accurately known, whereas the thermodynamic data of the liquid metal reference 
couple metal/metal oxide could be less accurately known, requiring a calibration [Desportes, 1994]. 

Usually air is used with platinum coated on the ceramic surface for a better junction at the 
interface, and a Pt lead wire, making the Pt/air electrode, with a well-known limitation in its operating 
temperature, because of the resistance of the junction between the gas and the solid phase. The 
operating temperature must be higher than 450�C for such a cell [Desportes, 1994], [Konys, 2004]. To 
the opposite, liquid metal reference systems provide a better contact with the solid electrolyte, and 
then a lower cell resistance at comparatively lower temperature. The use of low melting point metal 
allows favouring the use of the sensor in the required temperature range of a lead alloy system 
(400-500�C), without an additional heating system. 

The effect of thermal cycling on the solid electrolyte when a liquid metal reference is used can be 
critical. Indeed, the melting /cooling of the internal reference can induce wears on the solid electrolyte, 
promoting the growth of microcracks, eventually leading to the rupture [Courouau, 2005], whereas the 
air/Pt electrode used in the same conditions of liquid metal electrode exhibited a much higher service 
lifetime [Konys, 2004]. 

The contact lead wire must be compatible with the liquid metal melt of the reference. For 
instance, molybdenum presents a low solubility in bismuth, which is favourable. To the opposite, 
platinum or iridium metal, which are the typical lead wired for such electrochemical cell, dissolve in 
liquid bismuth, forbidding their use on the long term. 

The reference electrode must not chemically react with the solid electrolyte, leading to the 
formation of reaction products on the interface, modifying the potential outputs. Similarly, it must not 
represent a source of contamination in case of ceramic failure. Bismuth is chemically close to lead, 
fully miscible, and its oxide is less stable than lead oxide. On the other hand, indium that was used 
extensively for the Harwell oxygen meter, forms more stable oxide than lead, so that it will reduce the 
oxygen potential of the liquid lead alloys. 
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The range of the readings for the indium reference electrode latter system presents a null voltage 
output, which does not mean that the sensor is broken. This clearly represents an operating difficulty, 
as in that case, there is no straight possibility to conclude between the effectiveness or the failure of 
the sensor. An example of that behaviour was observed during STELLA operation (Figure 4.4.5), 
where the In sensor was believed broken for several days, and several time when its output was close 
to the null value. This point discards, a priori, this reference system for nuclear operation, unless 
systematic and standard calibration could be developed for a periodic checking of the sensor. 

These considerations explain why the choice for the reference systems focused mainly on either the 
gas system (air-Pt lead wire) or the bismuth (mp. 271�C)/bismuth oxide or indium (mp. 157�C)/indium 
oxide systems for the reference electrode with Mo as lead wire, although other reference could be used 
in principle. From the safety point of view, the gas reference system will not be favoured for use in a 
nuclear system, as it requires the constant flowing of gas inside in the reference electrode, making the 
route for the contamination of activated lead alloys outside the confinement in case of failure of the 
solid electrolyte. 

4.4.1.2 Theory 

This analysis is done for pure lead as well as for the lead-bismuth (55% in weight) eutectic. 

The method of the potential measurement with null current can be applied to the measurement of 
the dissolved oxygen in liquid lead-bismuth alloys. A typical electrochemical galvanic cell that will be 
subsequently referred to as “EC sensor” is as follows: 

Mo, Metal + metal oxide (reference) // ZrO2 + Y2O3 // Pb + PbO (lead alloy solution), steel 

where the yttria-stabilised zirconia (YSZ) ceramic, which conducts specifically oxygen ions, separates 
two medias showing different oxygen activities : an electromotive force (emf) is then formed across 
the solid electrolyte. If one of the media is defined to act as a reference, so as to maintain constant the 
oxygen partial pressure to a defined value, then the emf is a function of the oxygen activity in the other 
medium. 

Assuming pure ionic conduction in the solid electrolyte, and assuming that all transfers at the 
various interfaces developed in the electrochemical cell are reversible, the Nernst relation giving the 
theoretical emf, noted Eth, can be written: 
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with Eth in Volts, R the perfect gas constant (8.31441 J/mol/K), F the Faraday constant 
(96484.6 C/mol), T the temperature (Kelvin), and PO2 the oxygen partial pressure in the lead alloy. 

The oxygen partial pressure of the reference, PO2(reference), is defined by the following reaction, in 
case of a metal (M)/metal oxide (MxOy) reference, where x and y are respectively the stoichiometric 
coefficients for the metal and the oxygen. 
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All reactions are written so that it corresponds to the consumption of one mole of oxygen. The 
units of the free enthalpies of formation are then expressed in J/mol of oxygen O2. 

As the reference is built so as to present a constant oxygen partial pressure, both the metal and its 
oxide are present in excess to ensure the thermodynamic equilibrium of the reaction. In addition, the 
liquid solution corresponds to the pure metal, so that the activities of both the reference and its oxide 
are equal to one and then: 

 
RT

G
P referencer

referenceO

0

2ln
	

�  (4.22) 

The oxygen partial pressure in the lead alloy melt, is given by the thermodynamic equilibrium of 
lead monoxide, considering that it is the most stable oxide in lead bismuth eutectic. 
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The activities product of the lead oxide reaction of formation in lead alloys is then as follows 
using the oxygen activity defined in Eq. (4.3), 
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The saturated oxygen concentration for lead and LBE are derived from Eq. (4.1) and Eq. (4.2): 
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Lead activity is equal to unity in pure lead solution, and is given by the following Russian relation 
in LBE solution as quoted in [Courouau, 2002b]: 
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The free enthalpies of formation for the various oxides are expressed by the following relations, 
assuming that all relations are given for the consumption of one mole of O2: 
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Calculations are made with the help of the HSC database software [HSC, v4.1], which represents 
a compilation of some of the latest thermodynamic data available. The free energies of formation are 
linearly regressed on a limited temperature range, 400-1000 K, so as to determine the standards 
enthalpy and entropy by the least mean squares method. The latter data, standard enthalpy and 
entropy, are constant over the temperature range (cf. Table 4.4.1) 
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Table 4.4.1. Main oxides free enthalpies coefficients for the  
400-1000 Kelvin temperature range per mole of oxygen O2 consumed 
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(400-1000 K) 
J/mol 

�So 
(400-1000 K) 

J/mol/K 

4/3 Bi + O2 = 2/3 Bi2O3 -389140 -192.6 
2 Pb + O2 = 2 PbO -437608 -199.1 

4/3 In + O2 = 2/3 In2O3 -618674 -216.8 
 

The general relationship for a metal-metal oxide reference could then be derived from the Nernst 
relation, assuming a pure ionic conduction in the solid electrolyte: 
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By using the following constants: 
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These constants allow to writing down simplified relations: 
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Hence for saturated oxygen solution, the previous relations depend only on the temperature: 
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Finally, these general relations could be simplified by using the (a,b,c) constants and the 
concentration expressed in wt.%: 
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The free energies are in good agreement with the respective energies computed with the use of 
other databases [JANAF], [Barin, 1989]. The slight inaccuracy of these data will affect the theoretical 
electromotive force calculation by a few millivolts that are assumed as reasonable. Another source of 
scattering is due to the data coming from the lead activity relation in LBE, which affect only slightly 
the emf by a maximum of 10 mV, as well as from the oxygen solubility relation, which can affects, on 
the contrary, the emf to a much greater extent. This is why it is essential to know with a relatively high 
accuracy the oxygen solubility data (cf. Chapter 3). All calculations presented here are made with 
Eq. (4.1) and Eq. (4.2) respectively for lead and LBE. 

The constants of the Nernst relations can then be calculated, and are reported in the next table for 
Bi/Bi2O3 and In/In2O3 reference electrodes for a cell immersed into a lead alloy melt according to the 
following emf (E) vs. temperature (T) and oxygen concentration (Co) relationships: 
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These relations enables to plot the E vs. T (Co as parameter) diagram as illustrated in Figure 4.4.3, 
which are most useful for reading sensor output as well as for calibration of sensor [Konys, 2001], 
[Gromov, 1998]. It allows plotting the reading easily and to compare the relative position of the 
oxygen when compared to the PbO saturation line, defining the lower potential value achievable, 
which must be avoided to keep clear from the contamination by PbO precipitation. Similarly, other 
oxide stability threshold can be plotted for a direct information on the position of the oxygen potential 
when compared for instance to the stability of the magnetite. 

Figure 4.4.3. Diagram E vs. T for the oxygen sensor reading in LBE 

Indicates the oxygen iso-concentration lines, as well as the PbO saturation and the Fe3O4 stability lines  
for an iron activity of one, the iron oxide being stable below the line. For a lower iron activity, meaning a  

concentration lower than its solubility, the potential threshold for the dissolution of the magnetite will be lower. 
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Apart from the data used for the theoretical assessment, there may be other causes for the sensor 
not to behave according to the theoretical relations: electrolyte conduction properties (slight electronic 
conduction, impurities in the ceramic, etc.), the influence of the reaction at the electrode/electrolyte 



159 

interface (liquid metal/zirconia reaction, or even traces of impurities depositing on the interface), the 
cell irreversibility (equilibrium not reached due to an oxygen transfer rate limitation especially at very 
low oxygen partial pressure), as well as the instrumental uncertainties. This is why calibration methods 
are often required [Subbarao, 1980], [Courouau, 2003b]. 

Table 4.4.2 synthesises the most useful relations for In and Bi reference sensor in LBE melts. 

Table 4.4.2. Theoretical relations for Bi/Bi2O3 and In/In2O3 references for LBE melts 

E in mV, P in bar, T in Kelvin, C in ppm (10–6 g/g) 

LBE Bi/Bi2O3 reference (melting point 271�C) In/In2O3 reference (melting point 157�C) 
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Using another kind of reference sensor, the air/ platinum reference sensor, described as follows, 

similar relations could be derived: 

 Pt, O2 (reference) // ZrO2 + Y2O3 // Pb + PbO (lead alloys solution), steel (4.41) 
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Finally, these relations are calculated for the saturation using the data previously given using the 
oxygen concentration expressed in ppm (10–6 g/g): 

 Lead: )()( 550.09.1133 KmV
SAT TE 
��  (4.46) 

 Lead: )()()()( ln043.0165.08.637 ppmoKKmV CTTE 

�
��  for E > Esat (4.47) 

 LBE: )()( 587.01.1128 KmV
SAT TE 
��  (4.48) 

 LBE: )()()()( ln043.0071.07.790 ppmoKKmV CTTE 

�
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4.4.1.3 Calibration 

Calibration is based on the comparison of the potential measurements (E) with the expected 
theoretical emf (Eth) for defined oxygen concentrations. The main difficulty for lead alloys melt 
consists in defining exactly the oxygen concentration of the melt. As oxygen is present in traces and 
subject to the other impurities, so that its actual value is experimentally difficult to assess and to keep 
stable and particularly on dynamics facilities. Several methods were developed in static conditions 
based on specific operating procedures to maintain stable the oxygen for a certain delay (temperature 
variation), or based on chemical equilibrium (dissolved impurity, or gaseous couple), 

� the temperature variation close to the oxygen saturation [Konys, 2001], [Courouau, 2002b], as 
illustrated in Figure 4.4.4, which allow defining accurately the oxygen content of a liquid 
melt, supposing its concentration stable during the measurement; 

� the comparison against metal-metal oxide couple that buffer the oxygen concentration to the 
equilibrium level [Colominas, 2004]; 

� the comparison to the known gas phase oxygen content such as the steam/hydrogen gaseous 
mixture [Konys, 2004] that define the oxygen concentration in the liquid bulk when the 
gas-liquid equilibrium is achieved. 

Another method is based on the coulometric titration method, requiring a well-designed static 
facility to control all the sources of oxygen contamination. First, the residual oxygen is removed 
thanks to hydrogen. Then, defined amount of oxygen is added thanks to an electrochemical oxygen 
pump up to the saturation at a given temperature [Ghetta, 2002]. 

All of these methods concluded to a rather good agreement between the sensor voltage output and 
the theoretical emf, and usually justified the use of the theoretical emf relation for the calculation of 
the oxygen concentration from the sensor readings. 
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Figure 4.4.4. Oxygen in LBE concentration –temperature diagram illustrating the  
principle of the calibration by the variation of temperature close to the saturation  

[Courouau, 2002b], and example of actual calibration points obtained on the ARTOIS  
gloves box following a specific operating procedure where oxygen remains constant  

for a while, allowing measuring the inflexion point that defines exactly the saturation  
temperature allowing to calculate K1, K2, K and K�, assuming K3 constant 
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However, a slight scatter of a few millivolts, up to several tens of millivolts is always observed 
from this theoretical behaviour that is not fully understood yet. The effect of the other impurities might 
be the source of the errors, by reacting at the solid electrolyte interface and forming metal/metal oxide 
couple interfering with the electrode potential. This would have to be understood more clearly as this 
side effect on the calibration process may limit the reliability of the sensors. The second source of 
errors is interpreted as coming from the zirconia intrinsic properties: slight impurity content variations 
in the fabrication process may be part of the explanation [Subbarao, 1980]. 

The temperature variation close to the oxygen saturation calibration method was repeated a large 
number of times so that mean statistical constants could be derived from it, and are then recommended 
instead of the use of the theoretical constants [Courouau, 2003b]: 
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The accuracy is assessed within 5% of the voltage readings (25 mV maximum scattering for a 
500 mV reading) that affect the concentration by 40% for the high concentration range to 80% for the 
low concentration range. Calibration is, in any case, recommended to achieve a better accuracy. 
However, the availability of a method to achieve a reliable calibration on the field is necessary to 
significantly increase the accuracy on the long term, as well as to regularly assess the good operation 
of the sensor. 

This is particularly critical as the time drift that was observed on several occasions on static 
device was recently confirmed by the STELLA loop operation (Figure 4.4.5). The drift appears only 
after a certain delay of several hundredths of hours, when the lead alloys was submitted to thermal and 
oxygen variations. Then, the drift gradually and almost constantly increases. In this specific example,  
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Figure 4.4.5. STELLA absolute time drift observation for two sensors  
implemented on the same location at the same time (1500 hours of service life) 
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the Bi reference sensor exhibits the highest time drift, while the In reference sensor seems to keep a 
more consistent reading. The time drift of the Bi sensor is illustrated by plotting on the graph the 
absolute difference between the theoretical deviation between two different reference electrodes 
(546 mV here), and the difference between the two sensors readings: 

 � 
)/()/(546 3232 OInInEOBiBiEe ���  (4.52) 

The value of e should be null according to theory, but, in practice, it is always equals to a few 
tens of mV, except when one of the sensors begins to significantly deviate from its normal behaviour. 

Several hypotheses could be proposed to explain this deviation with time [Courouau, 2005b]: 
alteration of the interface of the electrode (working or reference) by oxide deposition, reaction with the 
LBE or the liquid metal reference, or alteration on the long term of the solid electrolyte interface by 
reaction with liquid metals, gases or even oxides. Basic investigation on broken sensor gave no clear 
results up to now as regards the Molybdenum lead wire, which could thermodynamically be oxidised 
by the liquid bismuth of the reference electrode, as the relative stability of the potential oxide is as 
follows: In2O3 > MoO2, MoO3 > Bi2O3 [Li, 2004]. 

The time drift understanding as well as the development of on-the-fields calibration method will 
enhance the overall sensor reliability, which are the basis of the ongoing research. 

4.4.1.4 Characteristics of the oxygen sensors 

Sensors have been tested for thousands of hours in both static and dynamic conditions in stable and 
unstable chemical conditions that validate their effective and reliable use for dynamic loop operation 
[Askhadulline, 2005], [Ghetta, 2002], [Colominas, 2004], [Courouau, 2003b], [Gromov, 1997], [Konys, 
2004], [Shmatko, 2000]. These tests allowed gaining a large operating feedback representative of 
long-term operations on a wide variety of operating conditions. The characteristics observed up to now 
on these oxygen prototypes sensors are then satisfactorily and confirm the previous observations, as 
regards the operating range (370�C-550�C for the Bi/Bi2O3 reference electrode), the oxygen 
concentration range, the response time, the accuracy and reproducibility, as well as the service life 
(several thousands of hours, longer expected in stable conditions). A lower operating temperature than 
350�C is possible but with a lower accuracy as the sensor outputs deviate from ideal behaviour most 
probably because of an increasing irreversibility of the cell. 



163 

The time to react to a concentration change is fast for an oxygen contamination. The recovery 
time is linked to the chemical reaction kinetics that is limited by the mass transfer phenomenon 
(gas-liquid interface, oxygen diffusion in liquid bulk…). From a general point of view, the transient 
phase of one system is not absolutely reliable as the oxygen content is globally inhomogeneous. 
However, this effect disappears in steady state conditions. The sensor gives only the local oxygen 
content, so that the loop implementation is important to get reliable information of a homogenous 
system [Orlov, 2005]. 

The time drift is negligible with low oxygen concentration (<10–6 ppm) and stable operating 
conditions. Higher oxygen content (>10–6 ppm), or oxygen cycling, seems to affect the sensor output, 
reducing its service life. The other impurities present in the liquid metal may play a role as well. 
Another explanation is related to the electrolyte limitation itself. This could be solved by a cleaning 
operation (high temperature in low oxygen content, or, to be tested, a nitric acid washing of the 
zirconia). This is a point to be further studied, as this would possibly require a calibration procedure 
suited for loop operation, an on-the-field procedure, that is not available yet, as well as, if possible, a 
specific and complex regeneration procedure. 

Although yttria-doped zirconia is known to present a better thermal shock resistance (temperature 
gradient, temperature cycling) as well as a better mechanical resistance when hot (vibrations, contact, 
etc.) when compared to other solid electrolytes such as yttria-stabilised thoria, a number of failures has 
been observed (Figure 4.4.6). The point of breakdown is often observed at the central point localised 
at the bottom of the ceramic thimble. The internal reference electrode when localised in a closed-end 
tube is itself a source of major mechanical wear during its solidification. Optic observations of the 
ruptured ceramic surface (Figure 4.4.6) indicate the gradual insertion of bismuth into microcracks most 
probably due to the positive volumetric change of Bi during its solidification. Lowering the height of 
the internal reference electrode will reduce this effect. The use of conical shape for the solid electrolyte  
is most favourable from this particular point of view, as the solidification constraints will exert 
preferentially upwards towards the free level rather than radially towards the ceramic. This conclusion 
is further evidenced by the experimental observations from the CORRIDA loop [Konys, 2004]: the 
air/Pt reference sensor exhibited a much higher service lifetime when compared to the Bi/Bi2O3 
reference sensor used within the same operating conditions, and with the same electrolyte. 

Figure 4.4.6. Bi/Bi2O3 sensor operated for 1400 hours on the  
STELLA loop and details of the point of rupture [Courouau, 2005b] 

 
  

 
Another method to increase to reduce failures is to use a proper design for the ceramic housing, 

together with the use of special procedure for operation. This was typically used for the liquid sodium 
sensor (Westinghouse, Harwell) and is known as efficient [Asher, 1998]. Figure 4.4.7 presents one of 
the design for such a housing that has been achieved [Courouau, 2005b], and that must be validated on 
the STELLA loop. A similar design is used at the Karslruhe Lead Laboratory [Konys, 2001]. Its main 
characteristics consist in having the seal ensuring the tightness of the facility between the ceramic and 
the metallic structure localised in the cold area, which is made possible thanks to the ceramic length,  
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Figure 4.4.7. CEA sensor housing to be tested on the STELLA loop [Courouau, 2005b] 

    

and thanks to the copper fins. The seal is then a simple O-ring. The ceramic is protected with a 
metallic sheath reducing shocks, both thermal and mechanical, and keeping ceramic pieces in case of 
rupture. Leak detection is ensured at the cap location with a specific temperature measurement. Any 
liquid metal coming up there should in principle stay confined thanks to this metallic cap. 

This kind of design proved efficient in liquid sodium technology, as the sensor service lifetime 
was not depending from the sealing medium, which, if localised in the bottom area, would be in 
contact with high temperature liquid metal, eventually leading to a short circuit, or the loss of the leak 
proofness. 

Although the closed-end tube shape is commercially available and easily separates the two 
electrodes, the working and the reference electrodes, it might have to be replaced by other less fragile 
shapes, like a conical shape sealed with graphite or tantalum [Li, 2003] or fused with a metal to 
ceramic bound [Chernov, 2003] to a metallic tube that is reported as far more resistant. However, the 
implementation becomes more complex because of the issue of the metal-to-ceramic sealing and 
fusing, without speaking of the cost of the specific fabrication of ceramic pieces. The Russian model, 
dating from the early 90s, and which is now registered in the Russian state standard committee 
(Figure 4.4.8), was, for instance, implemented on the BOR-60 lead channel and operated most 
satisfactorily during the irradiation time [Korotkov, 2003]. Recent developments include the inclusion 
of impurities, such as particles of alumina (nano size), as well as the specific firing procedure to 
exceptionally improve the mechanical resistance of the solid electrolyte [Askhadulline, 2005]. The 
more recent US model (Figure 4.4.9) is based on the solid electrolyte used in the car industry for the 
lambda sensor, whose ceramic part is then quite widely available at low cost. It is awaiting long-term 
validation in representative conditions for the long-term behaviour of the seal. In additions, a reactive 
braze for the bound was recently developed within the framework of a specific MIT-Ceramtec 
agreement with promising results up to now [Ballinger, 2006]. 

4.4.1.5 Conclusions 

The oxygen monitoring system is quite compulsory for any lead alloy systems at least to ensure 
the contamination control. It is now clear that sensors based on solid electrolyte electrochemical cell 
proved efficient for measuring the dissolved oxygen of the lead alloys systems, despite a number of  
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Figure 4.4.8. A schematic cross-sectional view of the  
oxygen sensor developed by IPPE [Zrodnikov, 2003] 

 

   

Figure 4.4.9. LANL ceramic element with the graph-lock gasket and the metallic  
sheath with the seating ring [Li, 2003] and the reactive braze bound [Ballinger, 2006] 

   

limitations, which are quite typical of this kind of measurement. However, it is not commercially 
available, so that for a day-to-day use on experimental facilities, the theoretical background and know-
how given in this section will allow the assembly of sensor from available part, as well as its basic use 
and allow interpreting its outputs. 

Several concepts were designed and are presently at different level of achievement, but all are 
under rapid progress for a reliable use in a nuclear system. One can notice in particular the outstanding 
level of achievement of the Russian design, which presents, apparently, none of the limitations 
identified and described in this section, and was successfully used in a nuclear environment. 

4.4.2 Development of sampling systems and analytical methods 

The impurities monitoring system for the liquid phase is typical of the liquid metal fast reactors: a 
system that allows getting a liquid metal sample, in order to perform a chemical or radiochemical 
analysis of the impurities. A periodic sampling enables in principle to monitor the behaviour of the 
dissolved impurities on the long term as well as to assess the gradual activation of the coolant. 

4.4.2.1 Dip sampler validation 

There are two main different types of sampling system: 

� dip sampling throughout an airlock system, which is the reference sampling system in liquid 
metal reactors such as the sodium-cooled; 

� circulation in a tube-sampling device in a bypass line, which was partly given up because of 
representativeness difficulties as regards the corrosion products (potential accumulation due 
to deposits on the walls), although this is questionable depending of the impurities to be 
measured. 
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The objective is to be able to take a sample of liquid LBE in any facility to perform subsequent 
chemical analysis of the impurities. The following specifications are usually required for any sampling 
system: 

� to obtain an homogeneous liquid metal sample; 

� to provide a sampling system that do not pollute liquid metal sample; 

� to design an easy-to-use system that complies with a nuclear environment; 

� to provide a system that may be quickly cooled. 

Such a device was already developed for the lead-lithium eutectic alloy that is studied for the 
tritium-breeding blanket of fusion reactor [Desreumaux, 1993]. The basic principle was to adapt the 
sampler to the LBE melt and achieve a first qualification on a static facility. The scheme and a view of 
this dip sampler developed for the lead-lithium alloy is provided hereafter (Figure 4.4.10) together 
with the LBE sample obtained [Courouau, 2002a]. 

Figure 4.4.10. Scheme, view of the dip sampling system, which is then hooked to a  
stem and immersed throughout an air lock, as well as the resulting LBE sample 

  

 
 

The tube on the bottom part, opposite to the hole for the inlet of the melt, was necessary to ensure 
a good filling of the sampler by enabling degassing. This tube is not really needed for lead-bismuth 
alloy because of its higher density. The dip sampler fabrication could then be simplified. The stripy 
marks done during fabrication on the external surface of the dip sampler enable, in principle, an easy 
discarding of the steel, like the opening of a tin, delivering the LBE sample ready for its analysis. 

The nature of the material used up to now is stainless steel. Its effect on the dissolved impurities 
content was not assessed. However, a material pure and presenting very low solubilities in lead alloys is 
recommended. Elements such as Fe, Cr, Nb, Mo, Co, Ti, Si and Zr present very low solubilities in the 
liquid lead-alloys eutectic, and could be efficiently used for the dip sampling material. However, as Fe 
and Cr are two of the impurities to be analysed, it is recommended to avoid them for the candidate 
material. Carbon in the form of graphite or composite like SiC can possibly be used. 

The issue of the representativeness of the measurement has not been treated due to the lack of any 
sampling in loop operating conditions. This issue is to be further investigated, as the sampling system 
might not be homogeneous for all nuclides. Indeed, some impurities might be concentrated on the walls 
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of the sampling system, so that the conditions of sampling (temperature, immersion time, temperature 
decrease gradient, etc.) are to be optimised on the basis of the future experimental feedback. In addition, 
the topic of the possible contamination of the sampling system during the immersion by the free surface 
oxides is not addressed. The feedback from past development should be taken into account for the 
liquid metal sample optimisation, such as for instance multiple sampling systems for a larger amount 
of metal sampled such as the “harp sampler” (Figure 4.4.11) [Borgstedt, 1989], and especially for a 
technique and know-how developed for achieving representative sampling [Borgstedt, 1989]. The use 
of alternative techniques, such as on-line distillation technique that was once studied and applied for 
the liquid sodium, should be reassessed. 

Figure 4.4.11. Schematic drawing of an overflow multiple sampler  
for flowing alkali metals, the “harp sampler” [Borgstedt, 1989] 

1 – fittings, 2 –  sampler, 3 – sampler drain pot, 4 – crucible 

 

4.4.2.2 Chemical analysis of lead-bismuth eutectic 

Various techniques are used for lead alloy characterisation, as follows [Desreumaux, 1998]: 

� composition analysis; 

� characterisation of metallic impurities; 

� oxygen present in the alloy measurement; 

The composition analysis techniques are based on calorimetry, surface spectroscopy analysis, or 
atomic absorption spectroscopy (AAS). The calorimetric method principle is to measure the thermal 
flux absorbed or produced by a sample subjected to a temperature increase. The results enable 
deducing the respective reaction temperature, the eutectic and peritectic points, as well as the reaction 
specific heat. But this kind of analysis is not sufficient by itself as several compositions are often 
possible when referring to a phase diagram. 
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The surface spectroscopy analysis consists of X-ray analysis, scanning electron microscopy (SEM), 
or wavelength dispersive X-ray fluorescence (WDXRF). When energy dispersive X-ray spectrometer 
(EDS) is coupled to a scanning electron microscope, the measure of the alloys composition is possible 
in any point of the surface of the sample. Mean value of several points (10 at least) could be used to 
determine the mean composition of the alloys. The scanning electron microscope enables determining 
the general state of the alloys, through the study of its enriched or depleted zone. The latter method, 
WDXRF, enables the measurement of virtually all the periodic table (Z > 11) for concentrations above 
500 �g/g [Desreumaux, 1998]. This method is thus well adapted to the alloy composition determination, 
but not for the measurement of impurities. 

The metallic impurities analyses are achieved first by dissolution of the lead alloy, and then by 
the use of inductive coupled plasma/mass spectrometry (ICP/MS) or AAS. The ICP/MS method 
enables the measurement of a wide range of impurities such as Fe, Ni, Cr, Ag, Cd, Cu, Sn, Sb,… 

The iron impurity has an isobaric interference with ArO gaseous mixture (Ar being the plasma 
gas) that increases the lower detection limit to 50 �g/g. For the iron impurity, the AAS technique 
coupled with the spiking method is then a better choice than the ICP-MS technique, resulting in a 
lower detection limit decreased to 5 �g/g. 

For the nickel impurity, because of the contamination coming from the nickel cones of the 
transfer chamber of the ICP/MS apparatus, the lower detection limit is high when compared to the 
other impurities. There are two methods for decreasing the lower detection limit: changing the cones 
to platinum cones, or measuring nickel by AAS with spiking method that decreases the lower 
detection limit to 5 �g/g as well. 

The analytical measurement of oxygen in a sample can be made by two methods [Desreumaux, 
1998]. The first method is based on the reductive fusion of the sample in a graphite crucible. The 
resulting carbon dioxide is measured by infrared spectroscopy. This technique is used with careful 
calibration in the expected range, and with devoted preparation procedures for the sample in order to 
reduce any superficial oxide. It measures the total amount of oxygen present in the alloys: either the 
dissolved oxygen or the oxides. The other method is based on electrochemical measurement as described 
in the next subtask with laboratory scale electrochemical cells. It measures only the dissolved oxygen 
present in the liquid metal solution. 

The methods were applied to LBE samples performed on the alloy supplied by METALEUROP 
to CEA Cadarache [Desreumaux, 1998] (Table 4.4.3). 

Table 4.4.3. Composition of the METALEUROP LBE 

 Calorimetry WDXRF 
 Melting point Enthalpy %Pb %Bi 
Measurements 126.2�C 17.0 J/g 41.7�2 57.3�2 

 
Table 4.4.4 gives the impurities measured, as well as the values of the pure lead and bismuth 

characterised by the supplier for comparison. During the cooling phase of the dip sampling, a segregation 
phenomenon occurs, resulting in a relative heterogeneity of the lead alloy depending on the method 
used for composition characterisation. Typically, a better composition measurement is obtained by 
dissolution of the whole sample, than on parts of the sample. 
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Table 4.4.4. Metallic impurities measured in the METALEUROP LBE 

 Analytical 
technique 

EPB 
measured 

(�g/g) 

Bi 
(theoretical) 

(�g/g) 

Pb 
(theoretical) 

(�g/g) 
Sn ICP/MS <2 <1 <2 
Fe AAS <5 <1  
Ni AAS <5 1.4 <1 
Ag ICP/MS 3 1 6 
Cu ICP/MS <2 <1 <2 
Zn ICP/MS <2 <1  
Cd ICP/MS <1 <1 <2 
Sb ICP/MS <2 <3 <2 
As ICP/MS <2 <1 <2 
Te ICP/MS <1 <1 <3 

 
The table provides the metallic impurities concentrations measured in the alloys with the different 

analysis techniques. This compares well to one of the other characterisation available [Glasbrenner, 
2004b] made on the LBE supplied by Impag AG (Switzerland) which contained a few ppm of 
impurities: Ag 11.4, Fe 0.78, Ni 0.42, Sn 13.3,Cd 2.89, Al 0.3, Cu 9.8, Zn 0.2. 

The first tests for the oxygen measurement were made with a LECO apparatus calibrated with 
steel matrix giving thus a different fusion temperature. The results showed dispersed values for the 
lead alloy sample: from 1 �g/g to 5 �g/g. A different approach based on calibration of the apparatus 
with a 1 �g/g lead sample did not allow lowering the detection limit. Actually, the apparatus used for 
these measurements proved insufficient for this kind of study: background level of the LECO 
apparatus is too high and its resulting sensitivity appeared too low when compared to the effective 
operating oxygen concentration range (0.01 ppm). 

4.4.2.3 Radioactive nuclides chemical analysis 

The regular radio activation measurement of the coolant is typical for nuclear system operation, 
as it can affect the reactor operation (handling or repair during maintenance operation, fuel-cladding 
failure, transfer or accumulation on specific part of the system…). All nuclides being gamma emitters 
can be measured by gamma spectrometry. This is typically achieved after having dissolved the metal 
sample in an aqueous solution (nitric acid). However, other nuclides, which are specific to the 
spallation reaction, or due to the activation of the heavy liquid metal coolant, are only beta-emitters 
(most of the Bi, Tl, Hg, Au, Pt nuclides), or even alpha-emitters (208,209,210Po). Their measurement 
requires then specific procedure in order to be able to measure traces, and in some case to be able to 
measure each of the isotopes produced for one particular nuclide (Po). 

Preliminaries investigations were achieved for the Po isotopes speciation by [Lacressonniere, 
2003] that was applied to one of the first LiSoR irradiated sample (36 hours, 2002). Measurements 
gave: 3752 Bq/g of 208Po, 22 Bq/g of 209Po, 19 Bq/g of 210Po, which corresponds to the measurement 
achieved independently by the Paul Scherrer Institute [Glasbrenner, 2004b], as well as to the nuclear 
production assessment. The technique is based on concentration of the nuclides in a first step (ferric 
co-precipitation, and liquid-liquid extraction with tri-butyl-phosphate), then in a second step by the 
self-deposition on an argent disk for alpha-spectrometry measurement. 
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The technique that was under study for the traces measurement of the mercury concentration is 
the atomic absorption spectrometry coupled with a vapour generator. The detection limit achieved by 
this method is 0.06 ppm (60 10–9 g/g) [Chabert, 2003]. 

4.4.2.4 Conclusions 

The dip sampling system that was originally developed for Pb-Li alloys got a first validation in 
LBE. The issue of the representation is to be further assessed, in order to eventually propose an 
optimised design. Indeed, the sample must be representative of the liquid metal bulk, which is 
depending of the location of the sampling, and then of the design of the nuclear system. 

The analytical techniques for metallic impurities measurement: Fe, Ni, Cu, Sn, Ag, Zn, Cd, Sb, 
As, Te, for which either ICP-MS or AAS with spiking method have been used, were as well 
demonstrated. However, the lower detection limit of 5 ppm cannot be further lowered, unless another 
ICP-MS apparatus, more costly, is used to lower the detection limit by one order of magnitude: 0.5 ppm. 
Industrial analytical laboratories are usually equipped with such equipment. A cross-comparison 
benchmark with such laboratories is necessary, however, to confirm the lower detection limit and 
accuracy of the measurement, including, in particular all the crucial preparation steps of the samples. 

Concerning the radioactive impurities, measurement techniques were developed only for the 
speciation of the polonium and mercury, as the techniques for low alpha or beta activities measurement 
are not straightforward. Further developments for the speciation methods should concern the main 
spallation and activation products isotopes that are expected for normal operating conditions: Po, Bi, 
Pb, Hg, Au, Pt, Ir, Re, Ta, Hf. The techniques for solvatation, concentration, etc., are part of the 
development envisaged. 

However, during normal operating conditions in an anisothermal system, the equilibrium 
concentration of the main impurities involved in the corrosion and mass transfer processes will be 
lower or even far lower than the lower detection limit available (5 ppm or even 0.5 ppm). This makes 
really difficult the iron monitoring, for instance. There is no straight solution foreseeable to solve that 
issue, except the use of an indirect measurement method. Indeed, the steel making industry uses the 
oxygen measurement to check the dissolved carbon, as the dissolved oxygen is defined by the C/CO 
chemical equilibrium in that particular condition. Detecting the iron oxide stability threshold, 
providing the availability of precise data and good sensor accuracy could be one of the solutions. 

4.5 Conclusions 

The chemistry control in a nuclear system appears as a quite complex issue, and particularly critical 
to keep under control the corrosion in a wider operating temperature range, as well as to keep the 
coolant free of any contamination by oxides, which is basically the first requirement. The radiochemistry 
control appears as well as difficult, as, production rates are relatively inaccurate, and as the transport 
phenomena as well as associated purification processes are to be more understood and developed. 

However, the chemistry control is usually not critical for operation if it was taken into account at 
the early stage of the design as well as during the start-up and shutdown procedures. This is why it 
should not be neglected in designing any kind of systems, especially in the view of the potential 
operating difficulties that could result from it. Well-designed and well-operated facilities could be run, 
in principle, with a rather high confidence, in the no-oxygen conditions. Higher operating temperatures 
require the validation of oxygen control systems at a specified medium range concentration on the 
long term for larger systems, and especially for pure lead. 
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There are some similarities in the chemistry analysis of water, liquid sodium and lead alloy 
systems. They all present quite identical requirements for both monitoring and processes. However, 
the consequences for an LBE system are much more critical, such as the loss of cooling capacity due 
to plugging or the loss of confinement due to corrosion, which makes this issue as one of the most 
important one when operating such system. 

Some points remains open for further studies, such as the process optimisation of oxygen control 
systems, the improvement of the reliability of the associated instrumentation, such as the oxygen 
sensor, as well as the basic phenomena for aerosols, particles and mass transfer, even of impurities 
present in traces such as the active contaminants, within a close and tight system on the long term, for 
which the basic understanding should be increased. 
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