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Abstract 
 
This report is an update of the internal SCK·CEN report IR-18 "Database of thermal 
properties for the melted lead-bismuth eutectic" issued in 2002. This compilation takes into 
account larger amount of original sources and, partially, the work performed in the 
framework of the preparation of a "zero" version of the HLMC Handbook by the 
OECD/NEA Working Group on LBE Technology. An analysis is performed of the previous 
recommendations using some general physical laws and referencing to the properties of lead 
and bismuth. The updated and extended version of the molten LBE thermal properties 
database is developed and the correlations are proposed for the design calculations of ADS 
MYRRHA. 
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1. Introduction 

 
Heavy liquid metal coolants (HLMC) such as mercury (Hg), molten lead (Pb), molten 

bismuth (Bi) and molten lead-bismuth eutectic (LBE), and some other Pb- and Bi-based 
eutectic alloys were considered as candidates for nuclear power installations already at the 
beginning of 40’s. These liquid metals indeed show very good thermal and neutron 
properties, such as a high thermal conductivity, a low vapour pressure and a low neutron 
capture cross-section. Later, Hg- and LBE- coolants were used in a few special experimental 
nuclear reactors. The main advantage of HLMC in comparison with the more frequently used 
sodium (Na) coolant is enhanced safety due to the absence of an exothermal chemical 
reaction in contact with oxygen and water. Moreover, their boiling temperatures are so high 
(i.e. higher than the cladding materials melting temperature), that boiling in the core is 
practically impossible. HLMC also have better neutronic characteristics for fast neutron 
cores. Despite of the features mentioned above, the success in use of HLMC is limited 
because of the difficulties associated with corrosion due to a high dissolution rate of most of 
the conventional structure materials, and because of high transfer and precipitation rates of 
the corrosion products in the cooling circuits [1,2].  

 
In the USA and Canada, the possibilities of application of the melted Pb, Bi, LBE and 

some eutectic alloys in the nuclear reactors were studied in the 40-50’s (mainly in the 
framework of the Liquid Metal Fuel Reactor Program, which considered a possibility of 
using the U-Bi eutectic as a self-cooling nuclear fuel). The considered core designs used a 
tight fuel lattice with a high power density and, consequently, required a relatively high 
velocity of coolant. The corrosion and related mass transfer problems were severe and not 
solved satisfactory. The obtained results also showed that refractory metals and low alloyed 
steels are the most corrosion resistant, that zirconium (Zr) and titanium (Ti) additives, used as 
inhibitors, lead to a limited but inconsistent success, and that the coatings with nitride or 
oxide protective films fail to prevent long term corrosion under representative operation 
conditions. Finally it may be noted that these studies were stopped before the program was 
completed [1]. 
 

In 50-70’s, the intensive researches on HLMC for nuclear reactors were performed in 
the former USSR. They resulted in construction of 8 submarines with 150 MW propulsion 
reactors cooled by the liquid LBE. The technology of corrosion mitigation, based on the 
active control of the oxygen thermodynamic activity in LBE and on the continuous coolant 
cleaning of contaminating oxides, was firstly developed and then significantly improved in 
the Institute for Power Physics and Engineering (IPPE, Obninsk, Russian Federation) [3].  

 
Important researches on corrosion of steels in the molten lead-lithium eutectic (LLE) 

were performed in 70-90’s in the framework of few International Programs aimed at the 
development of a fusion reactor. This eutectic was proposed to used as coolant-breeder (Pb 
serves as a neutron-multiplier and Li as a tritium fuel breeding medium) [4].  
 

During the last fifteen years, the interest to HLMC are significantly increased, and 
important R&D programmes aiming at the development of new generation nuclear 
installations cooled by lead and LBE have been started in EU, USA, Japan, Korea and 
Russian Federation. A high interest was demonstrated to the subcritical accelerator driven 
systems (ADS) devoted to demonstration of possibilities for the transmutation of nuclear 
waste, where Pb or LBE will be used as a spallation target and also as a coolant [5]. In 2006 
the high intensity spallation neutron source (SNS) with the mercury target will start its 
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operation in USA [6]. These projects move at the first plane the knowledge of the HLMC 
properties at expected operation conditions of the future nuclear installations. 

 
Mercury (Hg) has the lowest melting temperature (Tmelt Hg = - 38.7 °C = 234.5 K) among 
HLMC. The main disadvantages of mercury are a rather low boiling temperature (Tboil Hg 
~357 °C = 630 K) resulting in a high vapour pressure, a high absorption cross-section for 
thermal neutrons (375 barn) [7] and high toxicity [8]. These drawbacks make difficult to use 
Hg as a coolant in nuclear installation.  
 
Lead (Pb) has the highest melting temperature (Tmelt Pb = 327.4 °C = 600.6 K) among the 
considered HLMC. An oxide film (PbO) very rapidly appears on the surface of the liquid 
lead even in dry air.  The oxidation rate sharply increases at 700-900 °C. Gases H2, N2 and 
CO2 are hardly soluble, Ar, He are insoluble in the liquid lead and can serve as a "cover-gas" 
to protect the lead surface against oxidation. A higher solubility of metals in the liquid lead 
and its eutectic alloys makes them more corrosion active than liquid alkali metals. However, 
the affinity of lead to oxygen is significantly lower than those of alkali metals, refractory 
metals and basic components of steels (excluding nickel). The vapours of Pb (like those of 
other heavy metals) are toxic [8].  
  
Due to a low neutron absorption cross-section (< 0.17 barn) and due to a high atomic mass 
(A = 207.18), it has very good reflecting properties for neutrons with En < 20 MeV . 
Moreover it is one of the best shields against high energy gamma-rays. After neutron capture 
followed by β-decay (τ1/2 = 3.25 h), 208Pb82 (52.4 at.% in the natural lead) yields stable 
209Bi93 , which, in its turn, can capture a neutron and produce the α-radioactive Po-210: 
209Bi83 + 1n0 -> 210Bi83

* -> 210Po84 + e (τ1/2 = 138.4 d). This can cause some worries in the 
lead coolant circuit [9]. 
 
Lead contracts at solidification by about 3.6 vol. %. Therefore special means should be 
designed to prevent the structure damage that can be caused by this contraction in the case of 
accidental freezing of the coolant system. Lead is rather inexpensive - $1150-1180 per ton of 
99.99 % Pb was indicated in the beginning of 2006 [10]. Mine production of 3280 thousand 
tons of lead was indicated in [11]  
 
Different design options of the fast nuclear reactor cooled by liquid lead are now under study 
in Russia in the framework of BREST project [12] and in the framework of Generation IV 
initiative [13].  

 
Bismuth (Bi) has lower melting temperature than lead (Tmelt Bi = 271.3 °C = 544.54 K). It 
expands at solidification (and contracts in melting) for 3.32 vol. % [14]. It is chemically more 
active than lead: when Bi is heated in air to sufficiently high temperatures, it combusts. The 
corrosion attack of the liquid bismuth on metals is stronger than that of the liquid lead at the 
same temperature [15]. 
 
Bi has five times lower neutron absorption cross-section than Pb and even better neutron 
reflecting properties. An important disadvantage of Bi in comparison with Pb is the higher by 
three orders of magnitude production of the α-radioactive isotope 210Po84, due to thermal 
neutron capture followed by β-decay. This requires special means of protection during 
maintenance of the liquid bismuth coolant circuit [9]. 
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Bi is far more expensive than lead: the price range for 99.99 % Bi in 2005 was $10700-11800 
a ton [10]. Moreover, the world mine production of bismuth is not as high as for lead - about 
5200  tons in 2005 [16]. 
 
A higher corrosion activity, a higher rate of radioactive polonium production and a relatively 
high price make the pure bismuth significantly less attractive than the pure lead.  
 
Lead-Bismuth Eutectic (LBE)  containing 44.5 wt. % Pb and  55.5 wt.% Bi has the second 
(after Hg) lowest melting temperature (~124 °C = 397 K) among the considered HLMC. It 
allows to use lower operation temperatures resulting in lower corrosion rates and in easier 
maintenance [17]. 
 
It should be at least by 40 % less expensive than the pure bismuth. Its neutron properties are 
between those of Pb and Bi. The main disadvantage is a relatively high production of the 
radioactive polonium (Po-210), mainly due capture of the thermal neutrons by Bi. This 
polonium forms in LBE intermetallic compounds PbPo and Bi2Po3. The latter compound is 
not stable. At temperatures below 600 °C, polonium exists and evaporates in the form of 
PbPo in the non-saturated LBE melt [18]. In this case the released Po-fraction is about the 
same in liquid lead and in LBE under the same conditions.  
 

Other two eutectic alloys of interest based on lead are the lead-lithium eutectic of 
99.32wt.%Pb+0.68wt.%Li [19], and the lead-magnesium eutectic of 97.5wt.%Pb-2.5wt.%Mg 
[20]. These eutectics have higher melting temperature than LBE: 250 °C for the lead-
magnesium eutectic 97.5wt.%Pb-2.5wt.%Mg and 235 °C for lead-lithium eutectic 
32wt.%Pb+0.68wt.%Li. They are also considered as potential candidates for coolant of new 
generation fast reactors and for a liquid spallation target of accelerated driven systems 
(ADS). However, both of them have a high affinity to oxygen due to the presence of Mg and 
Li respectively and therefore can be used only at oxygen free conditions. In the presence of 
oxygen in the coolant Mg and Li will form oxides MgO and LiO2 resulting in modification of 
the alloy composition and properties. 
 

 
This report compiles the thermo-physical and electrical properties of LBE (e.g. density, 

molar volume, isobaric heat capacity, viscosity, thermal and electrical conductivity, etc.) 
reported in the open literature. In some cases, significant discrepancies exist among the 
values given by different sources therefore the recommendations based on the “best fit” of 
data are usually retained. Up to now, the published data on the LBE properties are very 
limited. They mainly come from materials handbooks of fifties and sixties. First compilations 
of main thermophysical properties of LBE have been performed by R.N. Lyon et al. [21], S.S. 
Kutateladze et al. [22], and N.A. Nikol’skii et al. [23]. In the later handbooks these 
recommendation were either reproduced without changes [24-27] or with the introduction of 
some new results [28-33]. During the last years some reports appeared where previous data 
were reproduced and reanalysed [34-38]. Unfortunately, new publications recently issued in 
Russia have not yet been taken into account in this report.  
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2. Pb-Bi alloy phase-diagram  
 

The first relatively complete phase-diagram of the binary Pb-Bi system was published 
in 1948 in "Metals Handbook" of G.O. Hiers [39] . Ten years later, the updated Pb-Bi phase 
diagram with some experimental results was presented by M. Hansen and K. Anderko [40]. 
Some supplementary changes in this diagram, taking into account new experimental data, 
were performed by R.P. Elliott in 1965 [41]. Then B.Predel and W.Schwerman [42] 
described the boundaries of ε-zone, and  M.V. Nosek [43] gave a more precise description of 
the Bi-zone. The updated in 1973 variant of the Pb-Bi diagram published in the book of R. 
Hultgren et al. [29] is presented in  Figure 1 below. 
 

 
Figure 1. Phase-diagram of the Pb-Bi system from [29]. 

 
 
This diagram shows the following characteristic points : 

- the melting point of Bi at 544.52 K; 
- the melting point of Pb at 600.6 K; 
- the solubility limit for Pb in Bi in the solid state is 5 at.%;  
- the solubility limit for Bi in Pb in the solid state is 24 at.%; 
- an eutectic point at 43.7 at.%Pb with the melting temperature of 398 K; 
- a peritectic point at 64 at.%Pb with the melting temperature of 457 K; 
- an eutectoid point at 72.5 at.% Pb and 227 K. 
 

In 1992, N.A. Gokcen [44] proposed a few modifications in the parameters of some 
characteristic points:  

- more precise melting points of elements – Tmelt Bi = 544.592 K;  Tmelt Bi = 600.652 K; 
- the eutectic point at 45.0 at.%Pb and Tmelt LBE = 398.65 K;  
- the peritectic point at 71 at.% Pb and 460.15 K; 
- the lower limits of the elements solubility in the solid state - 0.7 at.%Pb in Bi and 22 

at.%Bi in Pb. 
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These modifications were taken into account in the Pb-Bi phase-diagram published in the 
ASM Handbook [45]1.  
 

In many Russian publications (followed recentlt by other authors), the Pb-Bi phase-
diagram is often reproduced which gives for the LBE eutectic composition: 55.5 wt.% Bi 
(55.7 at.%Bi) and 44.5 wt. % Pb (44.3 at.%Pb) and for the eutectic melting point  Tmelt = 
123.5 °C (396.65 K) is often presented. These parameters of the eutectic point are probably 
reproduced from [22]. 

 
 

 

                                                 

 

1  It is interesting to note that in the last (8th) edition of the Smithells  Metals Reference Book [46], the old Pb-
Bi phase diagram is reproduced from [39].   
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3. Melting and boiling points  
 

 3.1. Melting temperature 

The sources of data on the LBE melting point included in this report are R.N. Lyon 
[21], S.S. Kutateladze et al. [22], R. Hultgren [29], Smithells Metals Reference Book [46], 
M. Hansen, K. Anderko [40] and the ASM Handbook [45]. These data were reproduced in 
other handbooks [25,31,47,48] and compilations [34-38]. The selected sources included in 
the database (Table 3.1 below) give for the LBE melting temperature Tmelt = 123.5-125.5 °C  
(396.7-398.7 K) at the normal atmospheric pressure.  
 
Table 3.1. Database on the LBE melting point. 

 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range, Pa Values Ref. 

Melting 
temperature ? ? n/a ~ 105 (?) 125 °C [21] 

 
Interpolation function:         meltT  = 398 K
 

3.1.1 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Melting 

temperature ? ? n/a ~ 105 (?) 123.5 °C [22] 

 
Interpolation function:         meltT = 396.6 K
 

3.1.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Melting 

temperature ? ? n/a ~ 105 (?) 398 K [29] 

Interpolation function:         meltT  = 398 K
 

3.1.3 

Comments:   43.7 at.% Pb + 56.3 at % Bi. Unknown purity 
Melting 

temperature ? ? n/a ~ 105 (?) 124 °C [46] 

 
Interpolation function:         meltT  = 397 K
 

3.1.4 

Comments:   44.8 wt.% Pb + 55.2 wt.% Bi. Unknown purity 
Melting 

temperature ? ? n/a ~ 105 (?) 125 °C [41] 

Interpolation function:         meltT  = 398 K
 

3.1.5 

Comments:   43.7 at.% Pb + 56.3 at % Bi. Unknown purity 
Melting 

temperature ? ? n/a ~ 105 (?) 125.5 °C [44] 

 
Interpolation function:       T  melt = 398.5 K
 

3.1.6 

Comments:   44.8 wt.% Pb + 55.2 wt.% Bi. Unknown purity 
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The mean value of  
  

meltT = 397.7 0.6 K  ±           (3-1) 
 
can be recommended on the basis of the data presented above. 
 

 3.2. Volume change at melting  
 

A negligible volume change on melting of solid LBE at the normal atmospheric 
pressure has been first published in the handbook of R.N. Lyon [21]. (This recommendation 
has been repeated in later handbooks and compilations). At the same time a 1.43 vol. % 
contraction of LBE on freezing was indicated, with a subsequent expansion of the solid phase 
of 0.77 vol.% at an arbitrary temperature of 65°C. Post-solidification expansion may occur in 
metastable alloy as the result of local changes in the composition ratio. A contraction of 
1.52±0.1 vol.% of the solid phase during  solidification of LBE has been mentioned in [15].  
 

 
Figure 2. Solid LBE volume evolution as a function of time after heatup from 25 to  
125 °C (< Tmelt) [49]:  

1 – fast heatup (prehistory: few years at 20-25 °C);  
2 - fast heatup  (prehistory: cooling down to 25 °C after solidification and exposure 

during 65 hours;  
3 – heatup time is one hour (prehistory:  three hours of exposure at 124 °C followed by 15 

hours of exposure at 25 °C).  
 

The problems of freezing and melting of LBE in reactor circuits were analysed in more 
details by E.H. Pylchenkov [49]. Some of his results are shown in Figure 2. The volume 
effect upon freezing-defreezing depends very strongly on phase-structure of local 
transformations in the solid state related to the mutual solubility of LBE components. An 
excess in γ-phase precipitation during freezing can result in a volume increase. The results 
are very sensitive to the experimental conditions and a very long period (> 100 d) is required 
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to reach equilibrium. According to Pylchenkov [49], post-solidification expansion may occur 
in a metastable alloy as a result of local changes in the composition. He pointed out the 
general tendency: the volume effect of LBE melting-solidification is minimal for pure 
eutectic materials. A negligible volume change was observed in some of the long term 
experiments. 

  
Recently, Glasbrenner [50] showed that recrystallization at the level of a crystal grain is 

responsible for the expansion of LBE after freezing. In their experiments, two phases were 
identified immediately after rapid solidification of LBE:  

• β-phase: an intermetallic compound with 42 at.% Bi (at the freezing point) and a 
hexagonal closed packed structure; 

• γ-phase: a solid solution of Pb in Bi (~0.4 at.%Pb) with a rhombohedric structure.  
The β-phase formed at freezing is not stable at room temperature. With time it is partly 
transformed into a β-phase with a lower Bi content (about 35 at.%) and γ-phase. As the γ-
phase needs much more space, the transformation produces an expansion of the material. 

 
Measurements of this kind of LBE expansion performed at room temperature by Gröschel et al.  

[51] showed that it is reduced by a factor of 6 when slow cooling is used to 60-90 °C (333.3-363.3K) 
in the place of quenching.  
 
 Thus, in quasi-equilibrium processes a volume change close zero can be 
recommended for fusion of the pure LBE.  

 
 

3.3. Latent heat of melting   
 

The most cited results on the latent heat of the LBE melting at normal atmospheric 
pressure are those published in the handbook of A.J. Friedland  [28]. The recent IAEA 
compilation TECDOC-1289 [38] probably reproduces the value the LBE melting heat from 
the report of  P.I. Kyrillov and N.B. Deniskina [36]. The data from these two sources were 
included in the database (Table 3.2 below). 
 
Table 3.2. Database on the latent heat of LBE melting at the normal melting point. 
 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range, Pa Values Ref. 

Latent heat 
of melting ? ? n/a ~ 105 (?) 38134 J kg-1 [28] 

 
Interpolation function:         melt =38.134 kJ/kg = 7.939 kJ/moleQ
 

3.2.1 

Comments:  … 
Latent heat 
of melting ? ? n/a ~ 105 (?) 38.8 kJ kg-1 [38] 

 
Interpolation function:         meltQ =38.8 kJ/kg = 8.08 kJ/mole
 

3.2.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
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The mean value of the LBE melting heat of  
 

meltQ =38.5 0.3 kJ/kg = 8.01 0.07 kJ/mole ± ±      (3.2) 
 
is proposed to use as the recommended value at normal atmospheric pressure. 
 

 3.4. Boiling temperature 

The same boiling temperature of LBE at normal atmospheric pressure (Tboil = 1670 °C) 
was given in the handbook of R.N. Lyon [21]2 and in a publication by S.S. Kutateladze et al. 
[22]. This value was reproduced in the later publications [24,25,28,29,38,46]. So, the 
recommendations of the sources [21] and [22] have been included in the database (Table 3.3). 
The information is missing on uncertainty of this values. Taking into account accuracy of a 
liquid metal temperature measurement in 50s, it was assumed that error is ±20 K.   
 
Table 3.3.  Database on the LBE normal boiling point. 

 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy  

Temperature 
range, K 

Pressure 
range, Pa Values Ref. 

Boiling 
temperature ? 20 K (?) n/a ~ 105 (?) 1670 °C [21] 

 
Interpolation function:         boilT  = 1943 K
 

3.3.1 

Comments:    
Boiling 

temperature ? 20 K (?) n/a ~ 105 (?) 1670 °C [22] 

 
Interpolation function:         boilT  = 1943 K
 

3.3.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
 
 
Based on the results of Table 3.3 the value of   
 

boilT = 1943 20(?) K ±         (3-3) 
 
can be recommended for the normal boiling temperature of pure LBE.  
 
 

 3.5. Heat of vaporisation at the normal boiling point  
 

                                                 

 
2 However, in the handbook [21] it has been mentioned that in the original source Tboil = 1677 °C was also cited. 
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The value of the heat of vaporisation of LBE at the normal boiling point was presented 
in the handbook of A.J. Friedland  [28]. The more recent IAEA compilation [38] probably 
reproduces data from the report of  P.I. Kirillov and N.B. Deniskina [36]. These two sources 
were included in the database (see Table 3.4). 
 
Table 3.4. Latent heat of boiling of LBE at normal boiling point. 

 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range, Pa Values Ref. 

Latent heat 
of boiling ? ? n/a ~ 105 (?) 178352 

J/mole [28] 

 
Interpolation function:         boil =856.722 kJ/kg = 178.352 kJ/moleQ
 

3.4.1 

Comments:    
Latent heat 
of boiling ? ? n/a ~ 105 (?) 852 kJ/kg [38] 

 
Interpolation function:         boil =852 kJ/kg = 177 kJ/moleQ
 

3.4.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
 
 
The mean value of   
 

boilQ =854 2 kJ/kg = 177.7 0.4 kJ/mole ± ±      (3-4) 
 
can be proposed as the recommendation for the heat of boiling at normal boiling point of pure 
LBE.   
 

3.6. Saturation vapour pressure 
 

R.B. Tupper et al. [52] studied polonium evaporation from LBE and published in 1991 
some experimental results on the LBE (saturation) vapour pressure at temperatures 235-268 
and 520-550 °C (508-541, 793-823 K). Later Yu. Orlov et al. [53] communicated 
experimental values for the saturation pressure of the LBE vapour at equilibrium with the 
liquid phase at 5 different temperatures. These results were reproduced later in [54]. I both 
original publications it was mentioned a very large uncertainty in the pressure measurement 
at low temperatures (< 500 °C =773 K). Some new results have recently been communicated 
by P. Michelato et al. [55], P. Schuurmans et al. [56], and published by S. Onho et al. [57]. 
All these sources were included in the database (Table 3.5).  
 
Table 3.5. Database on the LBE vapour-pressure on the saturation line: ps is in Pa and T is in 
kelvins in all correlations. 

 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range, Pa Values Ref. 

3.5.1 Saturated 
vapour pressure 

Weighting of 
deposits ? 523-823 

 
3·10-6-
9·10-3 

Table 
A1.1 [52] 
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Interpolation function:        ( ) 22969n -  + 23.339
Tsp =l      at T = 793-823 K  

 
Comments:   43.5 wt.% Pb + 53.8 wt % Bi. (2.5 wt. % others) in the melt after tests. 

Saturated 
vapour pressure ? ? 508-793 

 
1.3·10-6-
1.9·10-3 

Table 
A1.2 [53,54] 

 
Interpolation function:        

( ) ( ) ( ) 2
ln 40.304-26.474 ln T-273.15  + 3.044 ln T-273.15sp  = ⋅ ⋅      (from [34]) 

 

3.5.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Saturated 

vapour pressure ? ? 723-923 2·10-7-
3·10-3 

Table 
A1.3 [55] 

 

Interpolation function:        ( ) 32265n -  + 29.472
Tsp =l  

 

3.5.3 

Comments:    
Saturated 

vapour pressure ? 10% 673 3·10-5 Table 
A1.4 [56] 

 
Interpolation function:      n/a  
 

3.5.4 

Comments:   44.8 wt.% Pb + 55.2 wt. % Bi. 99.99 % purity. Unknown purity 
Saturated 

vapour pressure ? ? 723-1023 5·10-4-2.5 Table 
A1.5 [57] 

 

Interpolation function:        ( ) 10100og -   10.2sp
T

= +l   at T = 823-1023 K (from [57]) 

 
 

3.5.5 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi.; 99.999 % purity 

 

 
 

Original values of temperatures and pressures from the sources [52-57] are presented in 
Annex 1 and plotted in Fig 3 together with the correlations recommended for lead and 
bismuth [30]. 
 

Figure 3 illustrates that in the temperature range of 650-1940 K, the vapour pressure of 
both, lead and bismuth, are very close to the experimental values for LBE available from [52-
54,56,57]. The results of Michelato et al. [55] are systematically lower than the body of data,  
therefore they are not used in the following analysis. At temperatures of 500-550 K (227-
277°C), Tupper et al. [52], and Orlov et al. [53], give values of LBE vapour pressure that are 
an order of magnitude higher than the liquid-vapour equilibrium lines of lead and bismuth 
extrapolated to the lower temperatures. However, it should be noticed that at the expected 
level of saturated pressure (~10-8 Pa) it is very difficult to measure the pressure correctly, and 
overestimation by several orders of magnitude can often be obtained due to contamination of 
the liquid metal or of the experimental rig. Therefore it is proposed that these points not be 
considered at present.  
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Figure 3. Saturated vapour pressure of molten LBE versus temperature. 

 
 

The selected data set was used to determine the coefficients for a simplified, Arrhenius 
type correlation  

 

 exps
∆Hp = A
RT

⋅ −
 




)

        (3-5) 

 
deduced from the Clausius-Clapeyron equilibrium equation3 assuming that the vapour 
behaves as a perfect gas and neglecting the volume of liquid in comparison with that of the 
gas. A is a constant of integration and ∆H is the heat (enthalpy) of evaporation. 
 
The values of ∆H and A thus obtained were: ∆H = 187.5 kJ/mol and A = 11.1·109 Pa. The 
obtained value of ∆H is in a good agreement with the value of the latent heat of LBE 
evaporation recommended in section 3.5 (177.7 kJ/mol), taking into account the large 
uncertainty in the experimental results used for its calculation. The following simplified 
correlation for the saturation vapour pressure of molten LBE is recommended:    
 

(101.11 10 exp 22552 /sp T= ⋅ ⋅ −         (3-6) 
 
where ps is in Pa and T is in K.  
 
The deviation of the selected experimental values from this correlation is illustrated in Figure 
4. The maximum deviation in the temperature range of 673-1943 K  (400-1670°C) is about ± 
                                                 
3  For the equilibrium between liquid (l) and vapour (v) phases, the Clausius-Clapeyron equation states that [58] 
 

( )
v

v l

lH Hdp =
dT T V V

−
−
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60%. (There is no agreement at all at the lower temperatures). In spite of this significant 
deviation, it was decided to not search for a more sophisticated formula given the very large 
dispersion of data obtained from different sources.  
  

Thus, the correlation (3-6) is recommended as a first approach for the estimation of the 
LBE saturated vapour pressure, until more reliable and consistent data is available. 
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Figure 4. Deviation of the selected data on the saturated vapour pressures of molten LBE  

from the recommended correlation (3-8).  
 

 



 20

 
4. Thermodynamic properties 

 4.1. Surface tension 
 

Several sources of data on the surface tension (energy) of the molten LBE are  found in 
open literature and are included in the present database (Table 4.1): R.N. Lyon [21], R.R. 
Miller [59], V.K. Semenchenko [60], I.V. Kazakova, et al. [61], R. Novacovic et al. [62],  
D. Giuranno, et al. [63], and F.C. Pastor Torres [64]. In the handbook of P.L. Kyrillov and 
G.P. Bogoslovskaya [31] incorrect data on the LBE surface tension were presented, however, 
they have been rectified by P.L. Kyrillov in [38]. These results have been included in the 
database (table 4.1).   
 

R.N. Lyon [21] reported only two values: σ = 367 dyn cm-1 at T = 800°C,  and σ = 356 
dyn cm-1 at 1000°C. R.R. Miller [59] presented LBE surface tension values at 200, 300 and 
400 °C. I.V. Kazakova, et al. [61] measured surface tension of Pb-Bi melts using the sessile 
drop method at temperatures up to 800 °C (1073 K). R. Novacovic et al. [62] and Giuranno 
[63] also used the sessile-drop method to study a molten Pb-Bi alloy with almost eutectic 
composition (43.9 wt.% Pb) over the temperature range of 623-773 K (350-500 °C). F.C. 
Pastor Torres [64] recently measured LBE surface tension with the pendent drop method in 
an inert atmosphere at temperatures from 423 to 573 K (150-300 °C). However, the results 
obtained at T < 473 K (200 °C) were discarded because of difficulties related to oxidation.  
  
Table 4.1 LBE surface tension database. 

 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range, 

Pa 
Values Ref. 

Surface 
tension 

? ? 1073,1273 ~ 105 (?) Table 
A2.1 

[21] 

 
Interpolation function:        ( ) -3 1= 426.02 - 0.055 T 10 N mσ −⋅ ⋅  
 

4.1 

Comments:    
Surface 
tension 

Sessile drop ? 623-773 ~ 105 (?) Table 
A2.2 

[62] 

 
Interpolation function:        ( ) -3 1= 445.419 - 0.0801 T 10 N mσ −⋅ ⋅  
 

4.2 

Comments:   43.9 wt.% Pb + 56.1 wt % Bi. Unknown purity 
Surface 
tension Pendent drop ? 423-573 ~ 105 (?) Table 

A2.3 [64] 

 
Interpolation function:        ( ) -3 1= 450.86 - 0.0873 T 10 N mσ −⋅ ⋅  
 

4.3 

Comments:   44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity 
Surface 
tension   1073-1373 ~ 105 (?) Table 

A2.4 [60] 

 
Interpolation function:       ( ) -3 1= 421.26 - 0.0665 T 10 N mσ −⋅ ⋅  
 

4.4 

Comments:    
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Surface 
tension 

? ? 473?-673 ~ 105(?) Table 
A2.5 

[59] 

 
Interpolation function:       ( ) -3 1= 421.26 - 0.0665 T 10 N mσ −⋅ ⋅  

 

4.5 

Comments:    
Surface 
tension 

Sessile drop  ???-1073  Table 
A2.6 

[61] 

 
Interpolation function:       ( ) -3 1= 415.7 - 0.047 T 10 N mσ −⋅ ⋅  

 

4.6 

Comments:   43.3 wt.% Pb + 56.7 wt.% Bi. Unknown purity 
Surface 
tension 

-    Table 
A2.7 

[38] 

 
Interpolation function:       ( ) -3 1= 444.0 - 0.0703 T 10 N mσ −⋅ ⋅  
 

4.7 

Comments:   44.5 wt.% Pb + 55.5 wt.% Bi.  
 

The detailed data from the sources cited above are presented in Annex 2 and in Fig. 5 
together with the curves chosen as references for the same property of the pure elements Pb 
and Bi [64].  
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Figure 5. Surface tension of molten LBE 
 

 
These data can be described with uncertainty of less than 3% (see Fig. 6) by the following 
liner correlation: 
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 ( ) -3= 437.1 - 0.066 T 10σ ⋅ ⋅        (4-1) 
 
where σ is in N m-1 and T is in K. 
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Figure 6. Deviation of the source data on surface tension of molten LBE  
from the recommended correlation (4-1). 
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4.2. Density and thermal expansion 
 

4.2.1. Density 
 

Only data that do not repeat one another have been included in the database of the 
molten LBE presented in Table 4.2: R.N Lyon [21], S.S. Kutateladze [22], P. Kyrillov et al. 
in [38]. B.B. Alchagirov et al. [65] The recommendations presented in [14,26,27] were 
obtained by the  interpolation of the results of [21] and were therefore  not included in the 
database.  
 
Table 4.2. LBE density database. 

 
Reg. 
No. Parameter 

Method used 
for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range, Pa Values Ref. 

Density ? ? 473-1273 ~ 105 (?) Table 
A3.1 

[21] 

 
Interpolation function:        11113-1.375 Tρ = ⋅   kg m-3 
 

4.2.1 

Comments:   Unknown data on eutectic composition and purity.   
Density Picnometer ? 403-973 ~ 105 (?) Table 

A3.2 
[22] 

 
Interpolation function:        11062 -1.2175 Tρ = ⋅   kg m-3 
 

4.2.2 

Comments:   44.5 wt.% Pb + 55.5 wt.%Bi. Unknown purity 

Density Picnometer ? 403-1073 ~ 105 (?) Table 
A3.3 [38] 

 
Interpolation function:        11047 -1.2564 Tρ = ⋅   kg m-3 
 

4.2.3 

Comments:   44.5 wt.% Pb + 55.5 wt.%Bi. Unknown purity 

Density Picnometer 0.1 % 410-726 ~ 105 (?) Table 
A3.4 [65] 

 
Interpolation function:       10981.7 -1.1369 Tρ = ⋅   kg m-3 
 

4.2.4 

Comments:   44.6 wt % Pb + 55.4 wt % Bi. Purity Pb – 99.9985 wt %. Purity Bi – 99.98 wt %  
 
The extracted density values as a function of temperature at normal atmospheric 

pressure are presented in Annex 3 and in Fig. 7. 
 
The temperature dependence of the densities of pure molten lead and pure molten 

bismuth, calculated with the empirical correlations recommended in the handbook of B. 
Cheynet et al. [33], are also reproduced for comparison. 
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Figure 7. Density of molten LBE versus temperature. 
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Figure 8. Deviation of the literature recommendations for density of molten  

LBE from the correlation (4-2). 
 

The linear regression of values presented in Annex 3 yields for the LBE density:   
 

( ) 11096 -1.3236T Tρ = ⋅        (4-2) 
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where ρ  is in kg/m³ and T is in K. 
 
Figure 8 shows that the deviation of the selected literature data for molten LBE density from 
the correlation (4-2) does not exceed 0.8 %.   

    
In figures 7 and 8 the results of calculation of the LBE density using Vegard's law 

which expresses the molar volume of LBE through the molar fractions (xµ Pb and xµ Bi) and the 
molar volumes (vµ Pb and vµ Bi) of lead and bismuth as follows: 
 

v vLBE Pb Pb Bi Bix xµ µ µ µ= ⋅ + ⋅ vµ        (4-3) 
 
are also presented. Expression (4-3), transformed to the following form:   
 

( )
Bi

BiPb

Pb

PbPb

LBE
LBE xx

ρ
µ

ρ
µ

µ
ρ

µµ ⋅−
+

⋅
=

1
,      (4-4) 

 
(where µPb,  µBi, and µLBE  are the molar masses of Pb, Bi and LBE respectively) allows one 
to calculate the LBE density using as input the densities of the pure melted lead and pure 
melted bismuth which can be predicted with better accuracy than that of LBE [33].  

 
From Fig. 7 and Fig. 8 one can see that the Vegard's law can be used for calculation of 

the LBE density as a good approximation. In spite the fact that the Vegard's law can not be 
applied to LBE at temperatures lower than highest melting point of the components, it gives 
very good results from the LBE melting temperature to at least 1300 K (1027°C) if one 
extrapolates the correlations for the densities of the melted Pb and Bi down to Tmelt LBE. 

 

4.2.2. Thermal expansion 
 

Density of liquid metals changes with temperature due to thermal expansion related to 
anharmonicity of interatomic forces. In a general case, a link between the density and the 
coefficient of volumetric thermal expansion at any constant TD parameter x is defined by the 
following formula: 

 
1 1( )x

x x

VT
V T T

ρβ
ρ

∂  ≡ ⋅ = − ⋅  ∂ ∂  
∂ 




      (4-5) 

 
Literature sources describing a direct measurement of the coefficient of thermal expansion 
(CTE) of molten LBE were not found. Therefore available information on the temperature 
dependence of the LBE density presented in the precedent section was used for deduction of 
the isobaric CTE. Substituting the correlation (4-2) into definition (10-1) yield the following 
formula for the isobaric volumetric CTE of molten LBE: 
 

1( )  
8383.2 -p T

T
β =         (4-6) 
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where βp is in K-1 and T is in K.  
 
 The obtained results are presented in Fig. 9 below.   
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Figure 9. Volumetric thermal expansion coefficients of molten LBE  

in function of temperature. 
 
 

Comparison of the volumetric CTE of molten lead, molten bismuth and molten LBE, 
obtained with formula (4-5) and the recommended correlations for their density, shows that 
LBE has the highest CTE (see Fig. 9). In principle, this can be explained by the lower 
attractive forces between Pb and Bi atoms in LBE than in the pure lead and in the pure 
bismuth. However, it could also be due to a large uncertainty of the determination of the thermal 
expansion coefficient by using the procedure of differentiation of the density correlations.  

 
The correlation (4-6) is recommended for practical applications because its consistency 

with the correlation (4-2) recommended for the LBE density. 
 

 4.3. Compressibility and sound velocity 
 

We did not find any results of the direct measurements of the compressibility of molten 
LBE in open literature. Usually, the isentropic compressibility KS (or the isentropic elastic 
modulus BS ) is found using the results of measurement of the sound velocity usound and 
density ρ [58]:  

 
21

S sound
SS

S

pB V u
V K

p

ρ ρ
ρ

∂ ≡ − ≡ = = ⋅ ∂    ∂
 ∂ 

        (4-7) 
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The ultrasound velocity in molten LBE has been measured by R. Kažys [66] over the 
temperature range 433-603 K (160-330°C). The results of this publication have been included 
in the database in Table 4.3. A.-M. Azad [67] calculated the sound velocity in molten LBE 
using the experimental data on the sound velocity in lead [68],and in bismuth [69] and 
Vegard's law. The correlation recommended by Azad [67] has also been included in the 
database. 
 
Table 4.3. Compressibility and sound velocity. 
 

Reg. 
No. Parameter 

Method  
used for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range 

 Pa 
Values Reference

Sound 
velocity 

Direct 
propagation 

0.1 433-603 ~ 105 (?) Table 
A4.2 

[66] 

 
Interpolation function:       -4 2( ) 1773 0.1049  -  2.873 10soundu T T T= + ⋅ ⋅ ⋅   m s-1 

 

4.3.1 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Sound 

velocity 
- ?  ~ 105 (?) - [67] 

 
Interpolation function:       -5 2( ) 2041.58 - 0.5987   3.3387 10soundu T T T= ⋅ + ⋅ ⋅  m s-1 
 

4.3.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
 
 
The data from [66,67] are presented in Annex 4 and plotted in Fig. 10 below together with 
the recommended plots for lead and bismuth. The Vegard's law points are extrapolated to the 
melting temperature of LBE.  
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Figure 10. Sound velocity in molten LBE versus temperature. 
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From Fig. 10 one can see that difference between the experimental data on the sound velocity 
and those obtained with the Vegard's law is less then 2 % at temperatures close to the melting 
temperature of lead. However, the slope of the temperature dependence differs by almost a 
factor two. Because of the lack of any other information at present, the most prudent option 
for now is to recommend for the molten LBE sound velocity the correlation obtained with the 
experimental results of [66]: 

 
41773 0.1049 2.873 10soundu T −= + ⋅ − ⋅ ⋅ 2T      (4-8) 

 
where usound is in  m s-1 and T in K. 
 
The results of the calculations for elastic modulus of molten LBE obtained with formulae (4-
7), (4-8) and (4-2) are presented in Figure 11 below together with the plots for molten lead 
and bismuth..  
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Figure 11. Isentropic bulk modulus of molten LBE versus temperature. 
 

In the respective temperature range and at normal atmospheric pressure, the 
temperature dependence of the isentropic bulk modulus of molten LBE can be described with 
the help of parabolic function. 

 
 ( 3 635.18 1.541 10 9.191 10 10sB T− −= − ⋅ ⋅ − ⋅ ⋅ ⋅)2 9T     (4-9) 

 
where Bs is in Pa and T is in K. 
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 4.4. Heat capacity 

Available data on specific heat capacity of heavy LM are even less numerous than those 
on the density. We have found only three independent sources where heat capacity of the 
melted LBE is given at different temperatures: R.N. Lyon [21], S.S. Kutateladze [22], and R. 
Hultgren et al. [29]. It is interesting to mention that two older publications, [21] and [22], 
recommended just the same value of cp LBE = 0.035 cal g-1 °C-1 for a range of temperatures. 
However, in chapter 2 of the original handbook [21] it was indicated that this value has been 
obtained in the temperature interval from 144 to 358 °C, but in chapter 5 it was presented as 
interpolation for interval of 300 to 700 °F (149-371 °C). In [22] this value has already been 
recommended for temperatures from 130 °C to 700 °C. This recommendation was 
reproduced for  many years in later handbooks [24-28, 70]. Some of these even extended the 
applicability range to higher temperatures without any explanation. This value (but in SI units 
- 146 J kg-1 K-1) was recently repeated in [31] (probably from [22]), and then reproduced in 
[38]. The only source which reports the LBE heat capacity dependent on temperature is [29], 
which refers to a report of T.B. Douglas and J.L. Dever [71] (issued in 1953) as the original 
source. The latter data were reprinted in some later compilations and it was proposed to use 
linear interpolation [35, 72]. So, the information from three sources [21,22,29] was included 
in the database (Table 4.4). 

 
Table 4.4. Heat capacity database of  LBE 

 
Reg. 
No. Parameter 

Method  
used for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range 

 Pa 
Values Ref. 

Specific 
heat 

? ? 473-1273 ~ 105 (?) Table 
A5.1 

[21] 

 
Interpolation function:       c T  -1 -1( ) 146.5    p J kg K=
 

4.4.1 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity.   
Specific 

heat 
Direct heating ? 403-973 ~ 105 (?) Table 

A5.2 
[22] 

 
Interpolation function:         -1 -1( ) 146.5    pc T J kg K=
 

4.4.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Specific 

heat Heat evolution ±5 400-1100 ~ 105 (?) Table 
A5.3 [29] 

 
Interpolation function:       c T  -1 -1( ) 160 -  0.0239     p T J kg K= ⋅
 

4.4.3 

Comments:   45.3 wt.% Pb + 54.7 wt % Bi. Unknown purity 
 
 
The heat capacity values from the selected sources are presented in Annex 5 and in Fig. 12. 
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Figure 12. Specific heat of molten LBE versus temperature. 
 

 
In Fig. 12, the recommendations of for the specific heat of lead [32] and bismuth [33]  
together with the curve obtained using the additive Kopp's law that is often used for 
calculation of the heat capacities of the binary systems : 
 
       (4-10) (1 )p LBE Pb p Pb Pb p Bic x c x c= ⋅ + − ⋅
 
where cp Pb and cp Bi are the specific heat capacities and xPb and xBi are the weight contents of 
lead and bismuth in LBE, are shown.  
 
In spite of a good agreement between the values of the selected sources and with the Kopp's 
law in the temperature interval between the melting temperatures of lead and bismuth (540-
600 K), a principal disagreements exist in the temperature dependence, leading to a larger 
difference at high temperatures (Fig. 12).   

 
Trying, on one side, to take into account the similarity between LBE and its 

components (Pb and LB) and, on other side, to use the available experimental data on the 
LBE specific heat, we performed a fit of the data set composed of values given above with a 
parabolic polynomial (also taking into account the values obtained with the Kopp's law) in 
the temperature range of 400 -1100 K: 
 

2( ) 159 2.72 10 7.12 10pc T T T−= − ⋅ ⋅ + ⋅ ⋅6 2−      (4-11) 
 
where cp is in J kg-1 K-1 and T in K. 
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The deviation of the data included in the data set from the recommended correlation (4-11) is 
illustrated by Fig. 13.  
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Figure 13. Deviation of the available data on the isobaric specific heat capacity 
of molten LBE from correlation (4-11). 

 
From Fig. 13 one can see that the maximum deviation of the selected values of the LBE 
specific heat from the recommended correlation (4-13) is about 5 % in the temperature range 
of 400-1000 K. Kopp's law gives about the same deviation.    
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5. Transport properties 
 

 5.1. Viscosity 
 
 
Accurate and reliable data on viscosity of liquid metals (LM) in general are not 

abundant. In the old Western sources the recommendations for the LBE viscosity are given 
for the temperature range of 300 to 700 °C (673-973 K) by R.N Lyon [21], C.L. Mantell [24], 
and C.F. Bonilla [26]. At temperatures below 300 °C 5573 K) the data for the LBE kinematic 
viscosity have been found in the publication of S.S. Kutateladze [22]. Some supplementary 
data points were communicated by J.P. Holman in 1968 [70]. The detailed measurements 
were performed by B. Kaplun et al. [73] in 1979. Recent data from Kyrillov et al. [31,38] are 
very close to those of Kutateladze [22] up to about 900 K (627 °C). At higher temperatures 
they deviate to higher values, probably, due to the presence of oxides or other impurities. The 
sources included in database are described in Table 5.1. 
 
 
 
Table 5.1. Viscosity database for the molten LBE. 
 
 
Reg. 
No. Parameter 

Method  
used for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range 

 Pa 
Values Ref. 

Dynamic 
viscosity 

? ? 605-873 ~ 105 (?) Table 
A6.1 

[21] 

 
Interpolation function:       ( ) ( )-3 -6 2 -3

LBE = 5.37 8.92 10 4.71 10 10T Tη T− ⋅ ⋅ + ⋅ ⋅ ⋅   Pa s  

 

5.1.1 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity.  .   
Kinematic 
viscosity 

? ? 403-973 ~ 105 (?) Table 
A6.2 

[22] 

 
Interpolation function4:  

 ( ) ( )-3 -5 2 -8 3 -12 4 -2
LBE = 2.077 8.983 10 1.629 10 1.352 10 4.25 10 10T T T Tη − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ ⋅T

                                                                                                                                    Pa s 

5.1.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Dynamic 
viscosity ? ? 403-1073 ~ 105 (?) Table 

A6.3 [70] 

 
Interpolation function:        ( ) ( )-3 -6 2 -3

LBE = 4.56 7.03 10 3.61 10 10T Tη T− ⋅ ⋅ + ⋅ ⋅ ⋅    Pa s 

 

5.1.3 

Comments:    

                                                 
4 The data on the LBE dynamic viscosity presented in Table 5.1 from [22] have been calculated using 
relationship (5-3) and data on the kinematic viscosity and density presented in the same source. 
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Dynamic 
viscosity ? ? 410-726 ~ 105 (?) Table 

A6.4 [73] 

 
Interpolation function:       

 ( ) ( )-3 -5 2 -9 3 -12 4 -2
LBE = 1.702 6.612 10 1.064 10 7.751 10 2.118 10 10T T T Tη − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ ⋅T

                                                                                                                                     Pa s 

5.1.4 

Comments:    
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Figure 14. Dynamic viscosity of molten LBE versus temperature. 

 
Most of the discrepancies in the experimental data on LBE viscosity can be attributed to its 
high chemical reactivity. This physical parameter is never additive for mixtures or alloys. 
Very often Arrhenius type formula is used to describe the temperature dependence of the 
dynamic viscosity of liquid metals: 
 

 







⋅

⋅=
TR

Qµηη exp0          (5-1) 

 
where Qµ molar energy of activation of the liquid flow (J/mol); 
  R = 8.314 J/(mol·K) Universal Gas Constant; 
  ηo parametric constant (Pa·s). 
 
Fitting the parameters of formula (5-1) to the viscosity database presented above yields the 
following correlation: 
 

(44.94 10 exp 754.1/Tη −= ⋅ ⋅ )        (5-2) 
  
where η in Pa s and T in K. 
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The correlation (5-2) together with the recommended correlations for the dynamic viscosity 
of molten lead and molten bismuth [46] are presented in Fig. 14. It can be seen that viscosity 
of LBE is significantly lower than that of lead (especially at lower temperatures) and very 
close to the viscosity of bismuth. The maximum difference between the LBE viscosity given 
by (5-2) and database set is about 9 % (Fig. 15) over the temperature range of  400-1100 K.  
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Figure 15. Deviation of the database set on the LBE dynamic viscosity from formula (5-3). 
 
 
The kinematic viscosity can be determined with the following formula: 
 

ην
ρ

=           (5-3) 

 
It can be calculated using the recommended correlations (5-2) and (4-2) respectively for the 
LBE dynamic viscosity  and for the LBE density. Its dependence on temperature is illustrated 
in Fig. 16. One can see that kinematic viscosity of LBE is 1.2-1.5 times smaller than that of 
lead in the temperature range of 600-1100 K, but it is very close to the kinematic viscosity of 
bismuth. 
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Figure 16.  Kinematic viscosity of molten LBE,  lead and bismuth  
versus temperature. 

 
 
 

 5.2. Electric resistivity 
 

Only two sources with reliable data on the electric resistivity of the molten LBE were 
found in literature: R.N. Lyon [21] (probably repeated by S.S. Kutateladze [22]) and P. 
Kyrillov et al. in TECDOC-1289 [38]. A.J. Friedland [28]� reported only one value at 1000 °F 
(811 K), probably obtained by extrapolation of the data from [21]. The data presented in [31] 
have been discarded because they give very low electrical resistivity which is almost 
independent of temperature (later these data were corrected in [38]). The data from [21] and 
[38] were included in the database (Table 5.2). 
 
 
  Table 5.2. Electrical resistivity database for the melted LBE. 
 

Reg. 
No. Parameter 

Method  
used for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range 

 Pa 
Values Reference

Electrical 
resistivity 

? ? 473-773 ~ 105 (?) Table 
A7.1 

[21] 

 
Interpolation function:       ( ) 8

LBEr (T) = 89.343 + 0.05·T 10−⋅   Ω m 
 

5.2.1 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity.  .   
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Electrical 
resistivity 

? ? 403-1073 ~ 105 (?) Table 
A7.2 

[38] 

 
Interpolation function:       ( ) 8

LBEr (T) = 83.325 + 0.0523·T 10−⋅    Ω m 
 

5.2.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity.   

 
The original data from [21,38] are presented in Annex 7 and plotted in Fig. 17 below together 
with the recommended electric resistivity of lead and bismuth from [30]. 
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Figure 17. Electric resistivity of molten LBE versus temperature 
 

In Fig. 17 one can see that the LBE resistivity data recommended in [38] fit very well 
the line calculated with the Vegard-Kopp's law. The recommendations of [21] give higher 
values. Taking into account the fact that the Vegard-Kopp's law is not, in general, applicable 
to transport properties of binary systems and that only two sources of data are available, both 
data sets were used for development of the recommended linear correlation: 
  

( 8( )  86.334  0.0511· 10r T T ) −= + ⋅       (5-4) 
 
where r is in Ω m  and T in K.   
 
The deviation of data recommended in [21] and [38] for the electric resistivity of molten LBE 
from the correlation (5-4) is illustrated in Fig. 18. The maximum difference does not exceed 
2.5 % in the temperature range of 400-1100 K (127-823°C). 
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Figure 18. Deviation of the database set  data on the electric resistivity of molten LBE 
from the recommended correlation (5-4). 

 

 



 38

 

 5.3. Thermal conductivity and thermal diffusivity 
 

Experimental determination of thermal conductivity of liquid metals is difficult because 
of the problems related to convection and to wetting. At present, few experimental data are 
available. Information on thermal conductivity of molten LBE mainly comes from the old 
handbooks R.N. Lyon [21] and S.S. Kutateladze [22]. Later handbooks or reviewers 
reference to these data [24-27]. Only in the handbook of Ida and Guthrie [30], published in 
1988, few values appeared that differ from those cited above. In the Russian literature new 
data were summarised in the handbook of P.L. Kyirillov and G.P. Bogoslovskaya [31] 
without direct references to the sources. Later, these last recommendations were reproduced 
in [38]. So, the data on the LBE thermal conductivity from four sources [21,22,30,31] were 
included in the database described in Table 5.3.  
 
Table 5.3. Thermal conductivity database for the melted LBE. 
 

Reg. 
No. Parameter 

Method  
used for 

measurement 

Estimated 
accuracy 

% 

Temperature 
range, K 

Pressure 
range 

 Pa 
Values Ref. 

Thermal 
conductivity 

absolute 5 % 473-593 ~ 105 Table 
A8.1 

[21] 

 
Interpolation function:       LBE ( )=3.48 0.0129T Tλ + ⋅     W m-1 K-1 
 

5.3.1 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Thermal 

conductivity 
comparative ? 403-973 ~ 105 

(?) 
Table 
A8.2 

[22] 

 
Interpolation function:        LBE ( ) 6.86 0.0102T Tλ = + ⋅      W m-1 K-1 
 

5.3.2 

Comments:   44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
Thermal 

conductivity ? ?  ~ 105 
(?) 

Table 
A8.3 [30] 

 
Interpolation function:   -2 -5 2

LBE (T)= 1.25+3.04 10 1.343 10T Tλ − ⋅ ⋅ − ⋅ ⋅   W m-1 K-1 
 

5.3.3 

Comments:    
Thermal 

conductivity ? ? 403-1073 ~ 105 
(?) 

Table 
A8.4 [31,38]

 
Interpolation function:       ( ) 7.03 0.00993LBE T Tλ = + ⋅      W m-1 K-1 
 

5.3.4 

Comments: 44.5 wt.% Pb + 55.5 wt % Bi. Unknown purity 
 
 
The values of the LBE thermal conductivity extracted from [21,22,30,31] are presented in 
Annex 8 and plotted in Fig. 19 together with the recommended values for lead and bismuth 
[74].  
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Figure 19. Thermal conductivity of molten LBE versus temperature. 
 
 

A non-negligible difference exists between the old Western and Russian recommendations at 
low temperatures (the last give for 15-20 % higher values). The recommendation of Ida and 
Guthrie [30] provides intermediate values. The data from the handbook of Kyrillov and 
Bogoslovskaya [31] practically reproduce the old results of Kutateladze [22].  

 
Similar to viscosity and electric resistivity, the LBE thermal conductivity is sensitive to 

the purity. Thermal conductivity is not an additive parameter, therefore the Vegard-Kopp’s 
law can not be used to estimate it. Contrarily, the Wiedemann-Franz law, which is valid for 
most of metals, can be used. Accordingly to this law, the electronic thermal conductivity of a 
metal is proportional to its electrical conductivity [75]:  
 
 0e L Tλ σ= ⋅ ⋅          (5-5) 
 
where λe electronic thermal conductivity (W m-1 K-1), 

σ electrical conductivity (Ω−1 m-1),  
Lo = 2.45·10-8  W Ω K²,    Lorenz Number, 
T absolute temperature (K). 

 
This law was confirmed for a number of liquid metals [76]. The contribution of the phonons 
in the thermal conductivity of liquid metals of interest is often small in the temperature range 
of interest (400-1200 K).  
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Substituting the correlation (5-4), recommended above for the LBE electrical resistivity, into 
formula (5-5), one can obtain the following correlation: for the LBE thermal conductivity:   
 

2.45
86.334  0.0511e

T
T

λ λ ⋅
≈ =

+ ⋅
       (5-6) 

 
In Fig. 19 one can see that Wiedemann-Franz law yields LBE thermal conductivity close to 
the recommendations of Ida and Guthrie [30] at lower temperatures (400-550 K), and close to 
the recommendations of P. Kyrillov et al [38] at higher temperatures (600-1100 K). The 
maximum deviation is 10-15 %. So, it can be used for technical estimates of the LBE thermal 
conductivity if its electrical resistivity (which is easier to measure) is known. 
 
Fitting the data from the selected sources [21,22,30] with a parabolic function allows to 
obtain the following recommended correlation for the thermal conductivity of molten LBE: 
 

2( ) 3.61 1.517 10 1.741 10T Tλ −= + ⋅ ⋅ − ⋅ ⋅6 2T−      (5-7) 
 
where λ  is in W m-1K-1 and T in K. 

 
The difference between the data of [21,22,30] and the recommended correlation (5-7) is 
plotted as a function of temperature in Fig. 20 below.  
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Figure 20. Deviation of the available data set on thermal conductivity  
of molten LBE from formula (5-7). 

 

The isobaric thermal diffusivity of molten LBE is given in [22,31,38]. However, it was 
not measured directly but calculated with the following well-known relationship:  
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 p
p

a
c

λ
ρ

=
⋅

         (5-8) 

 
using the data on LBE thermal conductivity, density and specific heat.  
 
The LBE thermal diffusivity as a function of temperature calculated with formula (5-8) using 
the recommended correlations (5-7), (4-2) and (4-11), respectively for LBE thermal 
conductivity, density and specific heat (together with thermal diffusivities of lead and 
bismuth) is plotted in Fig. 21. 
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Figure 21. Thermal diffusivity of molten LBE, lea, and bismuth. 

 
 

Fitting the obtained data with a linear function yields the following correlation for LBE 
which can be recommended for practical use: 
 
 ( 61.408 0.0112 10pa −= + ⋅ ⋅)T       (5-9) 
 
where ap is in m²/s and T in K. 
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6. Conclusions 

 
 

The data on thermophysical properties of molten LBE are very limited and often 
characterized by significant dispersion. The reliability of data is satisfactory and good 
agreement among the different sources of experimental data is observed for melting 
temperature, density, surface tension. A large uncertainty still exists in the boiling 
temperature and latent heat of boiling, in the heat capacity and in the thermal conductivity.  

 
On the basis of the review of the data and recommendations available in the open literature 
for thermophysical properties of molten LBE, the correlations are proposed that can serve as 
temporary recommendations for the engineering estimations and design calculations. The 
recommended correlations are summarized in the Table 6.1( see page 43). They are included 
in the database of  the pre-design file of ADS MYRRHA.  
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Table 6.1. Summary of the recommended correlations for main thermophysical properties of molten LBE (p ~ 0.1 MPa). 
 

 

Property, parameter SI unit Correlation Temperature 
range (K) 

Estimated 
error ± 

Melting temperature K 397.7  meltT =  n/a 0.6 
Latent heat of melting kJ kg-1 38.6 meltQ =  n/a  0.2
Boiling temperature K 1943  boilT =  n/a  10
Latent heat of boiling kJ kg-1 854  boilQ =  n/a  2.0
Saturated vapour pressure   Pa ( )911.1 10 exp 22552 /sp T= ⋅ ⋅ −  508-1943  50 %

Surface tension N m-1 ( ) -3= 437.1 - 0.066 T 10σ ⋅ ⋅  423-1400  5 %
Density  kg m-3 11096 -1.3236 Tρ = ⋅  403-1300  0.8 %
Isobaric volumetric thermal 
expansion coefficient K-1 ( ) 1  8383.2 -p Tβ −=  403-1300  -

Sound velocity m s-1 4 21773 0.1049 2.873 10soundu T T−= + ⋅ − ⋅ ⋅  430-605  0.05 %

Bulk modulus Pa ( )3 6 235.18 1.541 10 9.191 10 10sB T− − 9T= − ⋅ ⋅ − ⋅ ⋅ ⋅ 430-605  -

Isobaric specific heat J kg-1 K-1 2 6 2159 2.72 10 7.12 10pc T T− −= − ⋅ ⋅ + ⋅ ⋅  400-1000  5 %

Dynamic viscosity Pa·s ( )44.94 10 exp 754.1/Tη −= ⋅ ⋅  403-1100  9 %

Electric resistivity Ω m ( ) 8r = 86.334 + 0.0511·T 10−⋅  403-1100  3 %
Thermal conductivity W m-1 K-1 2 6 23.61 1.517 10 1.741 10T Tλ − −= + ⋅ ⋅ − ⋅ ⋅  403-1100  15 %
Thermal diffusivity m2 s-1 ( ) 61.408 0.0112 10pa T −= + ⋅ ⋅  403-1100  -
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Annexes 
 
 
Annex 1: Data on the LBE saturated vapour pressure from the original sources 
 

   Table A1.1 [52]   Table A1.2 [53,54]  Table A1.35. [55] 
 
 Saturated    Saturated    Saturated  
Temperature vapour  Temperature vapour  Temperature vapour 

 pressure   pressure   pressure 
°C mm Hg  °C Pa  °C Pa 

        
250 1.13E-08  235 1.30E-06  450 2.00E-07 
268 5.27E-08  260 1.70E-06  500 6.00E-06 
520 1.45E-05  270 7.00E-06  550 7.00E-05 
550 3.26E-05  520 1.90E-03  600 7.00E-04 

   1670 101325  650 3.00E-03 
 
Table A1.4 [56]     Table A1.5. [57] 
 

 Saturated    Saturated 
Temperature vapour  Temperature vapour 

 pressure   pressure 
°C Pa  °C Pa 

     
400 3.00E-05  450 5.00E-04 

   550 9.00E-03 
   650 3.00E-01 
   750 2.50E+00 

 

                                                 

 
5  Expracted from the picture presented in [55]. 
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Annex 2: Data on the LBE surface tension from the original sources 
 
Table A2.1 [21]                                Table A2.2 [62]                        Table A2.3 [64] 

 
Temperature Surface   Temperature Surface   Temperature Surface  

 tension   tension   tension 
°C mN m-1  °C mN m-1  °C mN m-1 

        
800 367  350 395.492  150 421.924 
1000 356  400 391.387  175 418.164 

   450 387.678  200 409.161 
   500 383.375  225 407.500 
      250 405.552 

      275 403.681 
      300 400.163 

 
 
   Table A2.4 [60]                              Table A2.5 [59]                               Table A2.6 [61]  
       
Temperature Surface   Temperature Surface  Temperature Surface  

 tension   tension  tension 
°C mN m-1  °C mN m-1 °C mN m-1 
      

800 368.06  200 407.96 400 384.08 
900 361.41  300 401.31 500 379.38 
1000 354.76  400 394.66 600 374.68 
1100 348.11  700 369.98 

   800 365.28 
     
      Table A2.7 [38] 
 
Temperature Surface 

 tension 
°C mN m-1 

  
130 415.65 
200 410.73 
300 403.70 
400 396.67 
500 389.64 
600 382.61 
700 375.58 
800 368.55 
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Annex 3: Data on the LBE density from the original sources 
 
 

       Table A3.1. [21]    Table A3.2. [22] 
 
Temperature Density   Temperature Density  

°C kg m-3  °C kg m-3 
     

200 10460  130 10570 
400 10190  150 10547 
600 9910  200 10486 
800 9640  300 10364 
1000 9360  400 10242 

  500 10120 
   600 10000 
   700 9876 

 

 
 
 
    Table A3.3. [38]              Table A3.4. [65]   

 
Temperature Density   Temperature Density  

°C kg m-3  °C kg m-3 
     

130 10550  398.1 10529.1 
200 10460  400 10526.9 
300 10330  450 10470.0 
400 10210  500 10413.2 
500 10080  550 10356.4 
600 9960  600 10299.5 
700 9830  650 10242.7 
800 9710  700 10185.8 

   750 10129.0 
   800 10072.1 
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Annex 4: Data on the LBE sound velocity from the original sources 
 
 
                 Table A4.2. [66] 

 
  Temperature Sound velocity 
  °C m s-1 

    
  160 1764.55 
  170 1763.25 
  180 1761.60 
  190 1759.80 
  200 1758.50 
  210 1756.60 
  220 1754.85 
  230 1753.00 
  240 1751.25 
  250 1749.40 
  260 1747.30 
  270 1745.40 
  280 1743.20 
  290 1741.00 
  300 1738.75 
  310 1736.50 
  320 1734.00 
  330 1731.95 
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Annex 5: Data on the LBE specific heat from the original sources 
 
 
    Table A5.1. [21]             Table A5.2 [22]                            Table A5.3. [29]    

 

Temperature 
Specific 

heat  Temperature Specific heat  Temperature Specific heat 
°C cal g-1 °C-1  °C kcal kg-1 °C-1  K cal g-at-1 °C-1 

        
144   130 0.035  400 7.46 
to 0.035  150 0.035  500 7.34 

358   200 0.035  600 7.23 
   300 0.035  700 7.12 
   400 0.035  800 6.99 

   500 0.035  900 6.87 
   600 0.035  1000 6.75 
   700 0.035  1100 6.63 
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Annex 6: Data on the LBE dynamic viscosity from the original sources 
 
 
               Table A6.1. [21]                    Table A6.2. [22] 

 

Temperature Dynamic viscosity  Temperature
Kinematic 
viscosity 

°C pois  °C m² s-1 
     

332 1.70E-02  130 31.4E-08 
450 1.38E-02  150 28.9E-08 
500 1.29E-02  200 24.3E-08 
550 1.23E-02  250 21.0E-08 
600 1.17E-03  300 18.7E-08 

   350 17.1E-08 
   400 15.7E-08 
   450 14.6E-08 
   500 13.6E-08 
   550 12.8E-08 
   600 12.4E-08 
   650 11.8E-08 
   700 11.4E-08 

 
 
            Table A6.3. [70]                                              Table A6.4. [73] 

 
Temperature Dynamic viscosity  Temperature Dynamic viscosity 

°C Pa·s  K Pa·s 
     

287.5 1.76E-03  403 3.17E-03 
371.0 1.53E-03  423 2.89E-03 
593.5 1.19E-03  473 2.39E-03 
649.0 1.15E-03  573 1.79E-03 

   673 1.47E-03 
   773 1.27E-03 
   873 1.13E-03 
   973 1.03E-03 
   1073 9.57E-04 
   1173 9.00E-04 
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