Chapter 2
THERMOPHYSICAL AND ELECTRIC PROPERTIES*

2.1 Introduction

Among different heavy liquid metals (HLM), lead (Pb) and three alloys of lead: lead-bismuth
eutectic (LBE) 44.5 wt.% Pb + 55.5 wt.% Bi, lead-lithium eutectic 99.32 wt.% Pb + 0.68 wt.% L.i, and
lead-magnesium eutectic 97.5 wt.% Pb-2.5 wt.% Mg, are considered at present as potential candidates
for the coolant of new generation fast reactors (critical and subcritical) and for liquid spallation
neutron sources and accelerated driven systems (ADS). LBE is expected to be used in most of ADS
projects, mainly due to its low melting temperature of ~397 K (~124°C), resulting in lower corrosion
rates and in easier maintenance.

This chapter compiles data on the main thermo-physical properties of molten lead, bismuth and
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, recommendations based on the “best fit” of data are usually
used. Published data on the properties the lead alloys of interest are currently very limited. The main
sources are material handbooks published in the 50s and 60s. The first compilations of the main
thermophysical properties of Pb and LBE were assembled by [Lyon, 1952], [Kutateladze, 1959], and
[Nikolskii, 1959]. In the later handbooks most of data were either reproduced without changes
[Mantell, 1958], [Lyon, 1960], [Bonilla, 1964] and [Crean, 1964] or with addition of new results
[Friedland, 1966], [Hultgren, 1973, 1974], [lida, 1988], [Kirillov, 2000], [Gurvich, 1991] and
[Cheynet, 1996]. In recent years several review-reports have been published where previous data were
reanalysed [Cevolani, 1998], [Imbeni, 1998a, 1998b], [Kyrillov, 2000a, 2000b], [TECDOC-1289,
2002], [Sobolev, 2002, 2005, 2007]. These data and a many of the recommendations and conclusions
in this chapter are mainly based on these later reports. Some publications issued in the former Soviet
Union and recent Russian compilation reports are not taken into account in this version of Chapter 2
because of difficulties in receiving them.

The reliability of data depends on the method used for production and the care with which the
method is used. In general, data concerning metals in the liquid or vapour state show a significant
dispersion, with the exception of the melting points. Only a few authors of compilations have paid
adequate attention to dispersion and standard deviation of their reported values [Hultgren, 1973, 1974].

The database in this chapter is presented in the form of a set of tables. Each table is devoted to
one parameter and contains information about the references used, year of publication, measurement
method, precision, temperature range, and composition of a sample. Moreover, values of the parameter
from the reference and correlation obtained on the basis of the available data are given. Often it was
not possible to access the original sources of data. In this case, the data selected from handbooks and
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other compilations were used to fill in the database. In the case where information concerning precision
or/and method was not available, a question mark (?) is used to indicate that the data should be used
with caution. In all recommended correlations, temperature is given in degrees of Kelvin (“kelvins”).

2.2 Pb-Bi alloy phase diagram

One of the first more or less complete phase diagrams for the binary Pb-Bi system was published
in the handbook of G.O. Hiers [Hiers, 1948] and reproduced later in the well-known Smithells Metal
Reference Book [Smithells, 1955]. This phase diagram is presented in Figure 2.2.1 below. (It was
reproduced almost without changes in the book of B. Ageron, et al. [Ageron, 1959] and in the later
editions of the Smithells Metal Reference Book [Smithells, 1983, 2004].)

Figure 2.2.1. Phase diagram of the Pb-Bi system [Smithells, 1955]
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This diagram shows:

an eutectic point at 55.5 wt.% Bi with a melting temperature of 124°C (397 K);

[ ]
e aperitectic point at 32.2 wt.% Bi with a melting temperature of 184°C (457 K);

the solubility limits in solid state: 21.5 wt.% Bi in Pb (o.-phase region) and 0.5 wt.% Pb in Bi
(y-phase region);

e intermetallic compound phase (B-phase region);

¢ liquidus and solidus lines.
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M. Hansen and K. Anderko [Hansen 1958] presented the Pb-Bi phase diagram with some new
experimental results. This diagram with additional revisions was reported in [Elliott 1965]. Some
parameters were changed in comparison with the diagram reproduced in Figure 2.2.1 as follows:

o the eutectic point at 56.7 wt.% Bi (56.3 at.% Bi) with a melting temperature of 124.7°C
(398 K);
e the peritectic point at 36.2 wt.% Bi (36 at.% Bi);
e the solubility limits in the solid state are reported to be 23.4 wt.% (23.3 at.%) Bi in Pb.
In 1973, the Pb-Bi phase diagram with refinements of the boundaries of the e-phase, given by
B. Predel and W. Schwerman [Predel, 1967], and boundaries of y(Bi)-phase, given by M.V. Nosek, et al.

[Nosek, 1967], was published by R. Hultgren, et al. [Hultgren, 1973]. This diagram is reproduced in
Figure 2.2.2 below.

Figure 2.2.2. Phase diagram of the Pb-Bi system [Hultgren, 1973]
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This diagram provides the same eutectic and peritectic points as those proposed by [Elliott 1965],
but gives:

e the melting point of Bi at 271.22°C (544.52 K);

¢ the melting point of Pb at 327.3°C (600.6 K);

o the solubility limit of Pb in Bi in the solid state — 5 at.%;

o the solubility limit of Bi in Pb in the solid state — 24 at.%;

e an eutectoid point at 72.5 at.% Pb and -46.7°C (227 K);

e ¢-phase region.
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In 1992 N.A. Gokcen [Gokcen, 1992] proposed a few modifications for some characteristic
points (Figure 2.2.3):

more precise melting points of elements: Ty gi = 271.442°C (544.592 K); Trert pp = 327.502°C
(600.652 K);

the eutectic point at 45.0 at.% Pb and Tpege = 125.5°C (398.65 K);
the peritectic point at 71 at.% Pb and 187°C (460.15 K);

the lower limits of the elements solubility in the solid state — 0.5 at.% Pb in Bi and 22 at.% Bi
in Pb.

These modifications were reproduced in a Pb-Bi phase diagram published in the ASM Handbook
of 1992 [Baker, 1992].

Figure 2.2.3. Phase diagram of the Pb-Bi system [Gokcen, 1992]
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In many Russian publications (e.g. [Orlov 1997, 2003]), followed recently by other authors, a
phase-diagram is often presented which gives the LBE eutectic composition at 55.5 wt.% Bi and

44.5wt.% Pb with the eutectic melting temperature of 123.5°C (396.65 K); the temperature is
probably reproduced from [Kutateladze, 1959].

Recommendation

The phase diagram of N.A. Gokcen [Gokcen, 1992] is recommended for use in engineering and
design calculations with the exception of the eutectic point which will be considered in the next section.
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2.3 Normal melting point
231 Lead

The values of the lead and bismuth metling temperatures were found in the following handbooks
[Lyon, 1954, 1960], [Kutateladze, 1959], [Hofmann, 1970], [Hultgren, 1974], [Lucas, 1984], [lida,
1988], [Kubaschevski, 1979, 1993], [Gocksen, 1992], [Cheynet, 1996] and [Smithells, 2004].

Friedland [Friedland, 1966] reproduced the values of the melting points from Lyon [Lyon, 1954,
1960]. The compilation [Imbeni, 1998a] presented data on the lead and bismuth melting temperatures
from different sources with the conclusion that dispersion is not large. In the handbook [Kyrillov,
2000a] and in the IAEA report [TECDOC-1289, 2002] the lead melting temperature presented in earlier
compilations [Kutateladze, 1959] was repeated. These sources have not been included in the database on
the melting point.

Hofmann [Hofmann, 1970] refers to an evaluation of the literature data performed by [Kohlraush,
1956]. Hultgren, et al. collected data from many earlier sources, and recommended average values and
uncertainties [Hultgren, 1974].T. lida and R.I.L. Guthrie [lida, 1988] took their data from the Iwanami
Dictionary of Physics and Chemistry [Tamamushi, 1981]. O. Kubaschewski, et al. [Kubaschewski,
1979, 1993] cited the JANAF Thermochemical Tables [Chase, 1978, 1982], [Knacke, 1991], [Pankratz
1982], and [Hultgren, 1974]. The compilation [Cheynet, 1996] references the JANAF Thermochemical
Tables [Chase, 1989], [Barin, 1985], [Cheynet, 1989] and [Knacke, 1991]. The Smithells Metals
Reference Book [Smithells, 2004] presented the melting temperatures from the 82™ edition of the
CRC Handbook of Chemistry and Physics [CRC Handbook, 2002].

The data for the melting temperature of lead and bismuth, extracted from the above selected
sources, are presented in Tables 2.3.1 and 2.3.2 respectively.

All selected data yield approximately the same value within their error limits. The most probable
value for the melting temperature of technically pure lead obtained on the basis of the data presented
in the table is:

Tonete P = 600.6 + 0.1 K 2.1)

The melting point of lead increases by 0.0792 K per 1 MPa when pressure increases from about
15 up to 200 MPa. The increase continues at a lower rate, 0.0671 K per 1 MPa, in the range of
800-1200 MPa, and an increase of 5.4 K for a pressure increase from about 2 to 3 GPa was cited in
[Hoffman, 1970].

2.3.2 Bismuth

The database for the melting point of bismuth are extracted from about the same sources as for
lead and is presented in Table 2.3.2.

For the melting temperature of bismuth there is uncertainty in the cited data in the first digit after
the decimal point. Therefore the recommended mean value is as follows:

Tertsi = 544.4 £ 0.3 K (2.2)
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Table 2.3.1. Database on the normal melting point of lead

Reg.

Measurement

Estimated

Temperature

Pressure

no. LIS method accuracy range, K range, Pa vl REL
Melting Temperature o 105 (o o
11 temperature vs. power 0.1°C n/a 10°(?) | 327.4°C [Lyon, 1954]
=~ | Interpolation function: T = 600.65 K
Comments: Unknown purity
Melting Temperature o 105 (0 . [Kutateladze,
312 temperature VS. power 0.1°C n/a 10°(?) | 327.4°C 1959]
=7 |Interpolation function: T = 600.65 K
Comments: Unknown purity
Melting n/a 0.1°C (?) n/a ~10°() | 327.3°C |[Hofmann 1970]
313 temperature ) ) ' )
=7 |Interpolation function: T = 600.55 K
Comments: Unknown purity
Melting Temperature o 105 (o
temperature vs. power 0.1°C n/a 10°(?) | 600.6 K |[Hultgren, 1974]
314 Interpolation function: T e = 600.6 K
Comments: Unknown purity
Melting ? 0.05 K n/a ~10°(?) | 60055K | [lida, 1988]
315 temperature
= |Interpolation function: T = 600.55 K
Comments: Unknown purity
Melting o o¢ (9 105 (o o
1e temperature : 0.005°C (?) n/a 10° (?) | 327.502°C | [Gokcen, 1992]
" |Interpolation function: T = 600.652 K
Comments: High purity
Melting B " 105 (o [Kubaschewski,
317 temperature ' ' n/a 107(?) 601K 1993]
=" |Interpolation function: T = 601 K
Comments: Unknown purity
Melting ? 0.1°C (?) n/a ~10°(?) | 327.4°C | [Cheynet, 1996]
318 temperature ' ) ' ' ) '
= |Interpolation function: T = 600.65 K
Comments: Unknown purity
Melting B o (9 105 (o o [Smithells,
i1 temperature . 0.005°C (?) n/a 10° (?) | 327.462°C 2004]

Interpolation function: T e = 600.612 K

Comments: Unknown purity
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Table 2.3.2. Database on the normal melting point of bismuth

Reg. Measurement | Estimated | Temperature ARG
Parameter range, Values Ref.
no. method accuracy range, K Pa
Melting Temperature ¢ (9 105 (0 o
201 temperature vs. power 0.1°C (?) n/a 10°(?) | 271.0°C [Lyon, 1954]
"=~ | Interpolation function: T = 544.15 K
Comments: Unknown purity
Melting Temperature . 105 (9 o [Kutateladze,
329 temperature VS. power 1°c () n/a 10°() 271°C 1959]
=" | Interpolation function: T = 544.15 K
Comments: Unknown purity
Melting | Temperature | o\ n/a ~10°(?) | 54452K | [Hultgren, 1974]
temperature VS. power
323 Interpolation function: T e = 544.52 K
Comments: Unknown purity
Melting n o 105 (9 [Kubaschewski,
3924 temperature ' 1K@) n/a 10°(7) 545K 1993]
=7 | Interpolation function: T e = 545 K
Comments: Unknown purity
Melting ? 0.05 K n/a ~10°(?) | 544.10K | [lida, 1988]
325 temperature
"= | Interpolation function: T e = 544.10 K
Comments: Unknown purity
Melting ? 0005°C(?)|  nma | ~10°(2) | 271.442°C | [Gokcen, 1992]
326 temperature ' ) ' ) ' '
=7 | Interpolation function: T e = 544.592 K
Comments: High purity
Melting ? 005°C(2) | ma | ~10°() | 271.40°C |[Smithells, 2004]
327 temperature ' ' | ) ) '
=" | Interpolation function: T = 544.55 K
Comments: High purity
233 LBE

The sources of data for the LBE melting point included in this handbook are [Lyon, 1954],
[Kutateladze, 1959], [Hultgren, 1973], [Smithells, 1955], [Eliot, 1965] and the ASM Handbook [Baker,
1992]. These data were reproduced in later handbooks [Lyon, 1960], [Kyrillov, 2000a], [Smithells,
1983] and compilations [Cevolani, 1998], [Imbeni, 1998b], [TECDOC-1289, 2002], [Sobolev, 2002].
The selected sources included in the database (Table 2.3.3) give for the LBE melting temperature
Tmert = 123.5-125.5°C (396.7-398.7 K) at normal atmospheric pressure.

The mean value of:

Tt 1ege = 397.7£ 0.6 K

is recommended on the basis of the data presented in Table 2.3.3.
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Table 2.3.3. Database on the LBE normal melting point

Estimated
Reg. Measurement Temperature | Pressure
Parameter accuracy Values Ref.
no. method % range, K range, Pa
Melting " " — 108 (7 o
. temperature : : n/a 10° (?) | 125°C | [Lyon, 1954]
- Interpolation function: T, = 398.15 K
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Melting " " 105 (9 o~ | [Kutateladze,
332 temperature ) ) n/a 10°(?) |123.5°C 1959]
- Interpolation function: T = 396.65 K
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Melting " " 105 (0 [Hultgren,
temperature ' ' n/a 10°(?) | 398K 1973]
3.3.3 Interpolation function: Ty = 398 K
Comments: 43.7 at.% Pb + 56.3 at.% Bi. Unknown purity.
Melting " " 105 (0 o [Smithells,
334 temperature ' ' n/a 10°(?) | 124°C 1955]
o Interpolation function: T = 397.15 K
Comments: 44.8 wt.% Pb + 55.2 wt.% Bi. Unknown purity.
Melting " " 105 (o o .
335 temperature ! - n/a 10° (?) | 125°C | [Eliot, 1965]
- Interpolation function: T = 398.15 K
Comments: 43.7 at.% Pb + 56.3 at.% Bi. Unknown purity.
Melting " " 105 (9 o [Gokceen,
336 temperature ' ' n/a 10°(?) |125.5°C 1992]

Interpolation function: T = 398.65 K

Comments: 45.0 at.% Pb + 55.0 at.% Bi. Unknown purity.

2.4 Volume change at melting and solidification

A detailed knowledge of volume changes in metals and alloys at their melting points is of critical
importance in the understanding of solidification processes.

Solid lead. Similar to the majority of metals with the FCC crystal structure, lead exhibits a
volume increase upon melting. At normal conditions a volume increase of 3.81% has been
observed in pure lead [lida, 1988]. In several engineering handbooks a value of ~3.6% is
often given for lead of technical purity [Lyon, 1954, 1960], [Kyrillov, 2002].

Solid bismuth. Solid bismuth shows a volume contraction during melting, similar to other
semimetals. The anisotropic rigid bonds are apparently broken on melting, and the
neighbouring atoms are packed closer one to another. According to [lida, 1988], pure bismuth
contracts approximately 3.87% upon melting. A contraction of 3.32% was reported by [Lyon,
1954, 1960] and a value of ~3.3% was recommended in an IAEA report [Kyrillov, 2002] for
Bi-coolant.

LBE. A negligible volume change on melting of solid LBE at normal atmospheric pressure
has been published in the handbook of Lyon [Lyon, 1954]. This recommendation has been
repeated in later handbooks and compilations (e.g. [Kyrillov, 2002], [Sobolev, 2002]).
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Recommendations for the mean values of the volume change upon melting are summarised for
Pb, Bi and LBE in Table 2.4.1. It is recommended that for very slow melting (quasi-equilibrium
conditions) the volume change upon melting is close to zero for LBE.

Table 2.4.1. Volume change of pure lead, bismuth and LBE at melting

Pb Bi LBE
L AV, +3.7 -3.7 ~0.0

The situation is more complicated for LBE freezing and melting accompanied by rapid temperature
change. In the handbook of Lyon [Lyon, 1954] a 1.43 vol.% contraction of LBE on freezing with a
subsequent expansion of the solid of 0.77 vol.% at an arbitrary temperature of 65°C has been reported.
A contraction of 1.52+0.1 vol.% of the solid phase after solidification of LBE has also been mentioned
in [Hofmann, 1970]. The results of measurements of LBE expansion over time at room temperature
after solidification and rapid cooling has been reported by H. Glasbrenner et al. [Glasbrenner, 2005].
In these results, shown in Figure 2.4.1, one can see that after solidification and cooling the studied
material contracted about 0.35%. After about 100 minutes of exposure at room temperature, its
volume returns to the initial value, but after one year its linear size increases by about 1.2%.

The problems of freezing and melting of LBE in the reactor circuits were analysed by [Pylchenkov,
1999]. He pointed out that the results of the freezing/de-freezing experiments are very sensitive to the
experimental conditions and that very long times (>100 d) are usually required to reach equilibrium.
Some of his results are shown in Figure 2.4.2. The volume effect upon freezing/de-freezing depends
very strongly on phase-structure of local transformations in the solid state related to the mutual
solubility of LBE components (Figure 2.2.1). A negligible volume change has been observed in some
experiments. According to E.H. Pylchenkov [Pylchenkov 1999], post-solidification expansion may
occur in a metastable alloy as a result of local changes in the composition. An excess in y-phase
precipitation during freezing can result in a volume increase.

Figure 2.4.1. Linear expansion of LBE as a function of time after
solidification and cooling down to room temperature [Glasbrenner, 2005]
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Figure 2.4.2. Solid LBE volume evolution as a function of time
after heat-up from 25 to 125°C (< Tner) [Pylchenkov, 1999]

1 — Fast heat-up (prehistory: few years at 20-25 <C)
2 — Fast heat-up (prehistory: cooling down to 25 < after solidification and exposure during 65 hours
3 — Heat-up time is one hour (prehistory: three hours of exposure at 124 <C followed by 15 hours of exposure at 25 <C)
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H. Glasbrenner [Glasbrenner, 2005] showed that re-crystallisation 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:

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

e y-phase: a solid solution of Pb in Bi (~0.4 at.%Pb) with a rhombohedric structure.

The B-phase formed at freezing is not stable at room temperature. With time it is partly transformed
into a B-phase with a lower Bi content (about 35 at.%) and y-phase [Takeda, 1997], [Agostini, 2004].
As the y-phase needs much more space, the transformation produces an expansion of the material.

Measurements of this kind of LBE expansion performed at room temperature [Grdschel, 2005]
showed that it is reduced by a factor of 6 when slow cooling is used to 60-90°C (333.3-363.3 K) in the
place of quenching. Moreover, Takeda’s experiments [Takeda, 1997] showed that the first period of a
faster expansion [which ranges from 2 h at 110°C (383.3 K) to three months at 20°C (293.3 K)] is
followed by a second one with a lower expansion rate. The final increase in volume rarely exceeds
1.3% in one year.

Pylchenkov [Pylchenkov, 1999] pointed out the general tendency: the volume effect of LBE
melting-solidification is minimal for pure eutectic materials.
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2.5

2.5.1

Latent heat of melting at the normal melting point

Lead

The heat of melting of lead and bismuth at the normal melting point (the enthalpy change on
melting) was taken from about the same sources as for the melting temperature: [Lyon 1954], [Hultgren,
1974], [Cheynet, 1996], [Kubaschevski, 1993], [lida, 1988], [Lucas, 1984], and from the IAEA report
[TECDOC-1289, 2002]. The selected database is presented in Tables 2.5.1 and 2.5.2 below. The value
of the bismuth latent heat of melting from Cheynet [Cheynet, 1996] has not been included in the
database because it was extracted from the same source as that of Hultgren [Hultgren, 1974].

Table 2.5.1. Database on the latent heat of melting of lead at the normal melting point

Reg. Measurement | Estimated | Temperature | Pressure
Parameter Values Ref.
no. method accuracy range, K range, Pa
Heat of 5 5.89
? ? ~ ?
c11 melting 7 7 n/a 10° (?) callg [Lyon, 1954]
7 | Interpolation function: Qe = 24.7 kJ/kg = 5.11 kJ/mole
Comments: Unknown purity
Heat of 5 24.7 | [TECDOC-128¢9,
? ? ~ ?
15 |_melting : : n/a 10°0) | kg 2002]
7 | Interpolation function: Qe = 24.7 kJ/kg = 5.11 kJ/mole
Comments: Unknown purity
Heat of 105 (o 4799
melting 42 J/imole n/a 10° (?) Jmole [Hultgren, 1974]
5.1.3 Interpolation function: Qe = 23.2 kJ/kg = 4.80 kJ/mole
Comments: Unknown purity
Heat of ? 0.5 kd/mole n/a ~10°(?) 4.8 [Kubaschewski,
514 melting (?) kJ/mole 1993]
=7 |Interpolation function: Qe = 23 kJ/kg = 4.8 kJ/mole
Comments: Unknown purity
Heat of 5 4.81 .
? ? ~ ?
£ 1 5 |_Melting ' ; n/a 10°) | a/mol [lida, 1988]
% | Interpolation function: Qe = 23.2 kJ/kg = 4.81 kJ/mole
Comments: Unknown purity
Heat of 5 5109
? ? ~ ?
c1e melting : : n/a 10° (?) 3/mol [Lucas, 1984]
"7 [Interpolation function: Qpe; = 24.7 kJ/kg = 5.11 kJ/mole
Comments: Unknown purity
Heat of 5 4.76
? ? ~ ?
1 melting : : n/a 10° (?) KI/mole [Cheynet, 1996]

Interpolation function: Qe = 23.0 ki/kg = 4.76 kJ/mole

Comments: Unknown purity

The selected values for lead lie in the range of 4.76-5.11 kJ/mole. The mean value and the mean
deviation are:

Qmertpp = 4.9 £ 0.2 kJ/mole = 23.8 £ 0.7 ki/kg

(2.4)

These values are recommended for the latent heat of melting of the pure lead at the normal
melting point.
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2.5.2 Bismuth

The database for the latent heat of melting of bismuth is presented in Table 2.5.2.

Table 2.5.2. Database on the latent heat of melting of bismuth at the normal melting point

Reg. Measurement | Estimated | Temperature | Pressure
no. PEIITELE method accuracy range, K range, Pa el i
Heat of 5 12.0
? ? ~ ?
melting : : n/a 10° (?) callg [Lyon, 1954]

521 Interpolation function: Qe = 50.2 kJ/kg = 10.5 kJ/mole

Comments: Unknown purity

Heat of e 54.7 |[TECDOC-1289,
5 5, |_melting ? ? n/a 10°0) | g 2002
=" [Interpolation function: Qe = 54.7 kJ/kg = 11.4 kJ/mole
Comments: Unknown purity
Heat of 5 11297
? ~ ?
melting : 209 J/mole n/a 10° (?) Jmole [Hultgren, 1974]

5.2.3 Interpolation function: Qe = 54.1 kJ/kg = 11.3 kJ/mole

Comments: Unknown purity

Heat of " 0.5 kJ/mole n/a ~10° (7) 11.3 [Kubaschewski,
594 melting ' (?) ' kJ/mole 1993]
=7 | Interpolation function: Qe = 54.1 kJ/kg = 11.3 kJ/mole
Comments: Unknown purity
Heat of T 10.89 :
6ot melting ? ? n/a 10° (?) K3/mol [lida, 1988]
= [Interpolation function: Qe = 52.1 kJ/kg = 10.9 kJ/mole
Comments: Unknown purity
Heat of 5 10.5
? ? ~ ?
melting . . n/a 10° (?) K3/mol [Lucas, 1984]

5.26 Interpolation function: Quer = 50.2 kd/kg = 10.5 kJ/mole

Comments: Unknown purity

In the case of Bi, the difference between the maximum and minimum values of the heat of
melting is about 0.8 kJ mol™. The mean value and the mean deviation are:

Queitsi = 11.0 £ 0.4 kd/mole = 52.6 + 1.7 kl/kg (2.5)
This value is recommended for the latent heat of melting of the pure bismuth at the normal

melting point.

253 LBE

The most cited results for the heat of melting of LBE at normal atmospheric pressure were
published in the handbook edited by Friedland [Friedland, 1966]. The recent IAEA compilation
[TECDOC-1289, 2002] probably reproduces the value of the melting heat from [Kyrillov, 2000b]. The
data from these sources are included in Table 2.5.3.

The mean value for the LBE melting heat of:
QmeitLee = 8.01 £ 0.07 kJ/mole = 38.5 + 0.3 ki/kg (2.6)

is the recommended value at normal atmospheric pressure.
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Table 2.5.3. Database on the latent heat of melting of LBE fusion at the normal melting point

Reg. Measurement | Estimated |Temperature| Pressure

no. LIS method accuracy % range, K range, Pa Ve R
Heat of 5 38134 [Friedland,
? ? ~ ?
5.1 |_melting ' ' n/a 10°0) | jigt 1966]

Interpolation function: Qe = 38.134 kJ/kg = 7.939 kJ/mole
Comments: Unknown purity
Heat of 5

? ? ~ ?

melting ' ' n/a 10°(?)
Interpolation function: Qe = 38.8 ki/kg = 8.08 kJ/mole

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

38.8 [[TECDOC-1289,
ki kg™ 2002]

5.3.2

2.6 Normal boiling point
2.6.1 Lead

For the boiling temperature of lead and bismuth at normal pressure, the same sources were used
as for their melting temperature: [Lyon, 1954], [Kutateladze, 1959], [Hultgren, 1974], [Lucas, 1984],
[lida, 1988], [Kubaschevski, 1993], [Cheynet, 1996] and [Smithells, 2004], plus, the handbook edited
by Howe [Howe, 1961] and the recent IAEA report [TECDOC-1289, 2002].

The data for the boiling temperatures of lead and bismuth extracted from the above-mentioned
sources are presented in Tables 2.6.1 and 2.6.2 respectively.

The variation in the lead boiling temperature between the selected sources is more than for the
melting temperature and is a large as 25 K. The most probable value of:

Tboil pPh = 2016 + 10K (27)
is recommended for the boiling temperature of technically pure lead at normal conditions, based on an
analysis of the data in Table 2.6.1.

2.6.2 Bismuth

The database on the normal boiling point of bismuth is presented in Table 2.6.2.

A significant level of uncertainty exists for the boiling point of bismuth with a range of about
150 K between the maximum and the minimum. Therefore the following mean value and the mean
deviation, while uncertain, is recommended for the boiling temperature of technically pure bismuth at

normal conditions:

Tboil Bi — 1806 +50 K (28)
2.6.3 LBE

The boiling point of LBE at normal atmospheric pressure is given in the handbook of
Lyon [Lyon, 1954], and by Kutateladze [Kutateladze, 1959]. Both sources give the same value of
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Table 2.6.1. Database on the normal boiling point of lead

Reg. Parameter Measurement | Estimated | Temperature | Pressure values Ref.
no. method accuracy range, K range, Pa
Boiling temp. | 1SMPErature 1 poc () n/a ~10°(2) | 1737°C | [Lyon, 1954]
6.1.1 : VS. POWET
Interpolation function: Ty,; = 2010 K
Comments: Unknown purity.
- Temperature o 5 o [Kutateladze,
61 Boiling temp. vs. power 10°C (?) n/a ~10°(?) 1740°C 1959]
o Interpolation function: Ty, = 2013 K
Comments: Unknown purity.
Boiling temp. Temperature | g, ?) n/a ~10°(?) | 1749°C | [Smithels, 2004]
613 _ Vs. power
Interpolation function: Ty,; = 2022 K
Comments: Unknown purity.
Boiling temp. ? °C (?) n/a ~10°(?) | 1745°C [TEC[Z)(%%HSQ’
6.14 Interpolation function: Ty,; = 2018 K
Comments: Unknown purity.
Boiling temp. | ? | 5°c(?) | n/a | ~10°(?) | 1750°C | [lida, 1988]
6.1.5 [Interpolation function: Ty,; = 2023 K
Comments: Unknown purity.
Boiling temp. | ? | 5°c(?) | n/a | ~10°(?) | 1737°C | [Cheynet, 1996]
6.1.6 |Interpolation function: Ty,; = 2010 K
Comments: Unknown purity.
Table 2.6.2. Database on the normal boiling point of bismuth
Reg. Measurement | Estimated | Temperature | Pressure
Parameter Values Ref.
no. method accuracy range, K range, Pa
Boiling temp. | 1 CMPEratre |4 hoc (o) nia ~10°(?) | 1477°C | [Lyon, 1954]
6.2.1 : VS. POWer
Interpolation function: Ty, = 1750 K
Comments: Unknown purity.
- Temperature o 5 o [Kutateladze,
62 Boiling temp. vs. power 10°C (?) n/a ~10°(?) 1490°C 1959]
o Interpolation function: Ty, = 1763 K
Comments: Unknown purity.
Boiling temp. | | cmPerature g0 nia ~10°(?) | 1564°C | [Smithells, 2004]
6.2.3 : VS. POWer
Interpolation function: Ty = 1837 K
Comments: Unknown purity.
Boiling temp. | ? | c(® | nla | ~10°(?) | 1627°C | [Howe, 1961]
6.2.4 |Interpolation function: Ty,; = 1900 K
Comments: Unknown purity.
Boiling temp. | ? | 5K | n/a | ~10°(?) | 1833K | [lida, 1988]
6.2.5 |Interpolation function: Ty,; = 1833 K
Comments: Unknown purity.
Boiling temp. | ? | 5°c(®) | nla | ~10°(?) [ 1477°C | [Cheynet, 1996]
6.2.6 |Interpolation function: Tp,; = 1750 K

Comments: Unknown purity.
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Thoit Lee = 1670°C (1943 K). This value was reproduced later in other publications (e.g. [Friedland,
1966], [Hultgren, 1973], [TECDOC-1289, 2002]). However, in the handbook of Lyon [Lyon, 1954]
it is mentioned that in the original source Ty ge = 1677°C (1950 K) was also cited. The
recommendations [Lyon, 1954] and [Kutateladze, 1959] have been included in the database presented
in Table 2.6.3.

Table 2.6.3. Database on the LBE normal boiling point

Reg. Measurement | Estimated | Temperature | Pressure
Parameter Values Ref.
no. method accuracy range, K range, Pa

Boiling temp. ? ? n/a ~10° (?) | 1670°C | [Lyon, 1954]
6.3.1 |Interpolation function: Ty = 1670°C = 1943 K

Comments:

Boiling temp. ? ? n/a ~10°(?) | 1670°C [K“tlagggdze’
6.3.2 Interpolation function: Ty, = 1670°C = 1943 K

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

Based on the results of Table 2.6.3, and assuming that uncertainty is the same as for the bismuth
boiling temperature, the value of:
ThoitLee = 1943 £50 K (2.9)

is recommended for the normal boiling temperature of the technically pure LBE.

2.7 Heat of vaporisation at the normal boiling point

The latent heat (enthalpy) of vaporisation is a measure of the cohesive energy of atoms in a liquid
metal. Therefore, it correlates with surface tension and thermal expansion.

271 Lead

The information on the latent heat of vaporisation of lead and bismuth at the normal boiling point
(the enthalpy change on boiling) is not numerous. The following sources were included in the database:
[Lyon, 1954], Smithells Metals Reference Book [Smithells, 1983], [lida, 1988], [Lucas, 1984], and the
recommendations of the IAEA report [TECDOC-1289, 2002]. The selected database is presented in
Tables 2.7.1 and 2.7.2.

The literature values are very close, with the difference between maximum and minimum values
less than 1%. The mean value and the mean deviation are:

Quoitpp = 177.8 £ 0.4 ki/mole = 858.2 + 1.9 k/kg (2.10)
These values are recommended for the latent heat of vaporisation for pure lead at the normal

boiling point.

2.7.2 Bismuth

The database for the latent heat of vaporisation of molten bismuth at the normal boiling point is
presented in Table 2.7.2.
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Table 2.7.1. Database on the latent heat of vaporisation of lead at the normal boiling point

Reg. Parameter Measurement | Estimated | Temperature | Pressure values Ref
no. method accuracy range, K range, Pa )
Heat of 5 204.6
? ? ~ ?
14 boiling : : n/a 10° (?) callgy [Lyon, 1954]
™~ |Interpolation function: Q. = 856.7 kJ/kg = 177.5 kJ/mole
Comments: Unknown purity
Heat of 5 856.8 | [TECDOC-
? ? ~ ?
,1, L boiling ' ' n/a 10°?) | g | 1289, 2002]
™7 |Interpolation function: Q. = 856.8 kJ/kg = 177.5 kJ/mole
Comments: Unknown purity
Heat of 1 kJ/mole 5 178 .
? ~10°(?
515 |__boiling ' ) n/a 10°C) | yymole | [1ida, 1988]
=7 | Interpolation function: Qe = 859 ki/kg = 178 ki/mole
Comments: Unknown purity
Heat of 1 kJ/mole 5 177.5
? ~ ?
14 boiling . ) n/a 10° (?) KI/mole [Lucas,1984]
7 |Interpolation function: Q. = 856.8 kJ/kg = 177.5 kJ/mole
Comments: Unknown purity
Heat of 5 178.8 [Smithells,
? ? ~ ?
515 |__boiling ' ' n/a 10°?) | wymol | 1983]

Interpolation function: Qe = 862.9 ki/kg = 178.8 ki/mole

Comments: Un

known purity

Table 2.7.2. Database on the heat of vaporisation of bismuth at the normal boiling point

Reg. Parameter Measurement | Estimated | Temperature | Pressure values Ref
no. method accuracy range, K range, Pa '
Heat of 5 204.3
? ? ~ ?
s boiling : : n/a 10° (?) callg [Lyon,1954]
=~ |Interpolation function: Qy,; = 855.4 kJ/kg = 178.8 kJ/mole
Comments: Unknown purity.
Heat of 5 [TECDOC-
? ? ~ ?
155 |_boiling ' ' n/a 10°(?) | 852kIkg | 1959 2007]
=™ |Interpolation function: Q. = 852 kJ/kg = 178.1 kJ/mole
Comments: Unknown purity.
Heat of 5 178.6 [Smithells,
? ? ~ ?
1,5 |__boiling : ; n/a 10°0) | ymole 1983]
=7 |Interpolation function: Q. = 857.4 kJ/kg = 179.2 kJ/mole
Comments: Unknown purity.
Heat of 0.1 kJ/mole 5 194 .
? ~ ?
704 |_boiling ' ) n/a 10°?) | yyymote | [1ida, 1988
=7 | Interpolation function: Qe = 928 ki/kg = 194 ki/mole
Comments: Unknown purity.
Heat of 5 [Lucas,
? ? ~ ?
s | boiling ' ' n/a 10°(2) | Jfmol 1984]

Interpolation function: Qe = 855.5 ki/kg = 178.8 ki/mole

Comments: Un

known purity.
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The mean value and the mean deviation are:

Quoitgi = 181 + 4 ki/mole = 857 + 20 k/kg (2.11)

These values are recommended for the latent heat of vaporisation of pure bismuth at the normal
boiling point.
273 LBE

A value of 178.352 kJ/mol was published in the handbook of Friedland [Friedland, 1966] for the
latent heat of vaporisation of LBE at the normal boiling point. The more recent IAEA compilation
[TECDOC-1289, 2002] recommends a value of 177 kJ/mol. These two sources were included in the
database and are listed in Table 2.7.3.

Table 2.7.3. Database on the heat of vaporisation of LBE at the normal boiling point

Reg. Measurement | Estimated | Temperature | Pressure
Parameter Values Ref.
no. method accuracy % range, K range, Pa
Heat of 5 178352 | [Friedland,
? ? ~ ?
151 |_boliling : : n/a 1°0) | ymole | 1966]
"= | Interpolation function: Qg = 856722 J/kg = 178352 J/mole
Comments: ?
Heat of 5 852 [TECDOC-
? ? ~ ?
155 |_boiling : : n/a 1°0) | wikg | 1289, 2002]
"~ | Interpolation function: Qe = 852 J/kg = 177 J/mole
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
The mean values of:
Quoit Lee = 178.0 + 0.4 kd/mole = 854 + 2 kJ/kg (2.12)

are recommended for the latent heat of vaporisation of the pure LBE at the normal boiling point.

2.8 Saturation vapour pressure

The vapour pressure of a liquid metal is an important property which is directly related to the
latent heat of evaporation (cohesive energy). For the equilibrium between liquid () and vapour (,)
phases, the Clausius-Clapeyron equation states that:

dp_ Hv_HI

a1 T(V, V) 219

Therefore, assuming that the vapour behaves as a perfect gas and neglecting the volume of liquid
in comparison with that of the gas, it can be obtained that:

AH
= A-exp| ———
p p( RTJ

where A is a constant of integration and AH is the heat (enthalpy) of evaporation.

(2.14)
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The above equation can provide approximate values for equilibrium vapour pressures over a wide
range of temperature due to the relatively small variation of AH with temperature. Closer fits of the
experimental results can sometimes be obtained by adding supplementary temperature dependent terms.

2.8.1 Lead

The data for the saturation vapour pressure of lead at different temperatures were found in the
following publications: [Lyon, 1954, 1960], [Friedland, 1966], [Hultgren, 1974], in the Smithells
Metals Reference Book [Smithells, 1893, 2004], in the compilations of B. Cheynet [Cheynet, 1996]
and of O. Kubaschewski, et al. [Kubaschewski, 1993] reproduced in [lida, 1988].

O. Kubaschewski, et al. [Kubaschewski, 1993] collected the data from [Gross, 1948], [Eucken,
1934] and [Kelley, 1935]. B. Cheynet, et al. [Cheynet, 1996] recompiled the results communicated by
himself earlier [Cheynet, 1989] and by M.W. Chase et al. [Chase, 1985], I. Barin, et al. [Barin, 1989],
and O. Knacke, et al. [Knacke, 1991].

Data reported by J.R. Weeks [Weeks, 1971] were taken from [Lyon, 1954, 1960] and [Smithells,
1955], therefore they were not included in the database.

Figures 2.8.1 and 2.8.2 show the values of vapour pressure and deviation of molten lead,
respectively, taken from the above cited literature and plotted as a function of temperature. It can be
seen that, at first view, the agreement among the different sources is satisfactory. Using the selected
data and Eq. (2.14) as a first approach, the following correlation was obtained for the saturated vapour
pressure of molten lead where temperature is in kelvins:

p, =6.189x10° -exp(-22216/T) (2.15)

The deviation of the selected literature data on the saturated vapour pressure of lead from the
recommended correlation (2.15) is plotted in Figure 2.8.2. One can see that agreement is rather good
and the deviation is about 12-15% (except the low temperature points of [Hultgren 1974]). Under
theses circumstances, there is no need for a more precise correlation. Therefore relationship (2.15) is
recommended for estimation of the saturated vapour pressure of lead from the melting temperatures up
to the normal boiling point.

2.8.2 Bismuth

The data on the saturation vapour pressure for bismuth as a function of temperature were found in
the publications of Lyon [Lyon, 1954, 1960], Hove [Hove, 1961], Hultgren [Hultgren, 1974], in the
Smithells Metals Reference Book [Smithlls, 1983, 2004], in the compilations of Kubaschewski
[Kubaschewski, 1993] and Chynet et al. [Cheynet, 1996]. Hove [Hove, 1961] based his compilation
on the data presented in [Lyon, 1954, 1960], [Smithells, 1955], [Hansen, 1958], and other older
sources. R. Hultgren [Hultgren, 1974] reported values selected on the basis of a critical assessment of
many previously published data.

Figures 2.8.3 shows the values for the saturated vapour pressure of molten bismuth from the
above cited sources plotted as a function temperature.
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Figure 2.8.1. Saturated vapour pressure of molten lead versus temperature
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Figure 2.8.3. Saturated vapour pressure of bismuth versus temperature
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It can be seen that the agreement in temperature dependence given by the different sources is
satisfactory. However a significant scatter exists in values. Therefore Eq. (2.14) was chosen to construct
an empirical correlation allowing one to calculate the vapour pressure of liquid bismuth as a function
of temperature. Using the selected data, the following correlation was obtained for the saturated
vapour pressure of molten bismuth where temperature is in kelvins:

P.s[Pa]=2.4723-10" - exp(- 22858/T) (2.16)

This correlation is recommended for temperatures up to the normal boiling point.

The deviation of the selected literature data for the saturated vapour pressure of bismuth from the
recommended correlation (2.16) is illustrated in Figure 2.8.4. One can see that very large differences
exist between different sources. The recommended correlation (2.16) gives “the best estimate” with a
maximum error of about 70%.

28.3 LBE

R.B. Tupper, et al. [Tupper, 1991] studied polonium evaporation from LBE and published 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. [Orlov, 1997] published experimental values for the
saturation pressure of the LBE vapour at equilibrium with the liquid phase at five different temperatures.
However, both publications mentioned that a very large uncertainty in the pressure measurement exists
at low temperatures (<500°C = 773 K). The results of [Orlov, 1997] were reproduced later in
[Gromov, 1997]. New results have recently been communicated by P. Michelato, et al. [Michelato,
2003], P. Schuurmans, et al. [Schuurmans, 2005], and published by S. Ohno, et al. [Ohno 2005].
All these sources were included in the database and their results are plotted in Figure 2.8.5.
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Figure 2.8.4. Deviation of the selected literature data on the saturated
vapour pressure of bismuth from the recommended correlation (2.16)
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Figure 2.8.5. Saturated vapour pressures of LBE versus temperature
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Figure 2.8.5 illustrates that in the temperature range 650-1940 K, the vapour pressure of both lead
and bismuth are very close to the experimental values for LBE available from [Tupper, 1991], [Orlov,
1997], [Schuurmans, 2005] and [Ohno, 2005]. The results of [Michelato, 2003] are systematically lower
than the body of data, therefore they are not used. At temperatures of 500-550 K (227-277°C), Tupper,
et al. [Tupper, 1991], and Orlov, et al. [Orlov, 1997], give a LBE vapour pressure that is 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°® 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.

The selected data set was used to determine the coefficients for a simplified equilibrium equation
(2.14). The values of AH and A thus obtained were: AH = 187.5 kJ/mol and A = 11.1.10° Pa. The
obtained value of AH is in a good agreement with the value of the latent heat of LBE evaporation at
the normal boiling point recommended in Section 2.7 (178 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 where temperature is in kelvins:

Puse [Pa]=1.11-10" - exp(- 22552/T) (2.17)

This correlation similar to those proposed above for lead and bismuth. The deviation of the
selected experimental values from this correlation is illustrated in Figure 2.8.6. The maximum deviation
in the temperature range of 673-1943 K (400-1670°C) is about +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.

Figure 2.8.6. Deviation of the selected data on the saturated
vapour pressures of LBE from the recommended Eq. (2.17)
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2.9 Surface tension

A surface tension of liquid surfaces (o) is related to tendency to minimise their surface energy.
It decreases with temperature and reduces to zero at the critical temperature (T.) where difference
disappears between liquid and gas phases. According to E6tvos’ law [Imbeni, 1998a] for normal
liquids this reduction can be described by formula:

c=K_ V. (T -T) (2.18)

where V, is the molar volume. The average value of the coefficient K, for normal liquid metals is
6.4-10° I m? K* mol 2,

B.J. Keene [Keene, 1993] reviewed many data on the surface tension of pure metals and also
concluded that the temperature dependence of the surface tension is linear for most liquid metals:

c=a+h-T (2.19)

29.1 Lead

Based on the results of analysis of V. Imbeni, et al. [1998a] the following sources were included
in the database for the surface tension of molten lead as a function of temperature: [Lyon, 1954],
[Friedland, 1966], [Smithells, 1983, 2004], [Lucas, 1984], [Gmelins, 1986], [Jauch, 1986], [lida,
1988], [Keene, 1993]. Moreover, later data of P.L. Kyrillov and G.P. Bogoslovslaya [Kyrillov, 2000a]
and of the IAEA report [TECDOC-1289, 2002] were also included.

The Smithells Metals Reference Book [Smithells, 1983] reproduced a relationship from the book
of B.C. Allen [Allen, 1972]. L.D. Lucas, et al. [Lucas, 1984] use the correlation proposed by
J.C. Joud, et al. [Joud, 1972]. lida, et al. [lida, 1988] reproduce a correlation from the Tida’s previous
publication [Kasama, 1976]. B.J. Keene [Keene, 1993] reviewed many previous works to obtain
values of the coefficients in his linear empirical correlation. The coefficients obtained by him on the
basis of all considered sources are very close to those recommended by U. Jauch and B. Schulz [Jauch,
1996]. (However, in his final recommendation B.J. Keene [Keene, 1993] based only on seven sources.)
P.L. Kyrillov and G.P. Bogoslovslaya [Kyrillov, 2000a] give a table of the recommended data
obtained from different sources. The data recommended by [TECDOC-1289, 2002] are very similar to
those presented in [Kyrillov, 2000a] but have slightly higher values.

Figure 2.9.1 shows the values of surface tension of lead taken from the selected sources. Most
sources report only empirical coefficients (except [Lyon, 1954], [Kyrillov, 2000a] and [TECDOC-1289,
2002]), with the experimental values being limited to the surface tension in the region of the melting
point. A difference of +5% exists between the surface tension values given by different sources at
T <1000 K (727°C). The lowest values are given by Friedland [Friedland, 1966] and the highest by
Smithells [Smithells, 2004]. The values calculated using the correlation given in [lida, 1988], [Lucas,
1984] and [Jauch, 1986] are very close in this temperature range. At higher temperatures, the scatter
increases. The temperature slopes of the different correlations can be to up to £50%.

The correlation proposed by U. Jauch and B. Schultz [Jauch, 1986] allows a compromise
represented by the following formula where temperature is in kelvins:

Gpp|[NM*]=0519-1.13.10* . T (2.20)
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Unfortunately, the temperature of validity is not reported in the literature source. In light of this a

conservative validity range of from the melting temperature of 600.6 K to 1200 K (327.6-927°C) is
considered acceptable.

Figure 2.9.1. Lead surface tension as a function of temperature
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2.9.2 Bismuth

As in the case of lead, the results of analysis of V. Imbeni, et al. [1998a] were used as starting
point. The data for bismuth surface tension as a function of temperature were taken from [Lyon, 1954],
[Howe, 1961], [Friedland, 1966], the Smithells Metals Reference Book [Smithells, 2004], [Lucas,
1984], [lida, 1988] and [Keene, 1993].

H.E. Howe [Howe, 1961] cited [Lyon, 1954, 1960] and [Smithells, 1955] as main source along
with a few older complementary sources. In the last edition of the Smithells Metals Reference Book
[Smithells, 2004] a linear correlation from the book of B.C. Allen [Allen, 1972] was reproduced (the
same correlation was also reproduced by lida [lida, 1988]). Lucas [Lucas, 1984] used the correlation
taken from G. Lang, et al. [Lang, 1977]. As with lead, B.J. Keene [Keene, 1993] recommended a
linear correlation with the coefficients obtained from an analysis of many previous sources (however, in
his final recommendation B.J. Keene based only on seven sources). Figure 2.9.2 shows the selected
values of surface tension of the molten bismuth in the range of temperature.

The empirical correlations reported by the Smithells Metals Reference Book [Smithells, 1983]
and by T. lida and R.I.L. Guthrie [lida, 1988] give practically the same values as those of Lyon [Lyon,
1954] and of Howe [Howe, 1961]. The correlation, reported by Lucas [Lucas, 1984] gives 2-3% lower

values of the surface tension than other correlations. A good compromise is a correlation obtained by
Keene [Keene, 1993] on the basis of all sources analysed by him:

s [Nm*]=0.4255-8.0-10% T (2.21)

where temperature is in kelvins. The expected validity range is Ty -1300 K (1027°C).
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Figure 2.9.2. Bismuth surface tension as a function of temperature
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293 LBE

The sources of data for surface tension of the molten LBE, found in the open literature and
included in the present database (Table 2.9.3), are from R.N. Lyon [Lyon, 1954], R.R. Miller [Miller,
1951], V.K. Semenchenko [Semenchenko, 1961], I.V. Kazakova, et al. [Kazakova, 1984], R. Novacovic,
et al. [Novacovic, 2002], D. Giuranno, et al. [Giuranno, 2002], and F.C. Pastor Torres [Pastor Torres,
2003]. In the handbook of P.L. Kyrillov and G.P. Bogoslovskaya [Kyrillov, 2002a] incorrect data on
the surface tension of molten LBE were given. These data have been corrected by Kyrillov later in
[TECDOC-1289]. The last results were also included in the database.

R.R. Miller [Miller, 1951] presented LBE surface tension values at 200, 300 and 400°C. R.N. Lyon
[Lyon, 1954] reported only two values: ¢ = 367 dynes cm™* at T = 800°C, and & = 356 dynes-cm ™ at
1000°C. L.V. Kazakova, et al. [Kazakova, 1984] measured surface tension of Pb-Bi melts using the
sessile drop method at temperatures up to 800°C (1073 K). R. Novacovic, et al. [Novacovic, 2002]
and Giuranno [Giuranno, 2002] 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 [Pastor Torres, 2003] 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. The data
from the above cited sources are presented in Table 2.9.1 and Figure 2.9.3.

The deviations for the LBE surface tension data are shown in Figure 2.9.4. The LBE data can be
described with an uncertainty of less than 3% by the following liner correlation:

Glee[NM*]=0.437-6.6-105.T (2.22)

where temperature is in kelvins. The above correlation is recommended for estimation of the surface
tension of molten LBE at normal pressure up to 1400 K (1127°C).

49



Table 2.9.1. LBE surface tension database

Estimated Pressure
Reg. Measurement Temperature
Parameter accuracy range, | Values Ref.
no. method o range, K
o Pa
Surface ? ? 1073, 1273 | ~10°(9) [Lyon, 1954]
tension
931 [nterpolation function: o= (426.02-0.055-T)-10°Nm™
Comments:
Surface . 5 [Novacovic
? - ~ ? '
tension Sessile drop : 623-773 10° (?) 2002]
9-3:2 [ nterpolation function: o= (445.419 -0.0801-T)-10*Nm*
Comments: 43.9 wt.% Pb + 56.1 wt.% Bi. Unknown purity.
Surface 5 [Pastor Torres,
? - ~ ?
tension Pendent drop : 423-573 10° (?) 2003]
933 Interpolation function: o =(450.86 —0.0873-T)-10°Nm™
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Surface 5 [Semenchenko
? ? - ~ ? !
tension ' ' 1073-1373 10°(?) 1961]
934 I nterpolation function: o= (421.26 - 0.0665-T)-10°Nm™
Comments: ?
Surfgce ” ? 4737-673 ~ 1052) [Miller, 1951]
tension
9-3:5 [nterpolation function: o= (421.26 —0.0665-T)-10*Nm™
Comments: ?
Surface . 5 [Kazakova,
? 277- ~ ?
tension Sessile drop : ???-1073 10°(?) 1984]
936 [Interpolation function: o= (415.7-0.047-T)-10°Nm™
Comments: 43.3 wt.% Pb + 56.7 wt.% Bi. Unknown purity.
Surface 5 [TECDOC-
? ? - ~ ?
3 3 |_tension ' : 403-1073 | ~10°(%) 1289, 2002]

Interpolation function: o =(444.0-0.0703-T)-10*Nm™*

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

50




Surface tension, mN m .

Deviation

Figure 2.9.3. Surface tension of the molten LBE
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2.10 Density

The temperature dependence of density provides essential information for the development of an
equation of state (EOS). In engineering practice it is used to determine the concentration of atoms in
unit volume and hydraulic parameters in installations. Also, the measurement or calculation of basic
physical properties, e.g. viscosity, surface tension, thermal diffusivity, requires knowledge of density.

2.10.1 Lead

The data for the density of the molten lead from R.N. Lyon [Lyon, 1954], S.S. Kutateladze, et al.
[Kutateladze, 1959], A.D. Kirshenbaum, et al. [Kirshenbaum, 1961], L.E. Crean and W.E. Parkins
[Crean, 1964], Ruppersberg and Speicher [Ruppersberg, 1976], [Smithells, 1983, 2004], L.D. Lucas
[Lucas, 1984a], T. lida and R.I.L. Guthrie [lida, 1988] (analysed also by V. Imbeni, et al. [Imbeni,
1998a]), and more recent compilations of P.I. Kyrillov, et al. [Kyrillov, 2000a], [TECDOC-1289,
2002] were included in the present handbook.

A.D. Kirshenbaum, et al. [Kirshenbaum, 1961] presented the experimental results on the molten
lead density up to the melting temperature. Smithells [Smithells, 1983] provides recommendations on
the molten lead density based on the data taken from [Kirshenbaum, 1961] and from [Strauss, 1960].
Lucas [Lucas, 1984a] reported values found by the author experimentally earlier [Lucas, 1969]. lida
[lida, 1988] uses a correlation recommended by Steinberg [Steinberg, 1974].

The recommendations of Friedland [Friedland, 1966] and Weeks [Weeks, 1971] have not been
taken into account because they repeat the results of [Smithells, 1955] and [Lyon, 1954] already
included in the database.

The selected database for density of molten lead is presented in Table 2.10.1.
Figure 2.10.1 shows the molten lead density values from the selected sources versus temperature.

A set of the selected data can be described by linear temperature dependence where temperature
is in kelvins:
Pes|kg M |=11367 ~11944. T (2.23)

The deviation of the selected source values from Eq. (2.23) is illustrated in Figure 2.10.2. One can
see that maximum difference does not exceed 0.7%.

Table 2.10.1. Database on the density of molten lead at the normal pressure

Reg. Measurement | Estimated | Temperature AL
Parameter range, | Values Ref.
no. method accuracy range, K Pa
Density ? ? 673-1273 | ~10°(?) [Lyon, 1954]
10.1.1 | Interpolation function: p=11291-1.165-T kg m™
Comments: Unknown purity.
Density ? ? 673-1073 | ~10°(?) [K“tla;gga]dze’
1012 Interpolation function: p=11380-1.169-T kg m®
Comments: Unknown purity.
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Table 2.10.1. Database on the density of molten lead at the normal pressure (cont.)

Reg. Measurement | Estimated | Temperature PIEITE
Parameter range, | Values Ref.
no. method accuracy range, K Pa
Density ? ? 601-1345 | ~10°(?) [Crean, 1964]
10.1.3 | Interpolation function: p=11307 -1.177-T kg m™®
Comments: Unknown purity.
i 2 2 9 — 105 (7 [Smithells,
Density : : : 10° (?) 1983]
10.14 Interpolation function: p=11470 -1.3174-T kg m®
Comments: Unknown purity.
Density | ? | ? | 601-1823 | ~10°(?) | | [Lucas, 1984]
10.1.5 | Interpolation function: p=11418 —-1.301-T +6.278-10°-T? kg m®
Comments: Unknown purity.
Density | ? | ? | 601-2000 | ~10°(?) | | [lida, 1988]
10.1.6 | Interpolation function: p=10670-1.32-(T-T,,, ) kg m™~
Comments: Unknown purity.
. " " i 105 (o [TECDOC-
Density : : 603-1273 10° (?) 1289, 2002]
1017 Interpolation function: p=11417 —1.239-T kg m™
Comments: Unknown purity.
Density ? ? 636-829 | ~ 10° (?) [Ruppersber,
1976]
10.1.8

Interpolation function: p=11417 —1.350-T kg m

Comments: Unknown purity.

Figure 2.10.1. Density of molten lead as function of temperature at normal pressure
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Figure 2.10.2. Deviation of the database values on the lead density from Eq. (2.23)
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2.10.2 Bismuth

The data for molten bismuth density that have been included in the database, were taken from
[Lyon, 1954], [Kutateladze, 1959], [Crean, 1964], [Cahil, 1963], [Bonilla, 1964], [Lucas, 1984] and
[lida, 1988].

Data from Smithells Metal Reference Book [Smithells, 1983], Friedland [Friedland, 1966] and
Weeks [Weeks, 1971] have not been included in the database because they reproduce the results
already presented in the above cited sources. Bonilla [Bonilla, 1964] reported values that were
obtained by interpolation of data collected from a number of sources. lida and Guthrie [lida, 1988]
reproduce the recommendations of Steinberg [Steinberg, 1974].

The selected database on the density for molten bismuth is presented in Table 2.10.2.

Figure 2.10.3 shows the molten bismuth density values from the selected sources versus
temperature.

All sets of the selected data can be described with linear temperature dependence recommended
by V. Imbeni, et al. [Imbeni, 1998a]:

ps kg m*|=10726 12208 T (2.24)

where temperature is in kelvins.

The deviation of the selected source values from Eq. (2.24) is illustrated in Figure 2.10.4. One can
see that maximum difference does not exceed 0.4%.

54



Table 2.10.2. Database on the density of the molten bismuth at the normal pressure

Reg. p Measurement | Estimated | Temperature PIEITE
arameter range, | Values Ref.
no. method accuracy range, K Pa
Density ? ? 573-1235 | ~10°(?) [Lyon, 1954]
10.2.1 | Interpolation function: p=10755-1.258-T kg m™®
Comments: Unknown purity.
Density ? ? 553-973 | ~ 10° (?) [Kuiateladze,
]
10.22 Interpolation function: p=10744 —1.243-T kg m™®
Comments: Unknown purity.
Density ? ? 589-1033 | ~10° (?) [Blggﬂ']a’
102.3 Interpolation function: p=10722 -1.211-T kg m
Comments: Unknown purity.
Density | ? | ? | 566-1266 | ~10°(?) | | [Crean, 1964]
10.2.4 | Interpolation function: p=10700 —1.3174-T kg m®
Comments: Unknown purity.
Density | ? | ? | 673-1273 | ~10°(?) | | [Lucas, 1984]
10.2.5 | Interpolation function: p=10714 —1.1986-T kg m®
Comments: Unknown purity.
Density | ? | ? | 601-2000 | ~10°(?) | | [lida,1988]
10.2.6 | Interpolation function: p=10050 —1.18-(T - T, ) kg m~®
Comments: Unknown purity.

Figure 2.10.3. Density of molten bismuth as a function of temperature at normal pressure
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Figure 2.10.4. Deviation of the database values on the bismuth density from Eq. (2.24)
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2.10.3 LBE

Only data that do not repeat one another have been included in the database for molten LBE
presented in Table 2.10.3. The data included are from R.N. Lyon [Lyon, 1954], S.S. Kutateladze
[Kutateladze, 1959], the IAEA report [TECDOC-1289, 2002] and B.B. Alchagirov [Alchagirov, 2003].

The data presented by C.F. Bonilla [Bonilla, 1964], Crean [Crean, 1964] and Hofman [Hofmann,
1970] were obtained by the interpolation of the results of Lyon [Lyon, 1954, 1956] and were therefore

not included in the database.

The extracted density values as a function of temperature at normal atmospheric pressure are
presented in Figure 2.10.5. The temperature dependence of the densities of pure molten lead and pure
molten bismuth, calculated with the empirical correlations recommended in preceding sections are also

reproduced for comparison.

The linear regression of values presented in Figure 2.10.5 yields for the LBE density:

pree [kg M |=11096 —13236 - T (2.25)

where the temperature is in kelvins.

Figure 2.10.6 shows that the deviation of the selected literature data for molten LBE density from
Eqg. (2.25) does not exceed 0.8%.
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Table 2.10.3. LBE density database

Reg. Measurement | Estimated | Temperature PIEITE
Parameter range, | Values Ref.
no. method accuracy range, K Pa
Density ? ? 473-1273 | ~10° (?) [Lyon, 1954]
10.3.1 | Interpolation function: p=11113-1.375-T kg m™
Comments: Unknown data on eutectic composition and purity.
Density Picnometer 2% 403973 | ~10°(?) [Kutateladze,
1959]
10.32 Interpolation function: p=11062 —1.2175-T kg m™®
Comments: 44.5 wt.% Pb + 55.5 wt.%Bi. Unknown purity.
. . " i 105 (9 [TECDOC-
Density Picnometer : 403-1073 10° (?) 1289, 2002]
10.3.3 Interpolation function: p=11047 —1.2564-T kg m™
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Density | Picnometer | 0.1% 410-726 | ~10°(?) [A';g%%]ro"'
10.3.4 Interpolation function: p=10981.7 —-1.1369 - T kg m™
Comments: 44.6 wt.% Pb + 55.4 wt.% Bi. Purity Pb —99.9985 wt.%. Purity Bi — 99.98 wt.%
Figure 2.10.5. Density of the melted LBE versus temperature
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Figure 2.10.6. Deviation of the literature recommendations
for melted LBE density from the Eq. (2.25)
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In Figures 2.10.5 and 2.10.6, the results of calculation of the LBE density using Vegard’s law
which expresses the molar volume of LBE through the molar fractions (x, s, and X, g;) and the molar
volumes (v, p, and v, ;) of lead and bismuth as follows:

Viee = Xueb * Vo T Xugi * Vi (2.26)

are also presented.

Eq. (2.26), transformed to the following form:

- Hiee (2.27)
Pree Xipp Hpp 4 (1_ prb)'HBi

Pprp Pagi

(where ppp, pgi and pge are the molar masses of Pb, Bi and LBE respectively) allows one to calculate
the LBE density using as input the densities of pure molten lead and pure molten bismuth which can
be predicted with better precision than that of LBE.

From Figures 2.10.5 and 2.10.6 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 component, 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 t0 T et Lge.

2.11 Thermal expansion

The 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
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of volumetric thermal expansion at any constant thermodynamic parameter x is defined by the

following formula:
1 (eVv 1 (op
T=—.| = | =—=.| & 2.28
B (T) \4 (GTJX p [GTJX (229

Literature sources describing a direct measurement of the coefficient of thermal expansion (CTE)
of molten Pb, Bi and LBE were not found. Therefore, available information on the temperature
dependence of their density (see Section 2.10) was used for deduction of the isobaric CTE.
Substituting the correlation for density recommended in Section 2.10 into definition (2.28) yields the
following formulae for the isobaric volumetric CTE of molten lead, bismuth and LBE respectively:

a) Lead:
1
Kil=———— 2.29
BoeslK = ges g (229)
b) Bismuth:
1
Ikl —=— 2.30
B"B'[ ]8786.2—T (2:30)
¢) LBE:
1
Ktl=——— 2.31
Brvoe| ]8383.2—T (2:31)

The results obtained are presented in Figure 2.11.1. Comparison of the isobaric volumetric CTE
of molten lead, bismuth and LBE, obtained with the formulae above shows that LBE has the highest
CTE. In principle, this can be explained by the lower attractive forces between Pb and Bi atoms in
LBE than in pure lead and in 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.

Egs. (2.29), (2.30) and (2.31) are recommended for practical applications as “the best choice”
(because of their consistency with the correlations recommended above in Section 2.10) for
calculation of the CTE of molten lead, bismuth and LBE respectively.

2.12 Sound velocity and compressibility

There are no results for direct measurement of the compressibility for molten lead, bismuth and
LBE in the literature. Usually, the adiabatic compressibility Ks (or the adiabatic elastic modulus Bs) is
found from the results of measurement of the sound velocity us.ung and density p using the following
thermodynamic relationship [Dreyfus, 1971]:

o (3)
oV

P —p-ul,, (2.32)

1_
KS

S
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Figure 2.11.1. Volumetric thermal expansion coefficients of
molten lead, bismuth and LBE in function of temperature
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2.12.1 Lead

The velocity of propagation of longitudinal sound waves in molten lead was measured by
0.J. Kleppa [Kleppa, 1950] close to the melting point, by R.B. Gordon [Gordon, 1959] over a
temperature interval from the melting temperature to 643 K (370°C), by G.M. Mustafin and
G.F. Shailhiev [Mustafin, 1983] over the temperature range 601-2000 K and by G.V. Konyuchenko
[Konyuchenko, 1969] over the temperature range 673-973 K (400-700°C). Rather good agreement is
observed among the first three sources in the region of the melting temperature. The sound velocity
values presented by Konyuchenko [Konyuchenko, 1969] are 3% higher. No information was given on
Pb purity and on the measurement method used. Therefore this source was not taken into account in
the database presented in Table 2.12.1 below. The data are plotted in Figure 2.12.1.

The most complete and reliable data seems to be that from Mustafin and [Mustafin, 1983],
therefore the correlation recommended for the estimation of the sound velocity in the molten lead is:

Ugounapy | M'8™ |=1951.75 - 0.3423-T +7.635-10° - T* (2.33)

where temperature is in kelvins.

2.12.2 Bismuth

The sound velocity in molten bismuth was measured by J. Jarzynski [Jarzynski, 1963] from the

melting temperature up to 603 K (330°C). This work has been included in the database shown in
Table 2.12.2.
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Table 2.12.1. Sound velocity in the molten lead

Estimated Pressure
Reg. Measurement Temperature
Parameter accuracy range, | Values | Reference
no. method range, K
% Pa
Sound Pulse i 105 (0 [Gordon,
1211 velocity propagation 0.01 601-643 10°(?) 1959]
"~ | Interpolation function: Uspuna(T) = 1776-0.277-(T — Tyer) M S
Comments: Lead of technical purity.
Sound Pulse 0.005 601-2000 | ~10°(?) [Mustafin,
1212 velocity propagation 1983]
" | Interpolation function: Usung(T) = 1951.75-0.3423-T + 7.635-10 > T m s *
Comments: Pure lead.
Sound 5 1790 | [Kleppa,
? ? ? ~ ?
1213 velocity ' ' 600.2 % 10°() m/s 1950]

Interpolation function: n/a

Comments: Unknown purity.

Figure 2.12.1. Velocity of ultrasound in the molten lead in function of temperature
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Table 2.12.2. Sound velocity in the molten bismuth
Estimated Pressure
Reg. Measurement Temperature
Parameter accuracy range, | Values | Reference
no. method % range, K Pa
Sound Pulse ? 545-603 | ~10° (?) [Jarzynski,
1291 velocity propagation 1963]
= | Interpolation function: Ugu,g = 2111.3-0.7971.T ms™*
Comments: Lead of technical purity.
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In the publication of Jarzynski [Jarzynski, 1969] it was proposed that the temperature dependence
of the sound velocity in molten bismuth followed a linear correlation:

U |[M 5 ]=2111.3-0.7971-T (2.34)

where temperature is in kelvins.

2.12.3 LBE

The ultrasound velocity in molten LBE has been measured by R. Kazys [Kazys, 2002] over the
temperature range 433-603 K (160-330°C]. The results of this publication have been included in the
database in Table 2.12.3. A-M. Azad [Azad, 2005] calculated the sound velacity in molten LBE based
on Vegard’s law and using the experimental data on the sound velocity in lead [Mustafin, 1969] and in
bismuth [Jarzynski, 1963]. The correlation recommended by Azad [Azad, 2005] has also been
included in the database.

Table 2.12.3. Sound velocity of the melted LBE

Estimated
Reg. Measurement Temperature | Pressure
Parameter accuracy Values Ref.
no. method % range, K range, Pa
Sound Direct i 105 (o [KaZys,
velocity propagation 0.1 433-603 10°(?) 2002]

1231 Interpolation function: Usung ee(T) = 1773 + 0.1049-T — 2.873-10 *T°ms ™

Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Sound 5
_ 2 ~ ?
velocity ' 10°(7)
Interpolation function: Usgung Lee(T) = 2041.58 — 0.5987-T + 3.3387-10 > T°ms*
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.

[Azad,
2005]

12.3.2

The values for the sound velocity in LBE are plotted in Figure 2.12.2 together with plots for the
recommended correlations for lead and bismuth.

The Vegard’s law points are extrapolated to the melting temperature of LBE. From Figure 2.12.2
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% in the region of the melting temperature of lead. However, the
slope of the temperature dependence differs significantly (more than twice).

While the present data is very scattered and, the following correlation for the LBE sound velocity
is based on the experimental results of Kazys [Kazys, 2002]:

ms*]|=1773+0.1049 - T - 2.873-10* - T2 (2.35)

u sound LBE [

where temperature is in kelvins.
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Figure 2.12.2. Sound velocity in molten LBE, Pb and Bi versus temperature
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The results of the calculations for elastic modulus of molten lead, bismuth and LBE obtained with
Eq. (2.32) are presented in Figure 2.12.3.

In the respective temperature range and at normal atmospheric pressure, the temperature
dependence of the elastic modulus can be described with the help of parabolic and linear functions.

a) Lead:
B, [ Pa]=(42.15-1.652-10%-T +3.273-10 °-T?)-10° (2.36)
b) Bismuth:
B, [Pa] =(44.67-0.0299-T)-10° (2.37)
¢) LBE:
B, s [Pa]=(35.18-1.541-10°-T -9.191-10°°-T?)-10° (2.38)

where temperatures are in kelvins.

2.13 Heat capacity

Available experimental data on heat capacity of heavy liquid metals are even less numerous than
those for density. The theoretical calculation of heat capacity of liquids is restricted by the extreme
complexity of the motion of atoms in liquids. Often, the same types of empirical correlations as for solids
are used to fit the experimental results. An extensive review of the existing experimental data on the
heat capacity of lead, bismuth and LBE was performed by V. Imbeni, et al. [Imbeni, 1998a, 1998b].
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Figure 2.12.3. Bulk elastic modulus of molten LBE versus temperature
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2.13.1 Lead

The heat capacity data of lead taken from [Lyon, 1954], [Kutateladze, 1959], [Friedland, 1966],
[Hultgren, 1974], [Kubashewski, 1979, 1993], [lida, 1988] and [Gurvich, 1991] have been analysed to
include in the current database.

Friedland [Friedland, 1966] used data of T.B. Douglas, J.L. Dever [Douglas, 1950] and D.R. Stull,
et al. [Stull, 1956]. R. Hultgren, et al. [Hultgren, 1974] presented values selected from many previous
publications. T. lida and R.l.L. Guthrie [lida, 1988] reproduced an analytical equation taken from
Kubaschewski and Alcock [Kubaschewski, 1979] who reference many previous sources ([Kelley,
1960], [Stull, 1971], [Chase, 1978, 1982], [Glushko, 1981], [Pankratz, 1982], [Knacke, 1991]).
L.V. Gurvich, et al. [Gurvich, 1991] gave tables with data obtained by benchmarked models. Smithells
Material Reference Book [Smithells, 2004] reported values taken from [Grosse, 1966], [Stull, 1956]
and [Hultgren, 1963].

Data presented in [Kyrillov, 200b] and [TECDOC-1289, 2002] repeat those of [Kutateladze,
1959], therefore they were not included in the database.

Figure 2.13.1 shows the values of heat capacity taken from the selected literature for lead.

R.N. Lyon [Lyon, 1954] gives higher values for the heat capacity of lead than those reported by
other sources. The values recommended by S.S. Kutateladze [Kutateladze, 1959] are independent of
temperature. At temperatures higher than 1300 K (1027°C) two tendencies are observed. According to
Friedland [Friedland, 1966], lida and Guthrie [lida, 1988], the specific heat of lead decreases linearly
with temperature, while according to R. Hultgren, et al. [Hultgren, 1974] it remains constant.
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Figure 2.13.1. Heat capacity of molten lead as a function of temperature
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A reasonable choice for the heat capacity of molten lead in the temperature range of T tO
1300 K (1027°C) is the recommendation of [Gurvich, 1991] where temperature is in kelvins:

Cppp| J kg™ K™ ]=1751-4.961x107 T +1.985x10°°-T* ~2.099x10°- T ~1.524x10° - T* (2.39)

2.13.2 Bismuth

The data for the heat capacity of bismuth as a function of temperature analysed in this handbook
have been taken from [Lyon, 1954], [Kutateladze, 1959], [Hultgren, 1974], [lida, 1988], [Kubaschewski,
1993], [Cheynet, 1996] and Smithells Metal Reference Book [Smithells, 2004].

Howe [Howe, 1961] and Crean [Crean, 1964] reported values given earlier by Lyon [Lyon, 1954,
1960], and were not included in the database.

R. Hultgren, et al. [Hultgren, 1974] presented values selected on the basis of a critical assessment
of previously published data. T. lida and R.I.L. Guthrie [lida, 1988] reported an analytical equation
taken from [Kubaschewski, 1979]. O. Kubaschewski, et al. [Kubaschewski, 1993] reproduced
recommendations of [Knacke, 1991]. (In the earlier compilation [Kubaschewski, 1979] the results of
Wartenberg [Wartenberg, 1933] were cited.) Cheynet [Cheynet, 1996] recommended different
correlations for different temperature ranges. Smithells Metal Reference Book [Smithells, 2004]
presented a set of values with a reference to [Grosse, 1966], [Stull, 1956] and [Hultgren, 1963]. (In the
previous edition [Smithells, 1983], an empirical correlation and a set of values based on the results of
[Samsonov, 1969], [Viswanath, 1972], [Bush, 1963] and [Stull, 1956] were given.)
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Figure 2.13.2 shows the values of heat capacity for molten bismuth extracted from the selected
literature sources in the temperature range of interest. As it can be seen, the values reported by
R.N. Lyon [Lyon, 1954] increase with temperature and those of S.S. Kutateladze [Kutateladze, 1959]
remain constant, in contrast with the results published by other authors. These data were not used in
the development of the recommended correlation.

Figure 2.13.2. Heat capacity of bismuth versus temperature
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Basing on analogy with other liquid metals the data were chosen with the heat capacity values
decreasing with temperature, and the correlation proposed by V. Imbeni, et al. [Imbeni 1998a]
(transformed to other units) is recommended to use for the isobaric specific heat of molten bismuth:

Cosi| J kgt K™ |=118.2+5.934-10°-T +71.83-10° - T~ (2.40)

Eq. (2.40) is applicable in the temperature range of T to 1300 K (1027°C).

2.13.3 LBE

Available data on the heat capacity of LBE are very limited. The authors have found only three
independent sources where heat capacity of molten LBE is given at different temperatures: [Lyon,
1954], [Kutateladze, 1959], and [Hultgren, 1973]. The two older publications, [Lyon, 1954] and
[Kutateladze, 1959], recommend the same value of c,.ge = 0.035 cal g’1 °C™? for a range of
temperatures. In Chapter 2 of the original handbook of Lyon [Lyon, 1954] it was only indicated that
this value has been obtained in the temperature interval from 144 to 358°C. However, in Chapter 5 of
the same handbook this value was presented as interpolation for the interval of 300 to 700°F (149-371°C
or 422-644 K). In [Kutateladze, 1959] this value was recommended for temperatures from 130°C to
700°C (403-973 K). This recommendation was reproduced in later handbooks [Mantell, 1958], [Lyon,
1960], [Bonilla, 1964], [Crean, 1964], [Friedland, 1966], and some of them even extended it to higher
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temperatures without any explanation. This value (but in Sl units — 146 J kg* K™) was recently
repeated in [Kyrillov, 2000a] and then reproduced in [TECDOC-1289, 2002]. The only source which
reports the LBE heat capacity as a function of temperature is that of R. Hultgren, et al. [Hultgren,
1973], which refers to a report of T.B. Douglas and J.L. Dever [Douglas, 1953] as the original source.
The data from [Hultgren, 1973] were reprinted in later compilations and a linear interpolation was
proposed in [Imbeni, 1998b] and in [Morita, 2004]. Based on an analysis of the available data, the
information from three sources: [Lyon, 1954], [Kutateladze, 1959], and [Hultgren, 1973] is included in
the database shown in Table 2.13.1. Figure 2.13.3 shows plots of the heat capacity of molten LBE as a

function of temperature.

Table 2.13.1. Heat capacity database of LBE

Estimated Pressure
Reg. | Paramete | Measurement Temperature
accuracy range, | Values Ref.
no. r method range, K
% Pa
Spheecg'c ? ? 473-1273 | ~10°(2) [Lyon, 1954]
1311 Interpolation function: ¢, ge(T) = 146.5J kg ' K™
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
SPECific | oot heating | 2 403973 | ~10°(7) | Annex | [KUtEeladze,
1312 heat 1959]
"= [Interpolation function: ¢, ge(T) = 146.5J kg~ K™
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Sphe:g'c Heat evolution| 5% 400-1100 | ~10° (?) | Annex [Hfg%]e”’
1313 Interpolation function: ¢, .ge(T) = 160 — 0.0239-T J kg * K™
Comments: 45.3 wt.% Pb + 54.7 wt.% Bi. Unknown purity.

Figure 2.13.3. Specific heat of molten LBE versus temperature
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A line obtained with the additive Kopp’s law (often used for calculation of the heat capacities of
the binary systems) is as follows:

Xpp *Kpp *Cp pp + (1= Xpp)- g “Cpgi
CoLee =

(2.41)

Mige

where ¢, p, and ¢, g; are the specific heat capacities, Xp, and xg; are the weight contents and ppy, and pg;
are molecular masses of lead and bismuth in LBE.

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 267-327°C
(540-600 K), a disagreement exists in the temperature dependence, leading to a larger difference at
higher temperatures.

Attempting, on the one hand, to take into account the similarity between LBE and its components
(Pb and LB) and, on other hand, to use the available experimental data on LBE specific heat, a fitting
of the data set was developed using 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
(127-827°C) with the results as follows:

C, eeld kgt K*]=159-2.72.10% . T+7.12.10° - T? (2.42)
where temperature is in kelvins.

The deviation of the data included in the data set from the recommended Eq. (2.42) is illustrated
by Figure 2.13.4.

Figure 2.13.4. Deviation of the available data on heat capacity of molten LBE from Eq. (2.42)
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From Figure 2.13.4 one can see that the deviation of the selected values of the LBE specific heats
from the recommended Eq. (2.42) does not exceed 5% in the temperature range of 400-1100 K
(127-827°C). The deviation is about the same using Kopp’s law.

2.14 Critical constants and equation of state
2.14.1 Critical parameters
2.14.1.1 Lead

G. Pottlacher [Pottlacher, 1990] published a summary of experimentally determined and
theoretically estimated parameters for the critical point of lead available in the literature as of this date.
They considered 16 sets of data as well as their own estimations based on experimental results
obtained using the pulse-heating technique. Their summary shows that the experimental and theoretical
data on the critical temperature of lead (T p,) lie within the range of 3584-6000 K (3311-5727°C),
while their own estimation yields T, p, = 5400 £+ 400 K (5127 + 400°C).

M.M. Martynyuk [Martynyuk, 1998] estimated the critical points of metals by determining
parameters of the generalised Van der Waals (VdW) equation using experimental data on liquid phase
density and heat of vaporisation in the temperature range from the triple point to the normal boiling
point. The calculated results for lead were compared with the experimental data obtained by himself
[Martynyuk, 1983]. Poor agreement between the theoretical and experimental values on the critical
pressure and density was explained by low accuracy (~50%) in the experiment. Values of T.p, = 4766 K
(4493°C), pepp = 90 MPa, p.p, = 2259 kg/m® were recommended for the critical point of lead.

K.M. Watson [Watson, 1933] proposed a theoretical method for estimating the critical temperature
of non-polar or a slightly polar material and deduced the following formula:

T M 0.18
¢ _-0283.| — 2.43
T (pl(Tb )] ( )

c

where M is in g/mol, p(Ty) is the liquid density in g/cm® at the normal boiling point T, and T is the
temperature at which the molar volume of vapour is 22.4-10° m*/mol. The following relation was used
to calculate T, based on the work of T.C. Chawla, et al. [Chawla, 1981]:

9.8T,

InT, = —42 (2.44)

b

The critical density can be estimated from the semi-empirical “law of rectilinear diameter”
[Cailletet, 1986]. With a reported value for the critical compressibility, Z., of 0.21 for lead [Pottlacher,
1998] the following values were obtained: T pp, = 4961 K, pcpp = 114 MPa and p.p, = 2720 kg/m?®.

Recently, A-M. Azad [Azad, 2005] estimated the critical temperatures of lead, bismuth and LBE
with a theoretical model called “the internal pressure approach”, which is described below in
Section 2.14.1.3. The estimation for lead indicates a quite low value of the lead critical temperature
(Tepp = 3096-3118°C (3369-3391 K)) in comparison with most of other reported theoretical and
experimental values. This can be explained by errors in extrapolation of the experimental data to the
high temperatures.
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A summary of data on the critical point of lead extracted from the above-cited literature is
presented in Table 2.14.1 (the data reviewed in [Pottlacher, 1990] are not included — only their
recommendation is reproduced in the table). The critical compressibility, Z., is determined in the table
as follows:

=PYe _ PM (2.45)
RT, RT.p,

where M is the molecular mass and R = 8.314 J/mol is the universal gas constant.

Table 2.14.1. Summary of the critical point data for lead

Reference T. [K] p. [MPa] pe [kg/m®] Z,
[Martynyuk, 1983] 4460 160 2950 0.30
[Pottlacher, 1990] 5400 + 400 250 £ 30 3200 + 300 0.36
[Martynyuk, 1998] 4776 90 2259 0.21
[Pottlacher, 1998] 4961 114 2720 0.21
[Azad, 2005] 3369-3391 — — -

From Table 2.14.1 one can see that the later more accurate results of M.M. Martinuk [Martynyuk,
1998] and G. Pottlacher [Pottlacher, 1998] are in a very good agreement. Taking into account a large
uncertainty in the estimations, the mean rounded values of these two sources are recommended for the
critical temperature, pressure and density of lead:

Tepp = 4870 K (4597°C), ey = 100 MPa, pe pp = 2490 kg/m® (2.46)

2.14.1.2 Bismuth

Only a few sets of the critical point data are available for bismuth. A.V. Grosse [Grosse, 1961]
estimated the critical temperature of bismuth (T, g; = 4620 K = 4347°C) by application of the principle of
corresponding states to the enthalpy of vaporisation. J.A. Cahill, et al. [Cahill, 1968] compared this
value with one estimated by the method of rectilinear diameter (T, g; ~ 5000 K ~ 4727°C), which
assumes that the average density of the liquid and the saturated vapor changes linearly with
temperature. V.E. Fortov, et al. [Fortov, 1975] calculated the theoretical values of the critical
temperature (T, g = 4200 K ~ 3927°C), pressure (p. g = 126 MPa) and density (p. g = 2660 kg/m®) of
bismuth, based on traditional approaches such as the Grosse method [Grosse, 1961] and on the method
of rectilinear diameter [Pottlacher, 1998]. Martynyuk [Martynyuk, 1983] estimated the parameters of
the critical point of bismuth from the pulse heating experiment and obtained T, g; = 3780 K (3507°C),
Pc s = 132 MPa and p. g = 3010 kg/m®. The estimation of the critical parameters using the Watson
method [Watson, 1931] and the law of rectilinear diameter yields: T, g; = 4354 K (4081°C) and
P s = 2705 kg/m®. The critical temperature of bismuth estimated by Azad [Azad, 2005] (T. g =
2042-2106 K ~ 1769-1883°C) is lower than recommended by other authors.

A summary of the critical point parameters for bismuth, available in the literature, is presented in
Table 2.14.2.
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Table 2.14.2. Summary of the critical point data of bismuth

Reference T, [K] p. [MPa] pe [kg/m?] Z,
[Grosse, 1961] 4620
[Cahill, 1968] 5000
[Fortov, 1975] 4200 126 2660 0.28
[Martynyuk, 1998] 3780 132 3010 0.29
[Azad, 2005] 2042-2106

There is still a very large uncertainty in the available data. For the time being, we recommend the
mean rounded values reported by Fortov [Fortov, 1975] and by Martynyuk [Martynyuk, 1998] as the
more complete and consistent data set:

Tesi = 3990 K (3717°C), pesi = 130 MPa, pe i = 2890 kg/m’ (2.47)

The recommended above values for the critical parameters of lead and bismuth are reasonable in
comparison with the experimental data [Martynyuk, 1983] if we consider the experimental uncertainty
estimated as +50% for p., £15% for T, and £20% for p,.

2.14.1.3 LBE

Only two sets of the critical parameters of LBE are available in the published literature. One is
proposed by K. Morita, et al. [Morita, 2004, 2005] and another by A-M. Azad [Azad, 2005]. Both
were estimated theoretically on the basis of known properties for LBE. No publications are currently
available with the results of measurement of the LBE critical parameters.

K. Morita, et al. [Morita, 2004, 2005] used the method proposed by Martynyuk [Martynyuk,
1998], which is based on the following generalised relationship:

p= 1 _ 8 (2.48)

“V-b V"

where a, b and n are constants that must be determined. In [Martynyuk, 1998] these constants are
expressed through the melting and boiling temperatures, the latent heats of melting and boiling, and
the liquid molar volume in the melting and boiling points. In their calculations, Morita [Morita, 2004,
2005] took the liquid density from [Alchagirov, 2003] and calculated the heat of vaporisation from the
Clapeyron equation using their estimated vapour pressure curve. The critical parameters of LBE
obtained by them are T, g = 4890 K (4617°C), pcge = 2170 kg/m3 and p¢Lse = 87.8 MPa.

M-A. Azad [Azad, 2005] estimated the LBE critical temperatures using a simple equation of state
(EQS) for the liquid phase based on the concept of internal pressure of liquids and assuming that data
on density, heat capacity and sound velocity are known:

p+ D C,
:usoun o) p
T TP,

(2.49)

where p; is the internal pressure, Usung IS the sound velocity, o, is the volumetric thermal expansion
coefficient and C, and Cy are the isobaric and isochoric heat capacities, respectively. The right side of
Eq. (2.49) has been described with a linear empirical function of the form:
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p+D;

=A-BT (2.50)

The gas phase was described with the perfect gas equation. In order to determine the constants A
and B, the LBE melt density was taken from the measurements of B.B. Alchagirov [Alchagirov, 2003].
The LBE heat capacity and the sound velocity were computed with Vegard’s law using the literature
data on heat capacities [Kubaschewski, 1979], [Hultgren, 1974] and sound velocities [Mustafin, 1983],
[Jarzynski, 1963] of lead and bismuth. The calculated values for the LBE critical temperature and
pressure are T ge = 2411 K (2138°C) and p. ge = 244 MPa. It should be noted that the critical
temperature of LBE obtained by Azad [Azad 2005] is more than by factor 2 lower and the critical
pressure is 3 times higher than those calculated by Morita, et al. [Morita, 2004, 2005]. A summary of
the critical parameters of LBE is given in Table 2.14.3.

Table 2.14.3. Summary of the critical point data for LBE

Reference T. [K] p. [MPa] pe [kg/m®] Z.
[Morita, 2004] 4890 87.8 2170
[Azad, 2005] 2411 244 _ _

A very large uncertainty still exists in the estimation of the LBE critical parameters. More detailed
analysis and comparison with other heavy metals is needed in order to provide recommendations. One
of the reasons for a lower critical temperature obtained in the calculations of Azad may be the use of
an incorrect temperature dependence of the sound velocity. In the absence of better data, the rounded
values obtained by K. Morita, et al. [Morita, 2004] are recommended for very approximate estimations:

TC LBE — 4890 K (4617OC), PcLBE = 88 MPa, PcLBE = 2170 kg/m3 (251)

2.14.2 Equation of state

The vapour EOS for LBE was developed by K. Morita, et al. [Morita, 2004, 2005] for use in
reactor safety analysis. They used the modified Redlich-Kwong (MRK) equation extended to a
reacting system [Morita, 1998a], where the dimmer and monomer components consist of vapour. The
functional form of the MRK equation extended to a reacting system is as follows:

B RT _am)
DMy a) Vivra) (252
with:
T
a(T):aZ(T_j , T<T, (253)
da
a(T)=a2+ﬁTc(T -T.), T>T, (2.54)

where p is the pressure, T is the temperature, v is the specific volume, y, is the dimer fraction, and ay,
ap, az and a4 are the model parameters. From the definition, v, is related to the equilibrium constant k;
given by:
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L T (2.55)

(p) @-y,Sp

where the total pressure p is the sum of the monomer pressure p; and the dimer pressure p,:

P=ps+p: (2.56)

Although Eq. (2.52) was originally developed by Morita [Morita, 1998b] for sodium with
dimerisation, it was applied to LBE assuming that LBE vapour consists of monatomic and diatomic
components, representing the diatomic component of the LBE vapour as the diatomic bismuth.
Therefore, Eq. (2.56) was given by:

P1 = Peb * Pai (2.57)
P2 = Psi, (2.58)

where ppp, Pgi and pg;, are the partial pressure of monatomic lead, monatomic bismuth and diatomic
bismuth, respectively.

The equilibrium constant of LBE, Eq. (2.55), was evaluated based on the vapour pressure data
taken from the “best” values tabulated by R. Hultgren, et al. [Hultgren, 1974] for lead and bismuth as
used for the estimation of the LBE vapour pressure. The results in the temperature range 700-2000 K
(427-1727°C) were fitted to the following equation:

k, = exp(— 24.611+ @j (2.59)

where k, is in Pa™* and T is in K.

The EOS parameters a;, a, and a; in Eq. (2.52) were determined from the estimated values of
critical constants [Morita, 2004, 2005], and the fact that the critical isotherm on a pressure-volume p-v
diagram has an inflection point at the critical point. The parameter a, was fitted to the slope of the
vapour pressure curve [Morita, 2004, 2005] at the critical temperature of 4617°C (4890 K). The
resultant parameters are:

a; = 6.26824 x 10°°, a, = 1.59328 x 10, (2.60)
a; =8.11866 x 10, a, = 3.78359 x 10*

A similar approach can be used for construction of the EOS for lead and bismuth.

2.15 Viscosity

Accurate and reliable data on viscosity of liquid metals are not abundant. Some discrepancies
between experimental data can be attributed to the high reactivity of metallic liquids, to the difficulty
of taking precise measurements at elevated temperatures, and to a lack of a rigorous formula for
calculations. All liquid metals are believed to be Newtonian liquids. The temperature dependence of
viscosity of liquid metals are usually described by an Arrhenius type formulae:
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=N, -exp(E, /RT) (2.61)
where E, is activation energy of motion for viscous flow.

In engineering hydrodynamics, the kinematic viscosity v is often used, which is a ratio of the
dynamic viscosity n to the liquid density p:

v=n/p (2.62)

2.15.1 Lead

The viscosity data for lead as a function of temperature included in the present handbook were
taken from R.N. Lyon [Lyon, 1954, 1960], S.S. Kutateladze, et al. [Kutateladze, 1959], W. Hofmann
[Hofmann, 1970], L.D. Lucas [Lucas, 1984b], T. lida and R.I.L. Guthrie [lida, 1988], P.L. Kyrillov
and G.P. Bogoslovskaya [Kyrillov, 2000a] (reproduced in [TECDOC-1289, 2002]) and Smithells
Metal Reference Book [Smithells, 2004].

W. Hofmann [Hofmann, 1970] analysed data of many previous authors and found a satisfactory
agreement. Lucas [Lucas ,1984b] used the lead viscosity values from Ofte [Ofte, 1967]. lida and
Guthrie [lida, 1988] reference [lida, 1975]. Data from [Kyrillov, 2000a] and [TECDOC-1289, 2002]
are close to those of [Kutateladze, 1959] but extended to higher temperature (1273 K ~ 1000°C
indicated in [Kyrillov, 2000a]). Smithells Metals Handbook [Smithells, 2004] took the parameters of
Eq. (2.61) from [Beyer, 1972] and [Wittenberg, 1970].

Figure 2.15.1 shows the values of molten lead viscosity taken from the cited literature.
Figure 2.15.1. Lead dynamic viscosity as a function of temperature

3.00E-03

Lyon 1952
Kutateladze 1959
Hofmann 1970

®

& O

2.50E-03 A *
¢ Lucas 1984

., :

X

Ida 1988
Smithells Hb 2004
== Recommended

2.00E-03

1.50E-03 M‘L

<
1.00E-03 o \\\

Dynamic viscosity (Pa s)

5.00E-04
500 700 900 1100 1300 1500

Temperature (K)

74



Good agreement exists among the different sets of experimental data and the values calculated by
means of the empirical equations. A reliable choice of an empirical equation to describe the temperature
dependence of the dynamic viscosity of molten lead can be obtained by fitting the selected values into
an Arrehenius type equation of the form:

npy[Pa s]=4.55-10"* -exp(loTﬂ] (2.63)

where temperature is in kelvins. This correlation is valid in the temperature range from Ty to 1470 K
(1197°C).

2.15.2 Bismuth

Most of analysed viscosity data for bismuth as a function of temperature are from about the same
sources as for lead: [Lyon, 1954], [Kutateladze, 1959], [Bonilla, 1964], [Lucas, 1984b], [lida, 1988]
and Smithells Metal Reference Book [Smithells, 2004].

The values reported by Bonilla [Bonilla, 1964], are very high as compared with those given by
the other sources, and those reported by lida [lida, 1988] are significantly lower. These data should be
disregarded.

Smithells Metal Reference Book [Smithells, 2004] gives the parameters of Eq. (2.61) based on
the experimental results from [Wittenberg, 1970] and [Beyer, 1972]. Lucas [Lucas, 1984b] presented
viscosity experimentally determined by Ofte [Ofte, 1963]. lida [lida, 1988] references [lida, 1975].

Figure 2.15.2 shows the values of viscosity taken from the cited literature for bismuth.

Figure 2.15.2. Bismuth viscosity as a function of temperature

2.0 ‘
® Lyon 1952
1.8 % o Kutateladze 1959
4 X Bonilla 1964

1.6 a Lucas 1984
® o lida 1988
* x Smithells Hb 2004
1.4 ‘\ O Smi
\ — Recommended

1.2 X

° X

D'\A\(

0.8 =

500 700 900 1100 1300
Temperature (K)

Dynamic viscosity (10 Pa s)

75



A reasonable choice for an empirical correlation to calculate the bismuth viscosity as a function
of temperature is that proposed by Smithells Metal Reference Book [Smithells, 2004]:

ngi[Pa s]=4.458-107* - exp(%S'sJ (2.64)

where temperature is in kelvins. This correlation is valid in the temperature range from Ty, to 1300 K
(1027°C).

2.15.3 LBE

In the old Western sources, the recommendations for LBE viscosity are given for the temperature
range of 300-700°C (673-973 K) by R.N Lyon [Lyon, 1954, 1960], C.L. Mantell [Mantell, 1958], and
C.F. Bonilla [Bonilla, 1964]. At temperatures below 300°C (573 K) the data for the LBE kinematic
viscosity are found in the publication of Kutateladze [Kutateladze, 1959]. New data were reported by
J.P. Holman [Holman, 1968] and detailed measurements were performed later by B. Kaplun, et al.
[Kaplun, 1979]. Recent data from [Kyrillov, 2000a] and [TECDOC-1289, 2002] are very close to
those of [Kutateladze, 1959] 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 2.15.1.

The data extracted from the selected sources are presented in Figure 2.15.3.

Table 2.15.1. Viscosity database for molten LBE

Estimated Pressure
Reg. Measurement Temperature
Parameter accuracy range, | Values | Reference
no. method o range, K
% Pa
Dynamic ? ? 605-873 | ~ 10° (?) [Lyon, 1954]
1531 viscosity

Interpolation function: n g (T)=(5.37-8.92.10° - T +4.71-10° -T?)-10° Pa's

Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Kinematic ? ? 403-973 | ~10°(?)
Vviscosity

15.3.2 | Interpolation function:

Neee (T)= (2.077 -8.983-10°-T +1.629-10°-T?-1.352-10° - T* +4.25.10™" -T“)-10‘2 Pas

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

[Kutateladze,
1959]

Dynamic n n ) 105 (7 [Holman,
Viscosity ' ' 403-1073 10°(7) 1968]
1533 fInterpolation function: g (T)= (4.56 —7.03-10° -T +3.61.10° -T2)-10° Pa s
Comments:
Dynamic " " ) 105 (0 [Kaplun,
Viscosity ' ' 410-726 10°(?) 1979]

15.3.4 | Interpolation function:
Meee (T)=(1.702-6.612.10° - T +1.064-10° -T2 —7.751.10° -T° +2.118-10 2 .T*)-10? Pa s
Comments:

* The data on the LBE dynamic viscosity presented in Table 2.15.1 from [Kutateladze, 1959] have been calculated with
Eq. (2.62) using the data on the kinematic viscosity and density presented in the same source.
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Figure 2.15.3. Dynamic viscosity of the molten LBE versus temperature
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Most of the discrepancies in the experimental data on LBE viscosity can be attributed to its high
reactivity. This physical parameter is never additive for mixtures or alloys. Fitting the parameters of
Eqg. (2.61) to the viscosity database presented above yields the following correlation:

(2.65)

N.ec[Pa s]=4.94-10" ,exp( 754.1)

.
where temperature is in kelvins.

Eg. (2.65), along with the recommended correlations for the dynamic viscosity of molten lead and
of molten bismuth, are also presented in Figure 2.15.3. 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 (2.65) and the database set
is about 6% are shown in Figure 2.15.4 in the temperature range of 400-1100 K (127-827°C).

The kinematic viscosity can be determined from Eq. (2.62) using the recommended correlations
for the dynamic viscosity. Its dependence on temperature is illustrated by Figure 2.15.5. The kinematic
viscosity of LBE is 1.2-1.5 times smaller than that of lead in the temperature range of 600-1100 K
(327-827°C), but it is very close to the kinematic viscosity of bismuth.

2.16 Electrical resistivity

Metals in general are characterised by a very low electrical resistance, that increases with
temperature and about doubles as a consequence of melting. The electrical resistivity of liquid metals
with rare exceptions increases linearly with temperature (in the temperature region of interest) and
therefore can be represented as follows:

r=ry+b,-T
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Figure 2.15.4. Dispersion of the database set on the LBE dynamic viscosity from Eq. (2.65)
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Figure 2.15.5. Kinematic viscosity of the melted lead, bismuth and LBE versus temperature
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In general, the electrical resistivity of liquid metals increases, when impurities enter the melt.
However, in the case of a liquid alloy system that is composed of polyvalent component, the resistivity
sometimes shows a negative deviation from additivity of component resistivities.

2.16.1 Lead

The data on lead electrical resistivity as a function of temperature included in this handbook were
taken from [Lyon, 1954, 1960], [Hofman, 1970], [Smithells, 1983, 2004], T. lida and R.l.L. Guthrie
[lida, 1988], [Bretonnet, 1988], [Kyrillov, 2000a] and [TECDOC-1289, 2002].

Smithells Metal Reference Book [Smithells, 1983, 2004] reported the lead electric resistivity taken
from C.Y. Ho, et al. [Ho, 1968] and H.A. Davies and J.S.L. Leach [Davies, 1970]. T lida and
R.L.L. Guthrie [lida, 1988] reported a correlation taken from N. Cusack and J.E. Enderby [Cusack,
1960]. J.L. Bretonnet, et al. [Bretonnet, 1988] treated different sources to obtain his correlation for
lead electric resistivity: [Tschirner, 1969], [Davies, 1970] and [Mera, 1972].

A.J. Friedland [Friedland, 1966] reproduced data from [Lyon, 1960] and therefore was not included
in the database.

Figure 2.16.1 shows the values of the electrical resistivity for molten lead taken from the literature
cited above.

Figure 2.16.1. Electrical resistivity of molten lead versus temperature
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The agreement between different sources is very good. Therefore, a reasonable choice of an

empirical equation suitable for the calculation of the electrical resistivity of liquid lead as a function of
temperature can be based on the coefficients given by lida and Guthrie [lida, 1988], i.e.:
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r,[Q m]=0.666-10° +4.79-10™°.T (2.66)

which is valid in the temperature range of 601-1273 K (328-1000°C). The deviation of the selected
data from this correlation is less than 1%.

2.16.2 Bismuth

The data for the electrical resistivity of molten bismuth included in this handbook were taken from
[Lyon, 1954], [lida, 1988] and [Bretonnet, 1988].

Smithells Metal Reference Book [Smithells, 2004] only reported the resistivity value at the
melting point. T. lida and R.I.L. Guthrie [lida, 1988] reproduced a correlation from [Cusack, 1960].
J.L. Bretonnet, et al. [Bretonnet, 1988] obtained his formula using the data of J.G. Gasser, et al.
[Gasser, 1984] and S. Ohno, S. Tamaki [Ohno, 1975].

Figure 2.16.2 shows the values of electrical resistivity taken from literature for liquid bismuth, in
the range of temperature of interest.

Figure 2.16.2. Electrical resistivity of liquid bismuth versus temperature
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The amount of the available data on the electric resistivity of molten bismuth is limited, but the
agreement between the three sources is good. Therefore, it is proposed to use an empirical correlation
based on the coefficients given by J.L. Bretonnet [Bretonnet, 1988], i.e.:

ry;[Q m]=0.971-10° +5.534-10*° - T (2.67)

where temperature is in kelvins. The estimated deviation of other data from this correlation is about of
0.8% in the temperature range of 545-1420 K (272-1147°C).
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2.16.3 LBE

Only two reliable data sources for the electric resistivity of molten LBE were found in
the literature: [Lyon, 1954] (probably repeated by [Kutateladze, 1959]) and [TECDOC-1289, 2002].
A.J. Friedland [Friedland, 1966] reported only one value at 538°C (811 K). The data presented in
Kyrillov and Bogoslovskaya [Kyrillov, 2000a] have been discarded because they give a very low
electrical resistivity which is almost independent of temperature (later these data were corrected by

P.L. Kyrillov in [TECDOC-1289, 2002]). The data from [Lyon, 1954] and [TECDOC-1289, 2002]
were included in the database shown in Table 2.16.1.

Table 2.16.1. Electrical resistivity database for the melted LBE

Reg. Measurement ESMENEE Temperature | Pressure
Parameter accuracy Values Ref.
no. method % range, K range, Pa
Electrical 5 [Lyon,
? ? - ~ ?
resistivity ' ' A73-173 10°() 1954]
16:3-1 1 nterpolation function: T (T )= (89.343 + 0.05-T)-10° Om
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Electrical 5 [TECDOC-
? ? - ~ ?
resistivity ' ' 403-1073 10°() 1289, 2002]
16:3-2 1 nterpolation function: T (T )= (83.325 + 0.0523-T)-10° Qm
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.

The experimental data are presented in Figure 2.16.3 together with those recommended for the
electric resistivity of molten lead and of molten bismuth.

Figure 2.16.3. Electric resistivity of molten lead, bismuth and LBE versus temperature
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In Figure 2.16.3 one can see that the LBE resistivity data recommended in [TECDOC-1289, 2002]
fit very well the line calculated with the Vegard-Kopp law using the resistivities of lead and bismuth.
The recommendations of Lyon [Lyon, 1954] yield higher values. Taking into account that the
Vegard-Kopp law is not applicable in the general case to transport properties of binary systems, and
that only two sources are available, all data points were included to in the development of the
recommended linear interpolation correlation as follows:

Mg [Q m]=(86.334 +0.0511-T)-10°° (2.68)

where temperature is in kelvins.

The deviation of the data recommended in [Lyon, 1954] and [TECDOC-1289, 2002] for the
electric resistivity of molten LBE at normal conditions is illustrated in Figure 2.16.4. The maximum
difference does not exceed 2.5% in the temperature range of 400-1100 K (127-823°C).

Figure 2.16.4. Deviation of the experimental data on the
electric resistivity of LBE from the recommended Eq. (2.68)
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2.17 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.
Moreover, large discrepancies can exist between different sets of data. The high thermal conductivity
of liquid metals is mainly due to free electrons. A simple theoretical relation exists for pure metals
between electrical and thermal conductivities known as Wiedemann-Franz-Lorenz law [Kittel, 1956]:

A, =L, -T/r (2.69)

where A is the electronic thermal conductivity, r is the electrical resistivity and L, = 2.45-10° W Q K?
is the Lorenz Number.
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This law has been confirmed for many liquid metals [Giordanengo, 1999]. The contribution of
phonons to the thermal conductivity of metals of interest is small and can be neglected in the
temperature range of 400-1200 K (127-927°C). Therefore, the approximate prediction of thermal
conductivity of liquid metals and alloys is possible by combining the Wiedemann-Franz-Lorenz law
and the existing, reliable values of the electrical resistivity.

2.17.1 Lead

The following data on lead thermal conductivity were analysed for the handbook: [Lyon, 1954],
[Kutateladze, 1959], [Crean, 1964], Friedland [Friedland, 1966], Smithells [Smithells, 1983, 2004],
[Jauch, 1986], [lida, 1988], [Millis, 1996], [Kyrillov, 2000b], [TECDOC-1289, 2002] and Yamasue.

The results reported by R.N. Lyon [Lyon, 1954] and by S.S. Kutateladze, et al. [Kutateladze,
1959] show very different temperature dependencies: the lead thermal conductivity decreases with
temperature in the first, while it increases in the second. Smithells Metal Reference Book [Smithells,
1983, 2004] cited [Ho, 1968] and [Davies, 1970] as sources. T. lida and R.l.L. Guthrie [lida, 1988]
used values taken from [Powell, 1972]. K.C. Millis, et al. [Millis, 1996] considered many sources:
[Touloukian, 1970], [Hemminger, 1989], [Filippov, 1973], [Banchola, 1973], [Wittenberg, 1973],
[Duggin, 1972], [Osipenko, 1970], [Nakamura, 1990] and recommended the linear correlation for the
temperature dependence of thermal conductivity of molten metals.

Friedland [Friedland, 1966] used values given in [Lyon, 1954] and in [Kutateladze, 1959]. U. Jauch
and B. Shultz [Jauch, 1986] took their data from [Touloukian, 1970], that have been taken into account
in [Millis, 1996]. These sources were not included in the database.

Figure 2.17.1 shows the values for lead thermal conductivity taken from the literature cited above.
A very large dispersion of data is present from different sources. A decrease of the lead thermal
conductivity with temperature reported by Lyon [Lyon, 1954] (also by L.E. Crean, W.E. Parkins
[Crean, 1964], and M.J. Duggin [Duggin, 1972]) and an anomaly reported by S.S. Kutateladze, et al.
[Kutateladze, 1959] can be attributed to oxidation effects.

Figure 2.17.1. Thermal conductivity of molten lead versus temperature
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In an effort to find a physically reasonable compromise between the available data and taking into
account the Wiedemann-Franz-Lorenz law, a linear correlation was chosen as recommendation for the
thermal conductivity of molten lead:

deps WM K|=9.2+0.011-T (2.70)

where temperature is in kelvins. This correlation is applicable in the temperature range of Te-1300 K
(1027°C).

2.17.2 Bismuth

The data for bismuth thermal conductivity reported in this handbook were taken from Lyon [Lyon,
1954], Kutatuladze [Kutatuladze, 1959], Crean and Parkins [Crean, 1964], Smithells Metal Reference
Book [Smithells, 1983, 2004], lida and Guthrie [lida, 1988] and Millis, et al. [Millis, et al., 1996].

Smithells [Smithells, 1983] recommended the bismuth thermal conductivity values based on the
results of [Samsonov, 1969], [Viswanath, 1972], [Bush, 1963] and [Stull, 1956]. lida and Guthrie
[lida, 1988] used values taken from Powel [Powel, 1972]. Millis [Millis, 1996] initially reviewed the
available data on bismuth thermal conductivity from the compilation of Touloukian [Touloukian,
1970] and then analysed more recent data. He used linear correlations expressing thermal conductivity
as a function of temperature. Satisfactory agreement was found between values measured by Filippov
[Filippov, 1973] and those derived using the Wiedemann-Franz-Lorenz law and the electric resistivity
reported by [lida, 1988].

Figure 2.17.2 shows the values of thermal conductivity taken from the literature for liquid
bismuth, plotted in the range of temperatures of interest.

Figure 2.17.2. Thermal conductivity of molten bismuth versus temperature
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A discrepancy exists between the values taken from [Crean, 1964], that indicate a decrease of the Bi
thermal conductivity with temperature up to 650 K (377°C) (not shown) and a constant value at higher
temperatures, and the data given by the other sources. This source was not included in the database.

In this version of the handbook, the following empirical correlation recommended by K.C. Millis,
et al. [Millis, et al., 1996] was chosen:
dog WM K |=1241.102 (T =T

)=6.55+1-107-T (2.71)

melt

where temperature is in kelvins, and which is applicable in the temperature range from T to about
1000 K (727°C).

2.17.3 LBE

Information on thermal conductivity for molten LBE mainly comes from the old handbooks
[Lyon, 1954] and [Kutateladze, 1959]. Later handbooks or reviewers reference these data. Only in the
handbook of lida [lida, 1988] did some values appear that differ from those cited above. In the
Russian literature new data were summarised in the handbook of Kirillov [Kirillov, 2000b] without
direct references to the sources. Later, the last recommendations were practically reproduced in
[TECDOC-1289, 2002]. The data from these four sources for LBE thermal conductivity were included
in the database described in Table 2.17.1.

Table 2.17.1. Thermal conductivity database for the melted LBE

Estimated
Reg. Measurement Temperature | Pressure
Parameter accuracy Values Ref.
no. method % range, K |range, Pa
Thermal | Absolute | 5% () | 473503 | ~10° [Lyon, 1954]
1731 conductivity
"~ |Interpolation function: A ge(T) = 3.48 +0.0129 - TWm ' K*
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Thermal . 5 [Kutateladze,
? - ~ ?
1732 conductivity Comparative : 403-973 10° (?) 1959]
"~ |Interpolation function: A ge(T) = 6.86 + 0.0102 - TWm ' K*
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.
Thermal 5 .
? ? ~ ?
1733 conductivity : : 10° (?) [lida, 1988]
> |Interpolation function: A ge(T) =-1.25+3.04-102-T-1.343-10° - "W m ' K*
Comments:
Thermal 5 [Kyrillov,
? ? - ~ ?
17.3.4 conductivity ' ' 403-1073 10°(?) 2000a]
"~ |Interpolation function: A ge(T) = 7.03 + 0.000993 - TW m ' K™
Comments: 44.5 wt.% Pb + 55.5 wt.% Bi. Unknown purity.

The values of the LBE thermal conductivity extracted from the selected sources are presented in
Figure 2.17.3 together with the recommended values for lead and bismuth.
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Figure 2.17.3. Thermal conductivity of molten lead, bismuth and LBE versus temperature
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A non-negligible difference exists between the old Western and Russian recommendations, the
latter giving 15-20% higher values. The recommendation of lida [lida, 1988] provides intermediate
values. The data from the handbook of Kyrillov [Kyrillov, 2000a] probably reproduce the old results
of Kutateladze [Kutateladze, 1959].

Similar to viscosity and electric resistivity, the results on thermal conductivity are strongly
affected by the purity of LBE. Thermal conductivity is not an additive parameter and therefore the
Vegard-Kopp law can not be used to estimate it. Contrarily, the Wiedemann-Franz law, which is valid
for most metals, can be used.

Substituting in Eq. (2.69) the above recommended correlation for the LBE electrical resistivity,
one can obtain the following correlation for the thermal conductivity of molten LBE:

AWmtK]~a, = 2451 (2.72)
86.334+0.0511-T

where temperature is in kelvins.

Eq. (2.72) gives values close to the recommendations of lida [lida, 1988] at lower temperatures:
400-550 K (127-277°C), and close to the recommendations of [TECDOC-1289, 2002] at higher
temperatures: 600-1100 K (327-827°C).

Fitting the data of Lyon [Lyon, 1954], Kutateladze [Kutateladze, 1959] and lida [lida, 1988] with
a parabolic function yields the following recommended correlation:

AwWmtK*|=361+1517-102-T ~1.741.10° - T? (2.73)
where temperature is in kelvins.
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The difference between the selected data and the recommended Eq. (2.73) is plotted in
Figure 2.17.4.

Figure 2.17.4. Deviation of the available data set on
thermal conductivity of molten LBE from Eq. (2.73)
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The maximum deviation is 10-15% at low temperatures. The Wiedemann-Frantz law can be used
for an estimate of the LBE thermal conductivity if its electrical resistivity is known.

Thermal diffusivity is defined as follows:

a, = (2.74)

So, it can be calculated using data for thermal conductivity, density and specific heat. Fitting the
obtained data with a linear function yields the following correlation for LBE which can be
recommended for practical use:

8,0e|ms 2 |= (1408 +0.0112 - T)-10°° (2.75)
where temperature is in kelvins.

The calculated thermal diffusivities of lead, bismuth and LBE are plotted as a function of
temperature in Figure 2.17.5.
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Figure 2.17.5. Thermal diffusivity of molten lead, bismuth and LBE
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2.18 Conclusions

The data on thermophysical properties of molten lead, bismuth and LBE are generally characterised
by significant uncertainty (the exception is the melting point). In general, the reliability of data is
satisfactory and good agreement among the different sources of experimental data is often observed.
However, a large uncertainty still exists on heat capacity and thermal conductivity — different sources
give even different temperature dependence of these parameters. A significant uncertainty also exists
in the boiling temperature. The critical temperatures, the critical densities and the critical pressures of
Pb, Bi and LBE are not well defined, and this hinders the development of equations of states for these
coolants.

On the basis of the review of the data and recommendations available in the literature and of the
recent compilations performed in ENEA and SCKeCEN for thermophysical properties of molten lead,
bismuth and LBE, correlations are proposed that can serve as temporary recommendations for
engineering estimations and design calculations.

The recommended correlations for main thermophysical properties of molten lead, bismuth and
LBE are summarised in Tables 2.18.1 to 2.18.3.
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Table 2.18.1. Summary of the recommended correlations for main thermophysical properties of molten lead (p ~ 0.1 MPa)

. . Temperature | Estimated

Property, parameter Sl unit Correlation range (K) error 4
Melting temperature K T et = 600.6 n/a 0.1
Latent heat of melting kJ kg’1 Qmet = 23.8 n/a 0.7
Boiling temperature K Thoit = 2016 n/a 10
Latent heat of boiling kikg'  |Qpoi = 858.2 n/a 1.9
Saturated vapour pressure Pa P, = 6.189 x 10° - exp(-22216/T) 610-2016 15%
Surface tension Nm* 6=0519-1.13x10".T 601-1200 5%
Density kgm® |[p=11367-1.1944-T 601-1900 0.7%
Sound velocity ms* Ugoung = 1951.75 —0.3423 - T+ 7.635 x 10 - T* 601-2000 0.05% ?
Bulk modulus Pa Bs=(42.15-1.652x10%-T+3.273x10°-T) x 10° | 601-2000 —

— —2 -5 2

Isobaric specific heat Jkgtk?t &7 175'1_ ;’88; :: ig,g _ '-II'-3J:1195%54>:<11%5 ' _:_-,2 601-1300 7% ?
Dynamic viscosity Pas n =455 x 10 - exp(1069/T) 601-1470 4%
Electric resistivity am r=(66.6 + 0.0479 - T) x 10°® 601-1300 1%
Thermal conductivity Wm'K?! |[A=92+0011-T 601-1300 10% ?
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Table 2.18.2. Summary of the recommended correlations for main thermophysical properties of molten bismuth (p ~ 0.1 MPa)

. . Temperature | Estimated

Property, parameter Sl unit Correlation range (K) error +
Melting temperature K T et = 544.4 n/a 0.3
Latent heat of melting kikg"  |Quer=52.6 n/a 1.7
Boiling temperature K Thoil = 1806 n/a 51
Latent heat of boiling kikg" | Quoi =857 n/a 20
Saturated vapour pressure Pa ps = 2.4723 - 10" - exp(-22858/T) 600-1806 70%
Surface tension Nm* |6=04255-8.0x10°-T 545-1300 5%
Density kg m? p=10726-1.2208 - T 545-1300 0.4%
Sound velocity ms* Usoung = 2111.3 -0.7971 - T 545-603 0.1% ?
Bulk modulus Pa B, = (44.67 — 0.0299 - T) x 10° 545-603 —
Isobaric specific heat Jkg' K" |c,=118.2-5934%x10° - T+71.83x10°-T? 545-1300 7% ?
Dynamic viscosity Pas 1 =4.458 x 10 * - exp(775.8/T) 545-1300 5%
Electric resistivity Qm r=(97.1+0.05534 - T) x 10°° 545-1420 0.8%
Thermal conductivity Wm'K"' [A=655+0.01-T 545-1000 10% ?
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Table 2.18.3. Summary of the recommended correlations for main thermophysical properties of molten LBE (p ~ 0.1 MPa)

. . Temperature | Estimated

Property, parameter Sl unit Correlation range (K) error +
Melting temperature K T et = 397.7 n/a 0.6
Latent heat of melting kikg" | Quer=38.6 n/a 0.2
Boiling temperature K Thoil = 1943 n/a 10
Latent heat of boiling kI kg™ | Quoil = 854 n/a 2.0
Saturated vapour pressure Pa ps = 11.1 x 10° - exp(-22552/T) 008-1943 50%
Surface tension Nm* |o=(437.1-0.066 T)x10° 423-1400 5.0%
Density kgm*® |p=11096—1.3236-T 403-1300 0.8%
Sound velocity ms* Usoung = 1773 +0.1049 - T—2.873 x 10 - T? 403-1300 -
Bulk modulus Pa B,=(35.18—-1541x10°-T-9.191 x 10°- T?) - 10° 430-605 0.05%
Isobaric specific heat Jkg' K" [c,=159-272x10%. T+7.12x10°. T 430-605 7% ?
Dynamic viscosity Pas n =4.94 x 10 - exp(754.1/T) 400-1100 5%
Electric resistivity Qm r=(86.334+0.0511-T) - 10° 403-1100 6%
Thermal conductivity Wm'K?"' [A=361+1517x102-T-1.741x10°. T? 403-1100 5% ?
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