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FOREWORD

Renewed interest in the potential of nuclear energy to contribute to a sustainable worldwide
energy mix is strengthening the IAEA’s statutory role in fostering the peaceful uses of nuclear
energy, in particular the need for effective exchanges of information and collaborative
research and technology development among Member States on advanced nuclear power
technologies (Articles I1I-A.1 and II1-A.3).

To meet Member States’ needs, the IAEA conducts activities to foster information exchange
and collaborative research development in the area of advanced nuclear reactor technologies.
These activities, implemented with the advice and support of the various technical working
groups of the IAEA’s Department of Nuclear Energy, include coordination of collaborative
research, organization of international information exchange and analyses of globally
available technical data and results, with a focus on reducing nuclear power plant capital costs
and construction periods while further improving performance, safety and proliferation
resistance. In other activities, evolutionary and innovative advances are catalyzed for all
reactor lines such as advanced water cooled reactors, high temperature gas cooled reactors,
liquid metal cooled reactors and accelerator driven systems, including small and medium
sized reactors. In addition, there are activities related to other applications of nuclear energy
such as seawater desalination, hydrogen production, and other process heat applications.

Of particular interest is the collection and dissemination of up to date scientific and technical
data, also in view of knowledge preservation and transmission the next generation of
scientists and engineers.

This publication provides a comprehensive summary of the thermophysical properties data
needed in nuclear power engineering, viz. data for nuclear fuels (metallic and ceramic),
coolants (gases, light water, heavy water, liquid metals), moderators, absorbers, structural
materials. The correlations and equations are given, which are needed for estimation of
material properties, including thermodynamic properties (density, enthalpy, specific heat
capacity, melting and boiling points, heat of fusion and vapourization, vapour pressure,
thermal expansion, surface tension), and transport properties (thermal conductivity and
thermal diffusivity, viscosity, integral thermal conductivity, electrical resistivity, and
emissivity). The detailed material properties for both solid and liquid states are shown in
tabular form. The data on thermphysical properties of saturated vapours of some metals are
also given.

The driving force behind this publication was P.L. Kirillov of the Obninsk Institute for
Atomic Power Engineering (OIATE). The IAEA would like to express its appreciation to him
and to the contributors listed at the end of this publication. The IAEA officer responsible for
this publication was A. Stanculescu from the Division of Nuclear Power.



EDITORIAL NOTE

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (Whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.
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INTRODUCTION

The knowledge of thermophysical properties of materials is essential for designing nuclear
power plants (NPP). The results of the research work on thermophysical properties of
materials for the first fifteen years of nuclear power engineering development in the Soviet
Union (1950-65) are reviewed in a reference book [1].

In the Obninsk Institute for Atomic Power Engineering (OIATE) some short methodic
reference editions on thermophysical properties of materials assigned to students were
published in 1987-94 [2-4].

However, it proved to be a pressing-need to prepare a reference edition on thermophysical
properties of materials applied in NPP in terms of the present-day knowledge. This collection
of data is developed for the benefit of the students majoring in power engineering as a support
for the preparation of term papers, diploma projects, resolving problems for various courses in
the nuclear power engineering programme.

The subject structure of the publication is in agreement with the content of the IAEA report
on ‘Thermophysical Properties of Materials for Water Cooled Reactors’ [5] and the
classification of the Material Properties Database ‘“MATPORP’ of the International Nuclear
Safety Center of Argonne National Laboratory (ANL) available on the Internet web site [6].
The methodology of data processing of the SSC RF-IPPE Thermophysical Data Center and
the teaching experience of OIATE have been taken into account.

The data presented were obtained by compilation of unclassified publications (more than 290
references) being in the public domain, such as articles in journals, proceedings of
international conferences, preprints, monographs, reference books, educational editions,
IAEA reports and Internet materials.

Thermophysical properties of materials depend on various factors, such as structure, porosity,
thermal treatment, production technology, radiation exposure and other unidentified factors,
rather than on temperature alone. This must be considered in solving specific problems.

The collection contains data on the properties of materials for solid and liquid states,
including thermodynamic properties (density, enthalpy, specific heat capacity, melting and
boiling points, heat of fusion and vapourization, thermal expansion, surface tension) and
transport properties (thermal conductivity, integral thermal conductivity, thermal diffusivity,
electrical conductivity, viscosity, and emissivity). The tables of thermophysical properties of
materials for corresponding temperature ranges were obtained based on the formulas given in
the tutorial using Excel and MATHCAD.

The publication consists of six sections and four appendices. The references are given at the
end of each section. Section 1 introduces the data on physical constants [7, 8], spectrum of
electromagnetic radiation [9], and thermophysical properties of most widely applicable
materials under normal conditions (20°C, 0.1 MPa). The comparative characteristics of the
thermal conductivity of various substances and metals are presented both as diagrams and in
tabulated form.

Section 2 contains the data on nuclear fuel including general performance of fissile materials
and selected types of fuel. In this section, the data on thermophysical fuel properties are
generalized: metallic (uranium, plutonium, and thorium) and ceramic (uranium dioxide,
mixed oxide fuel MOX, uranium nitride and carbide).

In Section 3, thermophysical properties of coolants including some gases, water (H,O, D,0),
liquid metals, their vapours and alloys (Na, NaK, Pb, PbBi, Li and others) are addressed. The
data on the properties of liquid metals and alloys are based on the review [10], properties of



Vapours in Ref. [11]. The properties of light water are based on the tables in Refs [12, 13], the
properties of heavy water on Hill’s tables [14], which were provided to SSC RF-IPPE by
Atomic Energy of Canada Ltd (AECL) under the agreement for mutual scientific and
technical cooperation. It was considered unreasonable to include in the tutorial the
thermophysical data of high temperature organic coolants, molten salts and other advanced
coolants, which have not yet found application in nuclear engineering, in spite of continuing
attempts.

Section 4 outlines the characteristics of basic moderators such as graphite, beryllium, and
beryllium oxide.

Section 5 is devoted to the properties of neutron absorbers, which are used in control devices
and burnable absorbers (boron, boron carbide, AgIlnCd alloy).

In Section 6, properties of structural materials including metals, a number of traditional alloys
and steels used in the power industry and nuclear power engineering are addressed.

In the first appendix to the tutorial, the table on conversion factors of some units is presented.
In the next three appendixes, the general data plant of main reactor types (WWER, fast,
graphite) are given based on monographs [15, 18, 19] and IAEA reports [16, 17].



1. GENERAL INFORMATION

This Section provides a summary of general data encountered in nuclear engineering.
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FIG. 1.1. Spectrum of electromagnetic radiations [9].

TABLE 1.1. PHYSICAL CONSTANTS

Property

Value

Speed of light in vacuum
Gravity constant
Plank constant

Avogadro constant

Faraday constant

Universal gas constant
Boltzmann constant
Stefan-Boltzmann constant
First constant of radiation
Second constant of radiation
Wien constant

Solar constant

Acceleration of gravity (standard)
Proton mass

Neutron mass

Electron mass

Electron charge

Ratio m,/m,

Electron-volt

c=2.998 x 10°m/s

G=6.672 x 10" N-m*/kg’

H=6.626 x 107* J-s

h/2n=1.055 x 107*J-s

Na=6.022 x 10* mol™

F =96485 C/mol

R = 8.314 J/(mol-K)

k =R/N,=1.3807 x 10> J/K

Go=15.670 x 10 W/(m*K *)
C;=2hc’=3.742 x 107" W-m?

C,=he/k =0.01439 m-K

C3= A’ T =2.8978 x 107 m-K

S = 1325 W/m?

g,=9.8066 m/s’

m,=1.503302 x 107'°J = 1.672623 x 10" kg
m,=1.505374 x 107" T = 1.674928 x 10" kg
m.=8.187241 x 107 J=9.109 x 10" kg
1.602 x 107 C

1836.153

1eV=1.602x 107"J
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FIG. 1.2. Thermal conductivity of various materials at 0.1 Mpa.

The data on U, UC,, UO, are in Refs [1, 20], on Th and other metals in Refs [21, 22], on
steels and industrial materials in Refs [23-25], on gases and liquids at saturation line in
Ref. [26].



TABLE 1.2. THERMAL CONDUCTIVITY OF SOLID PURE METALS AT DIFFERENT
TEMPERATURES [21, 22, 27]

Thermal Thermal Thermal Thermal Thermal
Temp. .. Temp. .. Temp. .. Temp. .. Temp. -
K conductivity K conductivity K conductivity K conductivity K conductivity
W/(m-K) W/(m-K) W/(m-K) W/(m-K) W/(m-K)
ALUMINIUM (Al) IrRON (Fe) CoPPER (Cu) PLATINUM (Pt) TirAaNIUM (Ti)
300 237 300 80.2 300 401 300 71.6 300 21.9
400 240 400 69.5 400 393 400 71.8 400 20.4
500 236 500 61.3 500 386 600 73.2 600 194
600 236 600 54.7 600 379 800 75.6 800 19.7
700 225 800 433 800 366 1000 78.7 1000 20.7
800 218 1000 32.8 1000 352 1200 82.6 1200 22.0
933.5 208 1400 31.2 1200 339 1400 87.1 1400 23.6
1500 32.1 1600 91.9 1600 253
BERYLLIUM (Be) MOLYBDENUM (Mo) 2000 99 4 1900 279
300 200 GOLD (Au) 300 138
400 161 300 317 400 134 PrLuTtoNIuM (Pu) [21] THORIUM (Th) [21]
500 139 400 311 600 126 300 5.2 300 35.6
600 126 600 298 800 118 400 5.8 400 333
800 106 800 284 1000 112 450 6.1 500 31.0
1000 91 1000 270 1200 105 500 6.4 600 28.6
1200 79 1200 255 1500 98 550 6.6 800 24.0
1400 69 CADMIUM (Cd) 1800 93 600 7.0 1000 19.3
VANADIUM (V) 2000 90 700 7.6 1200 144
300 96.8 2200 88 800 8.2 1500 7.5
w0 | 33 | swo | exo | Sowwew | R | g3 | Urenn@) s
600 333 594.3 88.0 273 142 LEAD (Pb) 300 22.6
800 357 PoTASSIUM (K) 300 141 400 24.9
1000 38.2 350 139 300 353 600 29.5
1200 40.8 273 104 371.0 132 350 34.7 800 34.1
1400 434 300 102 NICKEL (Ni) 400 34.0 1000 38.7
1600 459 336.8 98.5 500 32.8 1200 433
1800 48.4 300 90.7 600.7 314 1400 47.9
2000 50.9 COBALT (Co) 400 80.2 CHROMIUM (CT)
SILVER (Ag)
BismuTH (Bi) 300 71.6 500 72.2 300 93.7
400 98.2 600 62.7 300 429 400 90.9
300 7.9 500 111 800 67.6 400 425 500 86.0
350 7.4 600 119 1000 71.8 600 412 600 80.7
400 7.0 800 126 1200 76.2 800 396 800 75.6
500 6.6 1000 114 1400 80.4 1000 379 1000 65.4
544.6 6.5 1200 92 1500 82.6 1200 361 1200 61.9
TUNGSTEN (W) 15_00 43_'7 NioBIUM (Nb) ANTIMONY (Sb) 1288 222
300 174 . 400 51.7 300 243
400 159 LITHIUM (Li) 600 55 400 16.5 ZINC (Zn)
600 137 273 85.9 800 58.4 500 16.4 300 116
800 125 300 84.7 1000 61.2 600 17.2 400 111
1000 118 350 82.8 1200 63.6 700 18.4 500 107
1200 113 400 80.4 1400 65.4 800 20 600 103
1500 107 453.7 77.2 1600 66.8 900 24 692.7 99.3
3288 19050 MAGNESIUM (Mg) ;ggg ggg TANTALUM (Ta) ZIRCONIUM (Zr)
3000 91 300 156 2200 69.8 300 57.5 300 21.2
400 153 TIN (Sn) 600 58.6 400 19.6
HAFNIUM (Hf) 500 151 800 59.4 600 19.0
600 149 300 66.6 1000 60.2 800 19.9
300 23.0 800 146 400 62.2 1400 61.8 1000 21.5
400 223 923.2 145 505.1 59.5 1800 63.4 1200 23.5
600 21.3 - - 2000 64.1 1400 259
800 | 208 MANGANESE (Mn) ] . 2400 65.4 1600 285
1000 20.7 300 7.8 - - 2800 66.4 1800 31.5
1400 21.1 700 11 - - 3200 66.6 - -
1600 21.5 800 12 - - - - - -
1900 223 900 13 - - - - - -
- - 1000 14 - - - - - -




TABLE 1.3. THERMAL CONDUCTIVITY OF GASES AND VAPOURS A-(W/m-K) [11,
26]

Temperature
Gas (Vapour) Prlf/[sls)zre °C
0 100 200 300 400 500 600 800 1000
0.1 23.9 30.9 37.2 43.0 48.4 53.5 58.4 68.6 79.6
Nitogen(N;) 200 340 394 433 481 524 566 616 707 815

Ammonia (NH;) 0.1 21.1 33.9 48.8 65.5 84.0 104 124 - -
Argon (Ar) 0.1 16.4 21.0 254 296 33.2 36.5 39.8 45.6 50.8
0.1 169 214 256 290 332 368 403 477 557
Hydrogen (H,)
50.0 210 246 282 313 345 380 413 486 567
0.1 143 174 209 242 270 297 323 372 423
Helium (He)
30.0 160 183 220 251 279 307 329 377 427
0.1 24.4 29.8 386 456 51.3 57.4 63.4 74.5 85.7
Oxygen (O») 10.0 31.6 36.3 424 478 53.7 59.7 64.9 75.2 86.5

Krypton (Kr) 0.1 88 117 143 168 190 212 233 271 303
Xenon (Xe) 0.1 52 77 86 102 117 131 145 172 197
0.1 304 450 620 801 992 - - - -
Methane (CHy) 50 354 482 645 821 - - - _
100 438 520 671 840 - _ _  _
Neon (Ne) 0.1 464 570 672 769 8.0 948 103 118 -
Carbon oxide 0.1 233 301 365 426 485 541 597 701  80.6
(CO)
Propane (C;Hg) 0.1 15.0 27.4 41.7 57.9 76.0 95.8 - - -
Mercury (Hg) 0.1 - ~ 702 87 104 120 137 170 202
(S;‘Cl)fzu)r dioxide 0.1 84 123 166 212 258 307 358 463  57.6

0.1 14.7 222 30.2 38.5 46.1 533 60.0 72.7 84.6

Carbon dioxide T L ) T
(COy) 5.0 - 262 330 407

48.0 54.9 61.3 73.6 854

Carbon tetra

Chloride (CCL,) 0.1 - 8.7 11.6 14.7 17.8 21.2 24.5 - -
Fluor (F,) 0.1 24.8 32.5 39.7 46.8 53.5 - - - -
Chlorine (Cl,) 0.1 7.9 114 14.9 18.0 20.8 - - - -




TABLE 1.4. THERMOPHYSICAL PROPERTIES OF MATERIALS [4, 27]

. Temperature Density Heaj[ Therrr}all ”.Fherl.nz-\l Heat. Lo
Material oC ke I’ capacity  conductivity dligfus;vny permeability
J(kgK) W/(m-K) 10%m’c) W-s"2/(m*K)
Metals and alloys
Aluminium 99.99 20 2700 945 238 93.4 24700
Beryllium 20 1848 1780 180 54.7 24300
Bronze
(84 Cu, 97n, 6 Sn, 1 Pb) 20 8800 377 61.7 18.6 14300
Vanadium 50 6120 498 31.0 10.2 9720
Bismuth 20 9800 129 8.4 6.6 3260
Tungsten 20 19000 138 174 66.4 21360
Wood’s metal
(50 Bi, 25 Pb, 12,5 Cd. 5 Sn) 20 9730 147 12.8 8.96 4280
Gallium 20 5910 371 41 18.7 9480
Duralumin
(95 Al 45 Cu, 0,5 Mg) 20 2790 912 165 64.8 20490
Iron 20 7870 456 75 20.9 16400
Gold 20 19290 128 310 125 27700
Iridium 20 22400 133 147 493 20900
Indium 20 7280 239 81.8 47.0 11930
Cadmium 100 8640 246 94.2 443 14100
Potassium 20 860 760 100 153 8100
Cobalt 20 8780 427 69.1 18.4 16100
Constantan
(60Cu, 40 Ni) 20 8900 410 22.6 6.19 9080
Lithium 20 534 3570 85 445 12730
Magnesium 20 1740 1050 159 87.0 37190
Copper 99,99 20 8960 385 401 116 37190
Copper 99.8 20 8300 419 386 111 36640
Molybdenum 20 10200 272 147 53.0 20200
Sodium 20 970 1234 130 112 12700
Nickel 99,9 20 8900 450 92 23 19200
Niobium 20 8570 267 52.3 229 10900
Nichrome 20 8400 440 13 3.5 6930
(80 Ni, 20 Cr) 700 8130 615 24 4.8 10950
Tin 20 7290 221 62.8 39.0 10100
Palladium 20 11970 242 71.2 24.6 14400
Platinum 20 21500 133 71.2 249 14300
Plutonium 20 19840 130 6.7 2.6 4170
Rhenium 20 21020 138 48.1 16.6 11800
Rhodium 20 12500 246 151 49.1 21500
Lead 20 11340 127 35 243 7100
Argentum 20 10497 234 418 170 32040
Carbon steel (St. 20) 20 7860 483 52 13.7 14050
Austenitic steel
(Kh1SN10T) 20 7900 470 14.5 3.9 7340
Low alloyed
pearlitic zteel (Kh2M) 20 7800 486 10.6 10.6 12300
Tantalum 20 16500 142 57.5 24.5 11600
Titanium 20 4500 522 21.9 9.32 7170
Thorium 25 11720 118 37 26.7 7150
Uranium 99.9 500 18600 174 30 9.26 9850
Chromium 20 7100 474 88.6 26.3 17300
Cesium 20 1870 242 359 79.3 4030
Zinc 20 7130 385 113 41.2 17600
Zirconium 70 6500 290 22.7 12.0 6540



TABLE 1.4 (continued)

. Temperature Density HeaF Therm.al. Thermal Heat: .
Material oC ke/m’ capacity  Conductivity dit;’fus;vity permeability
J/(kg:K) W/(m-K) 10°(m%/s) W-s"2/(m%K)
Building and heat-insulating materials (in dry air)
Asphalt 20 2120 - 0.70 0.19 1590
Concrete 20 2200 879 1.28 0.66 1570
Wood (pine) 20 550 2700 0.16 0.10 472
Reinforced concrete 20 2200 840 1.5 0.81 1660
Red brick 20 1800 890 0.77 0.49 1100
Lime-sand brick 20 1900 840 0.81 0.51 1140
Sand 20 1500 1020 0.50 0.33 875
Cement 20 1900 1130 0.30 0.14 802
Cement mortar 20 1900 800 0.93 0.61 1190
Slag concrete 0 1500 750 0.87 0.77 990
Asbestos fiber 50 470 820 0.11 0.29 210
Asbestos cardboard 20 900 816 0.16 0.22 340
Mineral wool 50 200 920 0.046 0.25 92
Glass-wool 0 200 660 0.037 0.28 70
Slag-wool 25 200 800 0.05 0.31 89
Various materials
Bakelite 20 1270 1590 0.23 0.114 680
Paper 20 700 1200 0.12 0.14 320
Paper laminate 25 1350 1420 0.23 0.12 664
Granite 20 2750 890 2.9 1.2 2700
Graphite (natural) 20 1700 710 100 0.83 10990
Ground (compact) 20 1900 1150 1.5 0.69 1810
Coal (brown) 20 1200 1260 0.26 0.18 630
Quartz 20 2500 780 1.4 0.72 1650
Ice 0 917 2040 2.25 1.20 2050
Chalk stone 20 2000 880 0.93 0.53 1280
Paraffin 30 925 2260 0.27 0.13 750
Polyvinyl chloride 20 1380 960 0.15 0.113 445
Polystyrene 20 1050 1250 0.14 0.107 430
Polyurethane 20 1200 2090 0.32 0.128 800
Polyethylene 25 930 2500 0.28 0.12 810
White rubber 20 1100 1670 0.16-0.23 0.087-0.095 540-650
Sponge rubber 20 250 2050 0.06 0.12 17
Sulfur 20 2070 720 0.27 0.18 630
Snow (recent) 0 200 2100 0.10 0.24 648
Snow (dense) 0 350 2100 0.35 0.48 507
Window glass 20 2480 800 1.16 0.58 1520
Quartz glass 20 2210 730 1.40 0.87 1500
Lead glass 20 2890 680 0.80 0.40 1250
Laminated cloth 20 1350 1500 0.28 1.38 753
Porcelain ware 25 2200 900 1.0 0.5 1400
Cotton 30 80 1150 0.059 0.63 74
*Heat permeability b=ApC,, (W-s""m2K™) (1.1)
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2. NUCLEAR FUEL

2.1. GENERAL PERFORMANCE OF FISSILE MATERIALS AND NUCLEAR FUEL

Nuclear fuel relates to materials that are capable to release energy in the course of nuclear
reactions. They are categorized into fissile materials and fertile materials providing new fuels.
Among the first class are the materials of neutron-induced fission. The unique natural material
of thermal fission is isotope ***U. Another isotope >**U is fissionable only by fast neutrons
(>1-2 MeV). Naturally occurring uranium contains 23817 (99.283%) and *°U (0.711%) as well
as some other isotopes.

Two natural isotopes °*U and *’Th are fertile materials, because they produce new
fissionable materials **’Pu and ***U by absorbing neutrons. The ability of producing new fuel
is used in fast neutron reactors the so called breeder reactors [1, 2].

Thus, there are principally three fissionable isotopes important for the nuclear power
engineering: a naturally occurring isotope (*°U) and two other artificial isotopes (**Pu and
230) made from ***U and **Th by neutron capture. The characteristics of thermal neutron
fissionable isotopes are presented in Table 2.1 [3].

TABLE 2.1. CHARACTERISTICS OF THERMAL NEUTRON-FISSIONABLE ISOTOPES [3]

Nuclear constants 233 IS(z);[? - 239
U U Pu
_Cross-sections in barns (1 barn=10**em®
___________ fissin,o¢ 529 38 742
capture, G, 46 98 270
_ absoptiono, 575 e 1012
Neutronyied
per fission, v¢ 2.495 2.437 2.891
 percapture,ve 2211 2078 2079

Nuclear fission is accompanied by energy production proportional to the change of nuclear
mass according to the law E = Amc?. The change of Am is relatively small and is about 0.1%
for nucleus *°U. The main fraction of this energy is kinetic energy of fission fragments that
converts to heat at their slowdown. The energy distribution between various fission products
of one nucleus **°U is given in Table 2.2 [4].

The energy carried away by neutrino is partially compensated by y ray absorption at radiation
capture of fission neutrons by materials. Thus, the energy being released at one nuclear fission
is close to 200 MeV or 3.2 x 107" J. Total energy released at fission of 1g of the isotope *°U
is defined as:

6.02 x 102 1.6 x 107"
E= (1/235) Avogadro  x200 MeV to J =82x10"7 2.1)
number conversion coefficient

To provide a thermal power of 1 MW per day, 1g of nuclear fuel is used (1 W of power
corresponds to 3 x 10' fissions per second). In thermal-neutron reactors, about 1.2 kg of 2*°U
or 1.5 kg of %*’Pu is burnt up per day at a power of 1 MW. The isotope 2*°U, which is readily
fissionable by thermal neutrons, is used in light-water reactors.
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TABLE 2.2. ENERGY DISTRIBUTION AT ONE *U FISSION [4]

Ener . Integral :
Kind of energy &y | energy ! Character of release
MeV
MeV
Kinetic energy  165-167 | |
of fission fragments ! ! ! .
; Released practically
Kinetic energy 5 bo178 instantly (107 s)
_offissionneutrons __© 7 5 g
Prompt gamma energy : 67
Energy of B-partlcles at 6-8 Released gradually
decay of fission products . . . .
“Enerev of v decav of T 15 through decay chains
nergy oty decay o : 7-10 | : of fission-products
fission products ; : :
Loss of energy, because of
Neutrino energy 10-12 no interaction between
; ; neutrino and reactor materials
Total energy approx. 205

Owing to the properties of metallic uranium, it is of limited value as a nuclear fuel. It has
three allotropic modifications, and considerable changes in volume are observed at phase
transitions. Metallic uranium is unstable under the action of water and air. Besides,
fission products accumulate in the course of uranium radiation, which results in metal
swelling. The most reasonable types of nuclear fuel are uranium dioxide (UO;) and mixed
fuel MOX — (UO,+Pu0,). These fuels have found wide applications in the nuclear power
engineering, although they have low thermal conductivity, which leads to high temperatures
and thermal stresses in fuel.

Uranium carbide (UC), uranium nitride (UN) and thorium based fuel are the advanced types
of nuclear fuel. As compared with MOX fuel, uranium carbide and mixed carbide fuel
(U, Pu)C have higher thermal conductivity, lower linear expansion coefficient and better
compatibility with coolant and fuel cladding materials [5, 6].

Plutonium is an artificial element being produced during uranium reactor operation.
The isotope *’Pu is the most-used one, which release neutrons at fission (about 2 per
one capture, see Table 2.1), that makes it possible to provide nuclear fuel breeding.
Plutonium used in reactors is composed of 70% ***Pu and 20% **°Pu. Metallic plutonium is
not used as a fuel owing to its low melting point (~913 K), six allotropic modifications, whose
conversions are accompanied by volume changes, as well as its chemical activity, possible
heating in air and high toxic level. As a fuel, it is preferable to use plutonium dioxide
(PuO,, Ty ~ 2573 K). The properties of PuO, are close to those of UO,. As a rule, mixed fuel
MOX (80% UO, + 20% PuOy) is used [7].

Naturally-occurring thorium is composed only of the isotope **Th, which is not fissionable,
but converts to the fissionable isotope **°U at neutron capture as a result of two p decays. The
advantage of *°U consists in higher neutron yield per one capture (~2.21 as compared to 2.08
of uranium and plutonium, see Table 2.1), high thermal conductivity and low linear expansion
coefficient [4, 8]. Thorium dioxide (ThO;) and mixed fuel from ThO, and UO,, PuO, can be
used as fuel. The properties of ThO, are similar to those of UO; and PuO,. Thorium is suitable
for long-term application owing to its inventory that exceeds uranium reserves several times.
The basic properties of fissile materials and nuclear fuels are presented in Table 2.3.
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2.2. METALLIC FUEL
2.2.1. Uranium

Uranium is a chemical element that has atomic number 92 and atomic mass 238.03 amu and
belongs to the actinide series. Uranium is more widespread than gold, platinum, silver,
cadmium, bismuth and mercury. Uranium is heavy, silvery white metal with high density
exceeding lead density. It is malleable, ductile metal, which is softer than steel. Uranium is
weakly radioactive and slightly paramagnetic. The basic properties of uranium are given in
Table 2.4.

Uranium has three allotropic modifications (alpha, beta and gamma); their characteristics are
presented in Table 2.5 [27, 34]. The uranium crystals are characterized by strong anisotropy
along the symmetry axes of crystals.

The mechanical properties of uranium are shown in Table 2.6 [48]. The B phase of uranium is
harder and more brittle than the o phase. Uranium in the y phase is very soft that influences its
processing technology.

TABLE 2.4. BASIC PROPERTIES OF URANIUM UNDER NORMAL CONDITIONS
(0.1 MPa; 298 K)

Property Value
Dens1ty (p) kg/m 19050 [27]
Meltlng pomt K (°C) 1405 (1 132) [27]
B0111ng p01nt K (°C) 401 8—4400 (3745—4127) [44—48]
Heat of fusion (AHf) kJ/kg 36.6-39.1
kJ/mol 8.72-9.3 [31-33]

) _acc. to data from Refs [38, 4648, 131] kJ/mol ~  155-19%¢
Heat ofvapourlzatlon (AHy,p) kJ/kg 2046
- kKmor  487[31]
Heat capacity, J/(kg-K) 1163 at293K
) ~ J(molK) S zre73y
Thermal conduct1v1ty ), W/(m K) 22.5[27]
Linear expansion coefﬁc1ent 10° K’ 13.9[46]
~ forsingle crystal [31 44-48, 131] 2]—26 . -
Electrlcal resistivity (pe), 10 Q-m 21.8 [32]

acc. to data from Refs [37,44-48,131] 21—31
Emlsswlty 0 51 at K 67 nm [28]
Sound Veloc1ty m/s 2490 3155 [44—48]
Cntlcal constants [31 95]

Temperature (T;), K 11630

Pressure (P.), MPa 611

Molar volume (V,), dm*/mol 0.045

Density (p.), kg/m3 5290
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TABLE 2.5. CHARACTERISTICS OF ALLOTROPIC MODIFICATIONS OF URANIUM
[27, 34]

Stability Crystal structure, . Vlcl)lume : Heat of p hase:transmon, (AH)
Phase @ temperature : lattice dimensions D_‘§nSlty3 . change
P 107kg/m” 1 AV, % kJ/kg kJ/mol
range, K A ; . i
i ; [27] i
1 - Orthorhombic, § § a—>f at 938 K
f - a=2.853 f _ 125 2.98
U <042 ol 1905 L0112
| c=4.955 |
‘ Tetragonal, B—yat 1049 K
BU | 94o-1040 | 210795 L1811 0.6-07
f | 0=5.865 200 476
| - =4.955 '
- Face-centered, cubic 18.06 ) y—>liquid at 1405.3

U 1049-1408 2 ‘
| | #73.525 366 | 872

TABLE 2.6. MECHANICAL PROPERTIES OF URANIUM AT 298 K [48]

Property Value
Brinell hardness 185
Vickers hardness 190
Tensile strength, MPa 615
Modulus of elasticity, GPa 190
Poisson ratio 0.22
Shear modulus of elasticity, GPa 86

2.2.1.1. Properties of solid uranium depending on temperature

Density of wranium is evaluated using following correlations obtained by linear
approximation of the data in Refs [27, 41]:

p (kg/m’) =19.36 x 10* = 1.03347 Tat 273 < T < 942 K (o phase),

p (keg/m®) = 19.092 x 10° — 0.9807 Tat 942 < T < 1049 K (B phase), (2.2)
p (kg/m’) = 18.447 x 10° — 0.5166 Tat 1049 < T < 1405 K (y phase).

Heat capacity of uranium in the range of 293-942 K is calculated by expression in Ref. [1]:
Cp [T/(kgK)] = 104.82 + 5.3686 x 107 T+ 10.1823 x 10~ T (2.3)
At942 <T<1049K C,=176.4 J/(kg-K);

At 1049 <T <1405 K C,=156.8 J/(kgK) [27].

Thermal conductivity in the range of 293—-1405 K is estimated using the correlation obtained
by averaging the data of Fig. 4.1.1.3 in Ref. [27] on P.24 to an accuracy of = 10%:
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A [W/(m-K)] =22 +0.023(T - 273) 24
Thermal diffusivity is defined by the formula:

a-10° (m%/s) = A/Cyp. (2.5)
The properties of solid uranium evaluated by the correlations (2.2—2.5) are given in Table 2.7.

At a temperature of 1405 K uranium transfers to liquid state. The properties of liquid uranium
at melting point are shown in Table 2.8.

TABLE 2.7. PROPERTIES OF SOLID URANIUM BY CORRELATIONS (2.2-2.5)

Temperature Densi Heat Thermal Thermal
ensity . .. . . .
oC K K g/m3 capacity conductivity dlfgu51;/1ty
J/(kg:K) W/(m-K) 10°(m?/s)
o phase
20 293 19057 115.1 22.5 10.2
100 373 18975 121.0 243 10.6
200 473 18871 130.1 26.6 10.8
300 573 18768 141.3 28.9 10.9
400 673 18664 154.6 31.2 10.8
665 942 18386 200.2 374 10.2
[ phase
665 942 18168 177.2 37.4 11.6
700 973 18138 178 38.1 11.8
727 1000 18111 178 38.7 12.0
776 1049 18067 178 39.8 12.4
Y phase
776 1049 17905 162 39.8 13.7
800 1073 17893 162 40.4 13.9
900 1173 17841 162 42.7 14.5
1000 1273 17789 162 45.0 15.6
1110 1383 17773 162 47.5 16.5

TABLE 2.8. PROPERTIES OF LIQUID URANIUM AT MELTING POINT (1405 K)

. Heat Thermal Thermal  Dynamic Kinematic Surface Electrical Volumgtrlc
Density . .. o ; . . . . L Spectral expansion  Prandtl
ke/m?’ capacity conductivity diffusivity viscosity = viscosity  tension resistivity emissivit coofficient  number
J(kgK)  WAmK) 10%(m?s) mPass  10°m%s)  mN/m  10%(Q:m) Y 109K
0.34 at
17320 198 13.7 4.2 6.5 0.376 1650 60 =67 nm 99 0.0935
[50] [52] [28] - [49] - [50] [36] [28] [52]
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2.2.1.2. Properties of liquid uranium at 0.1 MPa

Density at 1405 < T <2100 K [50, 52]

p (kg/m’) =20332 - 2.146T

Heat capacity C,=198.3 J/(kg:K) [52].

Dynamic viscosity at Tpe < T <2973 K is calculated by the correlation [51]
In p (mPa-s) = A + B-InT +C/T,

where A =—-5.9307, B=0.6557, C =4134.

Volumetric expansion coefficient p =99 x 107° 1/K [52]

Surface tension at 1405 <T <2100 K [50]:

6 (mN/m) = 2127 — 0.3365T + 10%

Vapour pressure at temperatures 1873 — 2273 K is defined by the formula [53]:

lgP (MPa) = 4.701-@.

(2.6)

2.7)

(2.8)

(2.9)

The properties of liquid uranium according to the correlations (2.6-2.8) are given in Table

2.9, the radiological properties of uranium isotopes in Table 2.10 [40].

TABLE 2.9. PROPERTIES OF LIQUID URANIUM AT 0.1 MPa BY EQUATIONS (2.6—

2.8)
Temperature Density Surface tension Kinematic viscosity
oC K kg/m’ mN/m 10°(m’/s)
1133 1460 17315 1654 5.76
1200 1473 17171 1632 5.65
1300 1573 16956 1598 4.94
1327 1600 16898 1589 4.77
1400 1673 16742 1565 4.39
1500 1723 16634 1548 4.17
1627 1900 16255 1488 3.56
1700 1973 16098 1464 3.37
1727 2000 16040 1455 3.31
1827 2100 15825 1421 3.10
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TABLE 2.10. RADIOLOGICAL PROPERTIES OF URANIUM ISOTOPES [40]

Mass ancentra‘uon Half-life Decay energy Decay
Isotope number in natural
. years keV product
amu* uranium, %
By 232.04 - 68.9 5414 28T
By 233.04 - 159.2 x 10° 4909 29Th
By 234.09 0.0055 245.7 x 10° 4859 2B0Th
By 235.04 0.711 703.8 x 10° 4679 BlTh
oy 236.046 - 234.2 x 10° 4572 B2Th
B8y 238.05 99.283 446.8 x 10’ 4270 B4Th

* On the scale 2C

2.2.2. Plutonium

Plutonium is a man-made transuranium element of the actinide series that has atomic number
94 and atomic mass 244.06 amu. Plutonium is silvery gray metal that is formed by slow
neutron bombardment of uranium as a result of radioactive neutron capture by the isotope ***U
and subsequent two-stage § decay of intermediate products. The mechanism of its formation
is the following:

239 239
93NP

U
92 S
B

g

238
92U 94Pu

w

Plutonium has six crystal modifications (alpha, beta, gamma, delta, delta-prime, epsilon);
their properties are presented in Tables 2.12 [37] and 2.13 [36, 139, 140].

TABLE 2.11. BASIC PROPERTIES OF Pu UNDER NORMAL CONDITIONS (0.1 MPa, 298 K)

Property Value

Density (p), kg/m3 19840 [32]
Melting point, K °C) B 913 (640)[31,32]
Boiling point, K (°C) 3500 (3230) [33,131]
Heat capacity, J/mol 312(31,321
kg s

Heat of fusion (AHy), kJ/mol 2.8 [31, 32]
e KK s

Heat ofvapourization (AH,,p), kJ/mol 350 [31, 32]
___________________________________ kkeg o 44

Thermal conductivity, W/(m-K) 5.2*[32]

] Spund V€!O9j¥y3 m/s

Critical constants: [31]

Temperature (T,), K 10000
Pressure (P.), MPa 324
Molar volume (V,), dm*/mol 0.081
Density (p), kg/m’ 2950

2260056=591

* The range of another data on thermal conductivity of Pu is 4.2+6.74 W/(m-K) according to Refs [33, 38, 56-59].
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TABLE 2.12. CHARACTERISTICS OF CRYSTAL STRUCTURE AND PHASE
TRANSITIONS OF PLUTONIUM [37]
Cry§tal structure. Lattice Temperature of Heat of Volumetric
Stability temperature . - phase phase .
Phase dimensions " o expansion
range am transition transition %
K K (°C) J/mol
at 294 K
Monoclinic a=6.1833 o—f
o-Pu b=4.8244 3365+41 8.9-9.62
at T <395 =10.973 395 (122+2)
B=101.81°
at 463 K
Monoclinic a=9.284 By
B-Pu  body-centered b=10.463 637163 2.4-2.67
at 395 < T <479 =7.859 479 (206£3)
B=92.13°
. at 506 K
Rhombic
a=3.1587 1—3
y-Pu  face-centered _ 721484 6.7-6.90
at 479 < T <5 92 b_5.7862 592 (319+5)
c=10.162
Face-centered, cubic _ -
8-Pu at 59 2< T < 724 at 593 K a=4.6371 724 (45144) 80+46 (-0.36)—(-0.4)
Face-centered, :;7‘378015 e
8'-Pu  tetragonal i 1927+84 (-2.16)-(-3.0)
at 724 < T < 749 b 41.489 749 (476+5)
c/a=0.955
Body-centered, cubic at 763 K g—melt
&PU 1749 < T <913 a=3.6361 913 (639.4) 2933251 (-0.1)~(082)
TABLE 2.13. PROPERTIES OF PLUTONIUM PHASES [8, 102, 103]
Plutonium phases
P It
roperty o B Y 8 &' €
Density 19816 17770 17140 15920 16010 16480
kg/m” at298 K at 463 K at 508 K at 593 K at723 K at 783 K
Mean 34.7£0.7 -16128
Linear at 483-583 K at 738-758 K
expansion 46'8?0'05 33'86;0'1 ! along the axes: a= —8.?50.3 along the 36.5+1.1
i -19.7+ : —
O sramK 406470k T so3qizk R a77REBK
c=84.3£1.6 b=—659+67
Heat capacity 37.4 35
J(mol-K)] 32.0-34.3 33.4-36.0 34.8-39.8 37.7 at 728 K at 773 K
Thermal
conductivity 5266  7.87-8.67 8.97-10.5 10.97-12.1 172 12.1-12.6
at 723 K at 783 K
W/(m-K)
Thermal
diffusivity 1.78-2.10 3.10-3.31 3.53-3.96 4.40-4.85 - 5.04-5.25
10°(m?/s)
Electrical
resistivity 142-140 108-108 107-107 100-100 - 114-114
10%(Q2-m)
Sound
velocity 2200 1500 1100 1000 - 1200-1300
m/s
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Internal heat generation owing to fission of the Pu™’ nuclei is equal to (1.923+0.019) x 10
W/g. The mechanical properties of plutonium at 298 K are presented in Table 2.14 [30]. They
essentially depend on temperature varying from high strength and brittleness for a phase to
low strength and high ductility for & phase at 593—723 K. Owing to great changes in volume

combined with anisotropy of most crystal phases, there occur internal stresses and defects,
which influence on elastic and plastic properties of plutonium.

p-10~°kg/m’
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FIG. 2.1. Changes of density (a) [10a] and heat capacity (b) [29] of different plutonium

phases depending on temperature.

TABLE 2.14. MECHANICAL PROPERTIES OF PLUTONIUM AT 298 K [59]

Property Value
Brinell hardness 242
Vickers hardness 250
Tensile strength, MPa 400
Modulus of elasticity, GPa 96.5
Compression strength, MPa 830
Poisson ratio 0.15-0.21
Shear modulus of elasticity, GPa 45

2.2.2.1. Properties of liquid plutonium at 0.1 MPa

Density [141] p (kg/m®) = 16500 + 80 at melting point.
In the temperature range t = 650 — 950°C, p (kg/m?) = 17567 — 1.451 t.
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Heat capacity [138] C, (J/kg-K) = 177; C,, (kJ/mol-K) = 42.3

Dynamic viscosity of liquid plutonium at melting point is equal to 4.51 x 10~ Pa-s according
to the experimental data in Ref. [60].

The viscosity can be calculated by the correlation In p (Pa:s) = A + B:InT +C/T, where
=-2.4909, B=0.2751, C = 1948 in the range T < T <2313 K [51].

Thermal conductivity (by estimates) A (W/(m-K)) ~ 4.

Volumetric expansion coefficient is of  (1/K) = 50 x 107 in Ref. [138].
Surface tension [139] o (mN/m) =550 —a (T — Tperr) at T <1200 K. Here a = 0.08 + 0.15.

Vapour pressure of plutonium for the temperatures 1673-2073 K is evaluated by the
correlation [29, 53]:

IgP (MPa) = 4.019 @ (2.10)

The radiological properties of some plutonium isotopes are presented in Table 2.15 [40].

2.2.3. Thorium

Thorium is a chemical element with atomic number 90 and atomic mass 232.04 amu, which
occurs in nature and belongs to the actinide series. When pure, thorium is silvery white,
ductile metal. The basic properties of thorium are given in Table 2.16. Thorium has two
crystal modifications; their characteristics are presented in Table 2.17 [37]. Metallic thorium
is soft, ductile metal similar to platinum. It is easily amenable to processing by cold
stretching, swaging and stretch forming. The mechanical properties of thorium at 298 K are
given in Table 2.18 [64]. These properties depend on the metal purity and its preprocessing.
Such impurities as oxygen, nitrogen and carbon increase thorium strength, carbon providing
the largest increase.

TABLE 2.15. RADIOLOGICAL PROPERTIES OF SOME PLUTONIUM ISOTOPES [40]

Mass Decay Specific
. Decay ..

Isotope number Half-life energy roduct activity

amu keV p kBg/g
236 232 10

Pu 236.05 2.86 years 5867 §] 1.97 x 10
HTpy 237.05 45.2 days 220 3y 4.48 x 10"
38py 238.05 87.7 years 5593 By 6.33 x 10*
39py 239.05 24110 years 5244 Py 2.27 x 10°
#0py 240.05 6537 years 5255 oy 8.84 x 10°
Hpy 241.06 14.4 years 20.8 *Am 3.66 x 10°
*2py 242.06 376000 years 4982 Py 1.41 % 10°
py 243.06 495h 581.5 *Am 6.19 x 10"

* On the scale °C.
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TABLE 2.16. BASIC PROPERTIES OF THORIUM UNDER NORMAL CONDITIONS

(0.1 MPa, 298 K)

Property Value
Theoretical density, ke/m” nmo2.en
Melting point, K (°C) 2023 (1750)

063@y)

_Boiling point, K (°C)

Heat capacity, J/(kg-K) 118 [31]
e MmolK) 2623
Heat of fusion (AHy), kl/kg 69.4 [63]
kJ/mol 16.1
Acc. to data from Refs [31, 61, 62], kJ/mol 13.8-15.6
Heat ofvapourization (AH,,,) kl/kg 2330 [31]
________________________________ Kimol A
Thermal conductivity, W/(m-K) 37 [30]

_according to another data [32, 61] 4

. . S [y |
Linear expansion coefficient, K

, 11298 K) B
Electrical resistivity, @m (319 x10°(31,33
Emissivity 0.38 at A=67 nm; 1273—1973 K [30]

Sound velocity, m/s 2490 [61]
Critical constants: [31]
Temperature (T,), K 14950
Pressure (P.), MPa 488
Molar volume (V,), dm®/mol 0.0723
Density (pe), kg/m3 3220

TABLE 2.17. CHARACTERISTICS OF THORIUM CRYSTAL STRUCTURE [37]

Lattice dimension Temperature range of existence

Phase Structure A K
a-Th Face-centered cubic a=5.086 <1623
B-Th Body-centered cubic a=4.11 1623 < T <2023

TABLE 2.18. MECHANICAL PROPERTIES OF THORIUM AT 298 K [64]

Property Value
Vickers hardness 35-114
Tensile strength, MPa 200
Modulus of elasticity, GPa 73.1
Poisson ratio 0.27
Fatigue strength, MPa 97
Shear modulus of elasticity, GPa 28
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2.2.3.1. Properties of solid thorium depending on temperature

Density
p (kg/m3)= 11836 -0.4219T (2.11)

Heat capacity [43]
for a-Th at T< 1623 K C, [J/(kg-K)] = - 0.0145T%+ 3.6384T + 111.95 (2.12)
for B-Th at 1623 K< T <2023 K C, [J/(kg-K)] = - 0.2032T2 + 5.7774T + 145.77 (2.12a)

Thermal conductivity

The data on thermal conductivity of thorium in different references greatly disagree. In Refs
[32, 36] and many web sites, the values of 50—54 (W/m K) are found, the temperature range
not indicated. In Ref. [134] there are the data on composition and processing of a number of
thorium specimens. These data and those in Refs [38, 43, 135, 136] are in an agreement with
accuracy of + 15% and evaluated by the correlation:

A [W/(m-K)]=34+0.0133 T, (2.13)
where T (K).

The values given in Refs [28, 42, 130] that indicate a considerable decrease of thorium
thermal conductivity with increasing temperature up to 10 W/(m-K) at 1773 K, seem to be
incorrect.

2.2.3.2. Properties of liquid thorium at T > Ty,

Density [133] p = 10500 kg/m’
Heat capacity C, = 198 J/(kg-K)

Dynamic viscosity In p (Pa-s) = A + B-InT +C/T,

where A= — 2.9328, B = 0.3075, C = 4504 for the temperature range Tpeir < T < Thoit [S1].
Based on this correlation p (Tpe) = 5.129 x 107 Pas. According to experimental data in Ref.
[60], the value of u at melting point is equal 5.033 x 107> Pa-s.

Surface tension [133]:
6 (mN/m) =978 — 0.14 (T — Tien)- (2.13)

Vapour pressure of thorium for the temperature range of 2030-2229 K is defined by
correlation [53]:

lgP(MPa) = 4.991 -@ (2.14)

Twenty five isotopes of thorium are known with mass numbers from 212 to 236, among them
only the isotope **Th occurs in nature. In the course of 2**Th decay that includes six stages of
o decay and four stages of B decay, thorium turns into stable isotope ***Pb. The radiological
properties of the most stable isotopes are given in Table 2.19 [40]. Most of other thorium
isotopes have a half-life, which is less than 10 minutes.
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TABLE 2.19. RADIOLOGICAL PROPERTIES OF THORIUM ISOTOPES [11]

Isotope Maszgi?ber Half-life Decalfﬁergy
*TTh 227.03 18.72 days 6146
28Th 228.03 1.913 years 5520
2Th 229.03 7880 years 5167
30Th 230.03 75380 years 4770
BlTh 231.04 25.52 hours 4213
22Th 232.04 1.4 x 10" years 4082
3Th 233.04 22.3 min 1245
Th 234.06 24.1 days 273

* On the scale °C.

At slow neutron radiation, the isotope ***Th turns into fissionable isotope ***U according to
the reaction:

00Th™2 + o0 > 6o Th2® —> o;Pa?> > 0, U

The isotope **°U is characterized by higher neutron yield per number of absorbed neutrons as
compared to other fission materials such as *°U or **Pu. In combination with one of these
isotopes, thorium gives rise of fuel-breeding cycle in thermal-neutron reactors. The thorium
cycle is proposed for the use in advanced converter reactors.

2.3. CERAMIC FUEL
2.3.1. Uranium dioxide

Uranium dioxide is a ceramic refractory uranium compound, in many cases used as a nuclear
fuel. The basic properties of uranium dioxide are given in Table 2.20.

The crystal lattice of uranium dioxide corresponds to the face-centered cubic lattice of CaF
fluoride with the lattice constant ¢=0.5704 nm [37].

2.3.1.1. Properties of solid uranium dioxide depending on temperature
Density [67]
plkg/m?*)=p,(273)-K;, (2.15)

where p0(273) (kg/m’) is the theoretical density of UO,, K; are the relative linear thermal

expansion coefficients estimated by the Martin correlations [70]:
at 273 <T <923 K.
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TABLE 2.20. BASIC PROPERTIES OF URANIUM DIOXIDE AT 0.1 MPa, 298 K

Property Value
Molecular mass, amu 270.3
Theoretical density po, kg/m3 10960 [41]

Melting point, K (°C)
Boiling point, K (°C)
Heat of fusion AHy, kl/kg
kJ/mol
Heat ofvapourization AH,,p,, kl/kg
kJ/mol

Heat capacity, J/(kg-K)

J/(mol-K)
Thermal conductivity, W/(m-K)
Linear expansion coefficient, 1/K
Electrical resistivity, Q-m

Total normal emissivity(g,)

3120 + 30 (2850) [27]
3815 (3542) [68]
259 £ 15

70 £ 4 [65]

1530

413 [68]

235 [66]

63.7

8.68 [67]

9.75 x 10°° [67]
7.32 % 107 [69]
0.79 [41]

L(T)

K =
bL(273)

at 923 <T<3120K

K = ﬂ =0.99672+1.179x10°T =2.429x107°T* +1.219x 107" T*.

> L273)

=0.99734+9.802x107°7T —2.705x107°T* +4.291x107° 7",

(2.16)

(2.17)

Enthalpy and heat capacity. The enthalpy of solid uranium dioxide at 298.15 < 7'<3120 K is

defined by correlation [66]:

[H(T) - H@98.15K) k7 /mol) =C,0 e —1)" = (2 —1)" |+ €, 17 - (0815 ]+ €

(2.18)

where C; = 81.613, 0 = 548.68, C,=2.285 x 10, C3=2.360 x 10", E, = 18531.7, T (K). The
uncertainty of correlation (2.18) is £ 2% in the range from 298.15 to 1800 K, and + 3% in the
range from 1800 to 3120 K. Correlation (2.18) is approximated by polynomial [66]:

[H(T)- H(298.15K)](kJ / mol) = —21.1762 + 52.17437 + 43.97537% — 28.08047° +

where T = T/1000, T (K), H (kJ/mol).

+7.885527% —0.526687° +0.713917™"

(2.19)
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As (0H/0T), = C,, after differentiation (2.18) in [66] we obtain,

26T
C, [kJ/(mol - K)] = €0
T

2 (e oT 1)2
Equation (2.20) has an uncertainty of £ 3% in the range from 298 to 1800 K and + 13% at
1800-3120 K. In Ref. [67] the data on UO, heat capacity are given in the form of polynomial:

C,E e/

+20,T+=05 (2.20)

C, [kJ/(mol-K)|=52.1743 +87.951t - 84.24117” +31.542¢° — 2.63341" +0.713911
(2.20a)
where T =T/1000, T (K).

Thermal conductivity of solid UO, with a density of 95% is estimated by correlation [71]:

2 [W/(m-K)]

100 6400 (—16.35} (2.21)

= Tt eX
7.5408 +17.692t +3.61421 T T

where t = T/1000, T (K). The uncertainty of correlation (2.21) is +10% in the range from
298.15 to 2000 K and +20% in the range from 2000 to 3120 K.

Taking into account the porosity (Ap), the thermal conductivity of solid UO; can be calculated
by the Brandt-Neuer correlation [72]:

2o [W/(m-K)] =2, (1-ap) (2.22)

where o = (2.6 — 0.57), p is the UO; porosity in volume fractions, Ay the UO, thermal
conductivity with no porosity.

T
Integral thermal conductivity of solid UO, is determined as A (W/m)= I AMT)dT. The
293
values of integral thermal conductivity of UO, (95% and theoretical density) defined by
numerical integration of correlations (2.21, 2.22) using MATHCAD are given in Table 2.21.
For uranium dioxide with a density of 95%, the integral thermal conductivity is approximated
by the following polynomials: at 323 < T <623 K with an accuracy of + 2%

(A)UOZ,%% (W/m) = —4211.3t° +546.65t> + 84071 — 2402, (2.23)

at 623 < T <3120 K with an accuracy of + 1%.
(A)uo, 950 (W/m) ==101.93t* +1166.9t° —4532.1° +9460.41 - 2372.3. (2.24)

For uranium dioxide of theoretical density, integral thermal conductivity is approximated by
polynomials:

at 298 < T < 823 K with an accuracy of £ 2%
(Ao, 1000 (W/m) =3176.87° —9070.2t° +132201 - 3175, (2.25)

at 823 < T <3120 K with an accuracy of + 1%
(Ao, 1000 (W/m) = =115.26t* +1318.1t° = 5157.51" +107461 - 2704.3, (2.26)
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where T =T/1000, T (K).

The correlation for calculation of thermal conductivity, which takes into account the deviation
from stoichiometric composition for UO,.x of theoretical density, has been developed for a
range of 773< T < 1773 K [Washington, cit. in Ref. 41]:

A )(m-K)]=(0.035+3.47X —7.26X > +2.25x107'T) " +

: 2.27)
+(83.0-537X +7610X7)x 10> T*

where X is the deviation from stoichiometry; T (K).

Based on (2.27) Martin [73] obtained a correlation for UO,.x of theoretical density in the
range of 773< T <3120 K and 0< X <0.2:

A7) (m-K)]=(0.035+ 347X p— 726X 2 $+2.25x10T) " +(83.0- 537X 6 +7610X> ¢)x 10T,
(2.28)

where ¢ = (3120 - T)/1347.

For calculation of thermal conductivity of irradiated uranium dioxide by the computer codes
FRAPCON-3 and FRAPTRAN, the following correlation [45] has been developed based on
the modified NFI model:

! iexp(— F/ T) ,

e [W/m K| = £(Bu)+ [1 - 0.9exp((~0.04Bu)] g(Bu) h (T) " T°

(2.29)

where Bu is the burnup in terms of GW day/Mt U, f(Bu) = 0.00187 Bu is the function that
considers the effect of decay products on crystalline matrix (solution); g(Bu) = 0.00187 Bu’?®

is the function that considers the effect of radiation defects; h(T) = 1/ (1+396e_Q/ T) is the

function that considers temperature dependence of annealing from radiation defects;
Q=06380K is the temperature parameter, A = 0.0452 (m-K)/W, B = 2.46E-4 (m/W),
E =3.59E9 (W-K)/m), F = 16361 K.

Linear expansion coefficient of solid UO, [67],
at273 <T<923 K

a,10°1/K =9.828x10° —=6.39x10™"°T +1.38x107°7* —=1.757x107"" 7>, (2.30)
at923 <T<3120K

,10°1/K =1.1833x107° = 5.013x10° T +3.756 x 107> T* = 6.125x 107" 7. (2.31)

The linear expansion coefficient of UO, depends on the degree of stoichiometry and the

presence of other oxides.

Thermal diffusivity a =\/C,-p, m?/s.

Thermophysical properties of solid uranium dioxide evaluated by correlations (2.15-2.17,
2.19-2.22,2.30, 2.31) are presented in Table 2.21.
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TABLE 2.21. THERMOPHYSICAL PROPERTIES OF SOLID URANIUM DIOXIDE
(UOy) BY EQS (2.15-2.17,2.19,2.20a, 2.21,2.23,2.24,2.30,2.31)

Thermal Integral thermal Thermal

Temperature Density Enthalpy Hea't conductivity conductivity difgusi\zlity exlg)lz?lfsairon
kgimd  H(D-HQ98) capacity _ Wim-K) W/m 107 (ms) __ coefficient
oC K kJ/kg J/(kg-K) 95% theqr. 95% theqr. 95% theqr. 108K
density density density density density density
25 298 10950 0 235 7.61 8.68 38 44 2.96 3.38 9.76
27 300 10950 0 236 7.59 8.65 53 61 2.94 3.35 9.76
50 323 10950 6 244 7.34 8.35 225 254 2.74 3.12 9.76
100 373 10930 19 260 6.83 7.77 579 659 241 2.74 9.77
150 423 10910 32 270 6.38 7.25 909 1034 2.16 2.46 9.79
200 473 10900 45 279 5.98 6.78 1280 1385 1.97 2.23 9.82
250 523 10880 59 285 5.62 6.37 1580 1713 1.81 2.05 9.86
300 573 10870 74 290 5.30 5.99 1780 2022 1.68 1.90 9.90
350 623 10850 88 294 5.01 5.66 2038 2313 1.57 1.77 9.94
400 673 10830 103 297 4.74 5.35 2282 2568 1.47 1.66 10.0
450 723 10820 118 300 4.50 5.07 2513 2849 1.38 1.56 10.1
500 773 10800 134 303 4.28 4.81 2732 3095 1.31 1.47 10.1
550 823 10790 149 305 4.07 4.57 2941 3330 1.24 1.39 10.2
600 873 10770 164 307 3.89 4.36 3140 3553 1.17 1.32 10.3
650 923 10750 180 309 3.71 4.16 3330 3766 1.12 1.25 10.4
700 973 10740 195 311 3.55 3.97 3511 3969 1.06 1.19 10.5
750 1023 10720 211 312 3.40 3.80 3685 4163 1.02 1.13 10.6
800 1073 10700 226 314 3.26 3.64 3851 4349 0.97 1.08 10.7
850 1123 10680 242 315 3.13 3.49 4011 4527 0.93 1.03 10.9
900 1173 10670 258 317 3.01 3.35 4165 4697 0.89 0.99 11.0
950 1223 10650 273 318 2.90 3.22 4312 4861 0.86 0.95 11.2
1000 1273 10630 289 320 2.79 3.10 4455 5019 0.82 0.91 11.4
1050 1323 10610 305 321 2.70 2.99 4592 5171 0.79 0.88 11.6
1100 1373 10590 321 323 2.61 2.88 4724 5318 0.76 0.84 11.9
1132 1405 10580 331 324 2.55 2.82 4807 5409 0.75 0.82 12.1
1150 1423 10570 337 324 2.52 2.79 4853 5460 0.74 0.81 12.1
1200 1473 10560 353 326 2.45 2.70 4977 5597 0.71 0.78 12.4
1250 1523 10540 369 328 2.38 2.62 5098 5730 0.69 0.76 12.7
1300 1573 10520 385 331 2.32 2.55 5215 5859 0.67 0.73 13.0
1350 1623 10490 402 334 227 2.49 5330 5985 0.65 0.71 13.3
1400 1673 10470 419 337 222 2.43 5442 6108 0.63 0.69 13.7
1450 1723 10450 435 341 2.18 238 5552 6299 0.61 0.67 14.0
1500 1773 10430 452 345 2.14 2.34 5659 6347 0.60 0.65 14.4
1550 1823 10410 470 350 2.11 2.31 5776 6463 0.58 0.63 14.8
1600 1873 10380 487 355 2.09 2.28 5871 6577 0.57 0.62 15.2
1650 1923 10360 505 361 2.07 2.26 5975 6691 0.55 0.60 15.6
1700 1973 10330 524 368 2.06 2.25 6078 6803 0.54 0.59 16.1
1750 2023 10310 542 376 2.06 2.24 6181 6915 0.53 0.58 16.6
1800 2073 10280 562 385 2.06 2.24 6284 7027 0.52 0.57 17.0
1850 2123 10260 581 395 2.07 2.24 6388 7139 0.51 0.55 17.5
1900 2173 10230 601 405 2.08 2.25 6491 7252 0.50 0.54 18.1
1950 2223 10200 622 417 2.10 2.27 6596 7365 0.49 0.53 18.6
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TABLE 2.21 (continued)

Them}al’ Integral tl}er'mal Theqngl Linear
Temperature Density Enthalpy Heaj[ conductivity conductivity dlft;u51;/1ty expansion
ke/m’ H(T)-H(298) capacity W/(m-K) W/m 10°(m’/s) coefficient
oC K kl/kg J/(kg-K) 95% theqr. 95% theqr. 95% theqr. 108K
density density density density density density
2000 2273 10170 643 430 2.12 2.29 6702 7479 0.49 0.52 19.1
2050 2323 10140 665 443 2.15 2.32 6808 7594 0.48 0.52 19.7
2100 2373 10110 688 458 2.18 2.35 6917 7710 0.47 0.51 20.3
2150 2423 10080 711 474 222 2.38 7027 7829 0.46 0.50 20.9
2200 2473 10050 736 490 2.26 242 7138 7949 0.46 0.49 21.5
2250 2523 10020 761 508 2.30 247 7252 8071 0.45 0.48 22.1
2300 2573 9982 787 527 2.35 2.51 7369 8195 0.45 0.48 22.8
2350 2623 9948 813 547 240 2.56 7487 8322 0.44 0.47 234
2397 2670 9912 840 566 2.45 2.61 7601 8444 0.44 0.46 241
2400 2673 9912 841 568 2.45 2.61 7608 8452 0.44 0.46 24.1
2450 2723 9876 870 589 2.50 2.67 7732 8584 0.43 0.46 24.8
2500 2773 9839 900 612 2.56 2.72 7859 8718 0.43 0.45 25.5
2550 2823 9801 931 636 2.62 2.78 7988 8856 0.42 0.45 26.2
2600 2873 9762 964 660 2.68 2.84 8120 8997 0.42 0.44 27.0
2650 2923 9722 997 685 2.74 291 8256 9141 0.41 0.44 27.7
2700 2973 9681 1032 711 2.80 2.97 8394 9287 0.41 0.43 28.5
2750 3023 9639 1068 738 2.87 3.03 8536 9437 0.40 0.43 29.3
2800 3073 9596 1106 766 2.93 3.10 8681 9591 0.40 0.42 30.1
2827 3100 9573 1127 781 2.97 3.13 8761 9675 0.40 0.42 30.9
2847 3120 9555 1143 792 2.99 3.16 8820 9738 0.40 0.42 30.9

The data on electrical resistivity of solid UO; can greatly disagree owing to the manufacturing
process and composition of specimens. Uranium dioxide is a semiconductor with mixed
conduction and its coefficient of electrical resistivity at 20°C is of 380 ohm-m. Depending on
temperature at 300—-600 K, electrical resistivity of UO; is described by the formula [124, 125]:

pe (Q:m) = 18.04 exp (1867/T). (2.32)

For UO,.y in the form of single crystal of non-stoichiometric composition at 773 K< T< 1423
K the formula is proposed in Ref. [126]:

1/pe=3.8 x 10¥T (2 x ) (1-2 x ) exp [ (0.30 + 0.03 eV)/kT], (2.33)
where pe — (Q-m); k=138 x 1072 J/K = 8.625 x 10 eV/K.

Subsequent data in Ref. [132] are evaluated by the formulas:

at 286 K< T < 1430 K lgL:l.9O45—%, (2.33 a)
p.
at 1430 K< T < 4000 K lg— = 50607 — 200236 (2.33 b)

p.

29



Total normal emissivity of solid UO, [38]
at 1000 < T <3120 K and a wave length of 630 nm &, = 0.78 +1.53x107°T . (2.34)

Vapour pressure above solid UO, [75]:

lg P (Pa)=66.54+4.382x107°T —4.41x107T> —37—290 ~-19.071gT (2.35)

The uncertainty of correlation (2.35) is —40%/+60% at 1700 < T <3120 K. The values
ofvapour pressure calculated by Eq. (2.35) are given in Table 2.22.

TABLE 2.22.VAPOUR PRESSURE P (MPa) ABOVE SOLID UO, BY CORRELATION (2.35)

Temperature Pressure
K MPa
1723 3.43 x 107"
1773 1.12x 107"
1973 6.74 x 107°
2273 7.76 x 107
2673 741 %107
2723 1.18 x 107
2773 1.84 x 107
2823 4.13x 107
2923 6.23 x 107
2973 9.04 x 107
3023 129 x 107
3073 1.82x 107
3120 2.47 x 107

2.3.1.2. Properties of liquid uranium dioxide

The thermophysical properties of liquid UO; are discussed in Refs [76—85].

Density at Tme = 3120 K by estimations in Ref. [76] is 8860 + 120 kg/m’
at 3120 < T <7600 K

p(T) kg/m’® = 8860 — 0.9285 (T — 3120). (2.36)

The uncertainty of correlation (2.36) is = 1.4% at 3120 K, +1.6% and —2% at 3500 K, +2.2%
and —4% at 4500 K, + 3% and —6.3% at 5400 K, + 4.2% and —10% at 6500 K, + 6% and
—15.4% at 7600 K.

Enthalpy of liquid UO; in terms of J/kg [77]:
[H(T)- H(298.15K (k] /mol) = 2.9768 x 10° +0.93087T —4.9211x10°/T (2.37)
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The uncertainty of correlation (2.37) is £ 2% at 3120 < T <3500 K and + 10% at 3500 < T <
4500 K.

Heat capacity of liquid UQO; is estimated with an uncertainty of £ 10% at 3120<T< 3500 K
and £ 25% at 3500 < T <4500 K by the correlation [77]:

Cp [J/(kg:K)] = 0.93087 +4.921 x 10° T2 (2.38)
p

Thermal conductivity of liquid UO, was studied in Refs [78—80]. According to recent data of
the MATPRO computer code, thermal conductivity of liquid UO; is in the range from 2.5 to
3.6 W/(m-K) [81]. The A value at 3120 < T <4500 K is calculated with an uncertainty of
1 40% by the empirical formula

A [W/m-K)] = 2.5 + 0.01375(T — 3120). (2.39)

Volumetric thermal expansion coefficient Py of liquid UO, is determined from correlation
[12]:

__1(2p) , 4(2r
By (1/K) = p[@TJO+'BT[6TJO (2.40)

where p is density, B isothermal compressibility, Pvapour pressure; the subscript ‘o° denotes
along the saturation line. As the quantity of the second member is very low, the By value is
defined by the first member; thus, taking into account the correlation (2.36) we obtain:

Bo (1/K) = 0.9285/[8860 — 0.9285(T — 3120)]. (2.41)

The uncertainty of the correlation (2.41) is +10% and —12% at 3120 K, +10% and —13% at
3500 K, +12% and —15% at 4500 K.

Thermal diffusivity a=\/C,-p.

Dynamic viscosity of liquid UO; at 3120 K< T <3400 K is calculated with an uncertainty of
* 25% by correlation [82]:

i (mPa-s) = 0.988 exp (4620/T). (2.42)

At 3400< T <4000 K the dynamic viscosity of UO, is estimated by the extrapolation of
formula (2.42) with an uncertainty of = 50%.

Surface tension of liquid UO, with an uncertainty of + 17% is calculated by formula [54]:

& (mN/m) =513 - 0.19 (T — 3120). (2.43)

Normal emissivity at A =630 nm [41]:

£,.=1-0.16 exp [-3.79 x 10°4(T = 3120) - 3.27 x 107(T — 3120)*] (2.44)
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Vapour pressure [47] at 3120 K <T <8000 K:

lgP (MPa) =15.961—L;)7‘L—2.761gT. (2.45)
— 0 _ 0

The uncertainty of correlation (2.45) is 40% at 3120 K and 45% at 6000 K.
+60% +80%

In Refs [76, 84, 85] the following properties of liquid UO; at Ty, =3120 K are given:
Volumetric expansion coefficient p=1.05 x 107 1/K [76]
Adiabatic compressibility 3.5 x 107> 1/MPa [84]

Sound velocity ¢ = 1800 (m/s) [85]

Thermophysical properties of liquid uranium dioxide evaluated by correlations (2.36-2.45)
are shown in Table 2.23.

TABLE 2.23. THERMOPHYSICAL PROPERTIES OF LIQUID URANIUM DIOXIDE
[76, 86, 96]

. Heat Thermal Y olumetric Dynamic Surface  Normal Sound  yapour

Temperature Density . ductivi expansion : . . N velocity pressure
K ke/m’ capacity conductivity coefficient viscosity  tension — emissivity m/s b
JkgK)  W/(mK) 105K mPa-s  mN/m g a

3120 8870 511 3 1.09E-04 4.34 513 0.84 1897  3.98E03

4000 8126 399 (15) 9.50E-05 3.14 346 0.91 1716  1.47E05

5000 7354 372 (20) 1.08E-04 2.49 - 0.98 1582 2.33E06

6000 6533 416 - 1.34E-04 2.13 - 0.99 1407  2.02E07

7000 5680 524 - 1.81E-04 1.91 - 1.0 1211 1.12E08

8000 4876 851 - 2.83E-04 1.76 - 1.0 1080  3.88E08

2.3.1.3. Evaluation of critical constants

The critical temperature of material (T;) can be preliminarily estimated based on
semiempirical correlations, for example:

Guldberg’s rule for ionic compounds [87]:
Te = Thoil/0.54. (2.46)

where Ty, 1s the normal boiling temperature, K.

Watson’s correlation [88],

T./T, =0.283(M/p,,; )", (2.47)
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where ppoii 1S material’s density at boiling point, M molecular weight, T. transient
temperature, at whichvapour density is M/22400g/cm’. Based on correlation (2.47) the Tk
value is calculated as:

T, =T, /[0.283(M/p,; )" (2.48)
The T, value relates to normal boiling temperature by the correlation:

InTe =9.8(Te/Thoir) — 4.2 (2.49)
Correlation (2.49) is solved approximately by the Newton method [89].

The critical temperature of UO, defined by correlations (2.46, 2.48) is equal to 7052 K and
9306 K, respectively. The compressibility factor Z. is calculated by the formula

P (V
Z :ﬁ, where P, is the critical pressure, MPa; (Vp). is the critical molar volume,

C
C

cm’/mol; R is the universal gas constant [88].

The critical constants of uranium dioxide are calculated based on various theoretical models
including different equations of state of UO,. The data on critical constants of UO, are
presented in Table 2.24.

The problem of discrepancy between the data on critical constants of UO; is analyzed in Refs
[86, 95].

TABLE 2.24. CRITICAL CONSTANTS OF URANIUM DIOXIDE

Critical constants

Molar . Compressi-
Author, year, theory Tempt}rature Pre;sure volume Degsny bility
C C
(Ve ¢ 3 factor
K MPa cm’/mol g/em 7,

Menzies, 1996 cit. in Ref. [91]
principle of corresponding state 8000 200 90 3.14 0.27
Browning, 1978 [92] significant
structure theory in view of UO, 8840 142.4 158 1.71 0.31
dissociation 9138 158 153 1.76 0.316
Mistura, 1985 [93]
solid sphere perturbation theory 7567 140.9 156 1.73 0.35
Fisher, 1989 [84]
theory of essential structures 10600 158 173.1 1.56 0.31

losilevski et al., 2001 [94, 95]

chemical model based on 10120 965 103 261 0.32
thermodynamic perturbation theory

Azad, 2005 [86] generalization of
experimental data, equation of state 10500 219 107 2.51 0.27
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Taking into account the scattering of the afore cited data, the following values of critical
constants of UQ, are recommended for estimations: T, = 10400 K, P, = 200 MPa,

(Vm)e =126 cm3/m01, pe=2.15 g/cm3.
2.3.2. Plutonium dioxide

PuO, is ceramic fuel that makes it possible to achieve burnups of 10% of heavy atoms, used
in the reactors of types BR-5, IBR-2, etc. Basic properties of plutonium dioxide at 0.1 MPa,
298 K [31, 32] are as follows:

Molecular mass, amu 276.045
Theoretical density po (kg/m®) 11460

Melting point, K (°C) 2663 +20 (2390)
Boiling point, K (°C) 3600 (3327)
Heat of fusion AH; (kJ/kg) 255

Heat ofvapourization AHy,, (kJ/kg) 1365

Heat capacity C, (J/(kg-K)) 240

Thermal conductivity A [W/(m-K)] 6.3

Linear expansion coefficient a-10°(1/K) 7.8

The crystal structure of PuO, is a face-centered cubic lattice of CaF, type:
a = 0.5396 £ 0.005 nm. The expansion of lattice parameter in the range of 298—1550 K is
described by correlation [102]:

a (nm) = 0.53943 = 0.00007 + (4.7 £ 0.3) x 107 (T = 298) + (8 + 2) x 107" (T — 298)?. (2.50)

TABLE 225. THE VALUES OF TRUE LINEAR THERMAL EXPANSION
COEFFICIENT OF PuO; [103]

Temperature Linear expansion coefficient
K °C 10°K™

373 100 8.06

473 200 9.42

573 300 9.87

673 400 10.20
773 500 10.97
873 600 11.48
973 700 12.54
1073 800 12.70
1173 900 12.70
1273 1000 14.40
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Taking into account the scattering of data in Refs [102, 103] on linear thermal expansion
coefficient of PuO,, they can be approximated by correlation:

10 (K =5.74+7.04x 107 T. (2.51)

Enthalpy of PuO, is calculated by correlation [27]:
att < 0.856

(H, )pyo, (J/mol) = 32481+ 2286567 + 433461 112707 +987.72t* +1970.77" + 744.217”"
(2.52)

at t> 0.856

(H, )py0, (/mol) = 3525447 -109876 : (2.52a)
where T = T/Tyer = T/3023 is the reduced temperature.

Heat capacity. In Ref. [27] the following correlation is recommended:

347.4x571° exp(57l

) 7 5 5
13,055 1047 4 3:800x107x1.967x10 exp(_m

2 2
571 RT RT
T3 |:exp(Tj - l} (2.53)

where R is the universal gas constant = 8.3141 J/(mol-K).

C,  [/lke-K)]=

In Ref. [102] a simpler correlation is proposed, which after its transformation from mole heat
capacity to mass one has the following form:

Cp [M/(kgK)] =—4.243 x 10° T +2.366 x 10> T +293.1. (2.54)

Thermal conductivity. The data on thermal conductivity of PuO, used in Ref. [2] are
approximated by the correlation:

A [W/(mK)] = 8.441 —7.445 T +2.236 x 10° T2, (2.55)

The thermal conductivity of PuO, as a function of density (at porosity up to 10%) is defined
by the correlation:

A= xo[l 25 MJ. (2.56)
P

where A is the thermal conductivity at po.

Vapour pressure of PuO, [102, 142],
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lgP (atm) = 8.072 +0.239 —

For more detailed data see in Refs [143, 144].

29240+ 530

(2.57)

Dynamic viscosity of liquid PuO, at Ty is 32 centipoise £25%.

Surface tension of liquid PuO; at Tyey¢ is 523 dyn/cm £15%.

Hemispherical emissivity of PuO, is defined by the correlation:

£=0.548 + 1.65 x 107*T.

2.3.3. Mixed oxide fuel MOX — (U, Pu)O;

The term ‘MOX’ derived from ‘mixed oxides’ relates to the nuclear fuel manufactured from
uranium and plutonium oxides (UO, + PuQ;). The concentration of plutonium in MOX fuel is
equal from 3 to 10%. In the course of analysis of MOX fuel thermophysical properties, fuel of
stoichiometric composition (UpgPuj,)O; is usually considered, where 0.8 and 0.2 are the
molar fractions of UO, and PuO,. The basic properties of MOX fuel (UygPuy,)O, are

presented in Table 2.26.

(2.58)

TABLE 2.26. BASIC PROPERTIES OF MOX FUEL — (U sPU( )0,

Property Value
Molecular mass, amu 271.2
Density, kg/m’ 11074 at 298 K [89]

Solidus temperature (Ts), K (°C)
Liquidus temperature (T.), K (°C)
Melting point, K (°C)

Boiling point, K (°C)

Heat of fusion, kJ/kg

Heat ofvapourization, kJ/mol
Heat capacity, J/(kg-K)

Thermal conductivity, W/(m-K)

Linear expansion coefficient, 1/K

3002 (2729) [98]
3041 (2768) [98]

3023 [101]

3811 (3538) [101]

285.3 [27]

413.5 [68]

240 at 298 K [27]

7.82 at 298 K for MOX of 95% density [100]
9.4 x 107 at 300 K [Table 2.28]

2.3.3.1. Properties of solid MOX fuel — (U, Pu) O, depending on temperature

Density of MOX fuel is evaluated by the correlation [89, 90],

p (kg/m*)=11080 [1 +2.04 x 107°(T —273) + 8.7 x 10 (T = 273)*]"". (2.59)
p (kg/m*)= 10970 — 490y (y — mole fractions of PUO,). (2.59a)
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Solidus/liquidus temperature (Ts)/(Tr) of MOX fuel of stoichiometric composition is
estimated by the Adamson correlations [98]:

Ts (K) = 3120.0 — 655.3y + 336.4y> — 99.9y°, (2.60)
Tp (K) = 3120.0 — 388.1y — 30.4y°. (2.60a)

where y is the PuO, content in molar fractions. The standard deviation of correlations
(2.60, 2.60a) is of +£ 30 K.
Based on Eq. (2.59), the density of MOX fuel is 9889 kg/m’ at Ts and 9865 kg/m’at T}..

Enthalpy of MOX fuel in terms of J/mol is calculated by the sum of enthalpies of its
components in the ratio from their molar fractions (Hu)MOX =(Hu)UO2 0,8+(Hu)Plloz 0,2,

where Hy, = H(T) — H(298.15) [27]. The value (Hu )UO2 is calculated by Eq. (2.19). The
enthalpy of PuO, is evaluated by Egs (2.50, 2.53).

Heat capacity of MOX fuel can be estimated from the sum of heat capacities of its
components in the ratio of molar fractions (C C O.8+(Cp) 0.2 [27]. In this

p )M()X = ( Pu0O,
case, correlation (2.20) (see Table 2.21) is used to calculate heat capacity of uranium dioxide,
and correlation (2.54) for plutonium dioxide.

r )Uo2

Thermal conductivity of MOX fuel with 95% density of the theoretical one is calculated by
the relation [100]:

Ao ssod I/ (m - K)]=[1.528VX +0.00931 - 0.1055 +2.885x 107 | ' +76.38x 107277,
2.61)

where X is the degree of fuel nonstoichiometry (X = 2 — O/M, dimensionless quantity).
In a generalized form, the thermal conductivity of MOX fuel (U, Pu)O,.x is estimated
by formula in Ref. [100]:

at 500 K <T< Tmert
1

“W/<m-K>1=[A+BT

+ CT3J -F(P). (2.62)

where A = F(x,u)[(m-K)/W]=1.528v/x +0.00931 - 0.1055 + 0.44u.. (2.63)

Here u is the burnup in fractions (dimensionless quantity), B = 2.885 x 10™'m/W, C = 76.38 x
107" W/(m-K*) and function F(P) is found from the formula (P porosity in fractions):

1 1-P
0864 1+2P°

Based on Eqs (2.61-2.64), the thermal conductivity of MOX fuel (U, Pu)O,.x of theoretical
density (P = 0) is calculated as Aoy 1000 = Myioxose 1-4907 . This approach gives, however,

F(P)= (2.64)

conservative values of Aoy 100, » TOr example, 11.7 and 3.9 W/(m-K), for temperatures 25°C

and 1000°C respectively, as compared with the well known experimental data in Ref. [100].
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The values of the ratio A,y 950, 0 Ayox 1000, WeTe found by the Brandt-Neuer relation (see Eq.
(2.22)), namely:

M viox.100% = MMox 95% /{1 - [(2°6 - O'S/T)' 0'05]} (2.65)

The value of Aoy os0, 18 less than the thermal conductivity of UO, of theoretical density by
about 7-10% (by the Harding estimation approximately by 5% [27]). The thermal
conductivity of superstoichiometric MOX fuel (U, Pu)O,.x of theoretical density in the range
of 773 <T <3120 — 470y, 0 £ X £0.12 according to Ref .[73] is evaluated as:

A )(m- K)|=]0.037+1.67x +2.37x10 7] +78.9x10™ 7" (2.66)

where y is the PuO, content in molar fractions.

Integral thermal conductivity in terms of W/m of MOX fuel both of 95% and theoretical
T

density was evaluated as A = I X(T) dt by numerical integration of Eqs (2.61, 2.65).

273

Thermal diffusivity of MOX fuel in terms of m?/s is calculated as a = MCpp.

The thermophysical properties of MOX fuel of stoichiometric composition (UgsPug2)O; in
solid state according to correlations (2.55, 2.58-2.61, 2.65) are presented in Table 2.27.

Linear expansion coefficient of MOX fuel can be evaluated by the sum of linear expansion
coefficients of their components in the ratio of their molar fractions
(0)yiox = (OL)UO2 0.8+ (OL)Puo2 0.2 [27]. The values of the linear expansion coefficient of UO,

calculated by correlations (2.30, 2.31) are given in Table 2.21.

The calculated values o for stoichiometric PuO, (Eq. (2.51)) and MOX fuel are given in
Table 2.28.

The thermophysical properties of MOX fuel of stoichiometric composition in liquid state are
accepted in Ref. [27] to be the same as the properties of liquid uranium dioxide (see
Table 2.24)

2.3.4. Uranium mononitride

Uranium nitride (UN) is the advanced nuclear fuel for fast reactors with respect to safety
improvement and efficiency of reactors. Uranium mononitride is characterized by high
concentration of uranium, high melting point and thermal conductivity, increased radiation
resistance and good compatibility with structural materials [104, 105]. Advanced types of
nitride fuels for actinide transmutation are discussed in Ref. [106]. The basic properties of
uranium mononitride are presented in Table 2.29.
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TABLE 2.27. THERMOPHYSICAL PROPERTIES OF MOX FUEL — STOICHIOMETRIC
COMPOSITION (Ug sPug2)O, IN SOLID STATE BY CORRELATIONS (2.55, 2.58-2.61, 2.65)

Integral

Enthalpy Heat Thermal thermal Thermal
Temperature . [(H(T)-H(298)] capacity conductivity . diffusivity
?fg‘;illgy Ki/kg J(kg/K) W/(m/K) CO“dW“/CItI‘IV“y 10° (m%s)
MOX MOX MOX MOX MOX MOX MOX
°C K PuO, MOX PuO, MOX 95% of theor. 95% of theor. 95% of theor.
density  density  density  density  density  density
25 298 11074 0 0 258 240 7.82 891 39 45 2.95 336
50 323 11068 0 4 270 249 7.40 8.43 300 262 2.68 3.06
100 373 11056 7 16 287 265 6.69 7.61 581 662 228 2.59
150 423 11044 18 29 299 276 6.10 6.93 901 1025 2.00 228
200 473 11031 29 42 308 285 5.61 6.37 1194 1357 1.79 2.03
250 523 11018 41 56 315 291 5.20 5.89 1464 1663 1.62 1.84
300 573 11004 54 70 320 296 4.84 5.47 1714 1947 1.49 1.68
350 623 10990 66 84 324 300 4.53 5.11 1948 2211 1.37 1.55
400 673 10975 79 99 328 303 4.26 4.80 2168 2459 1.28 1.44
450 723 10960 92 113 330 306 4.02 4.53 2375 2692 1.20 1.35
500 773 10945 105 128 332 309 3.81 4.28 2571 2913 1.13 1.27
550 823 10929 118 143 334 311 3.62 4.07 2756 3121 1.07 1.20
600 873 10912 131 158 336 313 3.45 3.87 2933 3320 1.01 1.14
650 923 10895 144 173 337 315 3.30 3.70 3102 3509 0.96 1.08
700 973 10878 158 188 338 316 3.17 3.54 3264 3690 0.92 1.03
750 1023 10861 171 203 339 317 3.05 3.40 3419 3864 0.88 0.99
800 1073 10843 184 218 340 319 2.94 328 3569 4031 0.85 0.95
850 1123 10824 198 233 340 320 2.84 3.16 3714 4192 0.82 091
900 1173 10805 211 248 341 322 2.75 3.06 3853 4347 0.79 0.88
950 1223 10786 224 264 342 323 2.67 297 3989 4498 0.77 0.85
1000 1273 10767 238 279 342 324 2.60 2.88 4121 4644 0.74 0.83
1050 1323 10747 251 294 343 325 2.54 2.81 4249 4787 0.73 0.80
1100 1373 10726 264 310 343 327 2.48 2.74 4375 4925 0.71 0.78
1150 1423 10706 278 325 343 328 243 2.68 4497 5061 0.69 0.76
1200 1473 10685 291 341 344 330 2.39 2.63 4618 5194 0.68 0.75
1250 1523 10663 304 356 344 331 2.35 2.59 4736 5324 0.66 0.73
1300 1573 10641 318 372 344 334 2.31 2.55 4853 5453 0.65 0.72
1350 1623 10619 331 388 345 336 2.29 2.51 4968 5579 0.64 0.70
25 298 11074 0 0 258 240 7.82 891 39 45 2.95 336
1500 1773 10551 371 436 346 345 2.23 2.44 5306 5950 0.61 0.67
1550 1823 10527 384 453 346 349 222 243 5417 6072 0.60 0.66
1600 1873 10503 397 469 346 353 222 242 5529 6193 0.60 0.65
1650 1923 10479 411 486 347 358 222 242 5639 6314 0.59 0.64
1700 1973 10455 424 504 347 364 222 242 5751 6435 0.58 0.64
1750 2023 10430 437 521 348 370 2.23 242 5862 6556 0.58 0.63
1800 2073 10405 450 539 348 378 2.24 243 5974 6676 0.57 0.62
1850 2123 10379 464 558 349 386 2.26 245 6086 6794 0.56 0.61
1900 2173 10354 477 576 350 394 2.28 2.47 6200 6922 0.56 0.60
1950 2223 10328 490 596 351 404 2.30 2.49 6314 7046 0.55 0.60
2000 2273 10301 503 615 352 414 2.33 2.51 6430 7171 0.55 0.59
2050 2323 10275 516 636 353 425 2.36 2.54 6547 7297 0.54 0.58
2100 2373 10248 529 656 354 437 240 2.58 6666 7425 0.53 0.57
2150 2423 10221 543 678 356 450 2.44 2.62 6787 7558 0.53 0.57
2200 2473 10193 556 700 357 463 248 2.66 6910 7687 0.52 0.56
2250 2523 10166 569 722 359 478 2.53 2.71 7035 7821 0.52 0.55
2300 2573 10138 582 746 361 494 2.58 2.76 7163 7958 0.51 0.55
2350 2623 10110 710 793 363 510 2.63 2.81 7293 8097 0.51 0.54
2397 2670 10083 730 818 365 526 2.69 2.87 7418 8230 0.51 0.54
2400 2673 10081 731 819 366 528 2.69 2.87 7426 8239 0.51 0.54
2450 2723 10053 752 847 368 545 2.75 2.93 7562 8384 0.50 0.54
2500 2773 10024 774 875 371 564 2.82 3.00 7701 8532 0.50 0.53
2550 2823 9995 795 904 374 584 2.89 3.07 7843 8684 0.49 0.53
2600 2873 9965 816 934 377 603 2.96 3.14 7989 8839 0.49 0.52
2650 2923 9936 837 965 380 624 3.04 322 8139 8998 0.49 0.52
2729 3002 9889 870 1017 386 659 3.17 335 8384 9258 0.49 0.51
2750 3023 9876 879 1031 388 668 3.20 3.39 8451 9329 0.48 0.51
2768 3041 9865 887 1043 389 676 324 342 8509 9390 0.48 0.51
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TABLE 2.28. LINEAR THERMAL EXPANSION COEFFICIENT OF STOICHIOMETRIC
PuO, AND MOX FUEL

Linear expansion coefficient
Temperature 10°/K

el el MO
< ST
27 300 - 7.9 9.4
50 323 - 80 9.4
100 373 | 7.47 8.4 | 9.5
200 473 8.13 9.1 9.7
300 573 9.90 9.8 9.9
400 673 9.90 10.5 10.1
500 773 10.20 112 10.3
600 873 1120 11.9 10.6
700 973 11.40 12.6 10.9
800 1073 1120 133 | 112
900 1173 11.62 14.0 11.6
1000 1273 12.33 14.7 12.1
1100 1373 - 15.4 12.6
1200 1473 - 16.1 13.1
1300 1573 - 16.8 13.8
1400 1673 - 175 14.5
1500 1773 | - 18.2 | 15.2

TABLE 2.29. BASIC PROPERTIES OF URANIUM MONONITRIDE AT 0.1 MPa, 298 K

Property Value
Molecular mass, amu 252
Theoretical density p°, kg/m3 14300 [107]
Melting point, K (°C) 3123 (2850 £ 30) [108]
At nitrogen pressure Pn; > 0.25 MPa

Heat capacity, J/(kg-K) 190

J/(mol-K) 48 [110]
Thermal conductivity, W/(m-K) 13.0 [109]
Linear expansion coefficient, 1/K 7.52%x10° [107]
Electrical resistivity, Q-m 1.46 x 10°° [109]
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2.3.4.1 Properties of uranium mononitride depending on temperature

Melting point as a function ofvapour pressure [Pa] of nitrogen over UN at
10 < Pnp < 7.5 % 10° is defined by formula [107]:

T, (K) =3055-Py 02832, (2.67)

Uranium mononitride melts congruently only at high values of partial pressure of nitrogen
Pnp, at low values of Px,; UN decomposes, UN(s)—>U(liq) + 0.5 Ny(gas) [112].

Partialvapour pressures of nitrogen and uranium over UN are calculated by the correlations
[110]:

at 1400 < T< 3170 K IgPy, (Pa) = 6.8216 + 1.882 x 10T — 23543.4/T, (2.68)
at 1400 < T< 2400 K /gPy (Pa) = 11.9654 — 5.137 x 107*T — 26616.1/T. (2.69)
Total Vapour pressure above UN is evaluated by the sum of partial pressures of Px; and Py

vapours, because the Pyngas) value is very low. The values of vapour pressures are given in
Table 2.30.

TABLE 2.30. PARTIAL PRESSURES OF NITROGEN AND URANIUM VAPOURS,
TOTAL PRESSURE ABOVE UN [110]

Partial pressure

Temperature Pa ‘ Total pressure
‘ Pa
°C K N, U ‘

1127 1400 4.41 %107 1.73 x 107 6.14 x 107
1200 1473 4.12x 107 1.39 x 107 551%x 107
1300 1573 6.60 x 107° 1.74 x 10°° 833x10°°
1400 1673 7.99%x 107 1.59x 107 9.57 x 107
1427 1700 - 150x 107 2.75%x 107 | 1.78 x 107
1500 1773 7.66 x 107 .11 x 107 8.77x 107
1527 1800 136 x 107 1.81 x 107 1.54 x 107
1600 1873 6.04 x 107 6.26 x 107 6.67 x 107"
1627 1900 1.02x 1072 9.65x 107 1.12 x 1072
1700 1973 4.04 x 1072 29x107° 433 x 107
1800 2073 - 234x10" 1.16x 107 | 2.46 % 107"
1900 2173 121 % 10° 403 %107 1.25 x 10°
2000 2273 5.57 x 10° 1.24x 107" 5.69 x 10°
2027 2300 8.29 x 10° 1.64 x 107" 8.45x 10°
2100 2373 2.35% 10 3.42%x 107" 2.38 % 10

2127 2400 3.41 x 10 4.43 x 107! 3.46 x 10
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Theoretical density of UN at 298 <T <2523 K [107],

p (kg/m’) = 14420 — 0.2779T — 4.897 x 10°T*. (2.70)

Parameter of crystal lattice of UN at 298 < T< 2523 K [107],
a(A%)=4.879 +3.264 x 10-5T + 6.889 x 10-9T2. (2.71)
Heat capacity of UN at 298 < T<2523 K [110],

9
C [ /(mol - K)]= 0.2029(0) 7 —POT) 5 7661057 1 104810 (‘18081}
[ /(m0 )] ( / ) [exp(@/T)— 1]2 + X + T2 eXp T

2.72)

where 6 = 365.7 K is the Einstein temperature [109].

Thermal conductivity of UN is estimated from the empirical correlation obtained by
approximation of the data in Refs [113, 114] with an accuracy of = 3% at 273 < T <1300 K
and = 6% at 1700 < T< 2300 K,

A [W/(m-K)] =1.41 =x T*¥. (2.73)

Thermal conductivity of UN in view of porosity is calculated by formula [109]:
A [W/(m-K)] = 1.864-¢ >!14P 10361 (2.74)

where P is the porosity in volume fractions. The thermal conductivity of UN decreases with
increasing porosity (Table 2.31).

TABLE 2.31. THERMAL CONDUCTIVITY OF UN DEPENDING ON POROSITY [109]

Porosity in volume fractions

Temperature 0.01 0.02 0.04 0.06 0.08 0.1
K Thermal conductivity
W/(m-K)
298 14.3 14.0 13.4 12.8 12.3 11.8
273 15.5 13.5 13.0 12.4 11.9 11.4
573 18.1 17.7 16.9 16.2 15.6 14.9
873 21.0 20.6 19.7 18.9 18.1 17.3
1273 24.1 23.6 22.6 21.7 20.7 19.3
1773 27.2 26.9 25.5 24.4 23.4 22.4
2300 29.8 29.2 28.0 26.8 25.7 24.6
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T
Integral thermal conductivity A(W/m) = I K(T) dt of uranium nitride was evaluated by

293

numerical integration of correlation (2.73) using the MATHCAD program.

Thermal diffusivity of UN is found as a (m%/s) = ACp % p.

Linear expansion coefficient of UN is calculated by the correlation:

at298 < T <2523 K [107] o (1/K) = 7.096 x 107 + 1.409 x 10 T.

(2.75)

Thermophysical properties of uranium mononitride estimated by correlations (2.70-2.73,

2.75) are presented in Table 2.32.

TABLE 2.32. THERMOPHYSICAL PROPERTIES OF URANIUM MONONITRIDE BY

CORRELATIONS (2.70-2.73, 2.75)

Temperature . Cry.stal Heat Thermal Integral Thermal Llnegr
Density lattice . .. thermal o e expansion
kg/m’ parameter capacity - conductivity conductivity d‘f?‘S‘X‘ty coefficient

°C K am J(kg:K)  W/(mK) W/m 10°(m?/s) 105K
25 298 14330 0.489 190 13.0 64.8 4.78 7.52

100 373 14310 0.489 201 14.2 1806 4.94 7.62

200 473 14278 0.490 211 15.6 2831 5.17 7.76

300 573 14245 0.490 218 16.8 4450 5.40 7.90

400 673 14211 0.491 223 17.9 6184 5.64 8.04

500 773 14176 0.491 228 18.9 8021 5.84 8.19

577 850 14148 0.491 232 19.6 9501 5.96 8.29

600 873 14140 0.492 233 19.8 9954 6.00 8.33

700 973 14103 0.492 237 20.6 11975 6.17 8.47

727 1000 14093 0.492 238 20.9 12536 6.22 8.51

800 1073 14065 0.493 241 214 14079 6.32 8.61

900 1173 14027 0.493 246 222 16261 6.43 8.75

1000 1273 13987 0.494 250 22.9 18517 6.55 8.89

1100 1373 13946 0.494 255 23.6 20843 6.64 9.03

1200 1473 13904 0.495 260 243 23236 6.72 9.17

1300 1573 13862 0.495 266 24.9 25693 6.76 9.31

1400 1673 13818 0.496 273 25.5 28213 6.76 9.45

1427 1700 13806 0.496 275 25.7 28902 6.76 9.49

1500 1773 13773 0.496 281 26.1 30790 6.74 9.59

1527 1800 13761 0.497 284 26.2 31946 6.71 9.63

1600 1873 13728 0.497 292 26.6 33246 6.65 9.74

1627 1900 13715 0.497 295 26.8 34147 6.62 9.77

1700 1973 13681 0.498 305 27.2 36117 6.51 9.86

1800 2073 13633 0.498 320 27.7 38862 6.35 10.02

1900 2173 13585 0.499 338 28.2 41660 6.15 1.016

2000 2273 13535 0.500 359 28.7 44507 591 10.30

2027 2300 13522 0.500 365 28.9 45285 5.85 10.34
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Electrical resistivity of UN is estimated at 298 < T <1600 K by the formula in Ref. [109]:

pe x 1078 (Q-m) = 71.49 > P 7012, (2.76)

where P is the porosity in volume fractions. The values of electrical resistivity of UN of
theoretical density are given in Table 2.33.

Mechanical properties of uranium mononitride are given in Table 2.34. They were calculated
at UN density in the range of 70 < p < 100% of the theoretical density and the temperature of
298 < T <1473 K[111].

Modulus of elasticity (E):

E (MPa) = 0.258p>"%(1 = 2.375 x 107°T), (2.77)
Shear modulus (G):
G (MPa) = 1.44 x 10 *p>*%(1 = 2.375 x 10 °T), (2.78)

2.3.5. Uranium carbide

Uranium carbide (UC) as a nuclear fuel for fast reactors has an advantage as compared with
UO; owing to a higher density of fissile material (1.34 times) and thermal conductivity (2.6
times). The basic properties of UC are presented in Table 2.35.

TABLE 2.33. ELECTRICAL RESISTIVITY OF UN OF THEORETICAL DENSITY ¢ (€2m) [109]

Temperature Electrical resistivity
°C K 10°Qm
25 298 1.46
27 300 1.46
100 373 1.50
200 473 1.54
300 573 1.58
400 673 1.61
600 873 1.67
800 1073 1.71

1000 1273 1.75
1200 1473 1.78
1300 1573 1.79
1327 1600 1.80
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TABLE 2.34. MECHANICAL PROPERTIES OF URANIUM MONONITRIDE AT
DENSITY OF % OF THE THEORETICAL DENSITY
) Modulus of elasticity Shear modulus
Te;(‘lp' ?jgr;;gy GPa GPa
70% 80% 90% 100% :  70% 80% 90% 100%
298 14413 267.98 400.12 569.84 781.84 | 896.51 14204 21314 3064.4
300 14412 267.94 400.06 569.75 781.71 896.34 1420.1 2131.0 3063.9
320 14407 267.49 399.40 568.81 780.42 1 894.71 1417.5 2127.1 3058.3
373 14392 266.31 397.64 566.30 776.98 | 890.35 1410.6 2116.8 30434
473 14362 264.06 394.27 561.50 770.40 882.01 1397.4 2097.0 3014.8
573 14332 261.76 390.84 556.62 763.70 873.53 1384.0 2076.8 2985.9
673 14301 259.43 387.35 551.66 756.89 865.0 1370.3 2056.3 2956.4
773 14269 257.06 383.81 546.61 74997 | 856.14 1356.4 2035.4 2926.4
873 14236 254.65 380.22 541.49 742.95 | 847.24 1342.3 2014.3 2896.0
973 14201 252.21 376.57 536.30 735.82 838.22 1328.0 1992.8 2865.2
1000 14192 251.54 375.58 534.88 733.88 | 835.76 1324.1 1987.0 2856.8
1073 14166 249.73 372.87 531.03 728.59 829.07 1313.5 1971.1 2833.9
1173 14130 247.22 369.12 525.69 721.27 819.81 1298.8 1949.1 2802.2
1273 14093 244.68 365.33 520.29 713.85 | 810.43 1284.0 1926.8 2770.2
1373 14055 242.10 361.49 514.82 706.34 + 800.95 1269.0 1904.2 2737.8
1473 14016 239.50 357.60 509.28 698.75 791.36 1253.8 18814 2705.0

TABLE 2.35. BASIC PROPERTIES OF URANIUM CARBIDE AT 0.1 MPa, 298 K

Property

Value

Molecular mass, amu

250

Theoretical density (po), kg/m3

13630 [116]

Melting point, K (°C) 2638 £ 165 (2365 £ 165) [117]
2780 + 25 [35]

Boiling point, K 4691 [118]
4866 [97]

Heat capacity, J/(kg-K) 200

J/(mol-K) 50 [120]
Heat of fusion, kJ/kg 195.6
kJ/mol 48.9 [119]
Heat of vapourization, kJ/kg ~2120
kJ/mol ~530 at Ty, [120]
Thermal conductivity, W/(m-K) 25.3 [82]

Linear expansion coefficient, 1/K

10.1 x 10°[115]

Electrical resistivity, QQ-m

72.7 x 1078 [115]
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The crystal lattice of uranium carbide is similar to that of NaCl (face-centered cubic). The
excess of uranium over superstoichiometric quantity results in free metallic uranium at crystal
boundaries. As a consequence, the fuel properties may be deteriorated due to carbonization of
fuel element cladding [35].

2.3.5.1. Properties of uranium carbide depending on temperature
Density of UC is defined by the following correlation:
p(T) (kg/m®*) = 13630 (1 —3.117 x 10°T — 3.51 x 107 T?), (2.79)

where T is temperature, K. This correlation has been derived based on the experimental data
in Refs [115, 116] that were obtained by measurement of linear expansion coefficient in the
temperature range from 0 to 2800°C.

The analysis of data in Refs [121, 122] results in the correlation, which gives more severe
decrease of UC density with temperature:

p(T) (kg/m’*) = 13500 (1 —2.13 x 107° T —2.04 x 10°T?), (2.80)

Values of UC heat capacity have been obtained by the differentiation of function
f(T)=Hp— Hpys at 298< T <2838 K presented in Ref. [120].

C, (J/(kg K)) = 0.2397 — 5.068 x 107° T + 1.7604 x 10~ T* — 3488.1/T". (2.81)

Thermal conductivity of UC depends on the composition, porosity (P), temperature,
manufacturing process, and other factors [37, 43, 116]. In some cases, the data in different
references have two-fold disagreement. The effect of porosity is described by the correlation:

At P) =) [(1 = P)(1 +P)], (2.82)

where P is the porosity in volume fractions.

With zero porosity in the temperature range from 50 to 2300°C, the thermal conductivity is
estimated by the empirical correlations [37]:

for 50 — 700°C A [W/(m K)] =21.7 = 3.04 x 102t +3.61 x 107 t*. (2.83)
for 700 — 2300°C A [W/(m K)] =202+ 1.48 x 107 t. (2.84)
Here, t (°C).

t
Integral thermal conductivity A(t) (W/m)= J.X(t)dt of uranium carbide is evaluated by
20

numerical integration of Eqs (2.83, 2.84) using the MATHCAD program.
Thermal diffusivity a = M/C, p, m?/s.

Linear expansion coefficient of UC is calculated according to Ref. [115] in the range from
0 to 2000°Cwith an uncertainty of +15% by the correlation:
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o (1/°C) = 1.007 x 107° + 1.17 x 107, (2.85)

Electrical resistivity of UC is defined with an uncertainty of £ 15% according to Ref. [116]:

pe x 108(Q:m) = 69.3 + 0.138 t—2.56 x 107 ¢, (2.86)
where t (°C).

The data in Ref. [137] apparently relating to a higher purity UC of theoretical density are
estimated by formula:

p-10* (Q@m)=32.9+0.159 T—2.68 x 10° T2, (2.87)

where T (K).

Thermophysical properties of solid UC estimated by Eqs (2.79-2.87) are presented in
Table 2.36.

In Ref. [128] the data on UC eVapouration are given; on the basis of these data vapour
pressure above solid UC at 1600 <T <2780 K is estimated by following correlation:

1gP (MPa) = 7.824 — 35700/T (2.88)

2.3.5.2. Properties of liquid uranium carbide depending on temperature

Density of liquid UC at Tper< T <Tyoj is evaluated according to Refs [115, 119]:

p (kg/m*)= (12000 — 6.25 x 107 T) % 200, (2.89)
where T (K).

Vapour pressure above liquid UC above melting point at 2780 < T < 6270 K is described by
correlation [118] (see Table 2.38):

1gP (MPa) = 8.622 — 32860/T — 0.7151gT (2.90)

The critical constants of uranium carbide have a slight scattering with the exception of density
(see Table 2.39).
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TABLE 2.36. THERMOPHYSICAL PROPERTIES OF SOLID UC

Integral Linear

Temperature  pepgiry Heat Thermal thermal Thermal expansion Electrical
ke P capacity conductivity conductivity dlﬁgusg/lty coefficient res;stlvny
Je K J(kg:K) W/(m-K) W/m 10°(m/s) 108K 10°(Q-m)
25 298 13500 200 253 127 9.34 10.1 72.7
100 373 13460 215 245 1991 8.44 10.2 82.8
200 473 13420 226 23.6 4392 7.81 10.3 95.9
300 573 13370 232 23.1 6728 7.46 10.4 108.4
400 673 13320 237 23.0 9030 7.29 10.5 120.4
500 773 13270 240 23.1 11332 7.25 10.7 131.9
600 873 13220 244 23.6 13666 7.31 10.8 142.9
700 973 13170 248 24.4 16065 7.48 10.9 153.4
800 1073 13120 252 25.6 18560 7.74 11.0 163.3
900 1173 13070 255 27.0 21186 8.09 11.1 172.8
1000 1273 13010 260 28.8 23974 8.53 11.2 181.7
1100 1373 12960 264 30.9 26957 9.03 11.4 190.1
1200 1473 12900 269 33.4 30167 9.62 11.5 198.0
1300 1573 12840 274 36.1 33638 10.27 11.6 205.4
1400 1673 12790 279 39.2 37402 10.98 11.7 212.3
1500 1773 12730 285 42.6 41491 11.75 11.8 218.7
1600 1873 12670 291 46.4 45936 12.58 11.9 224.6
1700 1973 12610 297 50.4 50775 13.46 12.1 229.9
1800 2073 12550 304 54.8 56036 14.38 12.2 234.8
1900 2173 12490 311 59.6 61752 15.34 12.3 239.1
2000 2273 12420 318 64.6 67957 16.33 12.4 242.9
2100 2373 12350 326 70.0 74683 17.36 125 246.2
2200 2473 12290 334 75.7 81963 18.42 12.6 249.0
2300 2573 12220 343 81.7 89828 19.51 12.8 251.3
TABLE 2.37. VAPOUR PRESSURE ABOVE SOLID UC [128]
Temperature Pressure
°C K MPa
1600 1973 4.0 x 1072
1700 1973 3.8x 107"
1800 2073 6.8 x 107"
2000 2273 29x 107"
2300 2573 6.8 x 1077
2507 2780 7.5x107°
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TABLE 2.38. VAPOUR PRESSURE OVER UC ABOVE THE MELTING POINT [118]

Temperature Pressure
oC K MPa
2507 2780 22x107°
2600 2873 5.1x10°
2700 2973 12x107°
3227 3500 50x10™
4000 4273 2.2 %107
4418 4691 9.8 x 107
5727 6000 2.8
6000 6273 4.6

TABLE 2.39. CRITICAL CONSTANTS OF URANIUM CARBIDE

Critical constants
Author, year

Theory T. P (\;m)c Pe
K MPa cm’/mol g/cm

Ohse, 1980 [118]

The significant structure theory 9300 180 219 114

Giggli, 1981 [119]

The significant structure theory 8890 158.4 190 1.32

Joseph, 1989 [129] 9777 198 12 2.23
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3. COOLANTS

3.1. GASES

The thermophysical properties of dry air and helium are presented in Tables 3.1 and 3.2,
respectively.

3.1.1. Air

TABLE 3.1. THERMOPHYSICAL PROPERTIES OF DRY AIR AT P = 0.0981 MPa [1]

. Heat Thermal Dynamic  Thermal Kinematic
Temperature Density . . h . o e s . - Prandtl
°C K g/m3 capacity 2capaclty V1$60051'[y d1f£us1;/1ty Vlgcoszlty number
kJ/(kg'K) 10" [W/(mK)] 10°(Pa:s) 10°(m’/s) 10°(m’/s)
=50 1.532 1.00 2.05 14.53 13.4 9.49 0.71
=20 1.350 1.00 2.28 16.15 16.8 11.97 0.71
0 1.251 1.00 2.44 17.19 19.4 13.75 0.71
10 1.207 1.00 2.51 17.69 20.7 14.66 0.71
20 1.166 1.00 2.58 18.19 22.0 15.61 0.71
30 1.127 1.00 2.65 18.68 23.4 16.58 0.71
40 1.091 1.00 2.72 19.16 24.8 17.57 0.71
50 1.057 1.00 2.79 19.63 26.3 18.58 0.71
60 1.026 1.01 2.86 20.10 27.6 19.60 0.71
70 0.996 1.01 2.92 20.56 29.2 20.65 0.71
80 0.967 1.01 2.99 21.02 30.6 21.74 0.71
90 0.941 1.01 3.06 21.47 32.2 22.82 0.71
100 0916 1.01 3.12 21.90 33.6 23.91 0.71
120 0.869 1.01 3.24 22.77 36.9 26.21 0.71
140 0.827 1.02 3.37 23.61 40.0 28.66 0.71
160 0.789 1.02 3.49 24.44 433 31.01 0.71
180 0.754 1.02 3.62 25.24 46.9 33.49 0.71
200 0.722 1.03 3.74 26.01 50.6 36.03 0.71
250 0.6530 1.03 4.06 27.91 60.0 4275 0.71
300 0.5960 1.05 4.37 29.71 70.0 49.87 0.71
350 0.5482 1.06 4.64 31.42 80.0 57.33 0.72
100 0.5075 1.07 491 33.09 90.6 65.22 0.72
500 0.4418 1.09 5.45 36.15 113 81.85 0.72
600 0.3912 1.11 5.98 39.05 137 99.86 0.73
700 0.3510 1.13 6.47 41.74 162 118.95 0.73
800 0.3183 1.16 7.00 44.29 190 139.18 0.73
900 0.2916 1.17 7.40 46.68 216 160.14 0.74
1000 0.2683 1.18 7.84 48.99 247 182.67 0.74
1100 0.2487 1.20 8.26 51.20 277 205.94 0.74
1200 0.2319 1.21 8.66 53.36 309 230.17 0.74
3.1.2. Helium

The isobaric heat capacity of helium in the range of temperatures and pressures under
considerations can be accepted to be constant and be C, = 5.193 kJ/(kg-K).
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TABLE 3.2. THERMODYNAMIC AND THERMOPHYSICAL PROPERTIES OF HELIUM [2]

Temp. P=1x10"Pa : P=5x10"Pa
°C Density Enthalpy  Thermal Dynamic  Prandtl ; Density  Enthalpy  Thermal = Dynamic Prandtl
kg/m’ ki/kg  conductivity viscosity number | kg/m’ kl/kg  conductivity viscosity —number
W/(m-K) mPa-s ! W/(mK) 10°(Pas)
100 0.1290  519.6 179.0 22.92 0.665 1 0.6439 520.9 179.1 22.92 0.665
150  0.1137 7793 196.1 24.93 0.660 0.5679 780.6 196.2 24.93 0.660
200  0.1017 1039 212.6 26.87 0.656 | 0.5080 1040 2127 26.37 0.656
250  0.09200 1299 228.6 28.75 0.653 0.4595 1300 2237 28.75 0.653
300 0.08398 1558 244.1 30.57 0.650 0.4195 1560 2442 30.57 0.650
350 0.07724 1818 259.3 32.35 0.648 | 0.3859 1819 259.3 32.35 0.643
400  0.07150 2078 274.0 34.09 0.646 I 0.3573 2079 274.1 34.09 0.646
450  0.06656 2337 288.3 35.79 0.645 i 0.3326 2338 288.4 35.79 0.644
500 0.06226 2597 3023 37.45 0.643 | 03111 2598 302.3 37.45 0.643
550 0.05848 2856 315.7 39.08 0.643 : 0.2922 2858 315.8 39.08 0.643
600 0.05513 3116 328.8 40.68 0.642 I 0.2775 3117 328.8 40.68 0.642
650 0.05214 3376 341.3 42.26 0.643 i 0.2606 3377 341.3 42.26 0.643
700  0.04946 3635 3533 43.80 0.644 | 02472 3637 353.4 43.80 0.644
750  0.04705 3895 365.0 45.33 0.645 : 0.2351 3896 365.0 45.33 0.645
800  0.04486 4155 376.2 46.83 0.646 I 02242 4156 376.2 46.83 0.646
850 0.04286 4414 387.1 48.31 0.648 | 02142 4416 387.2 48.31 0.648
900 0.04103 4674 397.8 49.77 0.650 I 0.2051 4675 397.9 49.77 0.650
1000 0.03781 5193 418.8 52.64 0.653 0.1890 5194 418.8 52.64 0.653
1100 0.03506 5713 439.4 55.44 0.655 | 0.1722 5714 439.4 55.44 0.655
100 1.285 5225 179.2 22.92 0.664 : 2.562 525.8 179.5 22.92 0.663
150 1.134 782.2 169.3 24.93 0.660 2.261 785.4 196.6 24.93 0.659
200 1.015 1042 212.8 26.87 0.656 i 2.024 1045 213.0 26.87 0.655
250 09179 1301 228.8 28.75 0.653 | 1831 1305 229.0 28.75 0.652
300 0.8381 156 2443 30.57 0.650 I 1.672 1564 244.5 30.57 0.649
350 0.7710 1821 259.4 32.35 0.648 1.539 1824 259.6 32.35 0.647
400 0.7139 2080 274.2 34.09 0.646 | 1425 1083 2743 34.09 0.645
450  0.6646 2340 288.5 35.79 0.644 : 1.327 2343 288.6 35.79 0.644
500 0.6217 2600 302.4 37.45 0.643 1.242 2603 302.5 37.45 0.643
550 0.5840 2859 3159 39.08 0.642 1| 1.166 2862 316.0 39.08 0.641
600 0.5506 3119 3289 40.68 0.642 I 1.100 3122 329.0 40.68 0.642
650 0.5208 3379 341.1 42.26 0.643 1.040 3382 341.5 42.26 0.643
700 0.4941 3638 353.4 43.80 0.644 | 0.9871 3641 353.6 43.80 0.643
750  0.4700 3898 365.1 45.33 0.645 : 0.9390 3901 365.2 4533 0.645
800 0.4481 4157 376.3 46.83 0.646 0.8954 4160 376.4 46.83 0.646
850 0.4282 4417 387.2 43.31 0.648 ' 0.8556 4420 3873 48.31 0.648
900 0.4100 4677 397.9 49.77 0.650  0.8192 4680 398.0 49.77 0.649
1000 0.3778 5196 413.8 52.64 0.653 i 0.7550 5189 418.9 52.64 0.653
1100 0.3503 5715 439.4 55.44 0.655 0.7001 5718 439.5 55.44 0.655
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TABLE 3.2. (continued)

P=4x10°Pa ! P=6x10°Pa
Teonép. Densit}y Enthalpy co?lgziﬁiity ]\?I)S/I(:Zusllltl; Prandtl i Densit}y Enthalpy co?llcllircrgz\illity azgs::; Prandtl
kg/m kl/kg W/(mK) mPa-s number i kg/m kl/kg W/(mK) mPa.s  number
100 5.086 532.3 180.2 22.93 0.661 l 7.575 538.7 180.8 22.93 0.659
150  4.494 791.8 197.1 24.93 0.656 | 6.699 798.3 197.7 24.94 0.655
200  4.025 1051 213.5 26.87 0.653 6.005 1058 214.0 26.88 0.652
250  3.645 1311 229.4 23.75 0.649 5.441 1317 229.9 28.75 0.649
300 3.330 1571 244.9 30.57 0.649 | 4971 1577 2453 30.58 0.647
350 3.066 830 260.0 32.35 0.641 i 4.580 1836 260.4 32.36 0.645
400  2.840 2090 274.7 34.09 0.644 4.244 2096 275.0 34.09 0.644
450  2.645 2349 289.0 35.79 0.643 i 3.955 2355 289.3 35.79 0.642
500 2475 2609 302.8 37.45 0.641 | 3.702 2615 303.1 37.45 0.642
550  2.326 2868 316.3 39.08 0.642 3.479 2875 316.6 39.08 0.641
600  2.194 3128 329.3 40.68 0.642 3.282 3134 329.5 40.68 0.641
650  2.076 3388 341.8 42.6 0.642 | 3.106 3394 342.0 42.26 0.642
700 1.970 3647 353.8 43.80 0.642 2.948 3653 354.0 43.81 0.643
750 1.874 3901 3654 4533 0.644 i 2.805 3913 365.6 45.33 0.644
800 1.7¢7 4166 376.6 46.83 0.645 | 2.675 4171 376.8 46.83 0.645
850 1.708 4426 387.5 48.3 0.646 i 2.557 443 387.7 48.31 0.648
900 1.636 4685 398.2 49.77 0.650 2.449 4691 398.4 49.77 0.649
1000 1.508 5204 419.1 52.64 0.652 i 2.258 5210 419.3 52.64 0.651
1100 1.398 5724 439.7 55.44 0.655 | 2.094 5729 439.8 55.44 0.655
100 10.03 5452 181.5 22.94 0.656 l 12.45 551.7 182.2 22.96 0.654
150 8.877 804.7 198.3 24.95 0.653 11.03 811.2 198.9 24.96 0.652
200 7.963 1064 214.5 26.88 0.651 | 9.900 1071 215.1 26.89 0.649
250 7.219 1324 230.4 28.76 0.648 I 8.980 1330 230.8 28.77 0.647
300  6.602 1503 245.8 30.58 0.646 8.217 1590 246.2 30.59 0.645
350  6.083 1843 260.8 32.36 0.644 | 7.573 1849 261.2 32.37 0.644
400 5.639 2102 2754 34.10 0.643 7.023 2108 275.8 34.10 0.642
450 5.255 2362 289.6 35.79 0.642 l 6.557 2368 290.0 35.80 0.641
500  4.921 2621 303.5 37.46 0.641 | 6.132 2627 303.8 37.46 0.640
550  4.626 2881 316.9 39.09 0.641 i 5.766 2887 317.2 39.09 0.640
600  4.364 3140 329.8 40.69 0.641 5.441 3146 330.1 40.69 0.640
650  4.131 3400 342.3 42.25 0.641 5.151 3406 342.5 42.26 0.641
700 3.921 3659 354.3 43.81 0.642 | 4.890 3665 354.5 43.81 0.642
750 3.732 3919 365.8 4533 0.644 l 4.655 3924 366.1 45.33 0.643
800  3.560 4178 377.0 46.83 0.645 . 4.441 4184 3773 46.84 0.645
850  3.403 4437 187.9 48.31 0.647 | 4245 4443 388.1 48.32 0.646
900  3.259 4697 398.6 49.77 0.648 4.067 4703 398.7 49.77 0.648
1000 3.005 5216 419.5 52.64 0.652 l 3.751 5222 419.7 52.64 0.651
1100 2788 5732 440.0 55.44 0.654 3.480 5740 440.2 55.44 0.654
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3.2. WATER (H,0)

The thermophysical properties of water and steam (see Tables 3.3-3.8) are taken in Refs [3, 4].

Critical constants of water [Ref. 3, p. 23], and are as follows;

Pressure, MPa 22.064
Temperature, °C 373.946
Specific volume, m*/kg 0.003106
Specific enthalpy, kJ/kg 2087.5
Specific entropy, kJ/(kg-K) 4.4120

TABLE 3.3. THERMOPHYSICAL PROPERTIES OF SATURATED WATER

Temp. . Heat  Specific Thermal Dynamic Kinematic Thermal Surface
Pressure Density Enthalpy . . . . : : .on . .. Prandtl .

rature Pa kem’ KK capacity heat conductivity viscosity VIScosity diffusivity number tension
°C & & WikegK) Kkg 10°W/(mK) 104Pas) 10°(m™/s) 107(m¥s) 10°N/m
0.00 6.1170x10* 999.8  0.00 4220 2500.9 562.0 17.920  1.7920 1.332  13.456 75.70
500 8.7260x10° 999.9  21.02  4.206 2489.1 572.0 15220  1.5220 1.360 11.191 74.90
10.00 1.2282x10° 999.7  42.02  4.196 24772 581.9 13.080  1.3080 1.387  9.432 74.20
15.00 1.7057x10° 999.1 6298  4.189 2465.4 600.6 11.380  1.1390 1.435  7.937 73.50
20.00 2.3392x10° 9982  83.92 4185 24535 599.5 10.000 1.0020 1.435 6.981 72.70
25.00 3.1697x10° 997.0 104.84 4.182 2441.7 607.2 8.883 0.8910 1.456 6.118 71.90
30.00 4.2467<10° 9956 12575 4.180 24298 614.9 7.958 0.7993 1.478 5.410 71.20
35.00 5.6286x10° 994.0 146.64 4.179 24179 621.7 7.184 0.7227 1.497  4.829 70.50
40.00 7.3844x10° 9922 167.54 4.179  2406.0 628.5 6.529 0.6581 1.516 4341 69.60
45.00 9.5944x10° 9902 188.44  4.179  2394.0 632.0 5.967 0.6026 1.527  3.946 68.70
45.81 1.0000%10* 989.8 191.81 4.179 2392.1 635.4 5.884 0.5945 1.536 3.870 68.60
50.00 1.2351x10" 988.0 209.34 4.180 2382.0 640.4 5.480 0.5546 1.551  3.577 67.90
55.00 1.5761x10" 9857 23024 4.181 2369.9 645.6 5.053 0.5126 1.567 3272 67.10
60.00 2.0000x10* 9832 25140 4.183 23575 651.0 4.677 0.4757 1.583  3.005 66.20
65.00 2.5010x10* 980.5 27031 4.185 23464 655.2 4.343 0.4429 1.597 2774 65.40
69.13 3.0000x10* 9783 28923  4.188 23353 658.5 4.094 0.4185 1.607  2.604 64.70
70.00 3.1201x10* 977.7 293.02 4.188 2333.1 659.5 4.045 0.4137 1.611 2569 64.50
75.00 3.8595x10* 974.8 313.97 4.191 23206 663.2 3.778 0.3875 1.623 2387 63.60
75.86 4.0000x10* 9743 317.57  4.192 23185 663.9 3.735 0.3834 1.626 2358 63.40
80.00 4.7415x10* 971.8 334.95 4.196 2308.1 666.9 3.540 0.3643 1.635  2.227 62.70
81.32 5.0000x10* 971.0 340.48  4.197 2304.7 667.5 3.481 0.3585 1.638  2.189 62.50
85.00 5.7867x10" 968.6 35595 4200 22954 669.9 3.326 0.3434 1.647  2.085 61.80
85.93 6.0000<10* 968.0 359.84 4201 2293.0 670.4 3.288 0.3397 1.649  2.060 61.60
89.93 7.0000x10* 9653 376.68 4205 2282.7 672.9 3.136 0.3249 1.658 1.960 60.80
90.00 7.0182x10" 965.3 376.97 4205 22826 673.0 3.134 0.3247 1.658 1.958 60.80
93.49 8.0000x10" 962.9 391.64 4209 22735 674.6 3.012 0.3128 1.664 1.879 60.10
95.00 8.4609x10" 961.9 398.02 4211 2269.6 675.3 2.962 0.3079 1.667 1.847 59.80
96.69 9.0000x10" 960.7 405.13 4213 22652 676.1 2.908 0.3027 1.670 1.812 59.50
99.61 1.0000x10° 958.7 417.44 4217 22575 677.6 2.819 0.2940 1.676 1.754 59.00
100.00 1.0142x10° 958.3 419.10 4217 2256.5 677.7 2.807 0.2929 1.677 1.747 58.90
105.00 1.2080x10° 950.9 44023 4223 2243.1 679.5 2.669 0.2807 1.692 1.659 57.90
110.00 14338<10° 947.1 46136 4230 22207 6812 2545 02687 1700 1.580 57.00
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TABLE 3.3. (continued)

Temp. . Heat  Specific Thermal Dynamic Kinematic Thermal Surface
Pressure Density Enthalpy . .. . . : : o e .

rature Pa ke’ Kk capacity heat conductivity viscosity VISCOSIty diffusivity number tension

°C & & WikeK) Kikg 10°W/(m-K) 10*Pass) 10°m’/s) 107(m%s) 10°N/m
115.00 1.6918x10° 943.1 482.55 4229 2216.0 682.4 2.432 0.2579 1.711 1.507 56.00
120.00 1.9867x10° 943.0 503.80  4.246  2202.1 683.6 2.330 0.2471 1.707 1.447  54.90
120.21 2.0000x10° 939.1 504.70  4.246  2201.6 683.7 2.326 0.2477 1.715 1.445 54.60
125.00 2.3222x10° 934.8 525.10 4.260 2188.0 684.2 2.236 0.2392 1.718 1.392  54.00
130.00 2.7026x10° 931.8 546.40 4274 2173.7 684.8 2.148 0.2305 1.720 1.341 52.90
133.53 3.0000x10° 930.5 561.50 4.284 21634 684.8 2.089 0.2245 1.718 1.307 52.30
135.00 3.1320x10° 926.1 567.80 4.287  2159.1 684.8 2.065 0.2230 1.725 1.293  52.00
140.00 3.6150x10° 922.8 589.20 4286 21442 684.8 1.984 0.2150 1.731 1.242  50.90
143.61 4.0000x10° 921.7 604.70 4309 2133.3 684.6 1.927 0.2091 1.724 1.213  50.10
145.00 4.1563x10° 917.0 610.70 4312  2129.1 684.3 1.904 0.2076 1.731 1.200 49.90
150.00 4.7610x10° 9152 632.30 4310 2113.7 683.8 1.823 0.1992 1.733 1.149 48.70
151.84 5.0000<10° 9122 64020 4328 21079 683.0 1.784 0.1956 1.730 1.130 48.40
155.00 5.4342x10° 908.6 653.90 4336  2097.9 682.8 1.742 0.1917 1.733 1.106 47.70
158.83 6.0000x10° 907.4 670.50 4345 2085.6 682.0 1.696 0.1869 1.730 1.081 46.90
160.00 6.1814x10° 902.5 675.60  4.338  2081.9 681.8 1.683 0.1865 1.741 1.071 46.60
165.00 7.0000<10° 897.4 697.30 4360 2065.4 680.3 1.630 0.1816 1.739 1.045 45.50
170.00 7.9205x10° 897.4 71920 4369  2048.7 678.7 1.582 0.1763 1.731 1.018 44.40
170.41 8.0000x10° 897.0 721.00 4375 20473 678.6 1.579 0.1760 1.729 1.018 44.30
175.00 8.9245x10° 8923 74120 4.388 2031.6 676.6 1.538 0.1724 1.728  0.997 43.30
175.36 9.0000x10° 891.9 74270 4389  2030.3 676.5 1.535 0.1721 1.728  0.996 43.20
179.89 1.0000x10° 8872 762.70  4.403 2014.4 674.7 1.497 0.1687 1.727 0.977 42.20
180.00 1.0026x10° 887.0 76320 4.406 2014.0 674.6 1.496 0.1687 1.726 0977 4220
185.00 1.1233x10° 881.6 785.30  4.420  1996.1 672.0 1.457 0.1653 1.725 0958 41.10
190.00 1.2550x10° 876.1 807.60  4.447 1977.7 669.5 1.419 0.1620 1.718  0.943 40.00
195.00 1.3986x10° 870.5 829.90  4.459 19589 666.4 1.382 0.1588 1.717  0.925 38.80
198.30 1.5000x10° 866.6 844.70  4.474 1946.3 664.3 1.359 0.1568 1.713 0915 38.00
200.00 1.5547x10° 864.7 85240  4.494 1939.7 663.3 1.347 0.1558 1.707 0913 37.70
205.00 1.7240x10° 858.7 875.00 4.506 1919.9 659.7 1.313 0.1529 1.705  0.897 36.60
210.00 1.9074x10° 852.7 897.70  4.548 1899.6 656.2 1.279 0.1500 1.692  0.886 35.40
212.38 2.0000x10° 849.8 908.60  4.547 1889.8 654.3 1.264 0.1487 1.693  0.878 34.90
215.00 2.1055x10° 846.5 920.60  4.563 1878.8 652.2 1.248 0.1474 1.688  0.873 34.40
220.00 2.3193x10° 8402 943.60 4.611 18574 648.2 1.217 0.1448 1.673  0.866 33.10
223.96 2.5000<10° 835.1 962.00 4.625 1840.1 644.5 1.193 0.1428 1.669  0.856 32.10
225.00 2.5494x10° 833.8 966.80 4.633 1835.4 643.6 1.187 0.1424 1.666  0.854 31.90
230.00 2.7968x10° 827.1 990.20 4.683 1812.8 639.1 1.159 0.1401 1.650  0.849 30.70
233.86 3.0000<10° 821.9 1008.40 4.705 17949 635.1 1.138 0.1385 1.642  0.843 29.70
235.00 3.0622x10° 820.3 1013.80 4.716 1789.5 634.0 1.132 0.1380 1.639  0.842 29.50
240.00 3.3467x10° 813.3 1037.50 4.767 17655 628.9 1.106 0.1360 1.622  0.838 28.40
241.00 3.4059x10° 812.0 104230 4.773  1760.7 627.7 1.101 0.1356 1.620  0.837 28.10
242.56 3.5000<10° 809.7 1049.80 4.789 1753.0 625.9 1.093 0.1350 1.614  0.836 27.70
245.00 3.6509x10° 806.2 1061.50 4.814 1740.8 623.3 1.081 0.1341 1.606  0.835 27.20
250.00 3.9759x10° 798.9 1085.70 4.865 17153 617.8 1.058 0.1324 1.590  0.833 26.00
250.36 4.0000x10° 798.3 1087.40 4.874 1713.5 617.4 1.056 0.1323 1.587  0.834 25.90
255.00 43227<10° 7914 1110.10 4930 16890 6226 1036 01309 159 0820 24380
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TABLE 3.3. (continued)

Temp. . Heat  Specific Thermal Dynamic Kinematic Thermal Surface
Pressure Density Enthalpy . .. . . : : o e .
rature Pa ke’ Kk capacity heat conductivity viscosity VISCOSIty diffusivity number tension
°C & & WikegK) Wkg 10°W/(mK) 10%Pas) 10°(m*s) 107(m%s) 10°N/m
257.44 4.5000x10° 787.6 1122.10 4.961 16759 608.7 1.025 0.1301 1.558  0.835 24.20
260.00 4.6921x10° 783.6 1134.80 4.981 1661.8 605.6 1.015 0.1295 1.552  0.835 23.70
263.94 5.0000x10° 777.4 115450 5.050 1639.7 600.5 0.999 0.1285 1.530  0.840 22.60
265.00 5.0851x10° 775.7 1159.80 5.066 1633.7 599.0 0.994 0.1281 1.524  0.841 2240
270.00 5.5000x<10° 767.5 1184.90 5.141 1604.8 595.6 0.975 0.1270 1.509 0.842 21.30
275.00 5.9463x10° 767.5 1210.70 5222 15744 585.0 0.957 0.1247 1.460  0.854 20.00
275.59 6.0000x10° 759.0 1213.70 5232 1570.8 584.1 0.954 0.1257 1.471 0.855 19.90
280.00 6.4165x10° 758.0 1236.70 5290 15432 571.7 0.939 0.1239 1.441 0.860 19.00
280.86 6.5000x<10° 750.3 124120 5.324 1537.7 576.4 0.936 0.1248 1.443  0.865 18.60
285.00 6.9145x10° 748.7 1263.00 5.401 1510.7 568.8 0.921 0.1230 1.407 0875 17.70
285.83 7.0000x10° 7412 1267.40 5.417 1505.1 568.7 0918 0.1238 1416  0.874 17.60
290.00 7.4416x10° 739.7 1289.80 5.490 1476.8 562.0 0.904 0.1222 1.384 0.883 16.70
290.54 7.5000x10° 731.9 129270 5.511 1473.1 561.2 0.902 0.1232 1.391 0.886 16.60
295.00 8.0000x10° 730.9 1317.10 5.605 1441.5 553.5 0.887 0.1214 1.351 0.898 15.50
299.27 8.5000x10° 722.2 1340.70 5.700 14103 500.7 0.873 0.1209 1.216 0994 14.50
300.00 8.5877x10° 7222 1344.80 5750  1404.8 544.9 0.870 0.1205 1.312 0918 14.40
303.35 9.0000x10° 713.6 1363.70 5.850 13792 538.8 0.859 0.1204 1.291 0.933 13.60
305.00 9.2092x10° 712.1 1373.10 5.900 1366.3 535.7 0.853 0.1198 1.275 0939 13.10
307.25 9.5000x10° 7052 1386.00 5980 13484 530.4 0.845 0.1198 1.258 0953 12.70
310.00 9.8647x10° 701.7 1402.00 6.090 13259 526.5 0.835 0.1190 1232 0966 12.10
311.00 1.0000x10” 696.8 1407.90 6.140 1317.6 524.5 0.832 0.1194 1.226 0974 11.90
314.61 1.0500x10" 690.7 142930 6.320 1286.9 517.2 0.818 0.1184 1.185 1.000 11.10
315.00 1.0556x107 688.4 1439.80 6.410 12715 516.4 0.817 0.1187 1.170 1.014 11.00
318.08 1.1000x107 680.1 145030 6.500  1256.1 510.1 0.805 0.1184 1.154 1.026 10.30
320.00 1.1284x107 671.8 1462.10 6.540 1238.6 506.4 0.798 0.1188 1.153 1.031 9.86
321.44 1.1500%107 667.1 147090 6.680 12253 503.4 0.792 0.1187 1.130 1.051  9.60
324.68 1.2000x10" 663.5 149130 6.870 1194.3 496.3 0.779 0.1174 1.089 1.078 8.90
325.00 1.2051x10" 6552 149340 6.890 1191.1 495.7 0.777 0.1186 1.098 1.080  8.80
327.82 1.2500x107 654.3 1511.50 7.060 1163.0 489.6 0.765 0.1169 1.060 1.103  8.10
330.00 1.2858x107 646.8 152570 7.190  1140.5 484.8 0.756 0.1169 1.042 1.121  7.70
330.86 1.3000x107 640.8 153140 7.210 11315 482.8 0.752 0.1174 1.045 1.123  7.50
333.81 1.3500x10” 6384 155120 7.270 1099.6 476.0 0.738 0.1156 1.026 1.127  7.00
335.00 1.3707x10" 629.8 155930 7.510 1086.3 473.2 0.733 0.1164 1.000 1.163  6.70
336.67 1.4000x107 626.3 1570.90 7.620 1067.2 469.2 0.724 0.1156 0.983 1.176  6.40
339.45 1.4500x107 621.2 1590.50 7.780  1034.3 362.7 0.711 0.1144 0.750 1.525 5.70
340.00 1.4600x107 612.4 159440 8.110 1027.6 461.4 0.708 0.1156 0.929 1.244  5.63
342.16 1.5000%10” 610.7 1610.20 8.490  1000.7 455.9 0.696 0.1140 0.879 1.296  5.20
344.79 1.5500x107 603.5 1629.90 8950  966.4 449.5 0.682 0.1130 0.832 1.358 4.80
345.00 1.5540x10" 594.4 1631.40 8990  963.6 449.0 0.681 0.1146 0.840 1.364 4.70
347.36 1.6000x107 593.6 1649.70 9.490  931.1 442.9 0.668 0.1125 0.786 1.431  4.10
350.00 1.6500x107 585.0 1669.70 10.120  894.9 436.6 0.652 0.1115 0.738 1.511  3.67
35229 1.7000x107 574.7 1690.00 10.850 857.4 430.8 0.638 0.1110 0.691 1.607 3.20
354.6_7_1.7500_{}97 565.2 171080 11.700 8184 4245 0.623 0.1102 0.642 1717 2.80
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TABLE 3.3. (continued)

Temp. Pressure Density Enthalpy Hea_t Specific Thern.1a¥ D.ynan.lic Ki.nema'ltic "'[herr'na'll Surf.ace
rature Pa ke m Kk capacity  heat conductivity viscosity Vlicoszlty diffusivity number tension
°C & KikgK) klkg 10°W/(m-K) 10°(Pass) 10°m*/s) 10%m?s) mN/m
355.00 1.7570x10" 554.7 1713.70 11.860 812.7 423.8 0.621 0.1120 0.644 1.738 2.74
356.99 1.8000x107 553.2 1732.00 13.540 777.5 419.5 0.607 0.1097 0.560 1.959 2.30
359.26 1.8500x107 543.6 1754.00 14.520 734.4 414.0 0.592 0.1089 0.524  2.076 1.90
360.00 1.8666x10" 531.9 1761.50 14.870 719.5 412.0 0.587 0.1104 0.521 2.119 1.88
361.47 1.9000x10" 527.8 177690 15.720 688.5 409.0 0.576 0.1091 0.493 2214  1.52
363.63 1.9500x10" 519.3 1801.10 18.430 638.9 405.3 0.560 0.1078 0.423 2.546  1.19
365.00 1.9822x107 496.1 1817.60 21.500 604.5 404.0 0.550 0.1109 0.379 2927 1.08
365.75 2.0000x10" 490.4 1827.10 23.760 584.3 404.2 0.544 0.1109 0.347  3.198 0.95
367.81 2.0500x10" 473.0 1855.90 32.590 522.3 411.8 0.528 0.1116 0267  4.179 0.68
369.83 2.1000x107 452.1 1889.40 45.800 4482 417.6 0.512 0.1133 0.202 5615 0.40
370.00 2.1043x10" 450.0 1892.70 47.100  440.9 418.0 0.510 0.1133 0.197 5747 0.39
371.00 2.1296x10" 436.6 191330 64.100 394.3 433.0 0.502 0.1150 0.155 7431 0.27
372.00 2.1553x10" 419.9 1938.50 101.200 336.1 462.0 0.493 0.1174 0.109 10.799 0.16
373.00 2.1813x107 395.8 1974.10 231.000 253.2 534.0 0.485 0.1225 0.062 20.980 0.06
TABLE 3.4. THERMOPHYSICAL PROPERTIES OF SATURATED STEAM
Temp. Pressure  Density Enthalpy Heaj[ Specific Them?a% D.ynan.nc Kl.nema'\tlc ".l"herl.nz‘ll Prandtl
rature Pa ke/m'  K/k capacity heat conductivity viscosity VIscosity diffusivity number
°C & WikeK) Kikg 10°W/(m-K) 10°Pa-s) 10°m’s)  105m?s)
0 6.1170x10% 0.00485 25009 1.888  2500.9 16.5 9.22 1901 1802 1.05
5 8.7260x10* 0.00680 2510.1 1.892  2489.1 16.8 9.32 1371 1306 1.05
10 1.2282x10° 0.00941 25192  1.896 24772 17.2 9.46 1005 964 1.04
15.0 1.7057x10° 0.0128 25284  1.903 2465.4 17.5 9.60 747.7 716 1.04
20.0  2.3392x10° 0.0173 25375 1.906 2453.5 18.0 9.73 562.1 546 1.03
25.0  3.1697<10° 0.0231 2546.5 1913 2441.7 18.4 9.89 428.7 417 1.03
30.0  4.2467x10° 0.0304 2555.6 1918 2429.8 18.7 10.01 329.2 321 1.03
35.0 5.6286x10° 0.0397 2564.6 1.925 24179 19.3 10.18 256.6 253 1.02
40 7.3844x10° 0.0512 2573.5 1932  2406.0 19.5 10.31 201.2 197 1.02
45 9.5944x10° 0.0656 2582.5 1.938 2394.0 19.8 10.48 159.9 156 1.02
4581 1.0000x10* 0.0682 25839 1.939 2392.1 20.0 10.51 154.2 151 1.02
50 1.2351x10* 0.0831 2591.3 1.948 2382.0 20.3 10.62 127.7 125 1.02
55 1.5761x10* 0.1045 2600.1 1.954  2369.9 20.7 10.79 103.2 101 1.02
60 1.9946x10* 0.1304 2608.8 1.966 2357.7 21.1 10.93 83.81 82.3 1.02
65.0  2.5041x10* 0.1614 2617.5 1973 2343.0 21.6 11.10 68.75 67.8 1.02
69.13  3.0000x<10* 0.1913 2624.6 1982 23353 21.8 11.23 58.72 58.6 1.02
70 3.1201x10* 0.1984 2626.1 1.987 2333.1 22.0 11.26 56.75 55.8 1.02
75 3.8595x10% 0.2422 2634.6 1.997 2320.6 22.7 11.42 47.16 46.9 1.02
75.86  4.0000x10* 0.2504 2636.1 1.999 2318.5 22.8 11.45 45.72 45.5 1.02
80 4.7415%10* 02937 2643.0 2.012 2308.1 229 11.59 39.47 38.8 1.02
81.32  5.0000x10* 0.3086 26452 2.014 2304.7 23.2 11.63 37.68 37.3 1.02
85 5.7867x10* 0.3539 26513  2.025 22954 23.5 11.75 33.20 32.8 1.02
85.93  6.0000x10* 0.3661 26529 2.028 2293.0 23.6 11.78 32.18 31.8 1.02
89.93 _7_.(_)_000X104 0.4228 26594  2.041 22827 23.9 11.91 28.17 277 1.02
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TABLE 3.4. (continued)

Temp. Pressure Density Enthalpy Hea-t Specific Thern.1a¥ D.ynan'lic Ki.nema'ltic ”.l“herr‘naill Prandtl
rature Pa ke/m'  KJ e capacity  heat conductivity viscosity V156¢0521ty diffusivity number
°C Kl/(kgK) kikg 10°W/(m-K) 10°(Pa-s) 10°(m7/s) 10%(m?/s)
90 7.0182x10% 0.4239 2659.5 2.042 2282.6 24.0 11.93 28.14 27.5 1.02
93.49 8.0000x10* 0.4791 26652  2.054 2273.5 24.3 12.03 25.11 24.7 1.02
95 8.4609x10" 0.5049 2667.6 2.060 2269.6 244 12.08 23.93 23.5 1.02
96.69  9.0000x10* 0.5349 26703 2.066 22652 24.6 12.14 22.70 22.3 1.02
99.61  1.0000x10° 0.5903 2674.9 2.076 2257.5 24.7 12.23 20.72 20.2 1.03
100 1.0142x10° 0.5981 2675.6  2.077 2256.5 24.8 12.27 20.51 20.0 1.03
105 1.2090x10° 0.7050 2683.4  2.101 22432 25.3 12.59 17.86 17.5 1.04
110 1.4338x10° 0.8269 2691.1  2.121 2229.7 25.8 12.61 15.25 14.7 1.04
115 1.6918x10° 0.9653 2698.6  2.150 2216.0 26.4 12.76 13.22 12.7 1.04
120 1.9867x10° 1.1220 27059  2.174 2202.1 27.0 12.95 11.54 11.1 1.04
12021 2.0000x10° 1.1290 27062  2.179 2201.6 27.1 12.94 11.46 10.9 1.04
125 2.3222x10° 1.2985 2713.1 2208 2188.0 27.4 13.11 10.10 9.56 1.05
130 2.7026x10° 1.4968 2720.1 2237 2173.7 28.1 13.30 8.886 8.39 1.06
133.53 3.0000x10° 1.6507 27249 2264 21634 28.4 13.42 8.130 7.60 1.06
135 3.1320x10° 1.7188 27269 2275 2159.1 28.6 13.47 7.837 7.31 1.07
140 3.6150x10° 1.9665 27334 2311 21442 29.4 13.64 6.936 6.47 1.07
143.61 4.0000x10° 2.1627 2738.1  2.340 2133.3 29.6 13.78 6.372 5.85 1.08
145 4.1563x10° 2.2421 2739.8 2352  2129.1 29.8 13.83 6.168 5.65 1.08
150 4.7610x10° 2.5478 27459 2396 2113.7 30.8 13.99 5.491 5.05 1.09
151.84 5.0000x10° 2.6681 2748.1 2411 2107.9 30.7 14.07 5.273 4.77 1.10
155 5.4342x10° 2.8860 2751.8 2440 2097.9 31.1 14.17 4910 4.42 1.10
158.83 6.0000x10° 3.1688 2756.1 2477 2085.6 31.7 14.30 4.513 4.04 1.11
160 6.1814x10° 32592 27574 2492 20819 322 14.33 4.397 3.96 1.11
164.95 7.0000x10° 3.6662 2762.7 2.539  2065.6 32.6 14.50 3.955 3.50 1.12
165 7.0082x10° 3.6703 2762.8  2.540 2065.4 32.6 14.50 3.951 3.50 1.13
170 7.9205x10° 4.1217 27679  2.599  2048.7 33.8 14.68 3.562 3.16 1.13
170.41 8.0000x10° 4.1609 2768.3  2.601  2047.3 33.8 14.68 3.528 3.12 1.13
175 8.9245x10° 4.6168 27727 2.652 2031.6 34.2 14.84 3214 2.79 1.14
175.36 9.0000x10° 4.6540 2773.0 2.656 2030.3 343 14.85 3.191 2.77 1.14
179.89 1.0000x10° 5.1454 2777.1 2712 20144 35.0 15.00 2915 2.51 1.15
180 1.0026x10° 5.1584 27772 2716 2014.0 354 15.02 2912 2.53 1.15
185 1.1233x10° 5.7498 27814  2.778  1996.1 35.9 15.18 2.640 2.25 1.17
190 1.2550x10° 6.3947 27853  2.846 1977.7 37.2 15.37 2.404 2.04 1.18
195 1.3986x10° 7.0967 27889 2918 19589 37.8 15.52 2.187 1.83 1.19
198.30 1.5000x10° 7.5930 2791.0 2.968 1946.3 38.5 15.64 2.060 1.71 1.20
200 1.5547x10° 7.8604 2792.1  2.990 1939.7 39.1 15.71 1.999 1.66 1.20
205 1.7240x10° 8.6889 27949  3.070 1919.9 39.9 15.87 1.826 1.50 1.22
210 1.9074x10° 9.5877 27974  3.150 1899.6 41.1 16.06 1.675 1.36 1.23
212.38 2.0000x10° 10.042 27984  3.203 1889.8 41.6 16.13 1.606 1.29 1.24
215 2.1055x10° 10.561 2799.4 3250 1878.8 42.2 16.23 1.537 1.23 1.25
220 2.3193x10° 11.614 2801.1 3.328 18574 433 16.41 1.413 1.12 1.26
223.96 2.5000x10° 12.508 2802.0 3.415 1840.1 44.4 16.55 1.323 1.04 1.27
225 25494X106 12.753 2802.3 3435 18354 44.6 16.59 1301 1.02 1.28
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TABLE 3.4. (continued)

64

Temp. Pressure Density Enthalpy Hea-t Specific Thern.1a¥ D.ynanllic Ki.nema'ltic ”.l“herr.naill Prandtl
rature Pa ke/m® K ke capacity  heat conductivity viscosity Vlicoszlty diffusivity number
°C Kl/(kgK) kikg 10°W/(m-K) 10°(Pa-s) 10°(m7/s) 10%(m?/s)
230 2.7968x10° 13.984 2803.0 3.528 1812.8 45.7 16.76 1.199 0.926 1.29
233.86 3.0000x10° 15.002 2803.3 3.613 1794.9 47.0 16.91 1.127 0.867 1.30
235 3.0622x10° 15.314 28033  3.637 1789.5 47.3 16.95 1.107 0.849 1.31
240 3.3460x10° 16.748 2803.1  3.755 1765.5 48.3 17.12 1.022 0.768 1.33
241 3.4059x10° 17.047 2803.0 3.772  1760.7 49.0 17.18 1.008 0.762 1.33
242.56 3.5000x10° 17.525 2802.7 3.809 1753.0 494 17.23 0.983 0.740 1.33
245 3.6509x10° 18.295 28023 3.868 1740.8 50.2 17.32 0.947 0.709 1.33
250 3.9759x10° 19.964 2801.0 4.012 17153 51.2 17.49 0.876 0.639 1.37
250.36 4.0000x10° 20.088 2800.9 4.028 1713.5 51.8 17.53 0.873 0.640 1.36
255 4.3227x10° 21.768 2799.1  4.141  1689.0 53.3 17.70 0.813 0.591 1.38
257.44 4.5000x10° 22.696 2798.0 4216 16759 54.1 17.79 0.784 0.565 1.39
260 4.6921x10° 23.708 2796.6 4308 1661.8 54.3 17.87 0.754 0.532 1.42
263.94 5.0000x10° 25.349 27942 4430 1639.7 56.3 18.04 0.712 0.501 1.44
265 5.0851x10° 25.806 2793.5 4.468 1633.7 56.7 18.08 0.701 0.492 1.45
270 5.5000<10° 28.074 2789.7  4.655 1604.6 57.8 18.27 0.651 0.442 1.47
275 5.9463x10° 30.516 2785.1 4.860 1574.4 60.3 18.47 0.605 0.407 1.49
275.59 6.0000x10° 30.817 2784.6 4.885 1570.8 60.5 18.49 0.600 0.402 1.49
280 6.4165x10° 33.167 2779.8 5.070 15432 61.8 18.70 0.564 0.368 1.53
280.86 6.5000x10° 33.636 2778.8  5.125 1537.7 62.5 18.86 0.561 0.363 1.55
285 6.9145x10° 36.023 2773.7 5329 15107 64.2 18.99 0.527 0.334 1.58
285.83 7.0000x10° 36.523 2772.6 5372 1505.1 64.5 19.02 0.521 0.329 1.58
290 7.4416x10° 39.124 2766.6  5.580 1476.8 66.4 19.15 0.489 0.304 1.61
290.54 7.5000x10° 39.479 27658  5.627 1473.1 66.5 19.19 0.486 0.299 1.62
295 8.0000x10° 42.499 2758.6  5.888  1441.6 68.4 19.38 0.456 0.273 1.67
299.27 8.5000x10° 45.600 2751.0  6.157 14103 70.3 19.58 0.429 0.250 1.70
300 8.5877x10° 46.168 2749.6 6220 1404.8 71.8 19.65 0.426 0.250 1.70
303.35 9.0000x10° 48.804 27429  6.497 13792 73.8 19.80 0.406 0.233 1.74
305 9.2092x10° 50.150 27394  6.634 1366.3 74.9 19.89 0.397 0.225 1.76
307.25 9.5000x10° 52.083 27344  6.824 13484 76.4 20.02 0.384 0.215 1.79
310 9.8647x10° 54.526 27279  7.050 13259 78.3 20.20 0.370 0.204 1.82
311 1.0000x107 55.463 2725.5 7.158 1317.6 79.0 20.24 0.365 0.199 1.83
314.61 1.0500x107 58.928 2716.1  7.513 1286.9 81.7 20.48 0.348 0.185 1.88
315 1.0556x107 59.312 2715.1  7.554 1283.4 82.1 20.50 0.346 0.183 1.89
318.08 1.1000x107 62.539 2706.4  7.901  1256.1 84.6 20.72 0.331 0.171 1.94
320 1.1284x107 64.599 2700.7 8.160 1238.6 86.4 20.84 0.323 0.164 1.97
321.44 1.1500x107 66.225 26962  8.331  1225.3 87.7 20.96 0316 0.159 1.99
324.68 1.2000x107 70.077 2685.6  8.808 1194.3 91.0 21.21 0.303 0.147 2.05
325 1.2051x107 70.472 2684.5 8.859 1191.1 91.3 21.23 0.301 0.146 2.06
327.82 1.2500x107 74.074 2674.5 9341 1163.0 94.4 21.46 0.290 0.136 2.12
330 1.2858x107 77.042 26662  9.740  1140.5 97.0 21.60 0.280 0.129 2.17
330.86 1.3000x<107 78.186 26629 9.931 1131.5 98.0 21.71 0.278 0.126 2.20
333.81 1.3500x107 82.508 2650.8 10.58 1099.6 101.7 21.96 0.266 0.117 2.28
335 1.73797}71797 84.388 26456 10.87 1086.3 103.4 122.07 0262  0.113 232



TABLE 3.4. (continued)

Temp. Pressure Density Enthalpy Hea-t Specific Thern.1a¥ D.ynan'lic Ki.nema'ltic ”.l“herr‘naill Prandtl
rature Pa ke/m'  KJ e capacity  heat conductivity viscosity V156¢0521ty diffusivity number
°C K/(kgK) kikg 10°W/(m-K) 10%Pa-s) 10°(m7/s) 10°m’/s)
336.67 1.4000x<107 87.032 2638.1 1130 1067.2 106.0 2222 0.255 0.108 2.37
339.45 1.4500x107 91.743 2624.8  12.07 10343 110.8 22.47 0.245 0.100 2.45
340 1.4600x107 92.764 2622.1 1224 1027.6 111.8 22.55 0.243 0.098 2.47
342.16 1.5000x107 96.712 26109  12.92  1000.7 116.0 22.79 0.236 0.093 2.54
344.79 1.5500x107 101.93 25962 13.93  966.4 121.7 23.10 0.227 0.086 2.64
345 1.5540x107 102.35 2595.0  14.02  963.6 122.2 23.13 0.226 0.085 2.65
34736 1.6000x10" 107.43 2580.8 15.04  931.1 127.8 23.43 0.218 0.079 2.76
350 1.6500x<107 113.62 2563.6  16.64  892.7 134.6 23.82 0.210 0.071 2.95
35229 1.7000x107 119.47 25474 18.04 857.4 140.5 24.15 0.202 0.065 3.10
354.67 1.7500x107 126.15 2529.1  20.17  818.4 148.9 24.57 0.195 0.059 3.33
355 1.7570x107 127.13 25264  20.71  812.7 151.7 24.65 0.194 0.058 3.37
356.99 1.8000x107 133.35 2509.5 22.84 7775 159 25.02 0.188 0.052 3.59
359.26 1.8500x107 141.20 24884 26.13  734.4 172.3 25.53 0.181 0.047 3.87
360 1.8666x107 143.97 2481.0 27.57 7195 176.6 25.73 0.179 0.044 4.02
361.47 1.9000x107 149.86 24654 31.81  688.5 188.1 26.08 0.174 0.039 441
363.63 1.9500x107 159.57 2440.0  38.04  638.9 205.2 26.70 0.167 0.034 4.95
365 1.9822x107 166.50 2422.1  42.00  604.5 217.7 27.21 0.163 0.031 5.25
365.75 2.0000x<107 170.68 24114  49.71 5843 224.1 26.75 0.157 0.026 5.93
367.81 2.0500x107 183.89 23782  70.89 5223 244.6 27.51 0.150 0.019 7.97
369.83 2.1000x107 200.48 2337.6  91.65 4482 266.6 28.78 0.144 0.015 9.89
370 2.1043x107 202.14 2333.6 9340 4409 309.0 29.70 0.147 0.016 8.97
371 2.1296x107 213.13 2307.5 1249 3943 346.0 30.5 0.143 0.013 11.0
371.80 2.1500x107 223.91 22826 1772  349.8 390 30.76 0.137 0.007 14.0
372 2.1553x107 227.38 22746 1903  336.1 403.0 31.6 0.139 0.009 14.9
373 2.1813x107 248.82 22273 4040 2532 504.0 332 0.133 0.005 26.2
TABLE 3.5. ISOBARIC HEAT CAPACITY OF WATER AND STEAM
Temp. Isobaric heat capacity [kJ/(kg-K)] at pressure (MPa)
°C 001 002 005 01 02 05 1 2 5 10 20 50 75 100
Water 4.179 4.183 4.197 4216 4247 4315 4405 4.562 5.032 6.127 23.20 - - -
Steam 1.941 1.966 2.016 2.076 2.175 2.413 2.715 3.190 4.438 7.147 45.68 - - -
0 4220 4220 4.220 4.219 4219 4217 4215 4210 4.196 4.172 4.129 4.022 3.956 3.906
10 4.196 4.196 4.196 4.195 4.195 4.194 4.192 4.188 4.177 4.160 4.126 4.042 3.988 3.945
20 4.185 4.185 4.185 4.185 4.184 4.184 4.182 4.179 4.170 4.155 4.127 4.056 4.008 3.969
25 4.182 4.182 4.182 4.182 4.182 4.181 4.179 4.176 4.168 4.154 4.128 4.061 4.016 3.978
30 4.180 4.180 4.180 4.180 4.180 4.179 4.178 4.175 4.167 4.154 4.130 4.066 4.022 3.985
40 4.179 4.179 4.179 4.179 4.178 4.178 4.176 4.174 4.167 4.155 4.133 4.073 4.032 3.996
50 1927 4.180 4.180 4.180 4.179 4.179 4.177 4.175 4.168 4.157 4.136 4.080 4.040 4.005
60 1.912 4.183 4.183 4.183 4.183 4.182 4.181 4.179 4.172 4.161 4.141 4.086 4.047 4.0)2
70  1.907 1940 4.188 4.188 4.188 4.187 4.186 4.184 4.178 4.167 4.147 4.093 4.054 4.019
80 1.905 1.930 4.196 4.196 4.195 4.195 4.194 4.191 4.185 4.174 4.154 4.100 4.061 4.026
90 1.905 1.925 1.990 4.205 4.205 4.204 4.203 4.201 4.194 4.184 4.163 4.108 4.068 4.033
100 1.906 1.922 1973 2.074 4216 4216 4215 4212 4206 4.194 4.173 4.117 4.076 4.040
110 1.907 1.921 1.963 2.040 4.230 4.230 4.228 4.226 4.219 4207 4.185 4.127 4.084 4.047
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TABLE 3.5. (continued)

Temp.
°C

Isobaric heat capacity [kJ/(kg-K)] at pressure (MPa)

0.01

0.02

0.05

0.1

0.2

0.5

1

2

5

10

20

50

75

100

120
130
140
150
160
170
180
190
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700
720
740
760
780
800

1.910
1.913
1.916
1.920
1.924
1.929
1.934
1.938
1.944
1.954
1.965
1.977
1.989
2.001
2.013
2.026
2.038
2.051
2.064
2:077
2.091
2.104
2.118
2.131
2.145
2.159
2.173
2.187
2.201
2.215
2.229
2.243
2.258
2.272
2.286
2.300
2314
2.328
2.344

1.921
1.922
1.924
1.927
1.930
1.934
1.938
1.942
1.947
1.957
1.968
1.979
1.990
2.002
2.014
2.026
2.039
2.052
2.065
2.078
2.091
2.104
2.118
2.132
2.145
2.159
2.173
2.187
2.201
2.215
2.229
2.244
2.258
2.272
2.286
2.300
2314
2.328
2.344

1.956
1.952
1.949
1.948
1.949
1.950
1.952
1.954
1.958
1.965
1.974
1.984
1.995
2.006
2.017
2.029
2.041
2.054
2.067
2.079
2.093
2.106
2.119
2.133
2.146
2.160
2.174
2.188
2.202
2.216
2.230
2.244
2.258
2.272
2.287
2.301
2315
2.329
2.344

2.019
2.004
1.993
1.986
1.980
1.977
1.976
1.975
1.976
1.979
1.985
1.993
2.002
2.012
2.023
2.034
2.045
2.057
2.070
2.082
2.095
2.108
2.121
2.135
2.148
2.162
2.175
2.189
2.203
2217
2.231
2.245
2.259
2.273
2.287
2.301
2315
2.329
2.345

4.246
2.123
2.090

.2.067

2.049
2.036
2.026
2.019
2.014
2.009
2.009
2.012
2.018
2.025
2.034
2.043
2.054
2.065
2.076
2.088
2.100
2.113
2.125
2.138
2.151
2.165
2.178
2.192
2.205
2.219
2.233
2.247
2.261
2.275
2.289
2.303
2317
2.331
2.346

4.246
4.264
4.286
4.310
2.318
2.250
2.205
2.171
2.145
2.108
2.086
2.073
2.067
2.066
2.068
2.072
2.079
2.086
2.095
2.105
2.115
2.126
2.138
2.149
2.162
2.174
2.187
2.200
2.213
2.226
2.239
2.253
2.266
2.280
2.293
2.307
2.320
2.334
2.349

4.244
4.263
4.284
4.309
4.337
4.369
2.712
2.529
2.429
2.310
2.238
2.191
2.160
2.141
2.130
2.124
2.123
2.124
2.128
2.134
2.141
2.149
2.158
2.168
2.179
2.189
2.201
2.213
2.224
2.237
2.249
2.262
2.275
2.287
2.300
2.314
2.327
2.340
2.354

4.242
4.260
4.281
4.305
4.333
4.365
4.401
4.443
4.491
2.949
2.648
2.491
2.389
2.320
2.273
2.242
2.221
2.207
2.200
2:196
2.196
2.198
2.202
2.207
2214
2.221
2.230
2.239
2.249
2.259
2.270
2.281
2.292
2.303
2.315
2.327
2.339
2.352
2.365

4.234
4.252
4.273
4.296
4.323
4.353
4.388
4.428
4.474
4.590
4.749
4.976
3.635
3.171
2.903
2.727
2.606
2.520
2.459
2.415
2.383
2.360
2.344
2.333
2.326
2.322
2.321
2.321
2.324
2.328
2.332
2.338
2.345
2.353
2.361
2.369
2.378
2.388
2.397

4.222
4.239
4.258
4.281
4.306
4.334
4.367
4.404
4.447
4.553
4.697
4.897
5.193
5.682
5.747
4.389
3.732
3.347
3.096
2.922
2.796
2.704
2.635
2.583
2.544
2.513
2.490
2.473
2.460
2.451
2.444
2.440
2.438
2.438
2.439
2.442
2.445
2.450
2.454

4.199
4214
4.232
4.252
4.274
4.300
4.328
4.361
4.398
4.489
4.608
4.769
4.991
5.317
5.849
6.924
11.460
10.221
6.360
4.982
4.257
3.806
3.501
3.284
3.125
3.005
2912
2.839
2.781
2.735
2.698
2.668
2.644
2.625
2.610
2.598
2.589
2.582
2.578

4.137
4.149
4.163
4.177
4.194
4.212
4.232
4.255
4.281
4.341
4.417
4.512
4.631
4.782
4.974
5.220
5.562
6.053
6.778
7.864
9.16
9.578
8.609
7.309
6.213
5414
4.837
4.413
4.097
3.856
3.667
3.515
3.391
3.288
3.203
3.132
3.072
3.023
2.981

4.093
4.103
4.114
4.126
4.139
4.153
4.169
4.186
4.205
4.250
4.306
4.373
4.455
4.553
4.669
4.801
4.960
5.162
5.395
5.681
6.011
6.337
6.582
6.658
6.524
6.226
5.837
5.425
5.051
4.712
4.427
4.191
3.992
3.824
3.682
3.563
3.465
3.383
3.316

4.055
4.063
4.072
4.081
4.092
4.103
4.115
4.129
4.144
4.179
4.221
4.271
4.331
4.400
4.478
4.562
4.654
4.774
4.892
5.025
5.178
5.336
5.477
5.576
5.615
5.588
5.495
5.351
5.171
4.977
4.734
4.532
4.358
4.191
4.032
3.888
3.764
3.661
3.576
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TABLE 3.6. DYNAMIC VISCOSITY OF WATER AND STEAM

Temp. Dynamic viscosity [pPa-s] at pressure (MPa)

°C 001 002 005 0.1 0.2 0.5 1 2 5 10 20 50 75 100

Water 587.6 466.0 348.6 2829 231.6 180.1 150.2 126.1 100.0 81.8 56.2 - - -
Steam 10.5 109 116 123 13.0 141 150 16.1 180 203 275 - - -
0 1791.8 1791.7 1791.7 1791.5 1791.3 1790.5 1789.3 1786.8 1779.5 1767.9 1746.6 1696.5 1668.8 1652.0
10 1306.0 1306.0 1305.9 1305.9 1305.8 1305.4 1304.9 1303.8 1300.7 1295.7 1286.6 1266.4 1256.7 1252.7
20 1001.6 1001.6 1001.6 1001.6 1001.6 1001.4 1001.2 1000.8 999.6 997.7 994.4 9884 9872 989.3
25 890.1 890.1 890.1 890.1 890.1 890.0 889.9 889.6 889.0 888.0 886.4 884.5 8859 889.7
30 7974 7974 7974 7973 7973 7973 7973 7972 7969 796.6 796.2 7972 8004 805.4
40  653.0 653.0 653.0 653.0 653.0 653.0 653.1 653.1 6534 6539 655.0 659.7 665.0 6714
50 10.6 546.8 546.8 5469 5469 5469 547.0 547.2 54777 548.6 550.6 5572 563.5 570.6
60 109 4664 466.4 466.4 466.4 466.5 466.6 466.8 467.5 468.6 471.0 478.6 4854 492.6
70 11.3 113 4039 4039 4039 404.0 404.1 4044 405.1 4064 409.0 417.0 4239 431.1
80 11.6 11.6 3543 3544 3544 3545 354.6 3549 355.6 357.0 359.6 367.8 374.7 381.7
90 120 12.0 119 3144 3144 3145 314.7 3149 3157 317.1 319.7 3279 3347 3415
100 123 123 123 123 281.8 2819 282.0 2823 283.1 284.4 287.1 295.1 301.7 308.4
110 12,7 127 127 12,6 2547 2548 2549 2552 256.0 2573 260.0 267.8 2743 280.7
120 13.1  13.1  13.1  13.0 2321 232.1 2323 2325 2333 234.6 2372 2449 2512 2574
130 135 135 134 134 133 213.0 213.1 2133 214.1 2154 218.0 2255 231.6 237.6
140 13.8 13.8 13.8 13.8 13.7 196.6 196.7 197.0 197.7 199.0 201.5 208.9 214.8 220.6
150 142 142 142 142 141 1825 182.6 182.8 183.6 1849 187.3 194.6 2004 206.0
160 146 146 146 146 145 144 1703 1706 1713 172.6 1750 182.1 187.8 1933
170 150 15.0 150 150 149 148 159.6 1599 160.6 161.8 1642 1712 176.8 182.1
180 154 154 154 154 153 152 150 1504 151.1 1524 1548 161.7 167.1 1723
190 158 158 158 158 157 156 155 142.0 1427 1439 1463 1532 1585 163.7
200 162 162 162 162 16.1 16.1 159 1344 1352 1364 138.8 1456 1509 1559
220 170 170 170 17.0 17.0 169 16.8 165 1222 1235 1259 1327 1379 142.8
2490 178 178 17.8 17.8 178 177 17.6 174 1113 112.6 1152 122.1 1273 132.1
260 186 186 186 186 186 186 185 183 101.8 103.2 1059 113.1 1184 1232
280 195 195 195 195 194 194 193 192 188 947 977 1054 110.8 115.6
300 203 203 203 203 203 202 202 201 198 865 90.1 985 104.1 109.1
320 21.1  21.1 211 211 211 211 210 21.0 207 207 8.5 922 982 1033
340 220 220 220 220 219 219 219 218 217 21.7 742 862 928 982
360 22.8 228 228 228 228 228 227 227 226 226 628 803 877 934
380 236 236 236 236 236 236 236 235 235 236 258 743 828 89.0
400 245 245 245 245 244 244 244 244 244 245 260 68.0 78.0 84.8
420 253 253 253 253 253 253 253 253 252 254 267 612 732 80.7
440 26.1 26.1 26.1 26.1 261 261 261 261 26.1 263 274 539 685 768
460 269 269 269 269 269 269 269 269 270 272 282 474 646 730
480 278 278 278 278 278 278 278 278 27.8 28.0 290 430 596 694
500 286 286 28,6 286 286 28,6 286 286 287 289 298 405 558 66.1
520 294 294 294 294 294 294 294 294 295 298 307 393 526 63.0
540 302 302 302 302 302 302 302 302 304 306 315 388 502 603
560 31.0 310 31.0 310 310 31.0 310 31.1 312 314 323 387 485 58.0
580 31.8 31.8 31.8 318 31.8 31.8 31.8 319 320 323 33.1 388 473 562
600 326 326 326 326 326 326 326 327 328 33.1 339 391 466 547
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TABLE 3.6. (continued)

Temp.

Dynamic viscosity [pPa-s] at pressure (MPa)

°C

0.01

0.02

0.05

0.1

0.2

0.5

1

2

5

10

20

50

75

100

620
640
660
680
700
720
740
760
780
800

33.4
342
35.0
35.8
36.6
373
38.1
38.9
39.6
40.4

334
342
35.0
35.8
36.6
373
38.1
38.9
39.6
40.4

33.4
342
35.0
35.8
36.6
373
38.1
38.9
39.6
40.4

334
34.2
35.0
35.8
36.6
37.3
38.1
38.9
39.6
40.4

334
342
35.0
35.8
36.6
373
38.1
38.9
39.6
40.4

334
342
35.0
35.8
36.6
373
38.1
38.9
39.6
40.4

334 3
342
35.0
35.8
36.6
374
38.1
38.9
39.7
40.4

3.5

343
35.1
359
36.6
37.4
38.2
38.9
39.7
40.5

33.6
34.4
352
36.0
36.8
37.6
383
39.1
39.9
40.6

33.9
34.7
355
36.3
37.1
37.8
38.6
39.4
40.1
40.9

34.7
355
36.3
37.1
37.8
38.6
39.4
40.1
40.9
41.6

39.5
40.0
40.5
41.1
41.6
422
42.9
43.5
44.1
44.7

46.1
46.0
459
46.1
46.3
46.6
46.9
473
47.8
48.2

53.6
52.7
522
51.8
51.6
51.5
51.5
51.7
51.9
52.1

TABLE 3.7.

THERMAL CONDUCTIVITY OF WATER AND STEAM

Temp.
°C

Thermal conductivity [mW/(m-K)] at pressure (MPa)

0.01

0.02

0.05

0.1

0.2

0.5

1

2

5

10

20

Water 635.7
Steam 19.9

0
10
20
25
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190

200
220
240
260
280
300
320

68

340

562.0
581.9
599.5
607.5
615.0
628.6
20.3
21.0
21.8
22.6
234
243
25.1
26.0
26.8
27.7
28.6
29.5
30.4
314
323
33.2
35.2
37.2
39.2
41.3
43.4
45.6

650.8
21.1
562.0
581.9
599.5
607.5
615.0
628.6
640.5
650.8
21.9
22.7
235
243
25.1
26.0
26.8
27.7
28.6
295
30.4
314
323
333
352
37.2
39.2
413
43.4
45.6

667.8 677.6

23.0
562

24.8
562.0

581.9 582.0
599.5 599.5
607.5 607.5
615.0 615.0
628.6 628.6
640.5 640.5
650.8 650.8
659.6 659.6
667.0 667.0

23.6
24.4
25.2
26.1
26.9
27.8
28.7
29.6
30.5
314
323
333
35.2
37.2
39.2
413
43.4
45.6
47.8

673.0
24.8
25.5
26.3
27.1
279
28.8
29.7
30.6
31.5
324
33.4
353
373
393
414
43.5
45.7

683.6
27.0
562.1
582.0
599.6
607.6
615.1
628.7
640.6
650.9
659.7
667.0
673.1
677.8
681.3
683.6
27.6
28.4
29.2
30.0
30.8
31.7
32.6
33.5
354
374
394
41.5
43.6
45.7

683.6 674.7 654.4 600.5 524.5 403.7

31.0
562.3
582.2
599.7
607.7
615.2
628.8
640.7
651.0
659.8
667.2
673.2
678.0
681.5
683.8
684.9
685.0
683.9

314

32.0

32.7

334

34.2

36.0

37.8

39.8

41.8

43.9

46.0

354 4

1.6

562.6 563.2
582.5 583.0
600.0 600.6
608.0 608.5

615.5 61

6.0

629.1 629.6
641.0 641.5
651.3 651.8
660.1 660.6
667.5 668.0
673.5 674.1
678.3 678.8
681.8 6823
684.1 684.7
6852 685.9
685.3 685.9
684.2 684.9
682.1 682.8
678.9 679.6
354 6754
35.6 670.1
36.1 663.8

373 4
388 4

1.5
1.8

40.6 428
425 442
445 46.0
46.6 47.8

55.6
564.9
584.7
602.2
610.1
617.6
631.1
643.0
653.3
662.2
669.6
675.7
680.5
684.1
686.4
687.7
687.8
686.9
684.9
681.8
677.7
672.6
666.4
650.9
630.9
606.0

53.7

53.0

53.5

567.8
587.5
604.8
612.7
620.2
633.7
645.6
655.9
664.8
672.2
678.3
683.2
686.9
689.4
690.7
691.0
690.2
688.3
685.4
681.5
676.6
670.7
655.8
636.7
613.0
584.0
548.1

79.0 226.5
573.6
593.0
610.1
617.9
625.3
638.8
650.6
661.0
669.8
677.4
683.6
688.6
692.4
695.1
696.6
697.1
696.5
695.0
692.4
688.9
684.4
678.9
665.2
647.5
625.8
599.7
568.3
74.7 530.4
545 69.8 483.1



TABLE 3.7. (continued)

Temp. Thermal conductivity [mW/(m-K)] at pressure (MPa)
°C 0.01 002 005 0.1 0.2 0.5 1 2 5 10 20 50 75 100
360 50.0 50.0 50.1 50.1 502 504 509 519 560 677 419.8 521.1 567.4 602.3
380 523 523 523 524 525 527 531 541 57.6 66.7 129.4 481.7 5372 576.9
400 54.6 547 547 547 548 550 554 563 595 672 1034 4383 504.7 550.0
420 57.0 57.0 570 57.1 572 574 578 58,6 61.6 683 946 3915 4704 5219
440 594 594 594 395 595 598 60.1 609 637 69.7 90.8 342.0 434.7 492.7
460 619 619 619 619 620 622 626 633 659 714 89.1 289.0 398.9 463.1
480 643 643 644 644 645 647 650 658 682 733 887 2403 363.9 4335
500 66.8 668 669 669 67.0 672 67.5 682 70.6 753 89.1 205.5 3309 404.8
520 694 694 694 694 695 69.7 70.0 707 73.0 775 90.0 182.8 300.6 377.7
560 746 746 746 746 747 749 752 758 779 82.0 927 158.5 2514 3299
580 772 772 772 772 713 775 778 784 80.5 843 944 152.0 233.4 309.6
600 798 799 799 799 80.0 80.1 804 81.0 83.0 868 962 147.7 2192 291.7
620 825 825 826 826 826 828 831 837 856 892 982 1448 2082 276.2
640 852 853 853 853 854 855 858 864 882 91.7 1003 1429 199.8 263.0
660 88.0 88.0 838.0 88.0 88.1 882 885 89.1 909 943 1025 1419 193.3 252.0
680 90.7 90.7 90.8 90.8 90.8 91.0 913 91.8 93.6 969 1047 1414 1883 242.7
700 935 935 935 936 93.6 938 940 946 963 995 107.0 141.4 1845 235.0
720 963 963 963 964 964 966 968 974 99.0 102.1 1094 141.8 181.7 228.7
740  99.1 99.1 992 992 992 994 99.6 100.2 101.8 104.8 111.8 142.5 179.6 223.5
760 102.0 102.0 102.0 102.0 102.1 102.2 102.5 103.0 104.6 107.5 114.3 143.5 1782 2193
780 104.8 104.8 104.8 1049 104.9 105.1 105.3 105.8 1074 1102 116.8 144.6 1772 2159
800 107.7 107.7 107.7 107.7 107.8 107.9 1082 108.6 1102 113.0 119.3 1459 176.7 213.2
TABLE 3.8. PRANDTL NUMBERS OF WATER AND STEAM
Prandtl numbers at pressure (MPa)

Temp.

°C 0.01 002 005 0.1 02 05 1 2 5 10 20 50 75 100
Water 3.86 299 219 176 144 1.14 098 088 0.84 096 3.23 - - -
Steam 1.02 1.02 1.02 1.03 1.04 1.09 1.15 124 144 183 554 - - -
0 13.45 13.45 13.45 1345 1344 13.43 13.41 13.36 13.22 12.99 12.57 11.56 10.94 10.47
10 942 942 942 941 941 940 939 937 929 9.17 895 841 8.07 7.80
20 699 699 699 699 699 699 698 696 692 685 6.73 641 621 6.05
25 6.13 6.13 6.13 6.13 6.13 6.12 6.12 6.11 6.07 6.02 592 567 552 539
30 542 542 542 542 542 542 541 540 538 534 526 506 494 484
40 434 434 434 434 434 434 434 433 431 429 424 411 4.03 397
50 1.01  3.57" 3.57 357 357 3.57 357 356 355 353 350 342 336 3.32
60 1.00 3.00 3.00 3.00 3.00 3.00 3.00 299 299 297 295 289 286 2.83
70 099 1.00 256 256 256 256 256 256 256 255 253 249 247 245
80 098 099 223 223 223 223 223 223 222 222 221 218 216 2.15
90 097 098 1.01 196 196 196 196 196 196 196 195 193 192 191
100 097 098 099 1.03 175 175 175 175 175 175 174 173 172 1.71
110 097 097 099 1.01 158 158 1.58 158 158 158 1.57 156 155 1.55
120 096 097 098 1.00 144 144 144 144 144 144 143 142 142 142
130 096 096 097 099 103 133 133 133 132 1.32 132 131 131 1.31
140 096 096 097 098 1.01 123 123 123 123 123 122 122 121 1.21
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TABLE 3.8. (continued)

Prandtl numbers at pressure (MPa)

Temp.
°C 0.01 0.02 0.05 0.1 02 05 1 2 5 10 20 50 75 100
150 096 096 097 098 1.00 1.15 1.15 1.15 1.15 1.15 1.14 1.14 1.14 1.13
160 0.95 096 09 097 099 1.06 108 1.08 1.08 1.08 1.08 1.07 1.07 1.07
170 0.95 095 09 097 099 1.04 103 1.03 1.03 1.02 1.02 1.01 1.01 1.0l
180 0.95 095 09 096 098 1.03 1.15 098 098 098 097 096 096 0.96
190 0.95 095 095 096 097 1.02 1.10 094 094 094 093 092 092 0.92
200 0.95 095 095 096 097 1.01 1.07 091 091 090 090 0.89 0.88 0.88
220 094 095 095 095 09 099 1.04 1.17 086 086 0.85 083 0.83 0.82
240 094 094 095 095 096 098 1.02 1.10 084 0.83 082 0.80 0.79 0.78
260 094 094 094 094 095 097 1.00 1.07 084 0.82 081 0.78 0.76 0.75
280 094 094 094 094 095 09 098 1.04 128 0.84 081 0.77 0.74 0.73
300 094 094 094 094 094 095 097 1.01 1.18 090 0.84 077 0.74 0.72
320 0.93 093 093 094 094 095 096 1.00 1.13 1.59 091 0.78 0.74 0.71
340 0.93 093 093 093 094 094 095 098 1.08 136 1.06 0.81 0.75 0.72
360 0.93 093 093 093 093 094 095 097 1.05 125 171 0.86 0.77 0.72
380 0.93 093 093 093 093 093 094 09 1.03 1.18 2.04 093 080 0.74
400 092 092 092 092 093 093 094 095 1.01 1.13 1.60 1.05 0.83 0.75
420 092 092 092 092 092 093 093 095 099 1.09 140 123 0.88 0.78
440 092 092 092 092 092 092 093 094 098 105 129 144 095 0.81
460 092 092 092 092 092 092 093 093 097 103 120 1-57 '1.02 0.84
480 0.91 091 091 091 092 092 092 093 096 1.01 1.15 1.54 1.08 0.88
500 0.91 091 091 091 091 091 092 093 095 099 1.10 144 1.12 091
520 0.91 091 091 091 091 091 091 092 094 098 1.07 134 1.14 0.94
540 0.91 091 091 091 091 091 091 092 093 097 1.04 125 1.14 0.96
560 090 090 090 090 090 091 091 091 093 096 1.01 1.18 1.13 097
580 090 090 090 090 090 09 091 091 092 095 1.00 1.13 1.10 097
600 090 090 090 090 090 090 090 091 092 094 098 1.09 1.07 097
620 090 090 090 090 090 090 090 090 091 093 097 105 1.04 097
640 0.89 0.8 0.89 089 090 09 090 090 091 092 096 1.03 1.02 0.95
660 0.89 089 0.89 08 089 0.89 0.8 090 091 092 095 1.00 1.00 094
680 0.89 089 0.89 089 089 0.89 0.8 0.89 090 091 094 098 098 0.93
700 0.89 089 0.89 089 089 0.89 08 0.89 090 091 093 097 096 092
720 0.89 089 0.89 089 089 0.89 089 0.89 090 090 092 095 094 0091
740 0.88 088 0.88 088 088 0.88 089 0:89 089 090 091 094 093 090
760 0.88 0.88 0.88 088 0.8 0.88 088 0.88 0.89 090 091 093 0.92 0.89
780 0.88 0.88 0.88 088 0.8 0.88 088 0.88 089 089 09 092 091 0:88
800 0.88 0.88 0.88 088 0.8 0.88 088 0.88 088 0.8 09 091 090 0.87

3.3. HEAVY WATER (D,0)

The values of t (°C), P (kPa), H (kJ/kg) and r (kJ/kg) for heavy water at saturation are taken
from the Hill’s tables [5]. The values p (kg/m?) are defined from the relation p=1/V, where
V (m’/kg) is the specific volume presented in the Hill’s tables. The values of
Cp [K/(kg-K)], u-lO4 (Pa-s) and A-10° [W/(m:K)] are calculated by means of the
computer code presented on the Web site of University of Athens [6]. The values of
v-10° (m%s), a-107 (m?/s), Pr are evaluated by the formulas: v = p/p, a = M(Cpyp), Pr=v/a.
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3.4. LIQUID METALS

The history of the study of thermophysical properties of liquid metals in the Russian
Federation has been over five decades long. In the early 1950s the properties of liquid metals,
which were a totally new class of coolants, were unknown. The development of this type of
coolants was associated with new requirements of nuclear power engineering, in particular
with the development of fast sodium cooled reactors.

As compared with other coolants (gas, water), liquid metals have two major advantages, such
as low pressure in the system (owing to their high boiling point) and high thermal
conductivity owing to their electron conductivity. The use of liquid metal coolants made it
possible to provide high rate of heat transfer in power plants as well as the temperatures of
working surfaces of their constructions close to coolant temperature [7, 10].

The most significant research in this field were carried out in 1950-1970 years. The first
tables on thermophysical properties of liquid metals were developed on the basis of the results
of experimental investigations performed in ENIN [28] by the initiative of Academician
A.lL Leipunsky, the IPPE’s research supervisor. These tables were included in many well
known monographs [7, 10—14].

Further development of nuclear power engineering required the study of properties of liquid
metal coolants such as lead, Pb-Bi alloy, lithium, cesium, Na-K alloy, etc. In particular, lead
is considered promising for applications in new generation reactors as well as for targets of
accelerator-driven systems.

It has been found that a number of thermophysical properties of liquid metals have a
pronounced effect on the features of both hydrodynamic and heat-mass transfer processes in
power plants. Specifically, relatively low Prandtl and Peclet numbers typical of liquid metals
offer no advantages in terms of decreasing temperature nonuniformities in NPP designs as
compared with water. The disadvantage of many liquid metals is also their high chemical
activity at interaction with oxygen, water and structural materials, which may cause heat
transfer deterioration in the plant under certain conditions [11].

The basic results of long-term studies on thermophysical properties of liquid metals are
presented in the reviews and monographs [7, 11, 18, 19, 26, 27, 30, 39, 40, 45, 46].

3.4.1. Basic thermophysical properties (Li, Na, K, Cs, Hg, Pb, Bi, Ga, In, alloys NakK,
NaKCs, PbBi, PbLi)

Basis thermophysical properties of Li, Na, K, and Cs are shown in Table 3.10 [34], basic
thermophysical properties of Hg, Pb, Ga, and In are shown in Table 3.11 [34], and
thermophysical properties of NaK, NaKCs, PbBi and PbLi alloys in Table 3.12 [9].

3.4.2. Approximate correlations and comments to tables on thermophysical properties
(Li, Na, K, Cs, Hg, Pb, Bi, Ga, In, alloys NaK, NaKCs, PbBi, PbLi)

In the course of deriving the tables on density, the correlation in Ref. [40] was used because
we believe that it is the most exact. We have established that data presented in other Refs [11,
19, 39, 46] are related to lithium contained 0.3—-0.5 wt.% of various impurities and they are
taken in Ref. [39].

Other properties of alkaline metals have been detailed in the monograph [12] where more
reliable sources were used in addition. The same data are available also in other recent
monographs [25, 33]. Other properties were calculated by the formulas: a (m*/s) = M(Cpyp);
v (m%/s) = w/p; Pr=vl/a.
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TABLE 3.10. BASIC THERMOPHYSICAL PROPERTIES OF Li, Na, K, Cs [34]

Property Li Na K Cs
Atomic number 3 11 19 55
Atomic mass, amu 6.94 22.99 39.1 132.9

°C 180.5 98 63.6 28.5
Melting point

K 453.7 371 336.8 301.6

°C 1347 883 774 678
Boiling point v

K 1620 1156 1047 951.6

kJ/mol 663 113.1 61.4 15.73
Heat of fusion,

kl/kg 4.6 2.64 2.40 2.09
hator - Mmol oo w o om sy
vapourization kl/kg 134.7 89.04 77.53 65.90

solid at 20°C 534 966 862 1873
Density, kg/m’

liquid at 450°C 491 844 739 1597
Heat capacity solid 20°C 3.569 1.230 0.756 0.242
kJ/(kg-K) liquid 450°C 4.205 1272 0.763 0.220
Thermal solid 20°C 84.7 130 102.4 35.9
conductivity T
W/(m-K) liquid 450°C 51.3 71.2 41.9 18.5
Viscosity at 450°C, m%/s 7.1 %107 3x107 24107 128 x 1077
Prandtl number at 450°C 0.0287 0.0045 0.0032 0.0021
Surface tension at 450°C, mN/m 371 164 84.9 50.4
Volume change on melting, % +3.9 +2.65 +2.5 +2.7
Critical temperature, K 350310 2497+18 2239449 2035423
Critical pressure, Mpa 38.42+0.54 25.22+0.6 15.9540.6 11.46+0.4
Critical density, kg/m’ 110.4+0.5 21242 19246 425+7
Compressibility z=P.V/RT, 0.0832 0.132 0.175 0.212
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TABLE 3.11. BASIC THERMOPHYSICAL PROPERTIES OF Hg, Pb, Bi, Ga, In [34]

Property Hg Pb Bi Ga In
Atomic number 80 82 83 31 49
Atomic mass, amu 200.6 207.2 209.0 69.72 114.82
°C -38.9 327.4 271.4 29.8 156.2
Melting point,
K 234.3 600.8 544 302.9 429.32
°C 356.7 1745 1552 2403 2080
Boiling point, °C -~
K 629.7 2018 1825 2676 2353
kJ/kg 11.62 24.7 50.15 80.2 28.47
Heat of fusion,
kJ/mol 2.331 5.12 10.48 5.59 3.27
Heat of e A S S B em e
vapourization, kJ/mol 59.15 179.4 179.1 256.1 226.4
solid at 20°C (_324;%3) 11340 9780 5907 7310
Density, kg/m3
liquid at 450°C 12510 10520 9854 5822 7010
. solid at 20°C 27.98 0.127 0.129 0.371 0.238
Heat capacity, " -~ ~~—~—7 -~~~/ -
kg K) liquid at 450°C 0.137 0.147 0.150 0.380 0.252
Thermal solid at 20°C 8.34 35 8.4 40.6 81.6
conductivity,
W/(m-K) liquid at 450°C 13 17.1 14.2 50.9 48
Viscosity at 450°C, m*/s 0.66x107 19x107 13x107 159x10" -
Prandtl number at 450°C 0.0087 0.0174 0.0135 0.0069 -
Surface tension at 450°C, mN/m 359 438 370 693 540
Volume change at melting, % +3.7 +3.6 -3.3 -3.2 +3.94
Critical temperature, K 1763£15  5000£200  5100£200  7200£200  6600+200
Critical pressure, Mpa 153.5 180+30 150 400450 250+50
Critical density, kg/m3 5300+£100  3250+£100 2660+200 1760+50  2000+100
Compressibility z =P.V/RT, 0.0396 0.276 0.278 0.265 0.262
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TABLE 3.12. BASIC THERMOPHYSICAL PROPERTIES OF NaK, NaKCs, PbBi, PbLi
ALLOYS [9]

Property NaK NaKCs PbBi PbLi
Atomic number 34 76.8 208.2 173.16
. . °C -12.6 -78 125 235
Melting point
K 260.5 195 398 508
> . °C 784 - 1638 -
Boiling point
K 1057 - 1911 -
. kJ/mol - - 38.9 29.6
Heat of fusion =~ ——=--mmmmmmmm
kJ/kg - - 8.09 5.12
Heat Of kJ/mOl - - 862 -
vapourization kl/kg - - 179.2 -
. 3 solid at 20°C - - 10474 9495
Density, kg/m
liquid at 450°C 759 1235 10150 9326
Heat Capacity solid at 20°C - - 0.128 ~0.250
klJ/(kg-K) liquid at 450°C 0.873 0.384 0.146 ~0.175
Thermal solid at 20°C - - 10 ~40
conductivity
W/(m-K) liquid at 450°C 26 13.7 14.2 ~51
Viscosity at 450°C, m%/s 2.4 %107 1.54 % 107 14x107  13x107
Prandtl number at 450°C 0.0063 0.0053 0.0147 0.027
Surface tension at 450°C, mN/m 110 81 393 436 (?)
Volume change on melting, % +2.5 +2.6 ~+0.5 +3.6 (?)
Weight fractions of components in alloy 22/78 4.2/22.1/73.7 44.5/55.5 99.32/0.6
Molar fractions of components in alloy 32/68 13.9/43.5/42.6 43.7/56.3 83/17

3.4.2.1. Lithium [11, 25, 33, 40]

Density
p-107 (kg/m?) = 0.53799943 — 0.016043986(T x 10~*) — 0.099963362(T x 107°)* +

+0.054609894-(T x 107)° — 0.015087628(T x 10°)*+
+0.0027045593(T x 107)° = 0.00031537739(T x 107)°. (3.1

Heat capacity
Cp [M/(kgK)]= (31.227 + 0.205 x 10° T 2= 5.265 x 10T + 2.628 x 10°T%)/6.941. (3.2)

Thermal conductivity
A [W/(m-K)]=24.8 +45.0 x 10°-T—11.6 x 10°T% (3.3)

Dynamic viscosity
Inp (Pa-s)=—-4.16435 — 0.63740InT + 292.1/T. 34
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Surface tension
o (N/m)=438.98 — 18.44 x 10°T — 132.20 x 10° T>+ 37.44 x 107°T>. (3.5)

Vapour pressure
InPs (MPa) = —2.0532In(T x 107) — 19.4268(T x 107)"' +9.4993 + 0.753(T x 107).  (3.6)

Electrical resistivity
pe (Q-m) =[0.9249 x 10°-T™' +2.3167 x 10°=0.7131 x 10> T (3.7)

3.4.2.2. Sodium [11, 40]

Density

p-107 (kg/m’)= 0.89660679 + 0.5161343(T x 107°) —1.8297218(T x 10°)*+
+2.2016247(T x 107°)*= 1.3975634(T x 107)* + 0.44866894(T x 107°)° —
—0.057963628(T x 107)° (3.8)

Heat capacity
Cp [T/(kgK)] = (38.12 — 0.069 x 10°T>—19.493 x 107-T + 10.24 x 10°T?)/22.99. (3.9)

Thermal conductivity
A [W/(m-K)]=99.5—39.1 x 10°T. (3.10)

Dynamic viscosity

Inp (Pa-s) = —6.4406 — 0.39580InT + 556.8/T. (3.11)
Surface tension

o (N/m)=247.00 — 142.3 x 107°-T + 50.33 x 10°T* - 16.62 x 107°-T". (3.12)
Vapour pressure

InPs (MPa) = —2.4946In(T x 107°) — 13.2905(T x 107)" + 7.8441 +
+1.7093(T x 107)0.1716(T x 107 )*— 0.0088(T x 107 )*—
—0.0091(T x 107)*+0.0029(T x 107°)° (3.13

Electrical resistivity
pe (Q-m) =[4.9053 x 10°-T'=2.7768 x 10°+ 0.4329 x 10> T (3.14)

3.4.2.3. Potassium [40]
Density
p-107 (kgi’) = 0.90281376 — 0.16990711(T x 107) — 0.26864769(T x 107)* -

—0.50568188(T x 107°)° - 0.46537912(T x 107°)* +
+0.20378107(T x 107)° = 0.034771308(T x 107)°. (3.15)

Heat capacity
C, [J/(kgK)] = (39.288 — 0.086 x 10°T >~ 24.334 x 10T + 15.863 x 107°T%)/39.098.  (3.16)
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Thermal conductivity

A [W/m-K)] = 60.5 - 25.8 x 107°T. (3.17)

Dynamic viscosity

Inp (Pa-s) = — 6.4846 — 0.42903-InT + 485.3/T. (3.18)
Surface tension

o (N/m) =130.48 —45.72 x 10°-T — 32.65 x 10°%T?+ 12.12 x 107°-T°. (3.19)
Vapour pressure

InPy(MPa) = —0.9875In(T x 107) — 10.8427(T x 107)" + 8.9156 — 1.5573(T-107) +
+ 1.1129(T x 107)? = —0.1124(T x 107)’ = 0.1276(T x 107)* +
+0.0324(T x 107°)°. (3.20)

Electrical resistivity
Pe (Qm) =[2.9394 x 10° x T = 1.6125 x 10°+0.1580 x 10°T|". (3.21)

3.4.2.4. Caesium [40]

Density

p x 107 (kg/m®) = 1.9058924 + 0.29801989(T x 107°) — 2.8529531(T x 107)* +
+4.6810162(T x 107°)* =4.0361819(T x 107)* +
+1.736613(T x 107)° = 0.29684317(T x 107)°. (3.22)

Heat capacity
C, [/(kgK)|= (46.727 — 0.363 x 10° T >— 40.865 x 10°T +24.449 x 10°T%/132.9.  (3.23)

Thermal conductivity
A [W/(mK)]=18.9+4.1 x 10°T—-6.5 x 10°T*. (3.24)

Dynamic viscosity
Inp (Pa-s) = —6.4072 — 0.40767 InT + 432.8/T. (3.25)

Surface tension
o (N/m) = 88.02 = 59.49 x 10~ T + 13.30 x 10°T? - 4.04 x 107 T°. (3.26)

Vapour pressure
InP, (MPa)= — 0.70631In (T x 107) — 9.3205(T x 107°)" + 8.7226 —
—2.4528(T x 107%) +1.2463(T x 10)* + 0.4933(T x 107°)*
—0.5969(T x 10)*+0.135(T x 107)°. (3.27)

Electrical resistivity
Pe (Q-m) =[0.8185 x 10°-T '+ 0.1684 x 10°— 0.2678 x 10°-T] . (3.28)
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3.4.2.5. Mercury [15, 16, 27, 28, 34]

Thermophysical and transport properties of mercury are given in Refs [16 (1971), 34 (1991)].

Density [15]
p(kg/m®) =13595 (1 — 1.8144 x 10t —7.016 x 107 #—2.8625 x 107"’ —
—2.617 x 107 tY). (3.29)
Heat capacity
C,p [1/(kg'K)] = 0.1508 — 6.630 x -107°T + 6.4185 x 10T+ 0.8049/T. (3.30)

Thermal conductivity
A [W/(m-K)]=8.178 + 1.36 x 107 t — 6.378 x 107°t*. (3.31)

Dynamic viscosity at T = (303-773) K
i (Pa-s) =0.31 x 107 T *°7? exp(341.13/T). (3.32)

Surface tension [15]
o (mN/m) =497 — 0.281(T — 234). (3.33)

Volumetric expansion coefficient
B-10*(1/K)=1.8144 +7.016 x 10t +2.8625 x 107 *+2.617 x 107'°¢. (3.34)

Electrical resistivity at t = (=39 + 1000) °C
(p/P0)e10%(€Cxm) =1+ 0.8896 x 107t +1.0075 x 10°* = 1.05 x 107°¢ +

+2.702 x 107 ¢*+1.199 x 107° ¢°, (3.35)
where py =0.9407 x 10°° ohm-m in Ref. [8]; po =0.9412 x 10~® ohm-m in Ref. [6a]

Vapour pressure
InPy(Pa) = 33.197 — 7765.6/T — 1.5337 InT + 0.864 x 107> T. (3.36)

Sound velocity for t = tper — 200°C.
a (m/s) = 1460 — 7765.6/T — 0.4671 t £ 1 m/s. (3.37)

3.4.2.6. Gallium [30, 34, 36]

Density at T = (303-1000) K [30 (1982)]
p-107 (kg/m’) = (6.262 £ 0.01) — (6.682 + 0.035) x 107*T + (4.35 £ 0.015) x 10°°T2.
(3.38)

Heat capacity at T = (303—1500) K [34(1991)]
C, [M/(kg'K)] = 417.781 — 753.308 x 107*T + 322.371 x 107'T°. (3.39)

Thermal conductivity at T = (303-1500) [30 (1982)]
A [W/(mK)] =7.08 +8.014 x 10°T —2.7 x 10°T2.
(3.40)

Kinematic viscosity at T = (303-773) K
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v-107 (m%/s) =28.6 + 2.0 x 102 T + 3.27 x 10°°T*. (3.41)
Formula (3.41) was derived by approximation the data in Ref. [158] cited in Ref. [36].
Surface tension at T = (303-773) K (in Ref. [34 (1991):

-5
6 (N/m) =708 - 3.9 x 10 (T —303). (3.42)

Electrical resistivity at T = (303—-1500) K (in Ref. [30 (1982):

p-10%(Q-m) = (19.322 £ 0.04) + (2.206 + 0.035) x 10T — (2.09 £ 0.012) x 107°T*.
(3.43)

3.4.2.7. Lead 9, 21, 28, 30, 31, 34, 41]

Density
-3 3 —4
p-10 (kg/m )=(11.42£0.01)—-(12.42£0.012) x 10 T. (3.44)

Heat capacity C, = 147.3 J/(kg-K).
Thermal conductivity in Ref. [41]:
A [W/(m-K)] =15.8+ 108 x 107* (T — 600.4). (3.45)

Kinematic viscosity at T = (303-773) K
v-10® (m%/s) = 15.87 x 10°/T — 2.65. (3.46)

Formula (3.46) is empirical; it was derived on the basis of experimental data obtained
by N.A. Nikolsky ef al. in Ref. [28].

Surface tension in Ref. [31]:
6 (N/m) =446 — 0.064(T — 600). (3.47)

Electrical resistivity,
at T = (600-1200) K in Ref. [30]:

pe-10* (Q-m) = (65.73 £ 0.15) + (4.65 + 0.05) x 107T. (3.48)
at T = (1000-2400) K in Ref. [9]:
pe-10* (Qm) =—84.5 + 036557 — 2.135 x 107*'T* + 4.77 x 107°T>. (3.49)

3.4.2.8. 22Na-78K alloy [40]

Density was calculated on the basis of the additivity law by weight fractions:

1/pNaK: 0-22/PNa'+ 078/[)1( (3.50)

88



Heat capacity was defined on the basis of the additivity law by weight fractions:
Cp [V/(kg-K)]= 0.22C,(Na) + 0.78C,(K). (3.51)

Thermal conductivity
A [W/(m-K)]= 15.0006 + 30.2877 x 10°T — 20.8095 x 107°-T>. (3.52)

Kinematic viscosity
v-10® (m?/s)=200.7657 — 0.734683-T + 1.12102- x 10> T* —
—0.774427 x 10°%.T° + 0.200382 x 10°°-T* (3.53)

Surface tension was evaluated on the basis of the additivity law by molar fractions:
6 (N/m) = ona-0.32 + 0k-0.68. (3.54)

Vapour pressure in terms of MPa was calculated by the Raoult’s law.

Electrical resistivity
pe-10% (Q-m) = 0.0570831-¢ + 33.8419. (3.55)

3.4.2.9. 4.2Na-22.2K-73.6Cs alloy [40]

Density was defined on the basis of the additivity law by weight fractions:
1/p =0.0416/pna+ 0.2014/px + 0.737/pcs. (3.56)

Heat capacity was calculated on the basis of the additivity law by weight fractions:
C, [M/(kgK)]= (42.8 —35.3 x 10°-T +23.4 x 10°T%)/76.81.
(3.57)

Thermal conductivity
A [W/(m-K)]=82+273x10°T-41.0 x 10°T*+ 16.1 x 107-T°.
(3.58)

Dynamic viscosity

Inp (Pa-s) =—6.954 — 0.353InT + 511.3/T. (3.59)
Surface tension was estimated on the basis of the additivity law by molar fractions:

6 (N/m) = ona0.139 + 6%-0.435 + 6¢50.426. (3.60
Vapour pressure

InP (MPa)= 0.434 In(T x 107°) — 8.433(T x 10°) " + 6.208. (3.61)

Electrical resistivity
pe-10% (Q:m) = 0.23-T/A. (3.62)

3.4.2.10. 44.5Pb-55.5Bi alloy [21, 22, 28, 30, 31]

Density was evaluated on the basis of the additivity law by weight fractions:
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p-107 (kg/m’) = (11.05 + 0.01) — (12.49 £ 0.012) x 107*T. (3.63)

Heat capacity C, = 146 J/(kg-K).

Thermal conductivity. Taking into account the closeness of atomic weights of alloy
components, their weight and volume percentages (Pb — 0.491, Bi — 0.509), the justified
assessments of alloy thermal conductivity can be made by the additivity law. The data of such
calculation are in a full agreement with the experimental data in Ref. [28].

Kinematic viscosity in terms of m*/s was evaluated by approximation of experimental data in
Ref. [28]:

v-10% (m%/s) = 68.9 — 0.126T + 6.95 x 10T, (3.64

Surface tension. Taking into account the closeness of the values of surface tension of pure
alloy components, it can be assumed that the additivity law will be adequately true that gives
the following formula:

o (N/m) =416 — 0.0703(T — 398). (3.65)

This result is confirmed by direct measurements in Ref. [31].
Electrical resistivity according to the data in Ref. [22]:
pe-10% (Q'm) = (83.35 £ 0.5) +(5.23 £ 0.09) x 10T, (3.66)

and according to the additivity law p.(Pb) and p.(Bi) are practically consistent.
3.4.2.11. 99.32Pb—0.684Li (Lil7Pb83) alloy [19, 25, 44, 47, 48]
Weight fractions of components in alloy: Li — 0.00681; Pb — 0.99319.

Density
p-107 (kg/m®) = 9499 — 0.850 (t — 235), (3.67)

where t is temperature, °C. The approximated formula (3.60) was derived by averaging the
values of density estimated by the following three methods:

1) calculation on the basis of the additivity law by volume fractions,

p-107 (kg/m’) = 9482 —1.145 (t — 235). (3.68)
2) approximation of data in Ref. [41] carried out in Ref. [47],

p-107 (kg/m’) = 9495 — 0.695 (t — 235). (3.69)

3) from calculation performed by G.Kuhlborsch, F.Reiter (Nucl. Eng. Des./Fusion, 1984,
Vol.1, No 2) that based on the experimental data obtained by H.Ruppersberg and
W. Speicher (Z. Naturfor., 1976, Bd. 31a, S. 47),
p-107 (kg/m*) = 9519 — 0.71 (t — 235). (3.70)
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Heat capacity was evaluated as the mean value of heat capacity calculated by two methods:

1) by the additivity law,

Cp [V/(kg-K)]= C,1i-:0.00681 + Cppp-0.99319; (3.71)
2) by approximation of data in Ref. [44],
Cp [J/(kg'K)]= 190.4 — 0.925 x 1072 (t — 235). (3.72)

Thermal conductivity

The calculating formula was derived by approximation of the data in Ref. [44]:

A [W/(m-K)] =11.9+ 1.96 x 107 (t 235). (3.73)
Dynamic viscosity

p (mPa-s) = 0.1828 exp(11400/RT), (3.74)
where R is the universal gas constant = 8.314 J/(mol-K).

Formula (3.74) was derived as mean values of dynamic viscosity given in two corresponding
references:

1) in Ref. [19] — n (mPa-s) = 0.1786 exp(11160/RT). (3.75)

2) in Ref. [47] with reference to B. Schulz, KfK, Personal communication, later
published in Fusion Eng. Des., 1991, Vol. 14,

at 508 <7< 623 K

p (mPa-s) =0.187 exp(11640/RT). (3.76)

Surface tension was calculated by extrapolation of the data in Ref. [19]:

o (N/m) = 0.497194 — 0.000136595 t. (3.77)

Vapour pressure was estimated by approximation of the data in Ref. [19]:

1gPs (MPa) = 10 — 9870/T. (3.78)

Electrical resistivity in terms of Q-m is based on the data given in Ref. [44].
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3.4.3. Tables of thermophysical properties

TABLE 3.13. PROPERTIES OF LITHIUM BY EQS (3.1-3.7)

Temperature Density Heatt Thern?al' "-l"herfn'fll K%nemétic 10? Surf-ace Pressure Ele.ct.ric.al

;  capacity conductivity diffusivity viscosity Prandtl  tension resistivity

K" J(kgK)  W/(mK) 10%m%*s) 10%(m%s) number 10°N/m MPa 10%(Qm)
473 200 513 4357 435 19.45 110.79 5.70 404.6 1.290E-07 254
483 210 512 4348 43.8 19.68 108.10 5.49 403.5 2.914E-07 25.7
493 220 512 4339 442 19.90 105.56 5.30 402.2 6.366E-07 26.0
503 230 511 4330 445 20.12 103.16 5.13 401.0 1.347E-06 26.3
513 240 510 4322 44.8 20.35 100.89 4.96 399.8 2.768E-06 26.6
523 250 509 4314 452 20.57 98.74 4.80 398.5 5.529E-06 26.9
533 260 508 4306 455 20.79 96.70 4.65 397.3 1.076E-05 27.2
543 270 507 4299 45.8 21.01 94.76 4.51 396.0 2.041E-05 27.5
553 280 507 4292 46.1 21.22 9291 4.38 394.7 3.783E-05 27.8
563 290 506 4285 46.5 21.44 91.15 4.25 3934 6.857E-05 28.1
573 300 505 4279 46.8 21.66 89.48 4.13 392.1 1.217E-04 284
583 310 504 4272 47.1 21.87 87.88 4.02 390.7 2.117E-04 28.7
593 320 503 4266 474 22.09 86.35 3.91 3894 3.612E-04 29.0
603 330 502 4260 47.7 22.30 84.89 3.81 388.0 6.055E-04 29.2
613 340 501 4255 48.0 22.52 83.49 3.71 386.6 9.976E-04 29.5
623 350 500 4249 483 22.73 82.15 3.61 385.2 1.617E-03 29.8
633 360 499 4244 48.6 22.94 80.86 3.52 383.8 2.581E-03 30.1
643 370 499 4239 48.9 23.16 79.63 3.44 3824 4.058E-03 30.3
653 380 498 4234 49.2 23.37 78.45 3.36 381.0 6.292E-03 30.6
663 390 497 4230 49.5 23.58 77.31 3.28 379.6 9.624E-03 30.9
673 400 496 4225 49.8 23.79 76.22 3.20 378.1 1.453E-02 31.1
683 410 495 4221 50.1 24.00 75.17 3.13 376.6 2.168E-02 314
693 420 494 4217 50.4 24.20 74.15 3.06 375.2 3.196E-02 31.7
703 430 493 4213 50.7 24.41 73.18 3.00 373.7 4.659E-02 319
713 440 492 4209 51.0 24.62 72.24 2.93 372.2 6.718E-02 322
723 450 491 51.3 71.33 2.87 325
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TABLE 3.13. (continued)

. Heat Thermal Thermal Kinematic 107 Surface Electrical

Temperature ?{e‘}fg capacity  conductivity diffusivity viscosity Prandtl tension PI'IS/;S)I;I'C resistivity

K °c & J(kgK)  W/(mK) 10°(m%s) 10%m?*s) number 10°N/m 10%(Q-m)
733 460 490 4201 51.6 25.03 70.46 2.81 369.2 1.355E-01 32.7
743 470 489 4198 51.8 25.24 69.61 2.76 367.7 1.897E-01 33.0
753 480 488 4195 52.1 25.44 68.80 2.70 366.1 2.632E-01 332
763 490 487 4191 524 25.64 68.01 2.65 364.6 3.619E-01 335
773 500 486 4188 52.7 25.85 67.25 2.60 363.0 4.935E-01 33.8
783 510 485 4185 529 26.05 66.51 2.55 361.5 6.676E-01 34.0
793 520 484 4183 53.2 26.25 65.79 2.51 359.9 8.961E-01 343
803 530 483 4180 53.5 26.45 65.10 2.46 358.3 1.194E+00 345
813 540 483 4177 53.7 26.65 64.43 2.42 356.7 1.579E+00 34.8
823 550 482 4175 54.0 26.85 63.78 2.38 355.1 2.074E+00 35.0
833 560 481 4172 54.2 27.05 63.15 2.33 353.5 2.707E+00 353
843 570 480 4170 54.5 27.25 62.54 2.30 351.9 3.509E+00 35.6
853 580 479 4168 54.7 27.44 61.95 2.26 350.3 4.522E+00 35.8
863 590 478 4166 55.0 27.64 61.37 222 348.7 5.792E+00 36.1
873 600 477 4164 552 27.84 60.81 2.18 347.0 7.375E+00 36.3
883 610 476 4162 55.5 28.03 60.27 2.15 3454 9.340E+00 36.6
893 620 475 4161 55.7 28.22 59.74 2.12 343.8 1.176E+01 36.8
903 630 474 4159 56.0 28.42 59.23 2.08 342.1 1.474E+01 37.1
913 640 473 4157 56.2 28.61 58.73 2.05 340.4 1.838E+01 37.3
923 650 472 4156 56.5 28.80 58.25 2.02 338.8 2.280E+01 37.6
933 660 471 4155 56.7 28.99 57.77 1.99 337.1 2.816E+01 37.8
943 670 470 4154 56.9 29.18 57.32 1.96 3354 3.462E+01 38.1
953 680 469 4152 57.2 29.37 56.87 1.94 333.8 4.237E+01 384
963 690 468 4151 574 29.56 56.43 1.91 332.1 5.163E+01 38.6
973 700 467 4151 57.6 29.74 56.01 1.88 330.4 6.266E+01 389
983 710 466 4150 57.8 29.93 55.59 1.86 328.7 7.575E+01 39.1
993 720 465 4149 58.1 30.11 55.19 1.83 327.0 9.121E+01 394
1003 730 464 4148 583 30.30 54.80 1.81 325.3 1.094E+02 39.6
1013 740 463 4148 58.5 30.48 5441 1.79 323.6 1.308E+02 39.9
1023 750 462 4147 58.7 30.66 54.04 1.76 321.9 1.558E+02 40.1
1033 760 461 4147 58.9 30.84 53.68 1.74 320.1 1.849E+02 40.4
1043 770 460 4147 59.1 31.02 53.32 1.72 318.4 2.187E+02 40.7
1053 780 459 4147 59.3 31.20 52.97 1.70 316.7 2.579E+02 40.9
1063 790 458 4147 59.5 31.38 52.63 1.68 315.0 3.032E+02 41.2
1073 800 457 4147 59.7 31.55 52.30 1.66 313.2 3.553E+02 414
1083 810 456 4147 59.9 31.73 51.98 1.64 311.5 4.152E+02 41.7
1093 820 454 4147 60.1 31.90 51.66 1.62 309.8 4.837E+02 42.0
1103 830 453 4147 60.3 32.07 51.35 1.60 308.1 5.619E+02 422
1113 840 452 4148 60.5 32.25 51.05 1.58 306.3 6.511E+02 425
1123 850 451 4148 60.7 3242 50.76 1.57 304.6 7.524E+02 42.7
1133 860 450 4149 60.9 32.59 50.47 1.55 302.8 8.672E+02 43.0
1143 870 449 4149 61.1 32.75 50.19 1.53 301.1 9.970E+02 43.3
1153 880 448 4150 61.3 32.92 4991 1.52 299.4 1.143E+03 435
1163 890 447 4151 61.5 33.09 49.64 1.50 297.6 1.308E+03 43.8
1173 900 446 4152 61.6 33.25 49.38 1.48 295.9 1.493E+03 44.1
1183 910 445 4153 61.8 33.42 49.12 1.47 294.1 1.701E+03 444
1193 920 444 4154 62.0 33.58 48.86 1.46 292.4 1.933E+03 44.6
1203 930 443 4155 62.2 33.74 48.62 1.44 290.7 2.192E+03 44.9

(1213 940 442 4156 623 3390 4837 143 2889  248IEH03 452
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TABLE 3.13. (continued)

Temperature Density HeaF Thern?al’ Therme}l Ki.nemz.itic 10 Surffice Pressure Elf?ct'ric'al

— ke o capacity  conductivity d1f£u51;/1ty VngCOSzlty Prandtl tegsmn MPa res;sthlty

K C J/(kg-K) W/(m-K) 10°(m“/s) 10°(m7/s) number 10°N/m 10°(Q-m)
1223 950 441 4157 62.5 34.06 48.14 1.41 287.2 2.801E+03 454
1233 960 440 4159 62.7 34.21 47.90 1.40 285.4 3.157E+03 45.7
1243 970 439 4160 62.8 3437 47.68 1.39 283.7 3.552E+03 46.0
1253 980 438 4162 63.0 34.52 47.45 1.37 282.0 3.988E+03 46.3
1263 990 437 4163 63.1 34.67 47.23 1.36 280.2 4.469E+03 46.6
1273 1000 436 4165 63.3 34.82 47.02 1.35 278.5 5.000E+03 46.8
1283 1010 435 4167 63.4 34.97 46.81 1.34 276.8 5.583E+03 47.1
1293 1020 434 4169 63.6 35.12 46.61 1.33 275.1 6.224E+03 474
1303 1030 433 4171 63.7 3527 46.40 1.32 273.3 6.928E+03 47.7
1313 1040 432 4173 63.9 3541 46.21 1.30 271.6 7.697E+03 48.0
1323 1050 431 4175 64.0 35.56 46.01 1.29 269.9 8.539E+03 48.3
1333 1060 430 4177 64.2 35.70 45.82 1.28 268.2 9.458E+03 48.5
1343 1070 429 4180 64.3 35.84 45.64 1.27 266.5 1.046E+04 48.8
1353 1080 428 4182 64.5 35.98 45.45 1.26 264.8 1.155E+04 49.1
1363 1090 427 4184 64.6 36.12 45.27 1.25 263.1 1.274E+04 49.4
1373 1100 426 4187 64.7 36.26 45.10 1.24 261.4 1.403E+04 49.7
1383 1110 425 4190 64.9 36.39 44.92 1.23 259.7 1.542E+04 50.0
1393 1120 424 4192 65.0 36.52 44.75 1.23 258.0 1.694E+04 50.3
1403 1130 423 4195 65.1 36.66 44.59 1.22 256.3 1.857E+04 50.6
1413 1140 422 4198 65.2 36.79 44.42 1.21 254.6 2.034E+04 50.9
1423 1150 421 4201 65.4 36.91 44.26 1.20 252.9 2.225E+04 51.2
1433 1160 420 4204 65.5 37.04 44.11 1.19 251.3 2.431E+04 51.5
1443 1170 419 4207 65.6 37.17 43.95 1.18 249.6 2.652E+04 51.9
1453 1180 418 4210 65.7 37.29 43.80 1.17 247.9 2.890E+04 522
1463 1190 417 4213 65.8 37.41 43.65 1.17 246.3 3.146E+04 52.5
1333 1060 430 4177 64.2 35.70 45.82 1.28 268.2 9.458E+03 48.5
1343 1070 429 4180 64.3 35.84 45.64 1.27 266.5 1.046E+04 48.8
1363 1090 427 4184 64.6 36.12 45.27 1.25 263.1 1.274E+04 494
1373 1100 426 4187 64.7 36.26 45.10 1.24 261.4 1.403E+04 49.7
1383 1110 425 4190 64.9 36.39 44.92 1.23 259.7 1.542E+04 50.0
1393 1120 424 4192 65.0 36.52 44.75 1.23 258.0 1.694E+04 50.3
1403 1130 423 4195 65.1 36.66 44.59 1.22 256.3 1.857E+04 50.6
1413 1140 422 4198 65.2 36.79 44.42 1.21 254.6 2.034E+04 50.9
1423 1150 421 4201 65.4 36.91 44.26 1.20 2529 2.225E+04 51.2
1433 1160 420 4204 65.5 37.04 4411 1.19 251.3 2.431E+04 51.5
1443 1170 419 4207 65.6 37.17 43.95 1.18 249.6 2.652E+04 51.9
1453 1180 418 4210 65.7 37.29 43.80 1.17 2479 2.890E+04 522
1463 1190 417 4213 65.8 37.41 43.65 1.17 246.3 3.146E+04 52.5
1473 1200 417 4217 65.9 37.53 43.50 1.16 244.6 3.421E+04 52.8
1483 1210 416 4220 66.0 37.65 43.36 1.15 243.0 3.715E+04 53.1
1493 1220 415 4224 66.1 37.77 43.22 1.14 241.4 4.030E+04 534
1503 1230 414 4227 66.2 37.88 43.08 1.14 239.7 4.368E+04 53.8
1513 1240 413 4231 66.3 37.99 42.94 1.13 238.1 4.729E+04 54.1
1523 1250 412 4235 66.4 38.11 42.81 1.12 236.5 5.114E+04 54.4
1533 1260 411 4238 66.5 38.22 42.68 1.12 234.9 5.525E+04 54.7
1543 1270 410 4242 66.6 38.32 42.55 1.11 2333 5.963E+04 55.1
1553 1280 409 4246 66.7 38.43 42.42 1.10 231.7 6.429E+04 554
1563 1290 408 4250 66.8 38.54 42.30 1.10 230.2 6.926E+04 55.8
1573 1300 407 4255 66.9 38.64 42.18 1.09 228.6 7.454E+04 56.1
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TABLE 3.14. PROPERTIES OF SODIUM BY EQS (3.8-3.14)

Temperature . Heat Thermal Thermal  Kinematic 102 Surface Electrical

- D"“S“}y capacity conductivity diffusivity = viscosity Prandtl  tension Pressure resistivity

Kooec kM paek)  WimK)  10%m¥s)  10%m%s) number 10°N/m Pa 10%(Cm)
373 100 925 1382 84.9 66.42 73.67 1.11 200.1 1.848E-05 9.49
383 110 923 1378 845 66.44 70.25 1.06 198.9 4.457E-05 9.81
393 120 921 1374 84.1 66.46 67.15 1.01 197.8 1.027E-04 10.1
403 130 919 1370 83.7 66.48 64.32 0.97 196.7 2.267E-04 10.4
413 140 917 1366 83.3 66.51 61.74 0.93 195.6 4.813E-04 10.8
423 150 915 1362 83.0 66.54 59.37 0.89 194.5 9.856E-04 11.1
433 160 913 1358 82.6 66.56 57.19 0.86 193.5 1.951E-03 11.4
443 170 911 1354 822 66.59 55.19 0.83 192.4 3.743E-03 11.8
453 180 909 1350 81.8 66.62 53.33 0.80 191.3 6.972E-03 12.1
463 190 907 1347 81.4 66.65 51.61 0.77 190.2 1.264E-02 12.5
473 200 904 1343 81.0 66.68 50.01 0.75 189.2 2.232E-02 12.8
483 210 902 1340 80.6 66.70 48.53 0.73 188.1 3.849E-02 132
493 220 900 1336 80.2 66.73 47.14 0.71 187.1 6.489E-02 13.5
503 230 898 1332 79.8 66.75 45.85 0.69 186.0 1.071E-01 13.9
513 240 895 1329 79.4 66.77 44.64 0.67 185.0 1.733E-01 14.3
523 250 893 1325 79.0 66.79 43.50 0.65 184.0 2.752E-01 14.6
533 260 890 1322 78.7 66.81 42.44 0.64 182.9 4.293E-01 15.0
543 270 888 1318 78.3 66.82 41.44 0.62 181.9 6.586E-01 154
553 280 886 1315 77.9 66.83 40.49 0.61 180.9 9.945E-01 15.8
563 290 883 1312 77.5 66.84 39.60 0.59 179.9 1.480E+00 16.2
573 300 881 1309 77.1 66.85 38.76 0.58 178.9 2.170E+00 16.6
583 310 878 1306 76.7 66.85 37.96 0.57 177.8 3.141E+00 17.0
593 320 876 1303 76.3 66.84 37.21 0.56 176.8 4.488E+00 17.4
603 330 873 1301 75.9 66.83 36.50 0.55 175.8 6.336E+00 17.8
613 340 871 1298 75.5 66.82 35.82 0.54 174.8 8.843E+00 18.2
623 350 869 1295 75.1 66.80 35.17 0.53 173.9 1.221E+01 18.6
633 360 866 1292 74.7 66.78 34.56 0.52 172.9 1.668E+01 19.1
643 370 864 1290 74.4 66.75 33.98 0.51 172.0 2.256E+01 19.5
653 380 861 1287 74.0 66.72 33.42 0.50 170.9 3.024E+01 19.9
663 390 859 1285 73.6 66.68 32.89 0.49 169.9 4.015E+01 20.4
673 400 856 1283 73.2 66.64 32.38 0.49 167.0 5.287E+01 20.8
683 410 854 1280 72.8 66.59 31.90 0.48 168.0 6.904E+01 21.3
693 420 851 1278 72.4 66.54 31.44 0.47 167.0 8.946E+01 21.7
703 430 849 1276 72.0 66.48 30.99 0.47 166.1 1.150E+02 22.2
713 440 846 1274 71.6 66.42 30.57 0.46 165.1 1.469E+02 22.7
723 450 844 1272 71.2 66.35 30.16 0.45 164.1 1.863E+02 23.1
733 460 841 1270 70.8 66.27 29.77 0.45 163.2 2.346E+02 23.6
743 470 839 1269 70.4 66.19 29.40 0.44 162.2 2.937E+02 24.1
753 480 837 1267 70.1 66.10 29.04 0.44 161.3 3.654E+02 24.6
763 490 834 1265 69.7 66.01 28.69 0.43 160.3 4.520E+02 25.1
773 500 832 1264 69.3 6591 28.36 0.43 159.4 5.560E+02 25.6
783 510 829 1262 68.9 65.80 28.04 0.43 158.5 6.802E+02 26.1
793 520 827 1261 68.5 65.69 27.73 0.42 157.5 8.279E+02 26.6
803 530 824 1260 68.1 65.57 27.43 0.42 156.6 1.003E+03 27.2
813 540 822 1259 67.7 65.45 27.14 0.41 155.6 1.209E+03 27.7
823 550 820 1258 67.3 65.32 26.87 0.41 154.7 1.450E+03 28.2
833 560 817 1257 66.9 65.18 26.60 0.41 153.8 1.732E+03 28.8
843 570 815 1256 66.5 65.04 26.34 0.41 152.8 2.060E+03 293

95



TABLE 3.14. (continued)

Temperature . Heat Thermal Thermal Kinematic 102 Surface Electrical

- D"“SIEY capacity conductivity diffusivity viscosity Prandtl tension Pressure resistivity

Ko K kgm k) WimK)  10%m%s) 108m¥s) number  10°N/m Pa 108Q-m)
853 580 812 1255 66.1 64.89 26.10 0.40 151.9 2.440E+03 29.9
863 590 810 1254 65.8 64.73 25.86 0.40 151.0 2.878E+03 30.5
873 600 808 1253 65.4 64.57 25.62 0.40 150.1 3.382E+03 31.1
883 610 805 1253 65.0 64.40 25.40 0.39 149.1 3.960E+03 31.6
893 620 803 1252 64.6 64.23 25.18 0.39 148.2 4.620E+03 322
903 630 801 1252 64.2 64.05 24.97 0.39 147.3 5.371E+03 32.8
913 640 798 1252 63.8 63.86 24.77 0.39 146.4 6.223E+03 334
923 650 796 1251 63.4 63.67 24.57 0.39 145.5 7.188E+03 34.0
933 660 793 1251 63.0 63.47 24.38 0.38 144.5 8.276E+03 34.7
943 670 791 1251 62.6 63.27 24.20 0.38 143.6 9.500E+03 353
953 680 789 1251 62.2 63.06 24.02 0.38 142.7 1.087E+04 359
963 690 786 1251 61.8 62.84 23.85 0.38 141.8 1.241E+04 36.6
973 700 784 1252 61.5 62.62 23.68 0.38 140.9 1.412E+04 37.2
983 710 782 1252 61.1 62.39 23.52 0.38 140.0 1.603E+04 37.9
993 720 779 1252 60.7 62.16 23.36 0.38 139.0 1.815E+04 38.6
1003 730 777 1253 60.3 61.92 23.21 0.37 138.1 2.050E+04 39.2
1013 740 775 1253 59.9 61.68 23.06 0.37 137.2 2.309E+04 39.9
1023 750 772 1254 59.5 61.43 2291 0.37 136.3 2.595E+04 40.6
1033 760 770 1255 59.1 61.17 22.78 0.37 1354 2.910E+04 41.3
1043 770 768 1256 58.7 60.91 22.64 0.37 134.5 3.256E+04 42.1
1053 780 765 1256 58.3 60.65 22.51 0.37 133.6 3.636E+04 42.8
1063 790 763 1257 57.9 60.38 22.38 0.37 132.6 4.051E+04 435
1073 800 761 1259 57.5 60.10 22.26 0.37 131.7 4.504E+04 443
1083 810 758 1260 571 59.82 22.14 0.37 130.8 4.998E+04 45.0
1093 820 756 1261 56.8 59.53 22.02 0.37 129.9 5.535E+04 45.8
1103 830 754 1262 56.4 59.24 21.91 0.37 129.0 6.119E+04 46.6
1113 840 751 1264 56.0 58.95 21.80 0.37 128.0 6.752E+04 47.3
1123 850 749 1265 56.0 58.65 21.69 0.37 127.1 7.437E+04 48.1
1133 860 747 1267 55.2 58.35 21.59 0.37 126.2 8.177E+04 48.9
1143 870 744 1269 54.8 58.04 21.49 0.37 1253 8.977E+04 49.8
1153 880 742 1270 54.4 57.72 21.40 0.37 124.4 9.838E+04 50.6
1163 890 740 1272 54.0 57.41 21.30 0.37 123.4 1.076E+05 514
1173 900 737 1274 53.6 57.09 21.21 0.37 122.5 1.176E+05 523
1183 910 735 1276 53.2 56.76 21.12 0.37 121.6 1.283E+05 53.1
1193 920 733 1278 52.8 56.43 21.04 0.37 120.6 1.397E+05 54.0
1203 930 730 1281 52.5 56.10 20.95 0.37 119.7 1.520E+05 54.9
1213 940 728 1283 521 55.76 20.87 0.37 118.8 1.651E+05 55.8
1223 950 725 1285 51.7 5542 20.80 0.38 117.8 1.791E+05 56.7
1233 960 723 1288 513 55.08 20.72 0.38 116.9 1.940E+05 57.6
1243 970 721 1290 50.9 54.73 20.65 0.38 116.0 2.099E+05 58.6
1253 980 718 1293 50.5 54.38 20.58 0.38 115.0 2.267E+05 59.5
1263 990 716 1296 50.1 54.03 20.51 0.38 114.1 2.447TE+05 60.5
1273 1000 713 1299 49.7 53.67 20.45 0.38 113.1 2.637E+05 61.4
1283 1010 711 1302 493 53.31 20.38 0.38 112.2 2.839E+05 62.4
1293 1020 709 1305 48.9 52.94 20.32 0.38 111.2 3.053E+05 63.4
1303 1030 706 1308 48.5 52.58 20.26 0.39 110.3 3.279E+05 64.4
1313 1040 704 1311 48.2 52.21 20.21 0.39 109.3 3.518E+05 65.5
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TABLE 3.14. (continued)

Temperature Densi Heat Thermal Thermal Kinematic 102 Surface Electrical
——————— Density . .. e e . . . Pressure P

7 capacity conductivity diffusivity viscosity Prandtl tension resistivity

Koooee kgm0 k) WimK)  10%m¥s)  10%m®s) number  10°N/m Pa 108Q-m)
1323 1050 701 1314 47.8 51.84 20.15 0.39 108.3 3.771E+05 66.5
1333 1060 699 1318 47.4 51.46 20.10 0.39 107.4 4.037E+05 67.6
1343 1070 696 1321 47.0 51.08 20.05 0.39 106.4 4.318E+05 68.6
1353 1080 694 1325 46.6 50.70 20.00 0.39 105.4 4.613E+05 69.7
1363 1090 691 1328 46.2 50.32 19.95 0.40 104.5 4.924E+05 70.8
1373 1100 689 1332 45.8 49.94 19.91 0.40 103.5 5.251E+05 71.9
1383 1110 686 1336 454 49.55 19.87 0.40 102.5 5.594E+05 73.1
1393 1120 684 1340 45.0 49.16 19.83 0.40 101.5 5.954E+05 74.2
1403 1130 681 1344 44.6 48.77 19.79 0.41 100.5 6.332E+05 75.4
1413 1140 679 1348 442 48.38 19.75 0.41 99.5 6.728E+05 76.5
1423 1150 676 1352 43.9 47.98 19.71 0.41 98.5 7.142E+05 77.7
1433 1160 674 1356 43.5 47.59 19.68 0.41 97.5 7.575E+05 78.9
1443 1170 671 1361 43.1 47.19 19.65 0.42 96.5 8.028E+05 80.2
1453 1180 668 1365 42.7 46.79 19.62 0.42 95.5 8.502E+05 81.4
1463 1190 666 1370 42.3 46.39 19.59 0.42 94.5 8.995E+05 82.7
1473 1200 663 1374 41.9 45.98 19.56 0.43 93.5 9.511E+05 84.0
1483 1210 661 1379 41.5 45.58 19.54 0.43 92.4 1.005E+06 853
1493 1220 658 1384 41.1 45.17 19.52 0.43 91.4 1.06 1E+06 86.6
1503 1230 655 1389 40.7 44.76 19.49 0.44 90.4 1.119E+06 87.9
1513 1240 653 1394 40.3 4435 19.47 0.44 89.3 1.179E+06 89.3
1523 1250 650 1399 39.9 43.94 19.46 0.44 88.3 1.242E+06 90.6
1533 1260 647 1404 39.6 43.53 19.44 0.45 87.3 1.308E+06 92.0
1543 1270 645 1409 39.2 43.12 19.42 0.45 86.2 1.376E+06 93.4
1553 1280 642 1414 38.8 42.70 19.41 0.45 85.1 1.446E+06 94.9
1563 1290 639 1420 384 42.29 19.40 0.46 84.1 1.519E+06 96.3
1573 1300 637 1425 38.0 41.87 19.39 0.46 83.0 1.595E+06 97.8
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TABLE 3.15. PROPERTIES OF POTASSIUM BY EQUATIONS (3.15-3.21)

98

Temperature Densi Heat Thermal Thermal Kinematic 102 Surface Electrical
————— Density . .. e . . . . Pressure .

3 capacity conductivity diffusivity viscosity = Prandtl tension resistivity

Kooec kgm g k) WimK)  10°(m%s) 10°(m¥s) number  10°N/m Pa 10% (Q-m)
373 100 821 813 50.9 76.22 53.87 0.71 109.5 3.033E-03 15.8
383 110 818 811 50.6 76.27 51.63 0.68 108.9 6.263E-03 16.3
393 120 816 809 50.4 76.32 49.59 0.65 108.2 1.245E-02 16.9
403 130 814 806 50.1 76.37 47.71 0.62 107.5 2.391E-02 17.4
413 140 811 804 49.8 76.42 45.99 0.60 106.9 4.444E-02 17.9
423 150 809 802 49.6 76.45 44.40 0.58 106.2 8.015E-02 18.5
433 160 806 800 49.3 76.49 42.94 0.56 105.5 1.406E-01 19.1
443 170 804 798 49.1 76.52 41.58 0.54 104.9 2.402E-01 19.6
453 180 802 795 48.8 76.54 40.32 0.53 104.2 4.007E-01 20.2
463 190 799 793 48.6 76.56 39.14 0.51 103.5 6.534E-01 20.8
473 200 797 791 48.3 76.57 38.05 0.50 102.8 1.043E-06 214
483 210 795 789 48.0 76.57 37.02 0.48 102.1 1.632E+00 22.0
493 220 792 788 47.8 76.57 36.07 0.47 101.5 2.507E+00 22.6
503 230 790 786 475 76.56 35.17 0.46 100.8 3.783E+00 232
513 240 788 784 47.3 76.55 3432 0.45 100.1 5.615E+00 23.8
523 250 785 782 47.0 76.52 33.53 0.44 99.4 8.207E+00 244
533 260 783 781 46.8 76.49 32.78 0.43 98.7 1.182E+01 25.1
543 270 781 779 46.5 76.45 32.08 0.42 98.0 1.679E+01 25.7
553 280 778 778 46.2 76.40 31.41 0.41 97.3 2.355E+01 26.4
563 290 776 776 46.0 76.34 30.78 0.40 96.5 3.261E+01 27.0
573 300 774 775 45.7 76.28 30.18 0.40 95.8 4.463E+01 27.7
583 310 771 773 455 76.21 29.62 0.39 95.1 6.042E+01 28.4
593 320 769 772 452 76.13 29.08 0.38 94.4 8.094E+01 29.1
603 330 767 771 44.9 76.04 28.57 0.38 93.7 1.073E+02 29.8
613 340 764 770 44.7 75.94 28.08 0.37 93.0 1.410E+02 30.5
623 350 762 769 44.4 75.83 27.62 0.36 922 1.836E+02 312
633 360 760 768 442 75.71 27.18 0.36 91.5 2.370E+02 319
643 370 757 767 43.9 75.59 26.76 0.35 90.8 3.034E+02 32.7
653 380 755 766 43.7 75.45 26.36 0.35 90.1 3.855E+02 334
663 390 753 766 43.4 7531 25.98 0.34 89.3 4.8361E+02 342
673 400 750 765 43.1 75.16 25.61 0.34 88.6 6.086E+02 349
683 410 748 764 429 75.00 25.26 0.34 87.9 7.569E+02 35.7
693 420 746 764 42.6 74.83 24.92 0.33 87.1 9.353E+02 36.5
703 430 743 763 42.4 74.65 24.60 0.33 86.4 1.148E+03 373
713 440 741 763 42.1 74.46 24.29 0.33 85.7 1.402E+03 38.1
723 450 739 763 41.9 74.26 24.00 0.32 84.9 1.702E+03 389
733 460 736 763 41.6 74.05 23.71 0.32 84.2 2.055E+03 39.8
743 470 734 762 413 73.84 23.44 0.32 83.5 2.468E+03 40.6
753 480 732 762 41.1 73.62 23.18 0.31 82.7 2.949E+03 41.5
763 490 730 762 40.8 73.38 22.92 0.31 82.0 3.507E+03 42.4
773 500 727 763 40.6 73.14 22.68 0.31 81.2 4.152E+03 432
783 510 725 763 40.3 72.89 22.45 0.31 80.5 4.893E+03 441
793 520 723 763 40.0 72.64 2222 0.31 79.7 5.743E+03 45.1
803 530 720 763 39.8 72.37 22.01 0.30 79.0 6.712E+03 46.0
813 540 718 764 39.5 72.09 21.80 0.30 78.2 7.815E+03 46.9
823 550 716 764 39.3 71.81 21.60 0.30 77.5 9.064E+03 479
833560 713 765 390 7152 2041 030 767 1OATEHO4 488



TABLE 3.15 (continued)
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Temperature Density HeaF Thern}al' Thermgl Kilnemgtic 102 Surface Pressure Elffct'ri(':al
3 capacity conductivity diffusivity viscosity Prandtl  tension resistivity
Koooee kgm h0K) WimK)  10°(m¥s)  105(m%s) number  10°N/m Pa 108 (Q-m)
843 570 711 765 38.8 71.22 21.22 0.30 76.0 1.206E+04 49.8
853 580 709 766 385 70.91 21.04 0.30 75.2 1.384E+04 50.8
863 590 706 767 38.2 70.60 20.87 0.30 74.5 1.584E+04 51.8
873 600 704 768 38.0 70.27 20.70 0.29 73.7 1.806E+04 52.8
883 610 701 769 37.7 69.94 20.54 0.29 73.0 2.053E+04 53.9
893 620 699 770 37.5 69.60 20.38 0.29 722 2.327E+04 54.9
903 630 697 771 37.2 69.26 20.23 0.29 71.5 2.631E+04 56.0
913 640 694 772 36.9 68.90 20.09 0.29 70.7 2.965E+04 57.1
923 650 692 773 36.7 68.54 19.95 0.29 70.0 3.334E+04 58.2
933 660 690 775 36.4 68.17 19.81 0.29 69.2 3.738E+04 59.3
943 670 687 776 36.2 67.80 19.68 0.29 68.5 4.182E+04 60.5
953 680 685 778 359 67.42 19.55 0.29 67.7 4.667E+04 61.6
963 690 682 779 35.7 67.03 19.43 0.29 67.0 5.196E+04 62.8
973 700 680 781 354 66.64 19.31 0.29 66.2 5.772E+04 64.1
983 710 678 783 35.1 66.24 19.20 0.29 65.5 6.397E+04 65.2
993 720 675 785 34.9 65.83 19.09 0.29 64.7 7.076E+04 66.5
1003 730 673 787 34.6 65.42 18.98 0.29 64.0 7.811E+04 67.7
1013 740 670 789 344 65.00 18.88 0.29 63.3 8.605E+04 69.0
1023 750 668 791 34.1 64.58 18.78 0.29 62.5 9.461E+04 70.3
1033 760 666 793 339 64.15 18.68 0.29 61.8 1.038E+05 71.6
1043 770 663 795 33.6 63.71 18.59 0.29 61.0 1.137E+05 73.0
1053 780 661 797 333 63.27 18.50 0.29 60.3 1.244E+05 74.3
1063 790 658 800 33.1 62.83 18.42 0.29 59.5 1.358E+05 75.7
1073 800 656 802 32.8 62.38 18.33 0.29 58.8 1.480E+05 77.1
1083 810 653 805 32.6 61.92 18.25 0.29 58.1 1.610E+05 78.6
1093 820 651 807 323 61.46 18.17 0.30 57.3 1.749E+05 80.0
1103 830 648 810 32.0 61.00 18.10 0.30 56.6 1.898E+05 81.5
1113 840 646 813 31.8 60.53 18.03 0.30 55.9 2.055E+05 83.0
1123 850 643 816 31.5 60.06 17.96 0.30 55.1 2.223E+05 84.6
1133 860 641 819 313 59.58 17.89 0.30 54.4 2.401E+05 86.1
1143 870 638 822 31.0 59.10 17.83 0.30 53.7 2.590E+05 87.7
1153 880 636 825 30.8 58.62 17.76 0.30 52.9 2.789E+05 894
1163 890 633 828 30.5 58.13 17.70 0.30 522 3.001E+05 91.0
1173 900 631 831 30.2 57.64 17.65 0.31 51.5 3.224E+05 92.7
1183 910 628 835 30.0 57.14 17.59 0.31 50.8 3.459E+05 94 .4
1193 920 626 838 29.7 56.65 17.54 0.31 50.0 3.708E+05 96.2
1203 930 623 842 29.5 56.15 17.49 0.31 493 3.969E+05 97.9
1213 940 621 845 29.2 55.64 17.44 0.31 48.6 4.244E+05 99.8
1223 950 618 849 29.0 55.14 17.39 0.32 47.9 4.533E+05 101.6
1233 960 616 853 28.7 54.63 17.35 0.32 47.2 4.836E+05 103.5
1243 970 613 857 28.4 54.12 17.30 0.32 46.5 5.154E+05 105.4
1253 980 611 861 28.2 53.61 17.26 0.32 45.8 5.487E+05 107.4
1263 990 608 865 27.9 53.10 17.22 0.32 45.1 5.836E+05 109.4
1273 1000 605 869 27.7 52.58 17.19 0.33 444 6.201E+05 111.4
1283 1010 603 873 27.4 52.06 17.15 0.33 43.7 6.583E+05 113.5
1293 1020 600 877 27.1 51.54 17.12 0.33 43.0 6.981E+05 115.6
1303 1030 598 881 26.9 51.02 17.08 0.33 423 7.397E+05 117.7
1313 1040 595 886 26.6 50.50 17.05 034 41.6 ~ 7.830E+05  120.0



TABLE 3.15. (continued)

Temperature Densi Heat Thermal Thermal Kinematic 102 Surface Electrical
——————— Density . .. pp . . . Pressure P

7 capacity conductivity diffusivity viscosity Prandtl tension resistivity

Koo kgm o ya0k)  WimK)  10° (m¥s)  10°(m¥s) number 10°N/m Pa 10°(Q-m)
1323 1050 593 890 26.4 49.98 17.03 0.34 40.9 8.281E+05 122.2
1333 1060 590 895 26.1 49.45 17.00 0.34 40.2 8.751E+05 124.5
1343 1070 587 900 259 48.93 16.97 0.35 39.5 9.239E+05 126.8
1353 1080 585 904 25.6 48.40 16.95 0.35 38.8 9.747TE+05 129.2
1363 1090 582 909 253 47.87 16.93 0.35 382 1.027E+06 131.7
1373 1100 579 914 25.1 47.35 16.91 0.36 37.5 1.082E+06 134.2
1383 1110 577 919 24.8 46.82 16.89 0.36 36.9 1.139E+06 136.7
1393 1120 574 924 24.6 46.29 16.87 0.36 36.2 1.198E+06 139.3
1403 1130 572 929 243 45.76 16.86 0.37 355 1.259E+06 142.0
1413 1140 569 934 24.0 45.23 16.84 0.37 34.9 1.322E+06 144.7
1423 1150 566 940 23.8 44.70 16.83 0.38 342 1.387E+06 147.5
1433 1160 564 945 23.5 4417 16.82 0.38 33.6 1.454E+06 150.3
1443 1170 561 951 233 43.65 16.81 0.39 329 1.524E+06 153.3
1453 1180 558 956 23.0 43.12 16.80 0.39 323 1.596E+06 156.2
1463 1190 556 962 22.8 42.59 16.79 0.39 31.7 1.670E+06 159.3
1473 1200 553 967 22.5 42.06 16.79 0.40 31.0 1.747E+06 162.4
1483 1210 550 973 222 41.53 16.78 0.40 304 1.826E+06 165.6
1493 1220 547 979 22.0 41.01 16.78 0.41 29.8 1.907E+06 168.9
1503 1230 545 985 21.7 40.48 16.78 0.41 29.2 1.990E+06 172.2
1513 1240 542 991 21.5 39.96 16.78 0.42 28.5 2.076E+06 175.6
1523 1250 539 997 21.2 39.43 16.78 0.43 27.9 2.165E+06 179.2
1533 1260 537 1003 21.0 38.91 16.79 0.43 273 2.256E+06 182.8
1543 1270 534 1010 20.7 38.39 16.79 0.44 26.7 2.349E+06 186.5
1553 1280 531 1016 20.4 37.87 16.80 0.44 26.1 2.445E+06 190.3
1563 1290 528 1022 20.2 37.35 16.80 0.45 25.5 2.544E+06 194.1
1573 1300 526 1029 19.9 36.83 16.81 0.46 24.9 2.645E+06 198.1
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TABLE 3.16. PROPERTIES OF CAESIUM BY EQUATIONS (3.22-3.28)

Temperature Densi Heat Thermal Thermal Kinematic 102 Surface Electrical
—————— Density . .. p e . . . Pressure .

3 capacity  conductivity diffusivity viscosity Prandtl  tension resistivity

Koooc kM ya0K) WimK)  10°(m¥s)  10°(m¥s) number  10°N/m Pa 108 (Q-m)
303 30 1835 245.6 19.46 44.69 36.52 0.82 71.1 3.358E-04 359
313 40 1829 2455 19.48 44.93 34.53 0.77 70.6 8.629E-04 37.0
323 50 1824 245.3 19.55 45.19 32.75 0.72 70.1 2.088E-03 38.2
333 60 1819 245.0 19.54 45.47 31.17 0.69 69.5 4.787E-03 39.4
343 70 1813 244.6 19.54 45.78 29.74 0.65 69.0 1.044E-02 40.6
353 80 1808 244.1 19.54 46.10 28.44 0.62 68.5 2.176E-02 41.8
363 90 1802 243.5 19.53 46.44 27.27 0.59 68.0 4.352E-02 43.0
373 100 1797 242.9 19.52 46.80 26.20 0.56 67.5 8.376E-02 442
383 110 1791 242.2 19.52 47.17 25.23 0.53 67.0 1.556E-01 454
393 120 1785 241.5 19.51 47.55 24.33 0.51 66.5 2.800E-01 46.6
403 130 1780 240.7 19.50 47.94 23.51 0.49 65.9 4.888E-01 47.8
413 140 1774 240.0 19.48 48.35 22.75 0.47 65.4 8.298E-01 49.0
423 150 1768 239.2 19.47 48.76 22.05 0.45 64.9 1.373E+00 50.3
433 160 1763 2384 19.46 49.18 21.40 0.44 64.4 2.218E+00 51.5
443 170 1757 237.6 19.44 49.60 20.80 0.42 63.9 3.504E+00 52.7
453 180 1751 236.7 19.42 50.04 20.24 0.40 63.4 5.421E+00 53.9
463 190 1745 235.9 19.40 50.47 19.71 0.39 62.9 8.225E+00 55.2
473 200 1740 235.1 19.39 50.92 19.22 0.38 62.4 1.226E+01 56.4
483 210 1734 234.3 19.36 51.36 18.76 0.37 61.9 1.795E+01 57.7
493 220 1728 2335 19.34 51.81 18.33 0.35 61.4 2.588E+01 58.9
503 230 1722 232.7 19.32 52.26 17.93 0.34 61.0 3.675E+01 60.2
513 240 1717 231.9 19.29 52.72 17.55 0.33 60.5 5.145E+01 61.5
523 250 1711 231.1 19.27 53.18 17.19 0.32 60.0 7.109E+01 62.8
533 260 1705 2304 19.24 53.63 16.85 0.31 59.5 9.700E+01 64.1
543 270 1699 229.6 19.21 54.09 16.53 0.31 59.0 1.308E+02 65.3
553 280 1694 228.9 19.18 54.55 16.23 0.30 585 1.744E+02 66.7
563 290 1688 228.2 19.15 55.01 15.94 0.29 58.0 2.301E+02 68.0
573 300 1682 227.5 19.12 55.47 15.67 0.28 575 3.006E+02 69.3
583 310 1677 226.8 19.08 55.93 15.41 0.28 57.1 3.890E+02 70.6
593 320 1671 226.2 19.05 56.39 15.17 0.27 56.6 4.989E+02 72.0
603 330 1665 225.6 19.01 56.84 14.93 0.26 56.1 6.344E+02 73.3
613 340 1659 225.0 18.97 57.29 14.71 0.26 55.6 8.002E+02 74.7
623 350 1654 224.4 18.93 57.75 14.50 0.25 55.1 1.002E+03 76.0
633 360 1648 223.9 18.89 58.20 14.30 0.25 54.7 1.245E+03 77.4
643 370 1642 2233 18.85 58.64 14.11 0.24 54.2 1.536E+03 78.8
653 380 1637 222.9 18.81 59.08 13.92 0.24 53.7 1.883E+03 80.2
663 390 1631 2224 18.76 59.52 13.75 0.23 53.3 2.293E+03 81.6
673 400 1625 222.0 18.72 59.96 13.58 0.23 52.8 2.776E+03 83.0
683 410 1620 221.5 18.67 60.39 13.42 0.22 523 3.342E+03 84.5
693 420 1614 221.2 18.62 60.82 13.26 0.22 51.8 4.002E+03 859
703 430 1608 220.8 18.57 61.24 13.11 0.21 51.4 4.766E+03 87.4
713 440 1603 220.5 18.52 61.66 12.97 0.21 50.9 5.647E+03 88.9
723 450 1597 220.2 18.47 62.07 12.84 0.21 50.4 6.660E+03 90.3
733 460 1591 220.0 18.41 62.48 12.71 0.20 50.0 7.818E+03 91.9
743470 1586 2197 1836 6288 1258 020 495  OA37Ew03 934
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TABLE 3.16. (continued)

102

Temperature Densi Heat Thermal Thermal  Kinematic 102 Surface Electrical
————————— Density . .. PV . . . Pressure .

3 capacity conductivity diffusivity = viscosity = Prandtl  tension resistivity

Kooec kgm a0 k) WimK)  10°(m¥s)  10°(m¥s) number  10°N/m Pa 10% (Q-m)
753 480 1580 219.6 18.30 63.28 12.46 0.20 49.0 1.063E+04 94.9
763 490 1574 219.4 18.24 63.67 12.35 0.19 48.6 1.232E+04 96.5
773 500 1569 219.3 18.19 64.06 12.23 0.19 48.1 1.423E+04 98.0
783 510 1563 219.2 18.13 64.44 12.13 0.19 47.7 1.637E+04 99.6
793 520 1557 219.1 18.06 64.81 12.03 0.19 472 1.876E+04 101.2
803 530 1551 219.1 18.00 65.17 11.93 0.18 46.7 2.143E+04 102.8
813 540 1546 219.1 17.94 65.53 11.83 0.18 46.3 2.439E+04 104.4
823 550 1540 219.1 17.87 65.89 11.74 0.18 45.8 2.767TE+04 106.1
833 560 1534 219.2 17.81 66.23 11.65 0.18 454 3.131E+04 107.8
843 570 1528 219.3 17.74 66.57 11.57 0.17 44.9 3.531E+04 109.5
853 580 1523 219.4 17.67 66.90 11.49 0.17 444 3.971E+04 111.2
863 590 1517 219.6 17.60 67.22 11.41 0.17 44.0 4. 454E+04 112.9
873 600 1511 219.8 17.53 67.54 11.34 0.17 435 4.982E+04 114.7
883 610 1505 220.0 17.45 67.85 11.26 0.17 43.1 5.558E+04 116.4
893 620 1499 220.3 17.38 68.15 11.19 0.16 42.6 6.186E+04 118.2
903 630 1493 220.6 17.30 68.45 11.13 0.16 422 6.868E+04 120.1
913 640 1488 220.9 17.23 68.73 11.06 0.16 41.7 7.608E+04 121.9
923 650 1482 221.3 17.15 69.01 11.00 0.16 413 8.409E+04 123.8
933 660 1476 221.7 17.07 69.28 10.94 0.16 40.8 9.273E+04 125.7
943 670 1470 2222 16.99 69.54 10.88 0.16 40.4 1.021E+05 127.6
953 680 1464 222.6 16.90 69.80 10.83 0.16 39.9 1.121E+05 129.5
963 690 1458 223.1 16.82 70.05 10.78 0.15 39.5 1.229E+05 131.5
973 700 1452 223.7 16.74 70.29 10.73 0.15 39.0 1.344E+05 133.5
983 710 1446 224.3 16.65 70.52 10.68 0.15 38.6 1.468E+05 135.5
993 720 1440 224.9 16.56 70.75 10.63 0.15 38.1 1.600E+05 137.6
1003 730 1434 225.5 16.47 70.96 10.59 0.15 37.7 1.742E+05 139.7
1013 740 1428 226.2 16.38 71.17 10.54 0.15 37.2 1.892E+05 141.8
1023 750 1422 227.0 16.29 71.37 10.50 0.15 36.8 2.052E+05 144.0
1033 760 1415 227.7 16.20 71.57 10.46 0.15 36.3 2.222E+05 146.2
1043 770 1409 228.5 16.11 71.75 10.43 0.15 359 2.403E+05 148.4
1053 780 1403 229.3 16.01 71.93 10.39 0.14 354 2.594E+05 150.7
1063 790 1397 230.2 1591 72.10 10.36 0.14 35.0 2.797E+05 153.0
1073 800 1391 231.1 15.82 72.27 10.32 0.14 345 3.011E+05 155.3
1083 810 1384 232.0 15.72 72.43 10.29 0.14 34.1 3.237E+05 157.7
1093 820 1378 233.0 15.62 72.58 10.26 0.14 33.6 3.475E+05 160.1
1103 830 1372 234.0 15.51 72.72 10.24 0.14 33.2 3.727E+05 162.6
1113 840 1365 235.1 15.41 72.86 10.21 0.14 32.7 3.991E+05 165.1
1123 850 1359 236.1 1531 72.99 10.18 0.14 323 4.269E+05 167.6
1133 860 1353 237.2 15.20 73.11 10.16 0.14 31.8 4.560E+05 170.2
1143 870 1346 238.4 15.09 73.22 10.14 0.14 314 4.866E+05 172.9
1153 880 1340 239.6 14.99 73.33 10.12 0.14 30.9 5.186E+05 175.6
1163 890 1333 240.8 14.88 73.44 10.10 0.14 30.5 5.522E+05 178.3
1173 900 1327 242.1 14.77 73.53 10.08 0.14 30.0 5.872E+05 181.1
1183 910 1321 243.3 14.65 73.62 10.06 0.14 29.6 6.239E+05 184.0
1193 920 1314 2447 14.54 73.71 10.05 0.14 29.1 6.621E+05 186.9
1203 930 1308 246.0 14.43 73.79 10.03 0.14 28.7 7.019E+05 189.9
1213 940 1301 247.4 14.31 73.86 10.02 0.14 28.2 7.435E+05 192.9



TABLE 3.16. (continued)

Temperature Densi Heat Thermal Thermal  Kinematic 102 Surface Electrical
————————— Density . .. PV . . . Pressure .

3 capacity conductivity diffusivity = viscosity = Prandtl  tension resistivity

Kooec kgm a0 k) WimK)  10°(m¥s)  10°(m¥s) number  10°N/m Pa 10% (Q-m)
1223 950 1294 248.9 14.19 73.93 10.01 0.14 27.8 7.867E+05 196.0
1233 960 1288 250.4 14.07 73.99 10.00 0.14 273 8.317E+05 199.2
1243 970 1281 251.9 13.95 74.05 9.99 0.13 26.9 8.784E+05 202.4
1253 980 1275 253.4 13.83 74.10 9.98 0.13 26.4 9.270E+05 205.7
1263 990 1268 255.0 13.71 74.15 9.97 0.13 26.0 9.773E+05 209.1
1273 1000 1261 256.6 13.59 74.19 9.96 0.13 255 1.030E+06 212.6
1283 1010 1255 258.3 13.46 74.23 9.96 0.13 25.1 1.084E+06 216.1
1293 1020 1248 259.9 1333 74.26 9.95 0.13 24.6 1.140E+06 219.7
1303 1030 1241 261.7 13.21 74.29 9.95 0.13 242 1.198E+06 2234
1313 1040 1235 263.4 13.08 74.32 9.95 0.13 23.7 1.257E+06 227.2
1323 1050 1228 265.2 12.95 74.34 9.95 0.13 232 1.319E+06 231.1
1333 1060 1221 267.1 12.82 74.35 9.95 0.13 22.8 1.383E+06 235.0
1343 1070 1214 268.9 12.68 74.37 9.95 0.13 223 1.449E+06 239.1
1353 1080 1208 270.8 12.55 74.38 9.95 0.13 21.9 1.517E+06 243.3
1363 1090 1201 272.8 12.41 74.39 9.95 0.13 21.4 1.587E+06 247.6
1373 1100 1194 274.8 12.28 74.39 9.96 0.13 21.0 1.659E+06 252.0
1383 1110 1187 276.8 12.14 74.40 9.96 0.13 20.5 1.733E+06 256.5
1393 1120 1180 278.8 12.00 74.40 9.97 0.13 20.0 1.810E+06 261.1
1403 1130 1173 280.9 11.86 74.40 9.98 0.13 19.6 1.888E+06 265.9
1413 1140 1166 283.1 11.72 74.40 9.98 0.13 19.1 1.969E+06 270.8
1423 1150 1160 285.2 11.57 74.39 9.99 0.13 18.7 2.051E+06 275.9
1433 1160 1153 287.4 11.43 74.39 10.00 0.13 18.2 2.136E+06 281.0
1443 1170 1146 289.6 11.28 74.38 10.02 0.13 17.7 2.223E+06 286.4
1453 1180 1139 291.9 11.13 74.37 10.03 0.13 17.3 2.313E+06 291.9
1463 1190 1132 294.2 10.99 74.37 10.04 0.14 16.8 2.404E+06 297.6
1473 1200 1124 296.6 10.84 74.36 10.06 0.14 16.3 2.498E+06 303.4
1483 1210 1117 298.9 10.68 74.36 10.07 0.14 159 2.593E+06 309.4
1493 1220 1110 301.4 10.53 74.35 10.09 0.14 15.4 2.692E+06 315.7
1503 1230 1103 303.8 10.38 74.35 10.11 0.14 14.9 2.792E+06 322.1
1513 1240 1096 306.3 10.22 74.35 10.13 0.14 14.5 2.894E+06 328.7
1523 1250 1089 308.8 10.07 74.35 10.15 0.14 14.0 2.999E+06 335.6
1533 1260 1081 311.4 9.91 74.35 10.17 0.14 13.5 3.106E+06 342.7
1543 1270 1074 314.0 9.75 74.36 10.20 0.14 13.1 3.215E+06 350.1
1553 1280 1066 316.6 9.59 74.37 10.22 0.14 12.6 3.326E+06 357.7
1563 1290 1059 319.3 9.43 74.38 10.25 0.14 12.1 3.440E+06 365.6
1573 1300 1051 322.0 9.27 74.40 10.28 0.14 11.6 3.556E+06 373.8
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TABLE 3.17. PROPERTIES OF MERCURY AT SATURATION LINE [8, 27] (FROM
CORRELATIONS 3.29-3.37)

_Temperature Density Heat Thermal ~ Thermal  Kinematic 10 Surface  Electrical CaHea_tt
3 capacity conductivity diffusivity  viscosity = Prandtl tension  resistivity I_)3a ey
Kooec kgm0 k) WimK)  10°(mYs)  107(m%s) number mN/m  105(Qm) 10 ke
273 0 13595 140.4 8.18 4.285 1.242 2.81 486 94.120 306.8
293 20 13546 139.6 8.45 4.467 1.151 2.58 480 95.830 306.1
313 40 13497 138.9 8.71 4.648 1.078 2.32 475 97.616 305.4
333 60 13448 138.2 8.97 4.826 1.018 2.11 469 99.478 304.7
353 80 13400 137.6 9.23 5.002 0.969 1.94 464 101.41 304.0
373 100 13351 137.1 9.48 5.175 0.927 1.80 458 103.42 303.3
393 120 13303 136.7 9.72 5.346 0.892 1.67 452 105.51 302.6
413 140 13255 136.3 9.96 5.513 0.862 1.57 447 107.68 302.0
433 160 13207 136.0 10.19 5.675 0.836 1.47 441 109.92 301.3
453 180 13136 135.7 10.42 5.836 0.813 1.39 435 112.24 300.7
473 200 13112 135.5 10.64 5.990 0.793 1.32 430 114.64 300.1
523 250 12993 135.2 11.18 6.365 0.753 1.18 416 121.01 298.4
573 300 12873 135.3 11.69 6.710 0.723 1.07 402 127.96 296.8
623 350 12754 135.7 12.16 7.030 0.701 0.99 388 135.56 295.1
673 400 12633 136.4 12.60 7.310 0.683 0.92 374 143.90 293.3
723 450 12510 137.5 13.01 7.560 0.670 0.87 360 153.80 291.3
773 500 12386 138.9 13.39 7.780 0.660 0.83 345 163.50 289.1
823 550 12259 140.6 13.73 7.960 0.653 0.80 331 175.50 286.6
873 600 12130 142.7 14.04 8.110 0.647 0.78 317 188.40 283.8
923 650 11998 145.1 14.33 8.230 0.643 0.76 303 203.40 280.5
973 700 11863 147.8 14.58 8.320 0.641 0.75 289 220.80 276.8
1023 750 11725 150.7 14.79 8.370 0.640 0.74 275 240.80 272.7
1073 800 11584 154.0 14.98 8.400 0.640 0.74 261 264.00 268.0
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TABLE 3.18. PROPERTIES OF GALLIUM BY EQUATIONS (3.38-3.43)

Temperature Density HeaF Therma! Thermgl Ki‘neme}tic 107 Surf._ace Elgct_ric_al
N ke/m’ capacity  conductivity dlfgusnzllty v1§cos;ty Prandtl ter;smn resglsthlty
K C J/(kg'K) W/(mK) 10°(m7/s) 10°(m%s)  number 10°N/m  10°(Q-m)
303 30 6084 397.9 28.9 11.93 22.84 1.91 712.6 25.81
313 40 6077 397.4 29.5 12.22 22.66 1.85 712.1 26.02
323 50 6071 396.8 30.2 12.52 22.48 1.80 711.7 26.23
333 60 6064 396.3 30.8 12.81 22.30 1.74 711.2 26.43
343 70 6058 395.7 314 13.09 22.12 1.69 710.7 26.64
353 80 6052 395.2 32.0 13.38 21.95 1.64 710.3 26.85
363 90 6045 394.7 32.6 13.67 21.77 1.59 709.8 27.05
373 100 6039 394.2 332 13.95 21.59 1.55 709.3 27.26
383 110 6032 393.7 33.8 14.24 21.42 1.50 708.9 27.46
393 120 6026 393.2 344 14.52 21.25 1.46 708.4 27.67
403 130 6020 392.7 35.0 14.80 21.07 1.42 707.9 27.87
413 140 6013 3922 35.6 15.08 20.90 1.39 707.5 28.07
423 150 6007 391.7 36.2 15.36 20.73 1.35 707.0 28.28
433 160 6001 391.2 36.7 15.64 20.55 1.31 706.5 28.48
443 170 5995 390.7 373 15.92 20.38 1.28 706.1 28.68
453 180 5988 390.3 37.8 16.19 20.21 1.25 705.6 28.88
463 190 5982 389.8 384 16.47 20.04 1.22 705.1 29.09
473 200 5976 389.4 39.0 16.74 19.87 1.19 704.7 29.29
483 210 5969 388.9 39.5 17.01 19.70 1.16 704.2 29.49
493 220 5963 388.5 40.0 17.28 19.53 1.13 703.7 29.69
503 230 5957 388.1 40.6 17.55 19.37 1.10 703.3 29.89
513 240 5951 387.6 41.1 17.81 19.20 1.08 702.8 30.09
523 250 5944 387.2 41.6 18.08 19.03 1.05 702.3 30.29
533 260 5938 386.8 42.1 18.34 18.87 1.03 701.9 30.48
543 270 5932 386.4 42.6 18.60 18.70 1.01 701.4 30.68
553 280 5926 386.0 43.1 18.86 18.54 0.98 700.9 30.88
563 290 5920 385.6 43.6 19.12 18.38 0.96 700.5 31.08
573 300 5913 385.2 44.1 19.38 18.21 0.94 700.0 31.27
583 310 5907 384.8 44.6 19.63 18.05 0.92 699.5 31.47
593 320 5901 384.5 45.1 19.88 17.89 0.90 699.1 31.67
603 330 5895 384.1 45.6 20.13 17.73 0.88 698.6 31.86
613 340 5889 383.7 46.1 20.38 17.57 0.86 698.1 32.06
623 350 5883 3834 46.5 20.63 17.41 0.84 697.7 32.25
633 360 5876 383.0 47.0 20.88 17.25 0.83 697.2 3245
643 370 5870 382.7 47.5 21.12 17.09 0.81 696.7 32.64
653 380 5864 382.3 47.9 21.36 16.93 0.79 696.3 32.83
663 390 5858 382.0 483 21.60 16.78 0.78 695.8 33.03
673 400 5852 381.7 48.8 21.84 16.62 0.76 695.3 33.22
683 410 5846 3814 49.2 22.08 16.47 0.75 694.9 33.41
693 420 5840 381.1 49.7 2231 16.31 0.73 694.4 33.60
703 430 5834 380.8 50.1 22.54 16.16 0.72 693.9 33.80
713 440 5828 380.5 50.5 22.77 16.00 0.70 693.5 33.99
723 450 5822 380.2 50.9 23.00 15.85 0.69 693.0 34.18

733 460 5816 379.9 51.3 23.23 15.70 0.68 692.5 3437
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TABLE 3.18. (continued)

Temperature Density HeaF Them}al' _Therl_nz_zal Ki_nem:fatic 10? Surf?ce Elffct'ric?al
N ke I capacity  conductivity dlfgusnzilty Vlgcos;ty Prandtl teI%smn resslstlwty
K C J/(kg'K) W/(mK) 10°(m7/s)  10°(m7/s)  number 10°N/m 10°(Q-m)
743 470 5810 379.6 51.7 23.45 15.55 0.66 692.1 34.56
753 480 5804 379.3 52.1 23.67 15.39 0.65 691.6 34.75
763 490 5797 379.1 52.5 23.89 15.24 0.64 691.1 34.94
773 500 5791 378.8 529 24.11 15.09 0.63 690.7 35.12
783 510 5785 378.6 533 24.33 14.94 0.61 690.2 3531
793 520 5779 378.3 53.7 24.54 14.80 0.60 689.7 35.50
803 530 5773 378.1 54.0 24.75 14.65 0.59 689.2 35.69
813 540 5768 377.8 54.4 24.96 14.50 0.58 688.8 35.87
823 550 5762 377.6 54.8 25.16 14.35 0.57 688.3 36.06
833 560 5756 377.4 55.1 2537 14.21 0.56 687.8 36.25
843 570 5750 377.2 555 25.57 14.06 0.55 687.4 36.43
853 580 5744 377.0 55.8 25.77 13.92 0.54 686.9 36.62
863 590 5738 376.8 56.1 25.96 13.78 0.53 686.4 36.80
873 600 5732 376.6 56.5 26.16 13.63 0.52 686.0 36.99
883 610 5726 376.4 56.8 26.35 13.49 0.51 685.5 37.17
893 620 5720 376.2 57.1 26.54 13.35 0.50 685.0 37.35
903 630 5714 376.0 574 26.73 13.21 0.49 684.6 37.54
913 640 5708 375.9 57.7 26.91 13.07 0.49 684.1 37.72
923 650 5702 375.7 58.1 27.09 12.93 0.48 683.6 37.90
933 660 5696 375.6 584 27.27 12.79 0.47 683.2 38.08
943 670 5691 375.4 58.6 27.45 12.65 0.46 682.7 38.26
953 680 5685 3753 589 27.62 12.51 0.45 682.2 38.45
963 690 5679 375.1 59.2 27.80 12.37 0.45 681.8 38.63
973 700 5673 375.0 59.5 2797 12.24 0.44 681.3 38.81

TABLE 3.19. PROPERTIES OF LEAD BY EQUATIONS (3.44-3.49)

Temperature Density HeaF Thern}a! Thermgl Ki.nemz.itic 102 Surface Ele.ct.ric.al

" o ke/m’ ;Ziac;y conduct.1v1ty (igf;fuilxznty ;flzccr)lféty IIl’rilndtlr ;egi\llortlll I'CSSIStl\Tlty

gK)  W/(mK) (m7/s) 10°(m%/s) umbe 0N/ 10°(Q-m)
603 330 10670 147.30 15.83 10.07 23.90 2.37 445.81 93.77
613 340 10660 147.30 15.94 10.15 23.46 2.31 445.17 94.23
623 350 10650 147.30 16.04 10.23 23.03 2.25 444.53 94.70
633 360 10630 147.30 16.15 10.31 22.60 2.19 443.89 95.16
643 370 10620 147.30 16.26 10.39 22.18 2.13 443.25 95.63
653 380 10610 147.30 16.37 10.47 21.78 2.08 442.61 96.09
663 390 10600 147.30 16.48 10.56 21.38 2.03 441.97 96.56
673 400 10580 147.30 16.58 10.64 20.99 1.97 441.33 97.02
683 410 10570 147.30 16.69 10.72 20.61 1.92 440.69 97.49
693 420 10560 147.30 16.80 10.80 20.24 1.87 440.05 97.95
703 430 10550 147.30 16.91 10.88 19.88 1.83 439.41 98.42
713 440 10530 147.30 17.02 10.97 19.53 1.78 438.77 98.88
723 450 10520 147.30 17.12 11.05 19.19 1.74 438.13 99.35
733 460 10510 147.30 17.23 11.13 18.86 1.69 437.49 99.81
743 470 10500 147.30 17.34 11.21 18.54 1.65 436.85 100.28
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TABLE 3.19. (continued)

Temperature Density Hea.t Thern}al- Thermgl Ki.nemz.ntic 107 Surfgce Elctct.ricj‘al

. ke/m’ capacity  conductivity dlf;fusnznty VliCOS;ty Prandtl tet;swn I’CSSISUVIty

K C J/(kg-K) W/(m-K) 10°(m“/s) 10°(m“/s) number 10°N/m 10°(Q'm)
753 480 10480 147.30 17.45 11.30 18.22 1.61 436.21 100.74
763 490 10470 147.30 17.56 11.38 17.92 1.57 435.57 101.21
773 500 10460 147.30 17.66 11.46 17.63 1.54 434.93 101.67
783 510 10450 147.30 17.77 11.55 17.34 1.50 434.29 102.14
793 520 10440 147.30 17.88 11.63 17.06 1.47 433.65 102.60
803 530 10420 147.30 17.99 11.72 16.80 1.43 433.01 103.07
813 540 10410 147.30 18.10 11.80 16.54 1.40 432.37 103.53
823 550 10400 147.30 18.20 11.89 16.29 1.37 431.73 104.00
833 560 10390 147.30 18.31 11.97 16.05 1.34 431.09 104.46
843 570 10370 147.30 18.42 12.06 15.82 1.31 430.45 104.93
853 580 10360 147.30 18.53 12.14 15.60 1.29 429.81 105.39
863 590 10350 147.30 18.64 12.23 15.39 1.26 429.17 105.86
873 600 10340 147.30 18.74 12.31 15.19 1.23 428.53 106.32
883 610 10320 147.30 18.85 12.40 15.00 1.21 427.89 106.79
893 620 10310 147.30 18.96 12.48 14.82 1.19 427.25 107.25
903 630 10300 147.30 19.07 12.57 14.64 1.17 426.61 107.72
913 640 10290 147.30 19.18 12.66 14.48 1.14 425.97 108.18
923 650 10270 147.30 19.28 12.74 14.33 1.12 425.33 108.65
933 660 10260 147.30 19.39 12.83 14.18 1.11 424.69 109.11
943 670 10250 147.30 19.50 12.92 14.04 1.09 424.05 109.58
953 680 10240 147.30 19.61 13.00 13.92 1.07 423.41 110.04
963 690 10220 147.30 19.72 13.09 13.80 1.05 422.77 110.51
973 700 10210 147.30 19.82 13.18 13.69 1.04 422.13 110.97
983 710 10200 147.30 19.93 13.27 13.59 1.02 421.49 111.44
993 720 10190 147.30 20.04 13.36 13.51 1.01 420.85 111.90
1003 730 10170 147.30 20.15 13.44 1343 1.00 420.21 112.37
1013 740 10160 147.30 20.26 13.53 13.35 0.99 419.57 112.83
1023 750 10150 147.30 20.36 13.62 13.29 0.98 418.93 113.30
1033 760 10140 147.30 20.47 13.71 13.24 0.97 418.29 113.76
1043 770 10120 147.30 20.58 13.80 13.20 0.96 417.65 114.23
1053 780 10110 147.30 20.69 13.89 13.17 0.95 417.01 114.69
1063 790 10100 147.30 20.80 13.98 13.14 0.94 416.37 115.16
1073 800 10090 147.30 20.90 14.07 13.13 0.93 415.73 115.62
1083 810 10070 147.30 21.01 14.16 13.12 0.93 415.09 116.09
1093 820 10060 147.30 21.12 14.25 13.13 0.92 414.45 116.55
1103 830 10050 147.30 21.23 14.34 13.14 0.92 413.81 117.02
1113 840 10040 147.30 21.34 14.43 13.16 0.91 413.17 117.48
1123 850 10030 147.30 21.44 14.52 13.20 0.91 412.53 117.95
1133 860 10010 147.30 21.55 14.61 13.24 0.91 411.89 118.41
1143 870 10000 147.30 21.66 14.70 13.29 0.90 411.25 118.88
1153 880 9990 147.30 21.77 14.80 13.35 0.90 410.61 119.34
1163 890 9980 147.30 21.88 14.89 13.42 0.90 409.97 119.81
1173 900 9960 147.30 21.98 14.98 13.50 0.90 409.33 120.27
1183 910 9950 147.30 22.09 15.07 13.59 0.90 408.69 120.74
1193 920 9940 147.30 22.20 15.16 13.68 0.90 408.05 121.20
1203 930 9930 147.30 2231 15.26 13.79 0.90 407.41 121.67
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TABLE 3.19. (continued)

Temperature Density Hea.t Thern}al- Thermgl Ki.nemz.ntic 107 Surfgce Elcjct.ricj‘al

. ke/m’ capacity  conductivity dlf;fusnznty VliCOS;ty Prandtl tet;swn I’CSSISUVIty

K C J/(kg-K) W/(m-K) 10°(m“/s) 10°(m“/s) number 10°N/m 10°(Q'm)
1213 940 9910 147.30 22.42 15.35 13.91 0.91 406.77 122.13
1223 950 9900 147.30 22.52 15.44 14.03 0.91 406.13 122.60
1233 960 9890 147.30 22.63 15.54 14.17 0.91 405.49 123.06
1243 970 9880 147.30 22.74 15.63 14.31 0.92 404.85 123.53
1253 980 9860 147.30 22.85 15.73 14.46 0.92 404.21 123.99
1263 990 9850 147.30 22.96 15.82 14.63 0.92 403.57 124.46
1273 1000 9840 147.30 23.06 1591 14.80 0.93 402.93 124.92

TABLE 3.20. PROPERTIES OF 22Na-78K WT. % ALLOY BY EQUATIONS (3.50-3.55)

Temperature Density Hea.t Thermal_ Thermgl Ki.nemz'itic 10? Surffice Pressure Elctct.ri(.:al
ke/m’ capacity conductivity dlfgusnzuty v1§cos;ty Prandtl ter;smn Pa I’CSSISUVIty
K °oC J/(kg’K)  W/(mK) 10°(m7s) 10°(m*/s) number 10°N/m 10°(Q'm)
273 0 863 962 21.7 26.15 7.60 291 146.5 7.29E-08 33.8
283 10 861 960 21.9 26.50 7.33 2.76 145.7 2.83E-07 344
293 20 859 958 22.1 26.85 7.06 2.63 144.9 1.00E-06 35.0
303 30 857 955 22.3 27.20 6.81 2.50 144.1 3.26E-06 35.6
313 40 855 953 22.4 27.55 6.57 2.39 143.3 9.82E-06 36.1
323 50 852 950 22.6 27.93 6.34 2.27 142.5 2.76E-05 36.7
333 60 850 948 22.8 28.28 6.12 2.16 141.7 7.27E-05 373
343 70 848 945 229 28.63 5.91 2.06 140.9 1.81E-04 37.8
353 80 846 942 23.1 28.98 5.71 1.97 140.1 4.27E-04 384
363 90 844 940 23.3 29.32 5.51 1.88 139.3 9.61E-04 39.0
373 100 841 937 234 29.70 5.33 1.79 138.5 2.07E-03 39.6
383 110 839 934 23.6 30.05 5.15 1.71 137.7 4.27E-03 40.1
393 120 837 931 23.7 30.39 4.98 1.64 136.9 8.50E-03 40.7
403 130 834 929 23.8 30.76 4.82 1.57 136.1 1.63E-02 41.3
413 140 832 926 24.0 31.10 4.67 1.50 135.3 3.04E-02 41.8
423 150 830 924 24.1 3143 4.53 1.44 134.5 5.48E-02 42.4
433 160 827 921 24.2 31.79 4.39 1.38 133.7 9.62E-02 43.0
443 170 825 918 24.3 32.11 4.26 1.33 132.9 1.65E-01 43.6
453 180 823 916 24.5 3243 4.13 1.27 132.1 2.75E-01 44.1
463 190 820 914 24.6 32.79 4.02 1.22 131.3 4.48E-01 447
473 200 818 911 24.7 33.10 3.90 1.18 130.5 7.16E-01 453
483 210 816 909 24.8 3341 3.80 1.14 129.7 1.12E+00 458
493 220 813 907 249 33.75 3.70 1.10 128.9 1.72E+00 46.4
503 230 811 904 25.0 34.04 3.60 1.06 128.1 2.61E+00 47.0
513 240 809 902 25.1 34.33 3.51 1.02 127.3 3.87E+00 47.5
523 250 806 900 252 34.66 3.43 0.99 126.4 5.67E+00 48.1
533 260 804 898 252 34.94 3.35 0.96 125.6 8.18E+00 48.7
543 270 802 896 25.3 3522 3.27 0.93 124.8 1.16E+01 49.3
553 280 799 894 254 35.53 3.20 0.90 124.0 1.63E+01 49.8
563 290 797 893 255 35.79 3.13 0.87 123.2 2.26E+01 50.4
573 300 795 891 25.5 36.04 3.07 0.85 122.4 3.10E+01 51.0
583 310 792 889 25.6 36.33 3.01 0.83 121.6 4.21E+01 51.5
593 320 790 888 25.6 36.58 2.95 0.81 120.8 5.65E+01 52.1
603 330 788 886 25.7 36.81 2.90 0.79 120.0 7.50E+01 52.7
613 340 785 885 25.8 37.08 2.85 0.77 119.2 9.87E+01 53.3
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TABLE 3.20. (continued)

Temperature . Heat Thermal Thermal  Kinematic 10 Surface Electrical

_ De“S‘Ey capacity conductivity diffusivity  viscosity Prandtl  tension Pressure resistivity

K oc M jaeK)  WimK)  10°(m¥s) 107 (m¥s) number 10°N/m Pa 10%(Q-m)
623 350 783 883 25.8 37.30 2.80 0.75 118.4 1.29E+02 53.8
633 360 780 882 25.8 37.56 2.75 0.73 117.6 1.66E+02 544
643 370 778 881 259 37.77 2.71 0.72 116.8  2.14E+02 55.0
653 380 776 879 25.9 37.96 2.67 0.70 1159  2.72E+02 55.5
663 390 773 878 259 38.20 2.64 0.69 115.1 3.43E+02 56.1
673 400 771 877 26.0 38.38 2.60 0.68 114.3 4.31E+02 56.7
683 410 769 876 26.0 38.55 2.57 0.67 113.5 5.37E+02 57.3
693 420 766 875 26.0 38.77 2.54 0.65 112.7  6.65E+02 57.8
703 430 764 875 26.0 38.92 2.51 0.64 111.9  8.18E+02 58.4
713 440 762 874 26.0 39.07 2.48 0.63 111.1 1.00E+03 59.0
723 450 759 873 26.0 39.26 2.45 0.63 110.3 1.22E+03 59.5
733 460 757 873 26.0 39.39 2.43 0.62 109.5 1.47E+03 60.1
743 470 755 872 26.0 39.50 2.41 0.61 108.7 1.77E+03 60.7
753 480 752 872 26.0 39.67 2.38 0.60 107.9  2.12E+03 61.2
763 490 750 872 26.0 39.77 2.36 0.59 107.1 2.53E+03 61.8
773 500 748 871 26.0 39.86 2.34 0.59 106.2  3.00E+03 62.4
783 510 745 871 26.0 40.00 2.32 0.58 105.4  3.54E+03 63.0
793 520 743 871 25.9 40.07 2.31 0.58 104.6  4.17E+03 63.5
803 530 741 871 259 40.13 2.29 0.57 103.8  4.88E+03 64.1
813 540 738 871 25.9 40.24 2.27 0.56 103.0  5.70E+03 64.7
823 550 736 871 25.8 40.28 2.25 0.56 102.2  6.63E+03 65.2
833 560 733 872 25.8 40.37 2.24 0.55 101.4  7.68E+03 65.8
843 570 731 872 25.7 40.40 222 0.55 100.6  8.86E+03 66.4
853 580 729 872 25.7 40.41 221 0.55 99.8 1.02E+04 67.0
863 590 726 873 25.6 40.47 2.19 0.54 99.0 1.17E+04 67.5
873 600 724 873 25.6 40.46 2.18 0.54 98.2 1.34E+04 68.1
883 610 722 874 255 40.45 2.16 0.53 97.4 1.52E+04 68.7
893 620 719 875 25.5 40.48 2.15 0.53 96.6 1.73E+04 69.2
903 630 717 875 254 40.44 2.13 0.53 95.8 1.96E+04 69.8
913 640 715 876 253 40.39 2.12 0.52 95.0 2.22E+04 70.4
923 650 712 877 252 40.39 2.11 0.52 94.2 2.50E+04 71.0
933 660 710 878 25.1 40.33 2.09 0.52 93.3 2.81E+04 71.5
943 670 707 879 25.1 40.30 2.08 0.52 92.5 3.15E+04 72.1
953 680 705 881 25.0 40.22 2.06 0.51 91.7 3.52E+04 72.7
963 690 703 882 249 40.12 2.05 0.51 90.9 3.93E+04 73.2
973 700 700 883 24.8 40.07 2.03 0.51 90.1 4.38E+04 73.8
983 710 698 885 24.7 39.95 2.02 0.51 89.3 4.86E+04 74.4
993 720 695 886 24.6 39.87 2.01 0.50 88.5 5.39E+04 74.9
1003 730 693 888 244 39.73 1.99 0.50 87.7 5.97E+04 75.5
1013 740 691 889 24.3 39.58 1.98 0.50 86.9 6.59E+04 76.1
1023 750 688 891 24.2 39.48 1.96 0.50 86.1 7.26E+04 76.7
1033 760 686 893 24.1 39.31 1.95 0.50 853 7.99E+04 77.2
1043 770 683 895 24.0 39.19 1.93 0.49 84.5 8.78E+04 77.8
1053 780 681 897 23.8 38.99 1.92 0.49 83.7 9.62E+04 78.4
1063 790 678 899 23.7 38.85 1.91 0.49 829 1.05E+05 78.9
1073 800 676 901 23.5 38.64 1.89 0.49 82.1 1.15E+05 79.5
1083 810 674 904 234 38.42 1.88 0.49 81.3 1.25E+05 80.1
1093 820 671 906 233 38.24 1.87 0.49 80.6 1.37E+05 80.7
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TABLE 3.20. (continued)

Temperature . Heat Thermal Thermal  Kinematic 10° Surface Electrical

Den51t3y capacity conductivity diffusivity  viscosity Prandtl  tension Pressure resistivity

K oc M paek)  WimK)  10°(ms)  107(m%s) number 10°N/m Pa 108 (Q-m)
1103 830 669 908 23.1 38.00 1.85 0.49 79.8 1.49E+05 81.2
1113 840 666 911 229 37.81 1.84 0.49 79.0 1.61E+05 81.8
1123 850 664 913 22.8 37.54 1.83 0.49 78.2 1.75E+05 824
1133 860 661 916 22.6 37.33 1.82 0.49 774 1.89E+05 82.9
1143 870 659 919 224 37.05 1.81 0.49 76.6 2.05E+05 83.5
1153 880 656 922 223 36.82 1.80 0.49 75.8 2.21E+05 84.1
1163 890 654 925 22.1 36.52 1.79 0.49 75.0 2.38E+05 84.7
1173 900 651 928 21.9 36.26 1.78 0.49 74.2 2.57E+05 85.2
1183 910 649 931 21.7 35.94 1.77 0.49 73.4 2.76E+05 85.8
1193 920 646 934 215 35.67 1.76 0.49 72.6 2.97E+05 86.4
1203 930 644 937 213 35.33 1.76 0.50 71.9 3.18E+05 86.9
1213 940 641 940 21.1 35.04 1.76 0.50 71.1 3.41E+05 87.5
1223 950 639 944 20.9 34.69 1.75 0.51 70.3 3.65E+05 88.1
1233 960 636 947 20.7 3437 1.75 0.51 69.5 3.91E+05 88.6
1243 970 634 951 20.5 34.00 1.75 0.52 68.7 4.18E+05 89.2
1253 980 631 955 20.3 33.67 1.76 0.52 67.9 4.46E+05 89.8
1263 990 629 958 20.1 33.28 1.76 0.53 67.2 4.75E+05 90.4
1273 1000 626 962 19.8 32.94 1.77 0.54 66.4 5.06E+05 90.9
1283 1010 623 966 19.6 32.58 1.78 0.55 65.6 5.38E+05 91.5
1293 1020 621 970 194 32.16 1.79 0.56 64.8 5.72E+05 92.1
1303 1030 618 974 19.1 31.79 1.80 0.57 64.0 6.08E+05 92.6
1313 1040 616 978 18.9 31.36 1.82 0.58 63.3 6.45E+05 93.2
1323 1050 613 982 18.7 30.97 1.84 0.59 62.5 6.84E+05 93.8
1333 1060 611 987 18.4 30.52 1.86 0.61 61.7 7.24E+05 94.4
1343 1070 608 991 18.1 30.11 1.89 0.63 60.9 7.66E+05 94.9
1353 1080 605 996 17.9 29.70 1.92 0.65 60.2 8.10E+05 95.5
1363 1090 603 1000 17.6 29.22 1.95 0.67 594 8.56E+05 96.1
1373 1100 600 1005 17.4 28.79 1.99 0.69 58.6 9.04E+05 96.6
1383 1110 598 1009 17.1 2831 2.03 0.72 57.9 9.53E+05 97.2
1393 1120 595 1014 16.8 27.86 2.07 0.74 57.1 1.00E+06 97.8
1403 1130 592 1019 16.5 27.40 2.12 0.77 56.3 1.06E+06 98.4
1413 1140 590 1024 16.3 26.89 2.18 0.81 55.6 1.11E+06 98.9
1423 1150 587 1029 16.0 26.42 2.23 0.85 54.8 1.17E+06 99.5
1433 1160 584 1034 15.7 25.94 2.30 0.89 54.0 1.23E+06 100.1
1443 1170 582 1040 154 25.41 2.37 0.93 53.3 1.29E+06 100.6
1453 1180 579 1045 15.1 24.92 2.44 0.98 52.5 1.36E+06 101.2
1463 1190 576 1050 14.8 24.42 2.52 1.03 51.8 1.42E+06 101.8
1473 1200 574 1056 14.5 23.87 2.60 1.09 51.0 1.49E+06 102.3
1483 1210 571 1061 14.2 2335 2.70 1.15 50.3 1.56E+06 102.9
1493 1220 568 1067 13.8 22.83 2.79 1.22 49.5 1.64E+06 103.5
1503 1230 565 1073 13.5 2230 2.90 1.30 48.8 1.71E+06 104.1
1513 1240 563 1078 13.2 21.72 3.01 1.39 48.0 1.79E+06 104.6
1523 1250 560 1084 12.9 21.18 3.13 1.48 473 1.87E+06 105.2
1533 1260 557 1090 12.5 20.63 3.26 1.58 46.5 1.95E+06 105.8
1543 1270 555 1096 12.2 20.04 3.39 1.69 45.8 2.04E+06 106.3
1553 1280 552 1102 11.9 19.47 3.53 1.81 45.0 2.13E+06 106.9
1563 1290 549 1109 11.5 18.90 3.68 1.95 443 2.22E+06 107.5
1573 1300 546 1115 11.1 18.32 3.84 2.10 43.5 2.31E+06 108.0
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TABLE 3.21. PROPERTIES OF 4,2Na-22,2K-73,6Cs WT. % ALLOY BY TO EQUATIONS
(3.56-3.62)

Temperature .. ty HeaF Thern}al. Thermgl Ki.nema.ltic 10? Surf.ace Pressure Ele.ct.r igal
— ke/m’ capacity  conductivity dlf{USl\zllty Vlicos;ty Prandtl tegsmn Pa resistivity
K C J/(kg-K) W/(m-K) 10°(m¥/s) 10°(m*/s) number 10°N/m 108 (Qm)
203 70 1444 477 6.08 8.85 126 14.2 115.3 2.26E-10 7.68
213 —-60 1441 473 6.41 9.41 110 11.7 114.7  1.62E-09 7.64
223 =50 1437 470 6.73 9.97 97.6 9.79 114.0 9.77E-09 7.62
233 40 1434 467 7.04 10.53 87.3 8.29 113.4  5.05E-08 7.61
243 30 1430 463 8.98 11.08 78.8 7.11 112.7  2.28E-07 7.61
253 20 1427 460 7.64 11.63 71.6 6.16 112.1  9.14E-07 7.62
263 —10 1423 457 7.92 12.18 65.6 5.39 111.4  3.30E-06 7.63
273 0 1420 455 8.20 12.72 60.5 4.75 110.8 1.09E-05 7.66
283 10 1416 452 8.47 13.26 56.0 4.23 110.1  3.29E-05 7.69
293 20 1412 449 8.73 13.79 52.2 3.78 109.4  9.23E-05 7.72
303 30 1408 446 8.98 14.31 48.8 3.41 108.8 2.42E-04 7.76
313 40 1404 443 9.23 14.83 45.8 3.09 108.1  5.97E-04 7.80
323 50 1400 441 9.46 15.35 43.2 2.82 107.5 1.39E-03 7.85
333 60 1396 438 9.69 15.86 40.9 2.58 106.8  3.09E-03 7.90
343 70 1392 435 9.92 16.37 38.8 2.37 106.2  6.56E-03 7.96
353 80 1388 433 10.1 16.86 36.9 2.19 105.5 1.33E-02 8.01
363 90 1384 431 10.3 17.35 35.2 2.03 1049 2.61E-02 8.08
373 100 1380 428 10.5 17.84 33.7 1.89 1042  4.91E-02 8.14
383 110 1376 426 10.7 18.32 323 1.76 103.5 8.97E-02 8.21
393 120 1372 424 10.9 18.79 31.0 1.65 102.9 1.59E-01 8.28
403 130 1368 422 11.1 19.25 29.9 1.55 102.2  2.73E-01 8.36
413 140 1364 419 11.3 19.70 28.8 1.46 101.6  4.59E-01 8.43
423 150 1360 417 11.4 20.15 27.8 1.38 100.9 7.51E-01 8.51
433 160 1356 415 11.6 20.59 26.9 1.31 100.3 1.20E+00 8.60
443 170 1351 413 11.7 21.02 26.1 1.24 99.6 1.89E+00 8.68
453 180 1347 412 11.9 21.44 253 1.18 98.9  2.90E+00 8.77
463 190 1343 410 12.0 21.85 24.6 1.13 98.3  4.37E+00 8.86
473 200 1339 408 12.2 22.26 23.9 1.08 97.6  6.49E+00 8.95
483 210 1335 406 12.3 22.65 23.3 1.03 97.0  9.47E+00 9.05
493 220 1330 405 12.4 23.03 22.7 0.99 96.3 1.36E+01 9.15
503 230 1326 403 12.5 23.41 22.2 0.95 95.7 1.93E+01 9.25
513 240 1322 402 12.6 23.77 21.6 0.91 95.0 2.70E+01 9.35
523 250 1318 400 12.7 24.12 21.1 0.88 94.3  3.73E+01 9.46
533 260 1314 399 12.8 24.47 20.7 0.85 93.7 5.08E+01 9.57
543 270 1310 398 12.9 24.80 20.3 0.82 93.0 6.86E+01 9.68
553 280 1305 396 13.0 25.12 19.9 0.79 924  9.15E+01 9.80
563 290 1301 395 13.1 2543 19.5 0.77 91.7 1.21E+02 9.91
573 300 1297 394 13.1 25.73 19.1 0.74 91.1 1.58E+02  10.03
583 310 1293 393 13.2 26.01 18.8 0.72 90.4 2.05E+02 10.16
593 320 1289 392 13.3 26.29 18.4 0.70 89.8 2.64E+02 10.28
603 330 1284 391 13.3 26.55 18.1 0.68 89.1 3.37E+02  10.41
613 340 1280 390 13.4 26.81 17.8 0.67 88.4 426E+02 10.54
623 350 1276 389 13.4 27.05 17.5 0.65 87.8 5.35E+02 10.68
633 360 1272 388 13.5 27.28 17.3 0.63 87.1 6.67E+02  10.81
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TABLE 3.21. (continued)

, Heat Thermal ~ Thermal Kinematic 107 Surface Electrical

M ?{el;SIEY capacity conductivity diffusivity viscosity = Prandtl  tension Prefs)sure resistivity

K °c M pyek)  W(mK) 10°(m¥%s) 10%(m¥s) number 10°N/m T 0% (Qm)
643 370 1268 388 13.5 27.49 17.0 0.62 86.5 8.26E+02 10.95
653 380 1264 387 13.5 27.70 16.8 0.61 85.8 1.02E+03 11.09
663 390 1260 386 13.6 27.89 16.6 0.59 85.2 1.24E+03 11.24
673 400 1255 386 13.6 28.07 16.3 0.58 84.5 1.51E+03 11.39
683 410 1251 385 13.6 28.24 16.1 0.57 83.9 1.83E+03 11.54
693 420 1247 385 13.6 28.40 159 0.56 83.2 2.20E+03 11.70
703 430 1243 385 13.6 28.54 15.7 0.55 82.6 2.63E+03 11.86
713 440 1239 384 13.7 28.67 15.5 0.54 81.9 3.13E+03 12.02
723 450 1235 384 13.7 28.79 154 0.53 81.3 3.71E+03 12.18
733 460 1231 384 13.7 28.90 15.2 0.53 80.6 4.38E+03 12.35
743 470 1226 384 13.7 29.00 15.0 0.52 79.9 5.14E+03 12.52
753 480 1222 384 13.6 29.09 149 0.51 79.3 6.01E+03 12.70
763 490 1218 384 13.6 29.16 14.7 0.51 78.6 7.00E+03 12.88
773 500 1214 384 13.6 29.22 14.6 0.50 78.0 8.12E+03 13.06
783 510 1210 384 13.6 29.27 144 0.49 77.3 9.39E+03 13.25
793 520 1206 384 13.6 29.31 14.3 0.49 76.7 1.08E+04 13.44
803 530 1201 385 13.6 29.34 14.2 0.48 76.0 1.24E+04 13.63
813 540 1197 385 13.5 29.36 14.1 0.48 754 1.42E+04 13.83
823 550 1193 385 13.5 29.37 13.9 0.48 74.7 1.62E+04 14.03
833 560 1189 386 13.5 29.36 13.8 0.47 74.1 1.84E+04 14.24
843 570 1185 386 134 29.35 13.7 0.47 73.4 2.09E+04 14.45
853 580 1180 387 13.4 29.33 13.6 0.46 72.8 2.36E+04 14.66
863 590 1176 388 13.3 29.29 13.5 0.46 72.1 2.66E+04 14.88
873 600 1172 388 13.3 29.25 13.4 0.46 71.5 2.99E+04 15.10
883 610 1168 389 13.3 29.20 13.3 0.46 70.8 3.35E+04 15.33
893 620 1163 390 13.2 29.13 13.2 0.45 70.2 3.75E+04 15.56
903 630 1159 391 13.2 29.06 13.1 0.45 69.5 4.18E+04 15.79
913 640 1155 392 13.1 28.98 13.1 0.45 68.9 4.65E+04 16.03
923 650 1151 393 13.0 28.89 13.0 0.45 68.3 5.16E+04 16.27
933 660 1146 394 13.0 28.80 12.9 0.45 67.6 5.72E+04 16.52
943 670 1142 395 12.9 28.70 12.8 0.45 67.0 6.33E+04 16.78
953 680 1138 396 12.9 28.58 12.8 0.45 66.3 6.98E+04 17.03
963 690 1133 397 12.8 28.47 12.7 0.45 65.7 7.69E+04 17.30
973 700 1129 399 12.7 28.34 12.6 0.45 65.0 8.45E+04 17.56
983 710 1125 400 12.7 28.21 12.6 0.45 64.4 9.27E+04 17.83
993 720 1120 401 12.6 28.07 12.5 0.45 63.7 1.02E+05 18.11
1003 730 1116 403 12.5 27.92 124 0.45 63.1 1.11E+05 18.39
1013 740 1112 404 12.5 27.77 124 0.45 62.4 1.21E+05 18.68
1023 750 1107 406 124 27.62 12.3 0.45 61.8 1.32E+05 18.97
1033 760 1103 408 12.3 27.46 12.3 0.45 61.2 1.43E+05 19.26
1043 770 1098 409 12.3 27.29 12.2 0.45 60.5 1.56E+05 19.56
1053 780 1094 411 12.2 27.12 12.2 0.45 59.9 1.69E+05 19.87
1063 790 1089 413 12.1 26.95 12.1 0.45 59.2 1.83E+05 20.18
1073 800 1085 415 12.0 26.77 12.1 0.45 58.6 1.98E+05 20.49
1083 810 1081 417 12.0 26.59 12.0 0.45 58.0 2.14E+05 20.81
1093 820 1076 419 11.9 26.41 12.0 0.45 57.3 2.30E+05 21.13
1103 830 1071 421 11.8 26.22 12.0 0.46 56.7 2.48E+05 21.46
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TABLE 3.21. (continued)

. Heat Thermal ~ Thermal Kinematic  10? Surface Electrical

M ?{e?Slgy capacity  conductivity diffusivity viscosity =~ Prandtl  tension Prefs)sure resistivity

K °C gm JkgK)  W/mK) 10°(m%s) 10*(m%s) number 10°N/m a 10°(Qm)
1113 840 1067 423 11.7 26.03 11.9 0.46 56.0 2.67E+05 21.80
1123 850 1062 425 11.7 25.84 11.9 0.46 55.4 2.86E+05 22.13
1133 860 1058 428 11.6 25.65 11.8 0.46 54.8 3.07E+05 22.47
1143 870 1053 430 11.5 25.46 11.8 0.46 54.1 3.29E+05 22.82
1153 880 1049 432 11.5 25.26 11.8 0.47 53.5 3.52E+05 23.17
1163 890 1044 435 11.4 25.07 11.8 0.47 52.9 3.76E+05 23.52
1173 900 1039 437 11.3 24.87 11.7 0.47 52.2 4.02E+05 23.88
1183 910 1035 440 11.2 24.67 11.7 0.47 51.6 4.28E+05 24.24
1193 920 1030 443 11.2 24.48 11.7 0.48 50.9 4.57E+05 24.61
1203 930 1025 445 11.1 24.28 11.7 0.48 50.3 4.86E+05 24.98
1213 940 1021 448 11.0 24.08 11.6 0.48 49.7 5.17E+05 25.35
1223 950 1016 451 10.9 23.89 11.6 0.49 49.1 5.49E+05 25.72
1233 960 1011 454 10.9 23.70 11.6 0.49 48.4 5.82E+05 26.10
1243 970 1007 457 10.8 23.50 11.6 0.49 47.8 6.18E+05 26.48
1253 980 1002 460 10.7 23.31 11.6 0.50 472 6.54E+05 26.86
1263 990 997 463 10.7 23.13 11.5 0.50 46.5 6.92E+05 27.24
1273 1000 992 466 10.6 22.94 11.5 0.50 459 7.32E+05 27.62
1283 1010 988 469 10.5 22.76 11.5 0.51 453 7.74E+05 28.01
1293 1020 983 472 10.5 22.58 11.5 0.51 44.6 8.17E+05 28.39
1303 1030 978 476 10.4 22.40 11.5 0.51 44.0 8.61E+05 28.77
1313 1040 973 479 10.4 22.23 11.5 0.52 434 9.08E+05 29.16
1323 1050 969 482 10.3 22.06 11.5 0.52 42.8 9.56E+05 29.54
1333 1060 964 486 10.3 21.89 11.5 0.52 421 1.01E+06 29.92
1343 1070 959 490 10.2 21.73 11.5 0.53 41.5 1.06E+06 30.30
1353 1080 954 493 10.1 21.58 11.5 0.53 40.9 1.11E+06 30.68
1363 1090 949 497 10.1 21.42 11.5 0.54 40.3 1.17E+06 31.05
1373 1100 944 501 10.1 21.28 11.5 0.54 39.6 1.23E+06 31.42
1383 1110 939 504 10.0 21.13 11.5 0.54 39.0 1.29E+06 31.79
1393 1120 934 508 10.0 21.00 11.5 0.55 38.4 1.35E+06 32.15
1403 1130 930 512 9.93 20.87 11.5 0.55 37.8 1.41E+06 32.51
1413 1140 925 516 9.89 20.74 11.5 0.55 37.2 1.48E+06 32.86
1423 1150 920 520 9.86 20.62 11.5 0.56 36.5 1.54E+06 33.20
1433 1160 915 524 9.83 20.51 11.5 0.56 359 1.61E+06 33.53
1443 1170 910 528 9.80 20.41 11.5 0.56 353 1.69E+06 33.86
1453 1180 905 533 9.78 20.31 11.5 0.57 34.7 1.76E+06 34.18
1463 1190 900 537 9.76 20.22 11.5 0.57 34.1 1.84E+06 34.48
1473 1200 895 541 9.74 20.13 11.5 0.57 335 1.92E+06 34.78
1483 1210 889 546 9.73 20.05 11.5 0.57 32.8 2.00E+06 35.07
1493 1220 884 550 9.72 19.98 11.5 0.58 322 2.08E+06 35.34
1503 1230 879 555 9.71 19.92 11.5 0.58 31.6 2.17E+06 35.60
1513 1240 874 559 9.71 19.87 11.6 0.58 31.0 2.26E+06 35.85
1523 1250 869 564 9.71 19.82 11.6 0.58 30.4 2.35E+06 36.08
1533 1260 864 569 9.71 19.79 11.6 0.59 29.8 2.44E+06 36.30
1543 1270 859 573 9.72 19.76 11.6 0.59 29.2 2.54E+06 36.51
1553 1280 853 578 9.73 19.74 11.6 0.59 28.6 2.64E+06 36.70
1563 1290 848 583 9.75 19.73 11.7 0.59 27.9 2.74E+06 36.87
1573 1300 843 588 9.77 19.73 11.7 0.59 27.3 2.84E+06 37.02
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TABLE 3.22. PROPERTIES OF 44.5Pb—55.5Bi WT. % ALLOY BY EQUATIONS (3.63-3.66)

Temperature Density Hea't Therma! _Ther1_ngl Ki_nemgtic 107 Surf._ace Elf?ct'ric?al

N ke P capacity  conductivity d1f£u51;/1ty VlSSCOSZI'[y Prandtl ter;smn resslstlvny

K C (kg K) W/(m-K) 10°(m“/s)  10°(m7/s) number 10°N/m 10° (Q-m)
403 130 10550 146 11.0 7.17 29.41 4.10 415.65 104.41
413 140 10530 146 11.1 7.24 28.72 3.97 414.95 104.93
423 150 10520 146 11.2 7.31 28.04 3.83 414.24 105.45
433 160 10510 146 11.3 7.39 27.37 3.71 413.54 105.98
443 170 10500 146 11.4 7.46 26.72 3.58 412.84 106.50
453 180 10480 146 11.5 7.53 26.08 3.46 412.13 107.02
463 190 10470 146 11.6 7.61 25.46 3.35 411.43 107.54
473 200 10460 146 11.7 7.68 24.85 3.24 410.73 108.07
483 210 10450 146 11.8 7.76 24.26 3.13 410.02 108.59
493 220 10430 146 11.9 7.83 23.67 3.02 409.32 109.11
503 230 10420 146 12.0 7.90 23.11 2.92 408.62 109.64
513 240 10410 146 12.1 7.98 22.55 2.83 407.92 110.16
523 250 10400 146 12.2 8.05 22.01 2.73 407.21 110.68
533 260 10380 146 12.3 8.13 21.49 2.64 406.51 111.21
543 270 10370 146 12.4 8.21 20.97 2.56 405.81 111.73
553 280 10360 146 12.5 8.28 20.48 2.47 405.10 112.25
563 290 10350 146 12.6 8.36 19.99 2.39 404.40 112.77
573 300 10330 146 12.7 8.43 19.52 2.32 403.70 113.30
583 310 10320 146 12.8 8.51 19.06 2.24 402.99 113.82
593 320 10310 146 12.9 8.58 18.62 2.17 402.29 114.34
603 330 10300 146 13.0 8.66 18.19 2.10 401.59 114.87
613 340 10280 146 13.1 8.74 17.78 2.03 400.89 115.39
623 350 10270 146 13.2 8.81 17.38 1.97 400.18 115.91
633 360 10260 146 13.3 8.89 16.99 1.91 399.48 116.44
643 370 10250 146 13.4 8.97 16.62 1.85 398.78 116.96
653 380 10230 146 13.5 9.05 16.26 1.80 398.07 117.48
663 390 10220 146 13.6 9.12 15.91 1.74 397.37 118.00
673 400 10210 146 13.7 9.20 15.58 1.69 396.67 118.53
683 410 10200 146 13.8 9.28 15.26 1.64 395.96 119.05
693 420 10180 146 13.9 9.36 14.96 1.60 395.26 119.57
703 430 10170 146 14.0 9.44 14.67 1.55 394.56 120.10
713 440 10160 146 14.1 9.51 14.39 1.51 393.86 120.62
723 450 10150 146 14.2 9.59 14.13 1.47 393.15 121.14
733 460 10130 146 14.3 9.67 13.88 1.44 392.45 121.67
743 470 10120 146 14.4 9.75 13.65 1.40 391.75 122.19
753 480 10110 146 14.5 9.83 13.43 1.37 391.04 122.71
763 490 10100 146 14.6 9.91 13.22 1.33 390.34 123.23
773 500 10080 146 14.7 9.99 13.03 1.30 389.64 123.76
783 510 10070 146 14.8 10.07 12.85 1.28 388.93 124.28
793 520 10060 146 14.9 10.15 12.69 1.25 388.23 124.80
803 530 10050 146 15.0 10.23 12.54 1.23 387.53 125.33
813 540 10030 146 15.1 10.31 12.40 1.20 386.83 125.85
823 550 10020 146 15.2 10.39 12.28 1.18 386.12 126.37
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TABLE 3.22. (continued)

Temperature . Heat Thermal Thermal Kinematic 10? Surface Electrical

Densﬂ;y capacity  conductivity diffusivity viscosity = Prandtl tension resistivity

K oC ke/m UkegK)  WAmK)  10%m%¥s) 10%m%s) number  10°N/m 10%(Q:m)
833 560 10010 146 15.3 10.47 12.17 1.16 385.42 126.90
843 570 10000 146 15.4 10.55 12.07 1.14 384.72 127.42
853 580 9980 146 15.5 10.63 11.99 1.13 384.01 127.94
863 590 9970 146 15.6 10.72 11.92 1.11 383.31 128.46
873 600 9960 146 15.7 10.80 11.87 1.10 382.61 128.99
883 610 9950 146 15.8 10.88 11.83 1.09 381.90 129.51
893 620 9930 146 15.9 10.96 11.80 1.08 381.20 130.03
903 630 9920 146 16.0 11.04 11.79 1.07 380.50 130.56
913 640 9910 146 16.1 11.13 11.80 1.06 379.80 131.08
923 650 9900 146 16.2 11.21 11.81 1.05 379.09 131.60
933 660 9880 146 16.3 11.29 11.84 1.05 378.39 132.13
943 670 9870 146 16.4 11.38 11.88 1.04 377.69 132.65
953 680 9860 146 16.5 11.46 11.94 1.04 376.98 133.17
963 690 9850 146 16.6 11.54 12.01 1.04 376.28 133.69
973 700 9830 146 16.7 11.63 12.10 1.04 375.58 134.22
983 710 9820 146 16.8 11.71 12.20 1.04 374.87 134.74
993 720 9810 146 16.9 11.80 12.31 1.04 374.17 135.26
1003 730 9800 146 17.0 11.88 12.44 1.05 373.47 135.79
1013 740 9780 146 17.1 11.96 12.58 1.05 372.77 136.31
1023 750 9770 146 17.2 12.05 12.74 1.06 372.06 136.83
1033 760 9760 146 17.3 12.13 12.90 1.06 371.36 137.36
1043 770 9750 146 17.4 12.22 13.09 1.07 370.66 137.88
1053 780 9730 146 17.5 12.31 13.28 1.08 369.95 138.40
1063 790 9720 146 17.6 12.39 13.49 1.09 369.25 138.92
1073 800 9710 146 17.7 12.48 13.72 1.10 368.55 139.45

TABLE 3.23. PROPERTIES OF 99.32Pb—0.68Li WT. % ALLOY BY EQUATIONS (3.67-3.78)

. Heat Thermal Thermal Kinematic 10° Surface Electrical

M [l)(er;rslllgy capacity conductivity diffusivity viscosity Prandtl tension Pre}s)zure resistivity

K °C 5 J(kgK)  W/(mK) 10°(m%s) 10%m?¥s) number 10°N/m 10%(Q-m)
513 240 9495 183.0 12.00 6.90 27.95 4.04 464.4 5.76E-10 124.1
523 250 9486 183.0 12.19 7.03 26.57 3.77 463.0 1.34E-09 124.6
533 260 9478 182.9 12.39 7.15 25.32 3.54 461.7 3.04E-09 125.0
543 270 9469 182.8 12.59 7.27 24.17 3.32 460.3 6.66E-09 125.4
553 280 9461 182.8 12.78 7.39 23.11 3.12 458.9 1.42E-08 125.9
563 290 9452 182.7 12.98 7.52 22.13 2.94 457.6 2.94E-08 126.3
573 300 9444 182.6 13.17 7.64 21.22 2.77 456.2 5.95E-08 126.7
583 310 9435 182.5 13.37 7.76 20.38 2.62 454.8 1.18E-07 127.1
593 320 9427 182.5 13.57 7.89 19.61 2.48 453.5 2.27E-07 127.6
603 330 9418 182.4 13.76 8.01 18.88 2.35 452.1 4.28E-07 128.0
613 340 9410 182.4 13.96 8.13 18.21 2.24 450.8 7.92E-07 128.4
623 350 9401 182.3 14.15 8.26 17.57 2.13 449.4 1.44E-06 128.8
633 360 9393 182.2 14.35 8.38 16.99 2.03 448.0 2.56E-06 129.3
643 370 9384 182.2 14.55 8.51 16.44 1.93 446.7 4.47E-06 129.7
653 380 9376 182.1 14.74 8.63 15.93 1.84 4453 7.68E-06 130.1
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TABLE 3.23. (continued)

Temperature Density HeaF Them}al' Thermgl Ki.nemz.itic 10 Surffice Pressure Elgct'ric'al

— ke/m’ capacity conductivity d1f£u51;/1ty VngCOSzlty Prandtl telgswn Pa res;stlvny
K C J(kgK)  W/(mK) 10°m%*s) 10°m%s) number 10°N/m 10%(Qm)
663 390 9367 182.0 14.94 8.76 15.44 1.76 443.9 1.30E-05 130.5
673 400 9359 182.0 15.13 8.89 14.98 1.69 442.6 2.16E-05 131.0
683 410 9350 181.9 15.33 9.01 14.55 1.62 441.2 3.54E-05 131.4
693 420 9342 181.9 15.53 9.14 14.14 1.55 439.8 5.72E-05 131.8
703 430 9333 181.8 15.72 9.27 13.76 1.49 438.5 9.12E-05 132.2
713 440 9325 181.7 15.92 9.39 13.40 1.43 437.1 1.44E-04 132.7
723 450 9316 181.7 16.11 9.52 13.06 1.37 435.7 2.23E-04 133.1
733 460 9308 181.6 16.31 9.65 12.74 1.32 4344 3.43E-04 133.5
743 470 9299 181.6 16.51 9.78 12.43 1.27 433.0 5.20E-04 134.0
753 480 9291 181.5 16.70 9.90 12.13 1.23 431.6 7.81E-04 134.4
763 490 9282 181.4 16.90 10.03 11.86 1.18 430.3 1.16E-03 134.8
773 500 9274 181.4 17.09 10.16 11.59 1.14 428.9 1.70E-03 135.2
783 510 9265 181.3 17.29 10.29 11.34 1.10 427.5 2.48E-03 135.7
793 520 9257 181.3 17.49 10.42 11.10 1.07 426.2 3.58E-03 136.1
803 530 9248 181.2 17.68 10.55 10.87 1.03 424.8 5.11E-03 136.5
813 540 9240 181.2 17.88 10.68 10.66 1.00 4234 7.24E-03 136.9
823 550 9231 181.1 18.07 10.81 10.45 0.97 422.1 1.02E-02 137.4
833 560 9223 181.1 18.27 10.94 10.25 0.94 420.7 1.42E-02 137.8
843 570 9214 181.0 18.47 11.07 10.06 0.91 419.3 1.96E-02 138.2
853 580 9206 180.9 18.66 11.20 9.88 0.88 418.0 2.69E-02 138.6
863 590 9197 180.9 18.86 11.33 9.70 0.86 416.6 3.66E-02 139.1
873 600 9189 180.8 19.05 11.47 9.53 0.83 415.2 4.94E-02 139.5

3.4.4. Thermophysical properties of vapours of some metals (Li, Na, K, Cs) [11-13]

TABLE 3.24. PROPERTIES OF SATURATED LITHIUM VAPOUR

. Heat Specific Thermal ~ Dynamic  Sound
Temperature  Pressure Density” . ” e e . . .
K MPa ke/m’ capacity Eeat conductivity VlSSOSlty velocity
J/(kg-K) 10~ (kJ/kg) W/(m-K) 10'(Pas) m/s
900 0.138E-4 0.128E-4 3.936 21.76 - 106 1270
1000 1.036E-4 0.872E-4 4.432 21.59 0.069 113 1317
1100 5.374E-4 0.413E-3 4.952 21.39 0.075 118 1364
1200 2.111E-3 0.150E-2 5.451 21.17 0.085 123 1410
1300 6.710E-3 0.444E-2 5.907 20.93 0.091 126 1456
1400 1.807E-2 0.0112 6.325 20.66 0.097 129 1501
1500 4.264E-2 0.0250 6.735 20.37 0.101 131 1543
1600 9.048E-2 0.0505 7.172 20.05 0.105 133 1582
1700 1.759E-1 0.0940 7.664 19.69 0.107 135 1617
1800 3.183E-1 0.164 8.216 19.29 0.109 137 1647
1900 5.420E-1 0.272 8.795 18.84 0.111 139 1671
2000 8.770E-1 0.431 9.329 18.32 0.112 140 1687
2100 1.359 0.660 9.730 17.76 0.115 141 1696
2200 2.027 0.981 9.924 17.15 0.117 143 1696
2300 2.929 1.421 9.881 16.50 0.120 144 1687
2400 4114 2.012 9.619 15.85 0.122 146 1672
2500 5.639 2.790 9.191 15.19 0.125 147 1662
2600 7.508 3.754 8.674 14.58 0.127 - 1631



TABLE 3.24. (continued)

Temp. - Heat Specific Thermal Dynamic  Sound
rature Prlevs[;ure Dens}tg’ capacity” heat” conductivity” wviscosity” velocity
K a kg/m JkeK) 100Gk  WimK)  107(Pas)  mis
2700 9.744 4911 8.140 14.00 0.131 - 1611
2800 12.41 6.299 7.624 13.45 0.135 - 1591
2900 15.55 7.935 7.149 12.92 0.137 - 1571
3000 19.19 9.829 6.722 12.42 0.142 - 1553
TABLE 3.25. PROPERTIES OF SATURATED SODIUM VAPOUR
Temp. . Heat Specific Thermal Dynamic  Sound
rature Pressure Densn;/ capacity” heat” conductivity” viscosity” velocity
K Mpa kg/m KJ/(ke K) kg  10°W/(mK) 107(Pas)  mis
800 9.492E-4 0.339E-2 2.160 4255 3.66 - 614
900 5.135E-3 0.0166 2.399 4163 4.13 171 644
1000 1.977E-2 0.0587 2.475 4071 4.47 178 674
1100 5.939E-2 0.163 2.458 3978 4.74 184 704
1200 0.148 0.381 2.400 3885 4.86 190 731
1300 0.321 0.779 2.335 3789 4.92 197 757
1400 0.622 1.433 2.279 3688 4.97 203 781
1500 1.101 2.433 2.233 3578 5.00 210 801
1600 1.814 3.874 2.195 3459 - 219 816
1700 2.813 5.857 2.149 3349 - 227 827
1800 4.149 8.485 2.087 3190 - 234 830
1900 5.865 11.85 2.008 3043 - - 830
2000 7.944 16.04 1.915 2890 - - 826
TABLE 3.26. PROPERTIES OF SATURATED POTASSIUM VAPOUR
Temp. - Heat Specific Thermal Dynamic Sound
rature Pressure Dens}tg’ capacity” heat” conductivity”  viscosity” velocity
K Mha kem KiikeK)  kikg  10°W/mK)  10'(Pas) ms
800 6.407E-3 0.0395 1.155 2024 1.63 141 476
900  2.536E-2 0.142 1.193 1973 1.79 152 502
1000 7.583E-2 0.389 1.181 1920 1.97 161 525
1100 0.185 0.882 1.146 1865 2.11 169 548
1200 0.389 1.733 1.102 1810 222 177 570
1300 0.727 3.057 1.060 1750 2.32 185 589
1400 1.240 4.965 1.021 1685 2.41 193 604
1500 1.965 7.570 0.985 1614 2.49 202 613
1600 2.930 10.98 0.951 1535 - - 615
1700 4.155 15.32 0914 1449 - - 610
1800 5.647 2.65 0.874 1356 - - 600
1900 7.405 27.01 0.834 1256 - - 587
2000 9.418 34.37 0.796 1150 - - 572
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TABLE 3.27. PROPERTIES OF SATURATED CAESIUM VAPOUR

Temp. . Heat Specific Thermal Dynamic Sound
rature Pressure Den51t}31 capacity” heat” conductivity”  viscosity” velocity
K MPa —kgm™ o paek) Kk 10°WAmK)  107(Pass) s
500  3.312E-5 1.070E-3 0.230 542 - - 215
600  5.906E-4  1.604E-2 0.265 530 - - 230
700  4.524E-3 0.1065 0.296 518 6.58 204 244
800  2.059E-2 0.4353 0.315 504 7.55 221 257
900  6.656E-2 1.285 0.314 490 8.40 236 270
1000 0.170 3.031 0.314 476 9.13 250 282
1100 0.365 6.101 0.315 461 9.77 264 293
1200 0.690 10.89 0.316 444 10.37 278 303
1300 1.179 17.73 0.319 425 10.96 292 311
1400 1.863 26.97 0.323 403 - 306 318
1500 2.760 38.88 0.337 377 - 321 324
1600 3.876 54.23 0.381 345 - 336 327
1700 5.213 75.00 0.453 306 - 352 321
1800 6.773 110.8 0.658 248 - 369 291
1900 8.572 173.8 - 189 - 385 -
2000 10.66 - - 100 - - -
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4. MODERATORS

4.1. BASIC PROPERTIES OF MODERATORS

Neutrons being formed at fission have the energy spectrum from 0.25 eV to 10 MeV, the most
probable energy is slightly smaller than 1 MeV. The absolute majority of reactors operate on
slow (thermal) neutrons with energy of 0.025 eV, because they are easily absorbed by 2°U,
Pu®’ nuclei and cause a larger number of fissions than high energy neutrons. Efficient
moderators of neutrons are materials with light nuclei (for example, hydrogen, deuterium,
beryllium, etc.) Water is a good moderator, as it contains a large amount of hydrogen.
Neutron with an energy of 2 MeV undergoes on the average £ = 19.6 collisions in water prior
to being moderated to energy of 0.025 eV [1].

A moderator must have a high scattering cross section to provide a high collision number of
neutrons per time unit prior to being captured, as well as a low neutron-absorption cross
section that not to deteriorate a neutron balance owing to nonproductive absorption in
moderator mass. The measure of this characteristic is the ratio £Xy/Z, termed as moderating
ratio. The product of the mean number of collisions prior to being attained thermal energy (&)
by the macroscopic scattering cross section (Xs) is called as moderating power [2, 3]. The
basic neutron-physical and thermophysical properties of moderators are presented in Tables
4.1 and 4.2, respectively.

Light water (H,O) is characterized by the highest moderating power and the high absorption
cross section. As a result in the case of moderating neutrons by light water, it is impossible to
make a natural uranium fuel reactor as a critical one. For this reason, fuel enriched up to 2—
4% has been used in power reactors. In reactor, water is subject to radiolysis that results in
formation of gases such as hydrogen and oxygen and moreover, formation of detonating
mixture is possible. Another problem consists in interaction of water with zirconium (from a
fuel element cladding) accompanied by formation of ZrO, and H,. The disadvantage of water
is a low boiling point, thus high pressures are to be applied [2].

Heavy water (D,0) has the absorption cross section, which is rather lower as compared to
light water, and the highest moderating ratio among all moderators. The natural uranium fuel
reactor can become critical, if D,O is used as moderator. The disadvantages of heavy water
are its high cost and the need of high pressures [2].

Graphite (C) used as a moderator in power reactors (gas cooled reactors, channel reactors of
high power RBMK, etc.) is an anisotropic material. It has good moderating characteristics and
satisfactory mechanical properties. Reactor artificial graphite is produced from oil coke. Its
production technology is rather complicated and involves the following preliminary
operations: coke crushing, incineration to purify material, preparing charge from particles of
different sizes, and molding (pressing). In the course of molding process, there occurs
anisotropy of product properties to parallel and to perpendicular directions vs. a pressing axis.
The final operations of manufacturing graphite are as follows: preliminary annealing at
1000-1300°C, long-term annealing at 450-500°C, fining and impregnation by carbon-bearing
materials (pitch, alcohol etc.) to increase compression strength. Structural graphite is
characterized by pronounced anisotropy of its properties. However, graphite materials
(GR-220, GR-280) used in uranium-graphite reactors have rather low anisotropy. Typical
density of reactor graphite is of 1600—1700 kg/m’, which is considerably smaller, than the
theoretical one (2260 kg/m®). Such difference is caused by graphite porosity being formed
during its manufacture.
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In the course of using graphite, the main problems are in its chemical reactions with oxygen,
water steam, metals that requires creation of inert atmosphere in reactor. Under radiation,
internal energy is being accumulated in the crystal lattice of graphite owing to atomic
displacements. At ordinary temperatures (<350°C) and fluence of 10" neutr/cm?, the value of
stored energy in graphite can achieve up to 1.7 MJ/kg. In the generation of this energy
(Wigner effect), graphite can be heated up to 1000°C. Therefore in the case of operating
graphite in reactors at low temperatures, it is periodically exposed to slow heating (annealing).
At high temperatures this problem is not significant, because accumulation and generation of
internal energy occurs continuously [7, 14].

Zirconium hydride (ZrH,gs) is hydrogen-bearing moderator that has good moderating
characteristics practically similar to those of water (see Table 4.1). In the case, when
zirconium hydride is mixed with uranium, these reactors are characterized by reliable safety
and high stability as they have the high negative temperature coefficients of reactivity.
Zirconium hydride is produced by heating metallic zirconium in hydrogen at 350°C [2].

Beryllium (Be) has the small absorption cross section, which together with a high number of
atoms in 1 cm® and the high scattering cross section provides its application as a good
moderator and reflector in reactors. However, beryllium is not widely used for power
engineering due to its high cost and such its properties as brittleness, swelling and
embrittlement at radiation. The advantages of beryllium are in low density, high melting point
and low coefficient of thermal expansion (see Table 4.2). Under exposure to radiation, nuclear
reactions with formation of helium and tritium are occurred in beryllium (see below). An
essential feature of beryllium is its low value of induced activity under the action of major
types of radiations. Beryllium and its compounds are toxic [2, 14].

Beryllium oxide (BeO) is used as a moderator not only in nuclear reactors, but also as a
matrix of dispersion fuel elements. Beryllium oxide is the best moderator among high
temperature oxides. Besides, BeO is a source of additional neutrons being formed at the
reactions of types (o, n), (v, n), (n, 2n). The radiation effect on BeO and its radiation stability
have been extensively studied. Under radiation of BeO in reactor, formation of helium and
tritium takes place according to the reaction (n, 2n):

iBe+n—>'Be+2n; {Be+2)He;

and the reaction (o, n):

9 6 4yqa. 6 61: . p.  67: 4 3
sBe+n—>,He+,He; ;He—>;Li+f; ;Li+n—>,He+ H.

Helium is formed in about ten times larger quantity than tritium. For more details on the
change of BeO properties under radiation, see Refs [2, 6].

4.2. GRAPHITE (CARBON)

Carbon comes in several modifications; their properties are being different, namely: graphite,
diamond, fullerene (produced artificially) and other. These modifications are different in the
structure of molecules and their arrangement in the crystal lattice. The basic properties of
graphite are as follows:

Atomic number of carbon 6

Atomic mass 12.011 amu

Specific volume 3.42 x 107° m*/mol or
0.285 x 10° m’/kg [11]

Theoretical density p =2266 kg/m’ [11]
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In recent years, a considerable disagreement of experimental data on graphite melting
point is observed [15, 16]. This is caused by difficulties of high temperature experiment.
According to early research T = 37004000 K, whereas owing to the most recent data,
Tmett = 4530-080 K. The reasons of such difference are still unknown. Thermophysical
properties of graphite can greatly differ depending on its production method and owing to its
anisotropic structure.

Graphite used as a moderator must not contain any impurities of elements with the high
neutron absorption coefficient (boron, cadmium, etc.) or volatile matters (hydrocarbons and
others). Graphite blocks of RBMK reactor with dimensions of 250 x 250 x 600 mm are
manufactured from graphite type GR-280 and designated to operate under conditions of gas
medium with composition: 75% He; 25% Nj; O, < 0.01%, at temperatures 300—800°C and
neutron flux ~ 3 x 10" n/(cm?s) [17].

It has been noted that pressing graphite during its production results in anisotropy of its
physical properties. The basic physical characteristics of reactor graphite type GR-280 in
initial state given in Table 4.3, where the numerator is the values of characteristics to parallel
direction about a pressing axis, and the denominator is the values of these characteristics to
perpendicular direction about a pressing axis.

TABLE 4.3. BASIC PHYSICAL CHARACTERISTICS OF REACTOR GRAPHITE TYPE
GR-280 IN INITIAL STATE [7]

Property Mean value Max. Min.
Density, p (kg/m3) 1710 1780 1630
Linear expansion coefficient, o x 10° (1/K) 3.2/4.9 3.6/5.4 2.7/4.6
Thermal conductivity, A [W/(m K)] 103/89 - -
Electrical resistivity, p, (u€2-m) 10/13 14/16 8/10

The graphite crystal has a layer-like structure. In this case, atoms in each layer are located in a
hexagonal lattice. Bonding between parallel layers is provided by weak Van der Waals forces.
In the course of pressing, particles of coke are oriented along the pressing direction; therefore,
thermal and electrical conductivity of graphite is higher in this direction as compared to
transverse direction.

Graphite is commonly a porous material. The surface area of graphite with pores taken into
account is estimated to be 0.47-0.87 m*/g [18]. Reactor graphite with density of 1740 kg/m’
has porosity in the region of 23% [19].

In the course of operating under reactor conditions, there occurs the change of graphite
properties caused by displacement of carbon atoms from the lattice sites. The change of the
lattice parameters under radiation depends on radiation temperature, neutron spectrum, value
of integral flux and radiation rate, as well as the degree of graphitization of initial graphite.
The effect of preliminary radiation was also discovered. The fluence of neutrons with energy
of more 0.18 MeV and the operating conditions has the greatest effect on this process. In this
case, the change of such graphite properties as density, thermal expansion coefficient, thermal
conductivity, electrical resistivity as well as its mechanical properties takes place [20].

Heat of fusion of graphite is evaluated as 27900 kJ/kg in Ref. [21]. Heat of vapourization of
graphite is evaluated as 59450 kJ/kg in Ref. [18].
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Radiation of graphite at rather low temperatures (<300°C) results in the accumulation of
displaced atoms in the interlattice area. This causes the accumulation of Wigner energy that
can be generated with increasing temperature up to the level, at which the energy of thermal
vibrations of atoms provides a way for them to fill again the vacant sites in the crystal lattice.
Therefore, graphite is to be annealed to prevent accumulation of such energy [17].

Enthalpy and heat capacity of graphite are calculated by the following formulas of the
MATPROP code [22]:

H(T) — H(298,15) (kJ/kg)= — 1446.04 + 2.0231T + 3.9322 x 10°T>+ 4.2671 x 10°T ' -
—6.60145 x 10'"T2+3.9963 x 10°T. 4.1

At298< T <1273 K

C, [kJ/(kg-K)] =2.031 + 7.8645 x 10° T — 4.2671 x 10°T 2+

+1.3203 x 10T = 1.199 x 10"'T . (4.2)
At1273<T<3273K
Cp [kJ/(kg-K)] = 1.131 + 6.62 x 10T = 9.969 x 10°T°, 4.3)
At 3273< T <5000 K
Cp [kJ/(kg:K)] = 6.12 x 10°T ', (4.4)

These formulas are in a good agreement with the well known experimental data. The
uncertainty of Eq. (4.2) is of £ 10%. The heat capacity of graphite according to Eqs (4.2.4.4) is
given in Table 4.4.

TABLE 4.4. HEAT CAPACITY OF GRAPHITE BY EQUATIONS (4.2.-4.4.)

Temperature Heat capacity

°C K KJ/(kg-K)
25.15 298.15 0.711
27 300 0.715
77 350 0.848
127 400 0.982
186 459 1.108
227 500 1.220
327 600 1.404
427 700 1.542
527 800 1.648
627 900 1.730
727 1000 1.795
827 1100 1.848
927 1200 1.892
1027 1300 1.929
1127 1400 1.961
1227 1500 1.988
1327 1600 2.013
1427 1700 2.035
1527 1800 2.055
1627 1900 2.073
1727 2000 2.090
1827 2100 2.105
1927 2200 2.120
2027 2300 2.134



TABLE 4.4. (continued)

Temperature Heat capacity
e K K/(ke'K)
2127 2400 2.147
2227 2500 2.160
2327 2600 2.172
2427 2700 2.183
2527 2800 2.195
2627 2900 2.206
2727 3000 2.216
2827 3100 2.227
2927 3200 2.237
3027 3300 2.247
3127 3400 2.257
3227 3500 2.267

Values of enthalpy and heat capacity of graphite type UPV-1 in the range of temperature
range 1200-2000 K are given in Ref. [23]. At high temperatures the data by various authors

disagree greatly (£ 20% and more). The uncertainties in data on heat capacity of graphite are
shown in Table 4.5.

Density of reactor graphite depending on temperature is presented in Table 4.6 [17].

TABLE 4.5. UNCERTAINTIES OF DATA ON GRAPHITE HEAT CAPACITY

Temperature Uncertainty
K %
<500 on average 10
500-800 Linear from10 to 5
8002500 5
2500-3000 Linear from 5 to 11
>3000 11

TABLE 4.6. DENSITY OF REACTOR GRAPHITE IN INITIAL STATE [17]

Temperature Density

°C kg/m’
20 1710
100 1710
200 1710
300 1700
400 1700
500 1700
600 1700
700 1690
800 1690
900 1680
1000 1680
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Thermal conductivity of reactor graphite in initial state depending on temperature based on
different data is presented in Table 4.7. The table presents also the values of coefficient of
linear thermal expansion, where the numerator is the value of coefficient to parallel direction
about a pressing axis, and denominator is the value of coefficient to perpendicular direction
about a pressing axis.

TABLE 4.7. THERMAL CONDUCTIVITY AND COEFFICIENT OF LINEAR THERMAL
EXPANSION OF REACTOR GRAPHITE IN INITIAL STATE

Thermal conductivity A [W/(m-K)] Linear expansion
Temperature coefficient
°C Ref. [17] Ref. [24] Ref. [18] 10° (1/K)
Ref. [17]

20 103/89 120/85 - 3.2/4.9
100 90/74 113/80 - 3.4/5.0
200 77/60 103/74 - 3.8/5.2
300 70/54 93/68 - 4.2/5.5
400 65/50 85/64 - 4.4/5.7
500 59/46 79/60 88 4.6/5.8
600 53/40 73/55 - 4.8/5.9
700 48/37 68/51 75 4.9/6.0
800 45/34 65/48 - 5.1/6.1
900 43/32 - - 5.2/6.2
1000 40/30 - 59 5.3/6.3
1500 - - 45 -
2000 - - 40 -
2500 - - 36 -
3000 - - 26 -
3250 - - 18 -
3500 - - 6 -

Vapour pressure above solid graphite. The results of available experimental research and the
recommendations given in reference books differ significantly, particularly at T > 2000 K that
can be shown from the following correlations, which are true within the narrow range of
temperatures:

according to data in Ref. [25] at 1850-3400 K

1gP (Pa)=12.8313 —36781.5/T (4.5)
according to data in Ref. [11] at 1700-3000 K
1gP (Pa) = 15.7488 — 40384.5/T (4.6)

The electrical resistivity of electrode graphite vs. temperature is presented in Table 4.8, for the
transverse directions and along the axis [26].

Emissivity of graphite for A = 0.65 um is given in Table 4.9, where ¢, is the spectral radiation
coefficient; & is the integral radiation coefficient [25, 27].
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TABLE 4.8. ELECTRICAL RESISTIVITY 10~ Q m OF ELECTRODE GRAPHITE [26]

Tem[zecrature Transverse direction Along the axis

0 g 2.18 § 1.65

100 1.97 1.5

: 200 1.87 1.45
| 300 | 1.80 | 1.42
: 400 1.77 1.38
500 ! 1.77 ! 1.38

. 600 | 1.80 § 1.39
700 § 1.82 § 1.40

! 800 1.85 1.42
i 900 : 1.92 : 1.48
| 1000 | 1.97 | 155
| 1100 | 2.0 | 1.58
| 1200 | 2.03 | 1.60
; 1300 | 2.10 5 1.65
5 1400 | 2.15 | 170
| 1500 | 2.20 | L.73
| 1600 § 2.25 i 177
; 1700 | 2.32 | 1.82
| 1800 | 2.37 | 1.87
| 1900 | 2.42 | 1.92
| 2000 | 2.50 | 1.95

TABLE 4.9. EMISSIVITY OF GRAPHITE [21, 23]

Temperature et g b
K
1000 0.87 0.94
1200 0.86 0.90
1400 0.86 0.88
1600 0.86 0.86
1800 0.86 0.85
2000 0.86 0.84
2200 0.86 0.83
2400 0.86 0.81
2600 0.85 0.80
2800 0.84 0.79

*er — coefficient of thermal radiation (the ratio of total body radiation to total blackbody radiation at the same
temperature);

**g, — spectral coefficient of thermal radiation (the ratio of body radiation at wave length A = 0.65 um to
blackbody radiation with the same wave length and temperature).

Radiation effect on thermophysical properties of graphite at radiation temperature 500-550°C
and measurement temperature 20°C was studied in Refs [17, 28]. The experimental results are
presented in Table 4.10, where a and b are the directions that are parallel and perpendicular
about a pressing axis, respectively.
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TABLE 4.10. RADIATION EFFECT ON THERMOPHYSICAL PROPERTIES OF
GRAPHITE AT 500-550°C [17, 28]

Neutrqrglﬂuencg o 20 G20 Pe20
E - 3)018 l\(/}/cm) 10w’ W/(m-K) 10°° (1/K) (Qm)

. eV a b a b a b
0 1710 75 55 4.4 5.7 10 13
0.5 1710.5 42 30.8 4.54 5.87 22 234
1 1712 31.5 23.1 4.62 5.98 29 31.2
2 1710 24.8 18.1 4.8 6.20 32 37.8
3 1692 24.0 17.6 4.94 6.44 32 37.8
4 1686 233 17.1 5.02 6.55 32 37.8
5 1677 233 17.1 5.06 6.72 32 37.8
6 1671 22.5 17.1 5.1 6.89 32 37.8
7 1664 22.5 17.1 5.15 6.95 32 37.8
8 1657 22.5 17.1 5.19 7.06 32 37.8
9 1650 22.5 17.1 5.24 7.12 32 37.8
10 1643 22.5 17.1 5.24 7.17 32 37.8
11 1638 22.5 17.1 5.28 7.24 32 37.8
12 1636 22.5 17.1 5.28 7.29 32 37.8
13 1634 22.5 17.1 5.28 7.40 32 37.8
14 1633 22.5 17.1 5.28 7.45 32 37.8
15 1638 21.0 15.4 5.28 7.52 32 37.8
16 1640 19.5 14.3 5.28 7.57 32.5 37.8
17 1648 17.3 12.6 5.28 7.63 33 39
18 1657 15.8 11.5 5.24 7.68 34 41.7
19 1671 14.2 10.5 5.24 7.74 37 45.5
20 1696 12.8 9.4 5.19 7.80 40 494
21 1772 11.3 8.3 5.15 7.80 46 55.9
22 1772 10.0 7.1 5.1 7.85 54 67.5
23 1840 - - 5.06 791 60 78
24 - - - - - - -

4.3. BERYLLIUM

The basic properties of beryllium are as follows:

Atomic number 4

Atomic mass 9.012 amu

Specific volume 4.877 x 107° m*/mol or
0.541 x 10~ m’/kg [25]

Theoretical density 1848 kg/m’ [29]

Melting point 1287°C=1560+ 10 K [11]

Boiling point 2471°C = 2744 K [25]

Heat of fusion* 1442 kJ/kg [25]

Heat of vapourization 32290 kJ/kg [25]

Sound velocity 12650-13000 m/s [25, 30]

* The data are in the range 877-1625 kl/kg
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4.3.1. Properties of solid beryllium depending on temperature

Density is estimated by the formula based on the data in Ref. [11]:
p(T) (kg/m’) = 1869.84 —0.07168T — 1.6151 x 10°T* . (4.7)

Heat capacity is calculated from correlation in Refs [30, 31]:

C,[k//(kg - K)]=2.1097 +0.985x 10T - 0.381x 10°T > (4.8)
Thermal conductivity is defined by the formula derived on the basis of the recommended data
in Ref. [32]:

A [W/(m-K)] =202.5-0.1723 T + 5.467 x 107 T~ (4.9)

Thermal diffusivity in terms of m%/s is determined as a = k/ C,p.

The basic thermophysical properties of solid beryllium evaluated by Equations (4.7-4.9) are
presented in Table 4.11.

TABLE 4.11. BASIC THERMOPHYSICAL PROPERTIES OF SOLID BERYLLIUM BY
EQUATIONS (4.7-4.9)

Temperature . D Heat Thermal Thermal Ele‘ct‘rlc‘al
Density .. 2) . .. 3) . . . resistivity
ke I capacity conductivity d1f£us1;/1ty 108 (Qm)
°C K J(kgK) W/(m-K) 10°(m™/s) 130]
20 293 1847 2.398 157 3.54 4.0
100 373 1841 2.477 146 3.20 6.5
200 473 1832 2.576 133 2.82 9.0
300 573 1823 2.674 122 2.50 12.5
400 673 1814 2.773 111 2.21 15
500 773 1805 2.871 102 1.97 18
600 873 1795 2.970 94 1.76 22
700 973 1785 3.068 87 1.58 26
800 1073 1774 3.167 81 1.43 30
900 1173 1764 3.265 76 1.31 34
1000 1273 1752 3.364 72 1.22 -
1100 1373 1741 3.462 69 1.15 -
1200 1473 1729 3.561 67 1.09 -
1287 1560 1719 3.646 67 1.07 -

Y For hot-pressed beryllium.

% Data on heat capacity given in reference books often differ because of they are not related with structure and
density of beryllium.

%) Smoothed curve for specimen 2 — hot-pressed beryllium, after exposure of 1000 h at 1300 K (see Table 4.12).

Thermal conductivity of beryllium specimens depends on their density, purity, production
method and processing. As it can be seen from Table 4.12, thermal conductivity can differ by
1.5-2 times [32].

131



In Table 4.12, the specimens are as follows:

1) Well-annealed polycrystalline beryllium of high purity,

2) Hot-pressed beryllium after exposure of 1000 hours at 1300 K,

3) Hot-pressed beryllium,

4) Cold-pressed beryllium. The similar situation is observed for electrical resistivity of
beryllium specimens.

Emissivity of beryllium. The spectral radiation coefficient of beryllium ¢; for a wave length of
0.65 um in solid and liquid state is 0.61 [11]; for a wave length of 0.55um, 0.61 and 0.81,
respectively [30]. The integral emissivity coefficient of beryllium as a function of temperature
is presented in Table 4.13 [30].

TABLE 4.12. THERMAL CONDUCTIVITY OF BERYLLIUM IN RELATION TO ITS
STRUCTURE AND PRODUCTION METHOD [28]

Temperature ! . : ; : :
K Specimens 1 2 3 4
300 ; ; 200 ; 156 5 182 5 97
400 : : 161 : 146 : 170 : 91
500 : : 139 : 132 ; 156 : 84
600 : : 126 : 119 : 145 E 78
700 : : 115 ! 110 ! 134 : 74
800 Thermal 106 100 120 68
900 . conductivity 98.2 : 86 : 109 5 64
1000 - [WI(mK)] 90.8 : 80 : 96 : 61
1100 § : 84.2 : 78 : 86 : 57
1200 § § 78.7 § 75 § 84 § 55
1300 : : 73.8 § 73 : 82 : 51
1400 : : 69.4 : - : - : -
1500 g 5 - § 67 ! 76 g 46

TABLE 4.13. INTEGRAL EMISSIVITY COEFFICIENT OF BERYLLIUM ¢[30]

Temperature

°C K &t
20 293 0.044
100 373 0.047
200 473 0.050
300 573 0.054
400 673 0.062
500 773 0.077
600 873 0.103
700 973 0.142
800 1073 0.198
900 1173 0.274
1000 1273 0.373
1100 1373 0.497
1200 1473 0.651
1287 1560 0.811
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Coefficient of linear thermal expansion of beryllium. The values of mean linear expansion
coefficient a for the corresponding temperature range are shown in Table 4.14 [30]. The
values of linear expansion coefficients of beryllium to the directions, which are parallel and
perpendicular about a pressing axis, oy, and o) respectively, are presented in Table 4.15. After

annealing, the value of o,,is somewhat decreased by 5-10%, and the value of o, increased by
20-30% [25, 33].

TABLE 4.14. MEAN COEFFICIENT OF LINEAR THERMAL EXPANSION OF
BERYLLIUM [30]

Temperature _
°C o x 10°(1/K)
25-100 11.5
25-200 13.5
25-300 14.4
25-400 15.2
25-500 16.0
25-600 -
25-700 17.2
25-800 -
25-900 -
25-1000 18.8

TABLE 4.15. ANISOTROPY OF COEFFICIENT OF LINEAR THERMAL EXPANSION
OF BERYLLIUM [30]

Temple;rature o, 10° (1/K) o X 106(1 /K)
300 9.2 12.4
400 11.5 14.9
500 12.9 16.9
600 14.0 18.3
800 15.9 20.2
1000 17.6 214
1200 19.5 234

Vapour pressure above solid beryllium. The following two correlations are known:
in Refs [30, 31, 34] at T < Tpeie
16734

lg P(at) =6.186+1.454x107*T — 7 (4.10)
in Ref. [30] at Tpere < T <2058 K
lg P(mm Hg) = 6.494 — # . 4.11)
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According to the data in Ref. [11] at 960 < T <1500 K another formula follows:
16755

1gP(Pa)=11.389—T, (4.12)
According to the data in Ref. [8] at 1000 < T <2000 K another equation follows:
lg P(Pa)=10.990 — g . (4.13)

The values of vapour pressure above solid beryllium calculated by Equations (4.10—4.13) are
presented in Table 4.16. In this case, Equations (4.10, 4.11) were transferred to the SI-system
[P (Pa)].

TABLE 4.16. VAPOUR PRESSURE [Pa] ABOVE SOLID BERYLLIUM

Templzrat“re Egs (4.10, 4.11) Eq. (4.12) Eq. (4.13)
500 6.059 x 102 - -
600 2371 x 107" - -
700 2364 x 107 - -
800 2.380 x 10" - -
900 5.190x 10°® 5.920x 107 -
1000 3.882x10°° 4305%x10° 5.470x 10°°
1100 1333 x 10 1.40 x 107 1.64 x 107
1200 2.554 %107 2.67%10° 2.80 % 107
1300 0.0312 0.0317 0.0308
1400 0.2681 0.2637 0.2407
1500 1.737 1.654 1.43
1600 19.911 8.263 6.8
1700 53.656 34.129 26.915
1800 129.51 120.41 91.44
1900 284.90 - 273.10
2000 579.23 - 731.14

4.3.2. Properties of liquid beryllium depending on temperature

Density of liquid beryllium at 99.8% of the theoretical density according to the data in Ref.
[11] at T <2750 K is estimated by formula:

p(T)(kg/m*)=1690 - 0.116(T —1560). (4.14)
Heat capacity of liquid beryllium at T > Ty is 3.3 kJ/(kg K) in Ref. [9]

Surface tension of liquid beryllium is 1100 mN/m at 1773 K in Ref. [25] and 1145 mN/m at
1553 K in Ref. [11].
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4.4. BERYLLIUM OXIDE

The basic properties of beryllium oxide are as follows:

Molecular mass 25.0116 amu

Molar volume, m*/mol or m*/kg 8.31 x 10° m*/mol; 3.322 x 10™* m’/kg
Theoretical density, kg/m3 3010 + 0.3 kg/m’ [25]

Melting point, °C (K) 2550°C (2823 K) [6]

Boiling point, °C (K) 4120°C (4393 K) [25]

Heat of fusion, kJ/kg 3416 kJ/kg [25]

Heat of vapourization kJ/kg 19600 kJ/kg [6]

At temperature of 2050-2150°C the polymorphic transformation of phases a—f takes place.
The heat of phase transition is 2.1 + 0.04 kJ/kg [6].

Density of beryllium oxide is calculated by correlation [25]:

p (kg/m’) = po (1- B1), (4.15)
where po = p(t=0) = 2870 kg/m’ , B = 3 is coefficient of volumetric thermal expansion of

BeO, and «a is coefficient of linear thermal expansion of BeO.

The basic thermophysical properties of beryllium oxide for a density of 2870 kg/m’are
presented in Table 4.17.

TABLE 4.17. BASIC THERMOPHYSICAL PROPERTIES OF BERYLLIUM OXIDE FOR
A DENSITY OF 2870 kg/m’

Density Heat Thermal Thermal Linear
Temperature kg/m’ capacity conductivity diffusivity expansion
KJ/(kg-K) W/(m-K) 10°(m%/s) coefficient
K oC 10°(1/K)
[Eq. (4.15)]  [Eqs (4.17,4.18)] 6] [Eq. (4.16)]
100 373 3005 1.229 157 4.253 5.60
200 473 2999 1.464 79.9 1.819 6.05
300 573 2992 1.617 66.9 1.383 6.50
400 673 2985 1.731 54.1 1.047 6.95
500 773 2977 1.826 47.4 0.872 7.37
600 873 2968 1.910 40.8 0.720 7.79
700 973 2958 1.988 35.7 0.607 8.19
800 1073 2948 2.014 30.6 0.515 8.57
900 1173 2937 2.036 (27.0) 0.452 8.93
1000 1273 2926 2.057 24.0 0.399 9.27
1100 1373 2915 2.079 (21.0) 0.347 9.58
1200 1473 2903 2.101 18.8 0.308 9.87
1300 1573 2891 2.122 (16.5) 0.269 10.12
1400 1673 2879 2.144 15.5 0.251 10.35
1500 1773 2867 2.166 (14.0) 0.225 10.54
1600 1873 2855 2.187 (12.5) 0.200 10.70
1700 1973 2844 2.209 (12) 0.191 10.81
1800 2073 2833 2.231 (11.9) 0.188 10.89
1900 2173 2822 2.253 - - 10.93
2000 2273 2813 2.274 - - 10.92
2100 2373 - 2.296 - - -
2200 2473 - 2.318 - - -
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The coefficient of linear thermal expansion of BeO is calculated as:

o % 10%(1/K) =5.133 +4.65 x 107t — 1.539 x 107> = 3.621 x 107'°¢, (4.16)

This equation generalizes the data in Refs [6, 12]. The data are also known as the graphical
curve of function a-= f(t) published in Ref. [6] on P. 56.

The data on coefficients of linear thermal expansion for BeO differ greatly. In this case, such
factor as the purity of specimen (quantity and type of impurity) as well as its production
technology is of considerable importance. The Beo specimens manufactured by the same
technology show a wide scattering in the linear expansion coefficient up to 20-25% (see
Table 34 on P. 57 in Ref. [6]). This data scattering is caused by imperfection of applied
methods and equipment [6].

The comparison of the values of linear thermal expansion coefficient for BeO is shown in
Table 4.18.

Heat capacity of beryllium oxide is evaluated by correlations in Refs [6, 35]:

At298<T<1200K

C, [KJ/(kg'K)] = 1.455 + 0.606 x 10°T — 0.544 x 10°T 2. (4.17)
At 1200 < T<2820K
C, [kJ/(kg-K)] = 1.791 + 0.201 x 10°T. (4.18)

Beryllium oxide has the highest specific heat capacity among all refractory oxides. At
temperature T > 2820 K, the value of C, is equal to 2.678 kJ/(kg-K).

TABLE 4.18. COMPARISON OF VALUES OF LINEAR THERMAL EXPANSION
COEFFICIENT [10°%/K] FOR BeO

Temperature . Mean value acc. to | Data acc. to
°C [36-39] [6, 12, 25]
100 6.0 g 55
200 7.2 6.0
400 9.0 7.2
600 9.8 7.7
800 10.5 8.4
1000 : 11 i 9.3
1100 - | 9.6
1200 115 10.0
1300 - 10.15
1400 ; 12.2 @ 10.4
1500 - 10.5
1600 12.6 10.6
1700 - 10.8
1800 - 10.9
1900 - 10.9

2000 | - | 10.9
2100 - 10.9
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Thermal conductivity. Beryllium oxide has extremely high thermal conductivity, which
exceeds thermal conductivity of most other oxides. Thermal conductivity of beryllium oxide
like other properties depends on specimen purity; thus its density, temperature, and other
parameters can vary by an order (see Table 4.19) [32].

TABLE 4.19. THERMAL CONDUCTIVITY OF BERYLLIUM OXIDE IN RELATION TO
DENSITY AND TEMPERATURE [32]

Temperature Thermal conductivity
W/(m-K)

o | x p=3010 p=2870 p=2620 p =200 p= 1890

kg/m kg/m kg/m kg/m kg/m
100 373 20 157 . 1578 583 335
200 473 1746 799 113 419 251
300 573 1338 669 844 345 . 209
400 673 93 s41 666 272 167
500 773 69.6 474 540 221 1565
600 873 469 408 461 171 146
700 973 36.9 357 410 152 125
800 1073 2701 306 - 134 105
900 1173 203 24 - 88 86
1000 1273 1725 188 - | ; -
1200 1473 163 155 - § : -
1400 1673 154 (1201) ; - -
1800 | 2073 - - - - -

Under neutron radiation, the more is the specimen density, the more decreases thermal
conductivity. The variations of thermal conductivity caused by radiation can be eliminated by
thermal annealing at 1400°C.

Electrical resistivity of beryllium oxide like other properties depends heavily on the specimen
purity and its density. The data on the BeO specimen with a density of 2250 kg/m® and
impurity concentration of ~1.5% produced by sintering at 2100°C in the nitrogen atmosphere
[in Ref. 6, P. 103] are presented in Table 4.20.

At a temperature of 100°C, the value of p. for BeO is equal to ~10"* Q-m. High purity
specimens of BeO have more high resistivity, namely: 10°° Q m at 20°C, 10'® Q-m at 1000°C,
10" Q-m at 1600°C and 10° Q-m at 2000°C [6].

The data on emissivity of beryllium oxide are shown in Table 4.21 [6]
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TABLE 4.20. ELECTRICAL RESISTIVITY OF BERYLLIUM OXIDE [6]

Temperature Electrical resistivity
°C (Q'm)
1000 8 x 10
1100 1.6 x 10°
1200 8 x 10°
1300 8 x 10’
1400 2.5%107
1500 8% 10°
1600 3.5%10°
1700 1.5 % 10°
1800 6.5 10°
1900 3.5x%10°
2000 1.6 x 10°
2100 8 x 10°*

TABLE 4.21. EMISSIVITY OF BERYLLIUM OXIDE [6]

Emissivity
Temperature
K Integral Total Monochromatic
€ € €, (A =0.665 pm)
900 0.34 - -
1000 0.37 - -
1100 0.40 - -
1200 0.42 0.336-0.351 -
1300 0.44 0.361-0.382 0.057
1400 0.46 0.392-0.405 0.068
1500 0.48 0.420-0.425 0.08
1600 0.49 0.439-0.447 0.091
1700 0.50 0.453-0.474 0.102
1800 0.51 0.463-0.499 0.113
1900 - 0.470-0.513 0.124
2000 - 0.474-0.517 0.135
2100 - 0.475-0.514 0.146

Vapour pressure above solid beryllium oxide is calculated by correlation in Ref. [38]:
at 1000 <T< 2800 K

31030

lgP(Pa)=13.13—- ——
gP(Pa) T
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According to the calculations presented in Refs [6, 38], evaporation of beryllium oxide occurs
in the form of beryllium atoms.

Vapour pressure above beryllium oxide in liquid state is estimated as:
at 2850 <T <4120K

lg P(Pa)=17.88 — @ (4.20)

The values of vapour pressure above BeO calculated by Equations (4.19, 4.20) are presented
in Table 4.22. However, the comparison between calculations and experimental data shows a
considerable disagreement.

TABLE 4.22. VAPOUR PRESSURE ABOVE BERYLLIUM OXIDE

Temperature Pressure

°C K Pa
BeO in solid state, Eq. (4.19)
800 1073 1.63 x 1071
900 1173 475 %10
1000 1273 5.68x10"
1100 1373 339x 107"
1200 1473 116 x10°®
1300 1573 2.53x107
1400 1673 3.82x10°
1500 1773 425%10°
1600 1873 4252 %10
1700 1973 2.53%x10°
1800 2073 1.45x 107
1900 2173 7.08 x 1072
2000 2273 3.01x 10"
2100 2373 1.13
2200 2473 3.82
2300 2573 15.8
2500 2773 252.5
BeO in liquid state, Eq. (4.20)

2550 2823 475
2700 2973 2780
2900 3173 226 x 10°
3100 3373 143 x 10
3300 3573 737 % 10
3500 3773 319 x 10*
3700 3973 119 x 10°
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5. ABSORBING MATERIALS
The materials that absorb neutrons are used in reactor core in the following three cases:

1) Emergency shutdown rods, rods compensating and controlling a reactor power;

2) Burnable absorbers, which can be dispersed uniformly in fuel or placed in certain
sections;

3) Additives to moderator for compensation of excess reactivity or to coolant in the
emergency core cooling system (ECCS).

Each of these cases has own peculiarities and problems.

Shim rods compensate a fuel excess above its critical mass, and in the case of fuel burn-up,
they are pulled out from the core up to their full removal. Control rods are located within the
core and used for fine control and transition from one power level to another. Emergency
shutdown rods are designed for quick cessation of fission reaction under accident conditions.
At normal operation these rods are located outside of the core, and in the case of need, they
are quickly pulled in it. In some cases, the functions of absorbing rods can be combined [1, 2].

The basic requirements to materials of control rods and burnable absorbers are the high
neutron absorption cross section and stability at operating temperatures. Absorbing materials
are to be high resistant to radiation effects and to have good corrosion resistance in coolant
medium. These requirements limit the choice of these materials.

Physical and nuclear properties of chemical elements with the high neutron absorption cross
section are given in Table 5.1 [2—6]. The basic thermophysical properties of absorbing
materials are presented in Table 5.2.

5.1. MATERIALS OF CONTROL RODS

Materials of control rods used in water cooled reactors are boron carbide (B4C) and silver
based alloys (80% Ag, 15% In, 5% Cd). Boron carbide as powder or pellets is loaded into
tubes of austenite steel, whereas alloy AgInCd — in the casing of austenite steel or nickel
alloy. In fast neutron reactors with liquid metal cooling, boron carbide is used usually.

Materials of control rods (the only moving part of the reactor core) are to have high
mechanical strength, resistance to shocks and vibrations, high wear strength, as well as low
density to provide quick movement of these rods, low cost and good processibility [9].

5.1.1. Boron (natural)

Boron (natural) is a mixture of two isotopes 19% '°B and 81% ''B. Isotope '’B has the
absorption thermal neutron cross section of 3840 x 10* cm”. Natural boron is characterized
by lower absorbing ability due to dilution. Pure boron is rarely used. Boron carbide is
refractory material with a melting point of 2450°C. The basic problem of using boron carbide
consists in its swelling caused by helium formation under reactions [1, 9]:

B+ n—3H+2*He; ""B+n— "Li + ‘He.

After several years of operation the boron carbide rods should be replaced to prevent the
cladding damage. Instead of the rods, the stainless steel plates with boron additives or cavities
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filled with B4C powder can be used. These plates are also to be replaced periodically every

4-7 years.

At absorption of neutron ''B (n, o), energy of 2.78 MeV releases per one action and
formation of helium gas occurs. As a result, it is necessary to cool down control rods and to
provide for a cavity for helium accumulation, in order to reduce pressure in a rod cladding.
Using B4C in fast neutron reactors is of particular complexity due to higher density of neutron
flux (as compared with thermal neutron reactors) and decrease of B4C operating life. The
density of power release in B4C runs to 75 W/em’.

TABLE 5.1. PHYSICAL AND NUCLEAR PROPERTIES OF CHEMICAL ELEMENTS WITH THE
HIGH NEUTRON ABSORPTION CROSS-SECTION [2-6]

Mean
Temperature i
P absorption Content Isotope
Atomic . Cross - absorption
Atomic Density . in
Element mass 3 section of  Isotope . Cross
number kg/m mixture .
amu all stable o section
Tmett  Thoil . % 102* om’
°oC °oC 15(_);[1(‘)pes2 cm
10~ cm
Boron 5 10.81 2330 2075 2550 790 10 19.9 3990
107 51.8 37.6
Silver 47 107.87 10500 9619 2167 63 oo
109 48.2 91
Cadmium 48 112.41 8650  320.9 766.5 2550 113 12.36 20600
Indium 49 11452 7310 156.6 2024 194 115 95.8 202
155 14.8 61000
Gadolinium 64 15725 7895 1311 3233 48900 oo
157 15.65 254000
161 19.0 585
162 255 180
Dysprosium 66 162.5 8550 1412 2562 948 oo
163 24.9 130
164 28.1 2700
177 18.4 1500
178 27.0 75
Hafnium 72 178.4 13310 2230 3100 105 oo
179 13.8 65
180 35.4 14
Mercury 80 200.5 13550 -39 356.7 363 199 16.9 2150
151 479 9200
Europium 83 151.96 5240 822 1597 1850 oo
155 52.1 390

143



0000707 sadmeradurd) 8 uaAIS are santadoid

¢ 01 x ¥'T1 - - - N S | '8¢ T6 OIx LT o0l x(8+€) 01 x81 w-gy “KNADSISaI [ILIO2]]
) ) ) i ) ) ) ) ) /1,010
99 €8 101 §ee 6'S s €L $'S [4 Y S ‘uoisuedxa [eULIAY) JBAUL| JO JUIIOJ0))
0S €T T 09 €T 9'7C 9C €T L'8T 26 LT ('w)/M “ANAIONPUOD [BULIBY ],
ovl 062 €Iy 0€T €9¢ 96¢ L8€ 0€T 818 096 L8€ -3/ “Kroeded jeay
05991 0018  OvEL  OLIOI 060€1 00TIT 0TSt 0609 0STT 0152 0€€T /3y “Kisua(q
966¢ o€ 0S0T 008 0ZTT ovzeE  0T6C 0S0€ 000€ 0SHT SLOT Do ‘utod SunjoN
67081 €L zs¢ 1’801 S8LI 100 S69  S8TII 18'4C vT'SS 11801 nwe ‘ssew JB[NIS[ON

[t “¢] [o1] [o1] [z 1] [t “¢] gLl [8°L] (8Ll (8Ll (8Ll [ “€]

pOUISY Kaadoig
el t0a  fong Aoy JH ‘yH  diL tqiz Nd orq Jeu g

STVIdHALVIN ODNIFIOSEV 40 SAILIHdOdd TVIOISAHJOWHHHL DISVd C°¢ A'1dV.L

144



In recent years, research were performed on using cermet B4C + Cu as an absorbing material
for fast reactors [11]. The developed technology makes it possible to obtain high density of
cermet with 70% (vol.) of B4C. In spite of the low volume concentration of cooper,
the thermal conductivity of cermet at 400—700°C is much higher and is in the range of
45-50 W/(m K) instead of 18-20 W/(m K) for B4C, which allows to provide lower
temperatures of the construction design.

5.1.2. AgInCd alloy

The alloy AgInCd has compensating ability that is lower by 15% than that of B4C. Its
swelling under the action of neutron flux is not too large; therefore, it can be used in reactor
for about 10 years. The disadvantage of alloy AgInCd is that coolant can be contaminated by
radioactive isotope ''’Ag, which has the high half-life (270 days) [1, 9]. Low corrosion
resistance in water and high cost of alloy are the reasons that hafnium is used as an absorbing
material.

5.1.3. Hafnium

Hafnium (natural) is a mixture of six isotopes, from which '"*Hf has the highest thermal
neutron absorption cross section. The advantage of hafnium is that in the course of its
interaction with neutron, formation of helium does not occur. Moreover, its corrosion
resistance in water is higher than that of zirconium cladding. Hafnium, which can be used
without cladding, is characterized by necessary mechanical strength, good stability and ability
to maintain high mechanical properties under radiation; it is well processed. The service life
of hafnium rod can exceed 10 years [9, 12]. The comparison characteristics of control rod
materials are given in Table 5.3 [2].

5.2. BURNABLE ABSORBERS

Burnable absorbers are used either as assemblies of rods in the form of solid absorbents
located in certain sections of the reactor core or its uniformly mixed mixture with fuel. The
materials of burnable absorbers are to have necessary concentration of absorbent, so that the
rate of its burn-up corresponds to the rate of fuel burn-up. Burnable absorbers are used to
compensate excess reactivity at the beginning of fuel cycle, to profile density of heat flux in
the core and to provide optimum burn-up.

In pressurized water reactors, the pellets of Al,O3; + B4C (3.3—7%) mixture, borosilicate glass
with B,O3 concentration of 12.5% or solution of boron compounds (boric acid) in coolant are
normally used.

Combined using boron solution in water and fuel of type as mixture of gadolinium oxide with
uranium dioxide enables to reduce the initial concentration of boric acid in coolant by more
than 6 times. The gadolinium isotopes '°Gd, "*’Gd have the high thermal neutron capture
cross section. Gadolinium is burnt up more fully to the end of fuel cycle that provides a better
balance of neutrons and a better use of fuel. Application of pellets from a uniform mixture of
UO; + 8%Gd,05 can achieve a weak change of reactivity (or its constancy) during the core
service life. The disadvantages of using this mixture are as follows:

1) Lower thermal conductivity and lower melting point as compared with UO5;
2) Complexity of manufacturing fuel assemblies.

However, the advantages of composition UO, + Gd,0O3 overweigh its disadvantages [1, 2]
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6. STRUCTURAL MATERIALS

6.1. GENERAL INFORMATION

Many various materials are used in the designs of reactor core. Some core materials are likely
to have the lower cross sections of thermal neutron capture; on the contrary, some others such
as absorbers, shielding materials should have the considerable neutron capture cross sections.

Metals are rarely used in pure state, mainly they used as alloys (Al, Mg, Zr, Ni, Nb, Mo),
steels. Depending on the structure, steels are classified as pearlitic, martensitic, ferritic and
austenitic.

The name of steel and alloy types consists of the element designation followed by figures,
which indicate mean percentage of alloying element. The chemical elements in steel grades
are identified with letters (see Table 6.1).

The basic physical properties of some structural materials under normal conditions are
presented in Table 6.2., and the physical properties of some structural materials at melting

point are shown in Table 6.3.

TABLE 6.1. DESIGNATIONS OF STEELS [12]

. L‘etter. ‘ Steels and alloys produced by special methods are
1§lent1ﬁlcat10(;1$ Alloymg elc—i:ment additionally identified through hyphen in the end
In steel grade In stee of grade by letters:
[Cy“i“zg;tm)] N [cyrillic (latin)]
5 (B) Ni b'g A (A) — automatic steels with letter at the
BV Tlo “im beginning of grade or high quality steels with
V) ungsten letter in the end of grade;
I'(G) Manganese
(D) Cooper A—A (A-A) — specially for nuclear power
E (E) Selenium engineering, )
K (K) Cobalt B/l (VD) — vacuum-arc refining;
(L) Molding material BH (VI) — vacuum-induction melting;
M M) Molybdenum BO (VO) — vacuum-oxygen refining;
H(N) Nickel I'P (GR) — gaseous oxygen refining;
11 (P) Phosphorus I (PD) — plasma insertion followed by
P (R) Bf)'ron vacuum-arc refining;
gg% ?‘1“39“ P (R) — high speed steels with letter at the
ltanium beginning of grade;
Y (U) difference in concentration v (gU)_ cirbor% steels:
Al and other elements ’ ) )
@ (F) Vanadium I (Sh) — electroslag‘ remelting Wlth letter at the
X (Kh) Chromium end‘ of grade or bearing steel with letter at the
. . beginning of grade;
11 (Ts) Zirconium o
10 (Yu) Aluminium The first figures 'befor.e to steel grade indicate
P Rare-carth element carbon conce.ntratlon. in hundredth of percent,
unless otherwise specified.
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6.2. METALS
6.2.1. Aluminium

Aluminium is applied in research water cooled reactors at temperatures of 100-130°C.
Aluminium alloys were used to manufacture claddings of uranium units (blocks) operating in
reactors at temperatures up to 200°C and low pressures. At higher temperatures, intermetallics
types UAIl; and UAl are formed in the course of aluminium contact with uranium, which
reduce strength characteristics of metal. Aluminium alloys with nickel, iron are used for
claddings and matrices of dispersion fuel elements at temperature up to
200-230°C.

Alloying aluminium by various metals permits to increase the range of operating temperatures
[32]:

Si 0.1-1.2%
Mg 0.5-3.2%

Mn  0.09-1.0%
up to 100-300°C {Cu 0.12-2.0%

Fe 0.1-1.3%
Ni 0.6-2.5%
Cr 0.09-0.6%

up to 100-300°C {
up to 150-320°C

After thermal processing, duralumin alloys acquire high strength at normal temperatures.
Composition of duralumin different grades is presented in Table 6.4.

TABLE 6.4. COMPOSITION OF DURALUMIN GRADES [3]

Element content

Grade %
Cu Mg Mn Si Fe
D1 3.8-4.8 0.4-0.8 0.4-0.8 <0.7 <0.7
D16(high strength) 3.8-4.5 1.2-1.8 0.3-0.9 <0.5 <0.5

These alloys cannot be used for nuclear engineering owing to the high absorption
cross section of Cu (3.6 x 102*cm?) and Mn (13.4 x 102*cm?). Besides, the isotopes of
these elements are characterized by high induced radioactivity with high half-lives for **Cu —t
(1/2) =12.8 h and **Mn — t (1/2) = 2.6 h [35]. Low corrosion resistance of duralumin alloys in
water and steam at temperature >200°C is another obstacle to use duralumin in nuclear
engineering.

Aluminium-magnesium alloys types AMg-5 and AMg-7 contained up to 7.5% Mg have good
nuclear properties, lower corrosion activity in contact with water as compared with
duralumin; and they have found use in some constructions [33].

6.2.2. Magnesium

Magnesium is used to manufacture fuel element claddings and matrices of dispersion fuel
elements. It has the low thermal neutron absorption cross section, low density and high
thermal conductivity. Fuel elements with claddings from magnesium alloys apply for
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uranium-graphite and heavy water reactors, where natural uranium is used as fuel and carbon
dioxide (CO,) as coolant at temperatures of 350-450°C.

The claddings from magnesium alloys of type Magnox (Mg + 0.01 Be + 0.8% Al) are well
compatible with metallic uranium at temperatures up to 500°C; they are highly resistant to
oxidation. The disadvantage of these alloys is a high tendency to grain growth, loss of
strength properties, oxidation in the presence of water steam. Magnesium can fire at
temperatures of 470—500°C in the atmosphere of oxygen and air [32, 33].

6.2.3. Zirconium and its alloys

Zirconium is a metal with high melting point (1850°C). Its thermal neutron absorption cross
section is less than 1 x 10*cm?. Zirconium is well compatible with nuclear fuel and
characterized by high processing properties. The zirconium thermal conductivity is close to
that of stainless steel. The disadvantages of zirconium are low strength properties and low
heat resistance, which can be eliminated, for example, by alloying with niobium.

Basic properties of zirconium are as follows:

Atomic number 40

Atomic mass 91.224 amu

Density at normal conditions 6511 kg/m’ [34]
Melting point 1855°C (2128 K) [31]
Boiling point 4409°C (4680 K) [31]
Heat of fusion 153 £4 kl/kg [23]
Heat of vapourization 638 kl/kg [1]

Molar volume 0.1402 x 107 m™ [14]
Thermal neutron capture cross section 0.18 x 10* cm?[35]

Zirconium alloys with niobium are used as claddings of fuel elements of WWER', RBMK?
and transport reactors. These alloys are the basis material of assembly channel of RBMK
reactor. The maximum temperature, at which zirconium alloys can be used in water cooled
reactors, depends on their corrosion resistance. Alloys of type Zircalloy, in which tin is the
basic alloying element that provides improvement of their mechanical properties, have a wide
distribution in the USA. However in this case, the decrease of corrosion resistance in water
and steam is taken place that resulted in the need for additional alloying [33].

In the Russian Federation, the alloy type Ozhenit-0.5 (0.25 Sn, 0.1 Fe, 0.1 Nb, 0.1 Ni) with
low alloying was developed. This alloy is close to Zircalloy by its mechanical properties and
can be used in water and steam at temperatures up to 400°C [34]. The Zr + 1% Nb alloy of
type N-1 (E-110) is used for fuel element claddings, the Zr + 2.5% Nb alloy of typeN-2.5
(3-125) is applied for tubes of assembly channels.

High corrosion resistance of niobium alloyed metals in water (350 K) and steam at
temperatures of 400-550°C is caused by their ability to passivation with formation of
protective films. The corrosion rate of the Zr + 2.5% Nb alloy does not exceed
0.024 g/(mzday) in the course of 8000 h testing [16, 17]. Under irradiation, the corrosion rate
increases only by 5-10% [18]. The oxidation kinetics is defined by expression:

Am=k 1", 6.1)

" WWER — water—water power reactor
? RMBK — graphite channel-type reactor of large power
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where Am is the weight increment of zirconium owing to formation of oxide film for time t in
hours; the values of k, n coefficients depend on the composition of alloy and temperature.
Some data on oxidation kinetics of zirconium and its alloys are presented in Table 6.5.

6.2.3.1. Properties of solid zirconium depending on temperature [19-25]

Density of Zr is defined by correlation:
p(T) (kg/m®) = 6550 — 0.1685 T. (6.2)

Heat capacity of Zr is calculated as [20]:
for o phase of Zr at 298 <T <1100 K

C, [T/(kg K)] = 238.596 + 0.181 T—96.1 x 10 °T*+36.2 x 10 T°, (6.3)
for B phase of Zrat 1100 < T <2128 K
Cp [J/(kg K)] = 276.462 + 0.0141 T — 3.08x10° T>+10.7x107° T°, (6.4)

TABLE 6.5. PARAMETERS OF OXIDATION KINETICS OF ZIRCONIUM AND ITS
ALLOYS [17]

Conditions Parameters of Eq. (6.1)
Metal medium Temperature Pressure K a
°C MPa

water 350 16.8 0.5 0.3
Zirconium

steam 400 30.0 0.7 0.38

water 350 16.8 0.2 0.5
Zr-1% Nb alloy steam 400 30.0 0.3 0.58

steam 450 30.0 0.35 0.71

water 300 8.8 0.2 0.47
Zr-2.5% Nb alloy

steam 350 16.8 0.22 0.62

Thermal conductivity of Zr at T <2000 K with an accuracy of = 10% is evaluated as:
A [W/(mK)] = 8.8527 + 7.0820 x 10° T +2.5329 x 10 ° T2+ 2.9918 x 10°T™".  (6.5)
Thermal diffusivity of Zr in 107 (m%/s) is calculateda = 7»/ C,p.

Electrical resistivity of Zr is defined by following correlations:

at T<1100 K

pe-108 (Q:m) =—-2.142 + 7.904 x 10 T+ 4.249 x 10T = 5.71 x 107 T>+2.08 x 107" T*,
(6.6)

at 1100 < T <2000 K

pe-10% (Q-m)=92.85 +2.27x1072 T. (6.7)

The basic thermophysical properties of solid zirconium according to Equations (6.2—6.7) are
shown in Table 6.6.
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TABLE 6.6. BASIC THERMOPHYSICAL PROPERTIES OF SOLID ZIRCONIUM BY
EQS (6.2-6.7)

Temperature Density Heaj[ Therm.a! "‘Fherr‘ne‘ll Ele.ct.rigal

K K g/m3 capacity conductivity dlfgu51;/1ty res;stmty

J/(kgK) W/(m-K) 10°(m"/s) 10°(Q-m)
298 6500 285 21.2 11.46 46
300 6499 285 21.2 11.42 46
400 6483 298 19.6 10.13 66
500 6466 310 19.0 9.50 85
600 6449 320 19.0 9.19 102
700 6432 331 19.3 9.09 115
800 6415 340 19.9 9.10 126
900 6398 350 20.6 9.20 133
1000 6382 360 21.5 9.35 139
1100 6365 370 22.4 9.53 143
1200 6348 307 23.5 8.30 120
1300 6331 313 24.6 8.11 122
1200 6348 307 23.5 8.30 120
1300 6331 313 24.6 8.11 122
1400 6314 320 25.9 7.90 125
1500 6297 327 27.2 7.66 127
1600 6280 335 28.5 7.40 129
1700 6264 344 30.0 7.11 131
1800 6247 354 31.5 6.80 134
1900 6230 366 33.0 6.47 136
2000 6213 378 34.6 6.12 138
2100 6196 392 36.3 5.76 141
2128 6191 396 36.7 5.66 141

6.2.3.2. Properties of liquid zirconium depending on temperature [20-24]

Density

p (kg/m’) = 6844.5 — 0.609898 T + 2.05008 x 10~ T? -
— 447829 x 108 T3+ 3.26469 x 1072 T*, (6.8)
P(Tmerr) = 6107 kg/m*; p(Thoit)=5590 kg/m’.

Heat capacity

C,p [kJ/(kg'K)] = 1.48 + 1.74588 x 10> T° - 5.26174 x 107" T>+ 5.56831 x 107" T°. (6.9)
Electrical resistivity is calculated by the correlation,

pe-10% (Q-m) =130 + 8-107°T, (6.10)
or a more exact equation,

pe-10* (Qm) = —65.63192 + 0.10319T — 5.0937 x 107> T*+
+1.16791 x 108 T? - 9.64305 x 1072 T*. (6.11)
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Mean coefficient of volumetric expansion p =39 x 107 1/K.

Dynamic viscosity | = 8 x 107 Pas [24].

Surface tension [23]

at 2128 K (1855°C) 6 = 1455 mN/m; at 2733 K (2460°C) o = 1395 mN/m.

Thermophysical properties of liquid zirconium in the temperature range from 2128 to
4100 K calculated on the basis of Eqs (6.8—6.11) are presented in Table 6.7 [21-23].

TABLE 6.7. THERMOPHYSICAL PROPERTIES OF LIQUID ZIRCONIUM BY EQS (6.8—
6.11)

Temperature Density Heaj[ Ele'ct'ric?al

K ke/m’ capacity res;stmty

J/(kg-K) 10°(Q-m)
2128 6110 700 147.3
2200 6095 645 147.9
2300 6073 510 148.6
2400 6051 445 149.3
2500 6029 462 150.1
2600 6007 477 150.8
2700 5984 490 151.5
2800 5962 502 152.3
2900 5939 512 153.1
3000 5915 522 154.0
3100 5891 531 154.9
3200 5867 539 155.8
3300 5842 548 156.8
3400 5817 558 157.8
3500 5791 568 158.9
3600 5765 580 159.9
3700 5738 593 161.0
3800 5711 608 162.0
3900 5683 625 163.0
4000 5655 644 164.0
4100 5626 667 164.9

6.2.3.3. Zirconium-niobium (1%) alloy type N-1 (E-110)

The basic component of Zr + 1% Nb alloy is zirconium with the following content of other
elements (%): Nb — (0.9+1.1), Fe — 0.015, Ni — 0.007, Al — 0.004, Ti — 0.003, C — 0.02,
Si—0.004, O —0.05,N-0.003, H-(0.001+0.002).
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Some thermophysical properties of this alloy are as follows:

Melting point

Phase transition point
Heat of fusion

Heat of phase transition
Density at 298 K

Density
at 300 <T <1100 K [34]

p(T) (kg/m’) = 6636 — 0.286 T.

Heat capacity [26, 27|

at 300 < T <1100 K
C,[I/(kg K)] =238 +0.159 T,

at 1100 <T <2000 K

C, [1/(kg K)] =281 +0.0663 T.

Thermal conductivity [28]
at300<T<1100K

2130 K
1140 K
150-160 kJ/kg
42 kI/kg

6550 kg/m’

(6.12)

(6.13)

(6.13a)

A [W/(m-K)] =23.5-0.0192 T+ 1.68 x 10° T, (6.14)

at 1100 < T < 1600 K
A [W/(mK)]=1.5+0.02 T,

(6.14a)

Thermal diffusivity in 107° m*/s is defined as a = AC,p.

Linear expansion coefficient [29]

at300<T<1100K

a-10° (1/K)=5.22+1.82 x 107 T.

Electrical resistivity [28]
at300<T<1100K

(6.15)

pe-10% (Qm) =—-9.08 +0.2535 T — 2.0391 x 1074 T>+9.505 x 107 T°, (6.16)

at 1200 <T <1500 K

Pe-10* (1m) =94.86 + 1.411 x 102 T +2.74 x 10° T2, (6.16a)

Spectral emissivity at temperature of 350—450 K is € = (0.167-0.184) [34].

Thermophysical properties of Zr + 1% Nb alloy calculated by correlations (6.12—6.16a) are

presented in Table 6.8.
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TABLE 6.8. THERMOPHYSICAL PROPERTIES OF Zr + 1% Nb ALLOY BY EQS
(6.12-6.163)

Linear

Temperature Densit Heajc Therm.al. ".l"herr.llz}l expansion Ele.ctric‘al
K kg/m capacity conductivity dlt;fusnzflty coofficient resglstlwty
J/(kgK) W/(m-K)  10° (m7/s) 10° (1/K) 10°(€2-m)
300 6550 286 19.3 10.3 5.77 51
400 6522 302 18.5 9.4 5.95 66
500 6493 318 18.1 8.8 6.13 79
600 6464 333 18.0 8.4 6.31 90
700 6436 349 18.3 8.1 6.49 101
800 6407 365 18.9 8.1 6.68 112
900 6379 381 19.8 8.2 6.86 123
1000 6350 397 21.1 8.4 7.04 136
1100 6321 413 22.7 10.1 7.22 150
1200 6293 360 25.5 11.2 - 116
1300 6264 367 27.5 12.0 - 118
1400 6236 374 29.5 12.6 - 120
1500 6207 380 31.5 13.3 - 122
1600 6178 387 33.5 14.0 - -
2100 6035 420 35.5 14.0 - -

6.2.3.4. Zirconium-niobium alloy type E-635

The Zr-Nb alloy type E-635 differs from the previous alloy type E-110 by addition of such

alloying elements as Sn and Fe. The composition of this alloy based on zirconium is the
following (%): Nb— (0.9 — 1.1), Sn — (1.0 — 1.5), Fe — (0.3 — 0.5).

The thermophysical properties of the alloy type E-635 are similar in general to the properties
of the alloy type E-110. The particular correlations are presented below [37, 38].

Density at 20°C is equal to 6530 kg/m”.

Phase transition point o— (a+pB) 630-650°C;
(a+pB)—>p 880-910°C.
Heat capacity in B phase at T > 1200 K:
Cp[I/(kg K)] =221 +0.172 T - 5.87 x 10 T7, (6.17)

Thermal conductivity [37].

at 400 < T <1500 K
A [W/(m-K)]=10.583 + 348 T ' +1.04 x 10* T +8.735 x 107 T2 (6.18)

The data on thermal conductivity of the alloy type E-635 in unirradiated state and after
exposure to radiation at the neutron flux of 2 x 10** n/em” and E > 0.1 MeV are considered in
Ref. [38]. Thus the value of A prior to radiation exposure is defined as:
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A [W/(m-K)]=13.1 + 1.6 x 1072 (T - 273), (6.18a)
and after radiation exposure,
A [W/(mK)] =13.1+5.5 x 107 (T - 273). (6.18b)

Spectral emissivity at temperature of 17002000 K is defined by equation from data in
Ref. [37]:

e(L=0.65pum)=1.02-3 x 10T (6.19)

6.2.3.5. Zirconium-niobium (2.5%) alloy type N-2.5 (E-125) [31]

Composition of Zr + 2.5% Nb alloy with zirconium as the basis is as follows (%): Nb — 2.5,
Fe — 0.015, Ni — 0.007, Al — 0.004, Ti — 0.003, C — 0.02, Si — 0.004, O — 0.05, N — 0.003,
H —(0.001+0.002). Some thermophysical properties of this alloy are as follows:

Melting point 2130 K

Phase transition point 1140 K

Heat of fusion 150-160 kJ/kg

Heat of phase transition 40 klJ/kg

Density at 298 K 6570 kg/m’

Density

p(T) (kg/m’) =6657 — 0.2861 T. (6.20)
Heat capacity

at 300 < T < 1100 K
Cp[I/(kg K)] =221 +0.172 T - 5.87 x 10° T2, (6.21)
at 1100 < T < 1600 K C,= 380 J/(kg K)

Thermal conductivity

at300 < T <1100 K
A [W/(m-K)] = 14+ 0.0115T. (6.22)

Thermal diffusivity in 107° m%/s is defined as a=1/C.p.

Thermophysical properties of Zr + 2.5% Nb alloy calculated by Eqs (6.20-6.22) are shown in
Table 6.9. The values of linear expansion coefficients are taken in Ref. [29].
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TABLE 6.9. THERMOPHYSICAL PROPERTIES OF Zr + 2.5% Nb ALLOY BY EQS (6.20-6.22)

Linear
Temp. Density Heaj[ Therm.a! Thermgl expans‘ion
K ke I capacity conductivity d1f12u51;/1ty coegﬁment
J/(kg-K) W/(m-K) 10°(m/s) 10°(1/K)
[29]
300 6571 267 17.5 9.9 4.3
400 6543 280 18.6 10.1 4.7
500 6514 292 19.8 10.4 4.8
600 6485 303 20.9 10.6 4.9
700 6457 313 22.1 10.9 53
800 6428 321 23.2 11.2 5.4
900 6400 328 24.4 11.6 4.0
1000 6371 334 25.5 12.0 3.0
1100 6342 339 26.7 12.4 -
1200 6314 380 - - -
1300 6285 380 - - -
1400 6256 380 - - -
1500 6228 380 - - -
1600 6199 380 - - -
2100 6056 - - - -
6.3. STEELS

6.3.1. High temperature stainless chromium steels

The steels alloyed by chromium have found a wide use in nuclear reactor industry, because
chromium has a favorable effect on corrosion resistance of steel at high temperatures.

The most important thermophysical properties of materials used for NPP units are thermal
conductivity and thermal expansion coefficient. These properties govern the heat transfer
processes and occurrence of thermal stresses in constructions [39—48].

Depending on the concentration of chromium and other alloying elements, the structure and
thermal processing, steels are classified as pearlitic, martensitic, ferrite and austenitic.
Thermophysical properties of steels of basic classes are presented in Table 6.10 [55].

The thermal conductivity of steel is reduced as the chromium content is increased. At the
content of Cr < 5%, the thermal conductivity of steel decreases with increasing temperature
and rises at the content of Cr >12%. The thermal conductivity of chromium steels and alloys
used in heat exchangers of NPP is shown in Table 6.11 [54]. The linear expansion coefficient
is reduced with increasing the chromium concentration and rises as temperature is increased.
Pearlitic steels are referred to low alloyed alloys. These steels are used to manufacture high
pressure vessels and tubes for thermal power plants. In some cases, they replace more
expensive chromium-nickel stainless steels. Pearlitic steels are not prone to intergranular
attack (IGA) and stress-corrosion cracking. The chemical composition of some pearlitic steels
is shown in Table 6.1.
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TABLE 6.11. THERMAL CONDUCTIVITY OF STEELS AND ALLOYS USED FOR
HEAT EXCHANGERS OF NUCLEAR POWER PLANTS [54]

Temﬂecrature 100 200 300 400 500 600 700 800 900 1000

Alloy grade Thermal conductivity, W/(m-K)
1Kh2M 489 483 477 470 462 456 - - - -
Kh2MFB 41.0 38.9 38.0 37.3 36.8 36.6 - - - -
Kh18N9 163 180 188 20.1 21.5 238 256 268 274 281
Kh18N10T 144 162 187 212 230 250 - - - -
05KhN46MVB4 - 123 147 184 205 247 272 - - -
03Kh21N32M3B - 138 159 184 205 226 247 - - -
KhN55MVTs 11 14 16 18 20 22 25 27 29 31
OKh18N16M3B (EI-847) 144 163 180 197 214 230 244 257 264 -

TABLE 6.12. CHEMICAL COMPOSITION OF SOME PEARLITIC STEELS [55]

Element content
Steel grade %
C Cr Mo Mn V/Nb Ni Si Cu/Al

15M 0.10-0.18 0.4-0.7 - - - -

12KhM 0.09-0.16  0.4-0.6  0.4-0.6 - - - -

12Kh1MF 0.08-0.15  0.9-12  0.25-0.35 - 0.15-0.30/-

12Kh2MFB  0.08-0.12  2.1-26  0.5-0.7 - 0.270.35/ - - -

0.5-0.8

I5Kh2MFA  0.13-0.18  2.5-3.0  0.6-08  03-0.6  025-035- <04 0.17-037  <0.025/-

ISKh2NMFA  0.13-0.18  1.8-2.3  05-0.7  03-0.6  0.1-0.12-  1.0-1.5  0.17-0.37 <0.3/-

ISKh3NMFA  0.12-0.16  22-27  05-08  03-0.6  0.080.15- 0813  0.17-037  <0.15-

25Kh3MFA  0.22-027 2833 0608 03-06 025-035- <04 0.17-0.37  <0.025/-

16GNM 0.13-0.18 04-055  0.8-1.1 1.1-13 -

10KhSND <0.12 0.6-0.9 - - 0.5-0.8 0.8-1.1  0.4-0.65-

48TS-1 0.22-027 2530 0608 - 0.25-0.35/-  0.4-0.7 - -

38KhMYuA  0.35-042 1.35-1.65 0.15-0.25 - -0.7-1.1

In nuclear power engineering, pearlitic steels are used to manufacture reactor vessels and
heads, pipelines, steam generators and other units operating in contact with water, steam and
liquid metals in the temperature range of 250-580°C. The low alloyed steels have the high
thermal conductivity of 30—50 W/(m-K) instead of that 12—17 W/(m-K) for the high alloyed
steels. They also characterized by the low linear expansion coefficient of (12—13) x 10°K ™ as
compared with that (15-17) x 10°K™" of chromium-nickel stainless steels. These thermo-
physical properties are of great importance for evaluation of thermal stresses in reactor vessel

[47].
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6.3.1.1. Pearlitic steels

Pearlitic steels are characterized by good processing properties. Corrosion products of these
steels contain no Co impurities, the presence of which deteriorates the radiation environment
as a result of the formation of the isotope *’Co with a half-life of 5.26 years.

The main disadvantage of pearlitic steels is their poor resistance to oxidation in air at the low
chromium content (<1%). Heat resistance of these steels increases by their alloying with
molybdenum and vanadium (12KhM1F). In the course of cooling in air, pearlitic steels with
the content of 2-2.5% Cr and 1% Mo gain susceptibility to formation of brittle structure that
results in difficulties during manufacture operations such as deformation, welding and others.
These disadvantages are eliminated by steel alloying with niobium.

Steels of typel2Kh2MFB and similar ones have high plastic properties. They are well welded
between each other and with other steels. These steels are designated for continuous operation
(pipelines, superheaters, collectors). The specific heat capacity of pearlitic steels of two types
is determined from the following correlations [50, 51]:

for steel type 15 Kh2NMfA
Cp [J/(kgK)] = 482.2 — 0.2979T + 0.7404 x 107 T7, (6.23)
for steel type 10GN2MFA
C, [M/(kg'K)] = 536.3 — 0.5290T + 0.9614 x 107 T (6.24)

Thermophysical properties of some pearlitic steels are given in Table 6.13.

TABLE 6.13. THERMOPHYSICAL PROPERTIES OF SOME PEARLITIC STEELS

Temp. Steels }ggﬁﬂﬁ?g éiﬁﬂiﬁ?ﬁ Steel 10GN2MFA

Heat Thermal Thermal Linear Heat Thermal

capacity conductivity  diffusivity expansion capacity diffusivity

°c K Ji(kg:K) W/(m-K) 10%m?/s)  coefficient J(kg-K) 10%(m*/s)

10°(1/K)

[12] [11] [11] [11] [12] [13]
20 293 458 (55) 12.4 11.2 466 14.3
100 373 474 (52) 114 11.9 476 13.2
200 473 507 47.3 10.1 12.5 505 11.9
300 573 555 41.9 8.85 13.15 553 10.5
400 673 617 37.6 7.57 13.5 621 9.17
500 773 694 38.2 6.28 14.0 708 7.87
600 873 786 30.7 5.05 14.4 814 6.43
700 973 893 28.0 3.80 14.8 940 4.81
800 1073 1015 25.8 4.00 15.2 1084 5.0
900 1173 1152 24.4 4.93 15.6 1248 6.1
1000 1273 1303 23.6 5.35 16.0 1431 6.73
1100 1373 1469 23.1 5.47 16.4 1633 7.5
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6.3.1.2. Martensitic chromium steels

At the boron concentration of more than 2-3%, steels acquire the martensitic structure that
causes problems in the course of manufacturing various components. In the case when the
higher resistance to oxidation is required as compared with pearlitic steels, in particular for
nuclear power engineering, martensitic chromium steels can be used to manufacture pipelines,
superheaters, heat exchangers and accessories.

Steels with the Cr concentration of 14-16% are referred to the stainless class. They are used
in the case when high corrosion resistance simultaneously with high oxidation resistance are
desired. In nuclear power engineering, the chromium steels type Kh13 with the different
content of carbon and alloying elements are used to manufacture pipelines, fastening elements
and control mechanisms. The heat resistance of steels with the content of 13% Cr increases at
their alloying by Mo, W and Nb. The chemical composition of the complex-alloyed stainless
chromium steels is presented in Table 6.14 [47].

TABLE 6.14. CHEMICAL COMPOSITION OF COMPLEX-ALLOYED STAINLESS
CHROMIUM STEELS [47]

Element content
%

Steel grade

C Cr Mo Y% w Nb eleorgl:;ts
0Kh13 <0.08 11-13 - - = = -
1Kh13 0.09-0.15 12-14 - - - - -
2Kh13 0.16-0.24 12-14 - - - - -
1Kh1IMF 0.12-0.19 10.0-11.5 0.6-0.8 0.25-0.40 - - -
1Kh12B2MF  0.10-0.17 11-13  0.6-0.9 0.15-0.30  1.7-2.2 - -
1Kh12MVBF ~0.14 ~11.6 ~0.7 ~0.42 ~0.30 0.30 -
1Kh13M2BFR 0.12 13 1.5 0.20-0.30 - 0.4 B 0.004
1Kh12MV4B ~0.10 ~12 ~1 - ~4 0.8 -
2Kh11MFB 0.15-0.21 10.0-11.5 0.8-1.1 0.20-0.40 - 0.20-0.45 -
2Kh12VNMF  0.12-0.18 11.0-13.0 0.5-0.7 0.15-030  0.7-1.1 - Ni0.4-0.8

With the use of chromium steels for nuclear power engineering, in particular in boiling
reactors, their corrosion resistance, which depends on the Cr content, is to be taken into
account. The corrosion resistance of low alloyed pearlitic steels and martensitic ones in water
and steam at high temperature is distinctly lower than that of stainless steel with the high
chromium content. This leads to the necessity of precautions, which have been taken to
reduce depositions of corrosion products on heat-transfer surfaces and to improve the
radiation environment. The corrosion rate of chromium steels in water with impurities
increases at the presence of gaps, slits etc. In the case of the use of chromium-nickel steels in
the circuit, the corrosion rate of chromium steels increases owing to the formation of galvanic
couples.

In liquid sodium used as coolant, solubility of chromium steel components such as Fe, Cr, Nb,
V and others is rather small and does not exceed thousandth percent. The oxygen impurity in
sodium has a considerable effect on corrosion processes in it. Due to the effect of oxygen,
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mass transfer is enhanced under non-isothermal conditions or at the presence of dissimilar
materials in the circulation system. The contact of low alloyed pearlitic steels with sodium
results in decarbonization of a surface layer of steels. At temperature of 600°C and the oxygen
concentration of <5 x 107%, steels with the Cr content of 12% are characterized by high
corrosion resistance in the non-isothermal sodium flux. However owing to low heat resistance
of chromium steels at temperatures above 600°C, they are not used widely.

6.3.1.3. Ferrite steels

Stainless high chromium steels of this class (15-30% Cr) have substantial oxidation resistance
at high temperatures and high corrosion resistance in aggressive environments and
atmosphere. They can be used for electrical resistance elements of heaters. Steels with the
chromium content of 17% have low heat resistance, swell slightly under irradiation and have a
tendency to grain growth and brittleness. Steels with the chromium content of 25-30% have
high oxidation resistance. To reduce their tendency to grain growth, these steels are alloyed
by such additives as Ti, Nb, Ta, N as well as silicon and aluminium (1-5%). These steels can
be used in liquid metal circuits (Pb, PbBi). Thermophysical properties of some martensitic-
ferrite chromium steels are presented in Table 6.15 [46].

TABLE 6.15. THERMOPHYSICAL PROPERTIES OF SOME MARTENSITIC-FERRITE

CHROMIUM STEELS [46]
! Steel type 16Kh12NMS

Temperature Steels of types 08Kh13, 12Kh13 and 20Kh13 (EP-823Sh)

; Heat Thermal Lmea}r Electrical Thermal Thermal
°C K . capacity conductivity expansion resistivity : conductivity diffusivity

; coefficient 3 : 6, 2

b J(kgK) W/(m-K) 10°%(1/K) 10°(QQm) ©  W/(m-K) 10°(m*/s)
20 203 1 440 (22) - (180) - -
100 373 1 468 (23.2) 10.1 160 | 227 12.9
200 473 1 522 24.8 10.7 142 | 234 13.0
300 573 1 561 26.2 11.0 127 ¢ 231 13.1
400 673 | 620 27.2 11.4 116 | 247 13.2
500 773 | 689 27.7 11.65 107 | 254 13.6
600 873 | 780 28.1 12.0 98 L 26.1 13.7
700 973 1 966 28.5 12.3 89 1 273 13.9
800 1073 - (28.8) (12.5) 80 § - 14.1
900 173 - (29.2) - - ! - -
1000 1273 - (29.5) - - i - -

6.3.2. High temperature stainless chromium-nickel (austenitic) steels

These steels are basic structural materials for manufacturing NPP units (fuel element
claddings, vessel internals, heat exchangers, pipelines, pumps and accessories). They
can operate at 650—750°C, whereas the maximum operating temperature of chromium steels
is 580—620°C. The composition of some stainless chromium-nickel steels is given in
Table 6.16 [47]. The properties of some grades of austenitic steels are presented in Table 6.17
[49-51], Table 6.18 and Table 6.19 [46, 49, 50, 52], respectively.
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Alloying chromium-nickel steels by molybdenum (content of 2-3%) increases their heat
resistance and corrosion resistance in water and steam. Therefore, these steels are of great
importance for nuclear power engineering. The operation experience of water cooled and
liquid metal reactors indicates that at temperature <550°C the most widespread stainless
austenitic steel type of IKh18N10T can provide safe operation of fuel element claddings. At
higher operating temperatures, steels alloyed by Mo, Nb, W and other elements are to be
applied. In this case, intermetallic compounds may occur in the steel structure that will serve
to harden steels so called intermetallide hardening. Intermetallide hardening of chromium-
nickel steels achieved by alloying with Ti (2.3%) and Al (1-3%) has found the most
application. In particular, these steels have the high nickel content of 20-35%.

TABLE 6.16. COMPOSITION OF STAINLESS CHROMIUM-NICKEL STEELS [47]

Element concentration, %

Steel grade Notes
C Cr Ni Ti Nb Mo A\

O0Kh18N10 <0.08 18 10 _ _ ) Analog of steel
type 304

OKh18N10T 0.03-006 18 10 S Analog

' ' 5(%) of steel 321
1Kh18N10T <0.12 18 10 0.5 - - -
0Kh18N12B <0.06 18 12 - 0.6 - -
Analog of steel

Kh18N12M2T <0.12 18 12 0.4 - 2.5 type 316 with
titanium

Kh18N12M3 <0.08 18 12 ; - 30 Analog of steel
type 316

1Kh14N14V2M <0.15 14 14 - - 0.5 2.4 -

Analog of steel

0Kh16N15M3B <0.06 16 15 - 0.65 3.0 - type 317
(EI-847)

0Kh16N15M3BR <0.06 16 15 - 0.75 2.7 - B-0.07

4Kh14N14V2M 0.45 14 14 - - 0.4 2.4 -

Kh15N35V3T3YuR <0.08 15 35 3.0 - - 2.8 Al-1.2; B-0.005
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TABLE 6.17. PROPERTIES OF AUSTENITIC STEEL TYPE 08Kh18N10T [49-51]

_Temperature . Heat Thermal Thermal Linea}r
. ]ie‘}“? capacity conductivity diffusivity expansion
¢ K gm J(kgK) Wi(m-K) 10°(m?s) C‘i%ﬁ?f;%t
20 293 7900 478 16.6 4.4 15.8
100 373 7862 495 17.2 4.42 16.2
200 473 7821 516 18.0 4.45 16.7
300 573 7778 537 18.7 4.47 17.2
400 673 7732 558 19.4 4.50 17.7
500 773 7684 579 20.1 4.51 18.2
600 873 7634 600 20.8 4.53 18.7
700 973 7582 622 22.2 4.70 19.2
800 1073 7527 643 234 4.83 19.7
900 1173 7470 664 24.8 5.00 20.2
1000 1273 7411 685 26.1 5.15 20.7
1100 1373 7349 706 27.5 5.30 21.1
1200 1473 7285 727 28.9 5.45 21.6

TABLE 6.18. PROPERTIES OF AUSTENITIC STEELS OF TYPES 12KH18N9T AND

12 Kh 18N10T [46, 49, 50, 52]

Temperature Heat Thermal Linear Electrical
_ capacity conductivity expansion coefficient resistivity
°C K J(kg-K) W/(m-K) 10%(1/K) 10%(Q-m)
20 293 468 (15.1) - 75-
100 373 486 16.3 16.1 80
200 473 510 17.6 17.0 87
300 573 531 18.9 17.4 94
400 673 553 20.5 17.8 99
500 773 574 21.8 18.2 105
600 873 594 23.5 18.6 109
700 973 614 24.7 19.1 114
800 1073 634 26.4 19.4 -
900 1173 655 28.5 - -
1000 1273 676 (31.1) - -
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TABLE 6.19. PROPERTIES OF AUSTENITIC STEEL 12X18H9 [46, 49, 50, 52]

Linear

Temperature Heat Thermal : Electrical
_— . . Expansion L
capacity conductivity . resistivity
K °C (kg K) W/(m-K) coefficient 10%(Q-m)
10%(1/K)
20 293 512 15.9 (15.2) 71
100 373 529 16.3 16.0 74
200 473 546 18.0 17.0 82
300 573 567 18.9 17.5 89
400 673 592 20.1 17.9 95
500 773 630 214 18.5 100
600 873 638 239 18.6 105
700 973 642 25.6 18.9 109
800 1073 646 26.8 19.1 -
900 1173 651 274 19.3 -
1000 1273 - 28.1 19.5 -

Molybdenum and vanadium are the basic alloying elements, which add to austenitic steels to
increase their high temperature resistance that is defined, primarily, by the enhancement of
strength of interatomic bonds.

Under radiation of austenitic steels with neutrons at temperatures of 100-400°C, the increase
of strength and yield point as well as the decrease of plasticity is taken place. Within the
temperature range from 625 to 650°C, these effects do not appear that is caused by annealing
radiation defects. At neutron fluence of 10% n/cm?, swelling of chromium-nickel steels is
observed that is manifested as the change of component shape and sizes, structure and
mechanical properties. Each atom of material undergoes up to 50 and more displacements at
fluence of 2 x 10% n/cm? that presents a complicated problem. The value of radiation damage
depends heavily on alloying. For example, swelling of fuel element claddings from steel
alloyed by molybdenum (type OKh18N12M2-3) is reduced by 2 times as compared with those
from steel type 0Kh18N10. Adding of such elements as chromium and nickel has an opposite
effect. In austenitic steels, corrosion cracking may take place, which can result in the
restriction of their efficiency. Over a short time period, the metal, which is not affected by
total corrosion, is attacked by through cracks, and its failure happens unexpectedly with no
preliminary visible changes. The service experience of water cooled NPP shows that the most
often failure units are steam generators, heat exchangers and fuel element claddings of boiling
reactors. In most cases, failure is caused by combined effect of two factors such as
inobservance of water regime norms, e.g. the increase of content of chlorides and oxygen in
water, and action of tensile stresses.

Corrosion cracking of austenitic steels can take place in the presence of oxygen in water
steam (saturated, superheated, as well as at supercritical parameters). The protection against
such type of cracking is based on depressing of factors, which effect on this process (see
above). Moreover, another dangerous type of corrosion is known such as intercrystalline
(intergranular) corrosion (ICC). In this case, the boundaries of metal grains are subject to
selective fracture in water and steam. The higher is the carbon content in steel, the more it is
subject to ICC due to the formation of chromium carbides at grain boundaries. The ICC
phenomenon is prevented by alloying steel with titanium and niobium. The content of
titanium and niobium is to be of 5 and 8% respectively, whereas the content of carbon is of
0.01%. The steels alloyed by titanium (type of 1Kh18NH10T and others) are widely used.
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6.3.2.1. Austenitic stainless steel type 316

Austenitic stainless steel type 316 is an analogue of Russian steel type Kh18N12M3.
This steel is characterized by the following composition (%): C — 0.08, Cr — (16-18),
Ni - (10-14), Mn — £2, Mo — (2-3), Si — <1.0, P — <0.045, S — <0.03. Basic properties of steel
type 316 are as follows [43]:

Molecular mass 55.9354

Melting point 1430°C (1703 K)

Boiling point 2817°C (3090 K)

Heat of vapourization 7450 kl/kg

Heat of fusion 270.0 kJ/kg

Volume increase at melting 3.86%

Critical constants P.=456.7 MPa
T,=9600 K

p. = 1143 kg/m’

6.3.2.2. Properties of austenite stainless steel type 316 in solid state depending on temperature

Density

p (kg/m’) = 8084 — 0.4209 T —3.894 x 107 T°. (6.25)
Heat capacity

Cp [/(kg'K)|=462 +0.134 T. (6.26)

Thermal conductivity

A [W/m-K)] =9.248 +0.01571 T. (6.27)

Linear expansion coefficient

o 10° (1/K) =17.89 +2.398 x 10° T + 3.269 x 107" T*. (6.28)

Thermal diffusivity 10° m%/s is defined as  a = AC,p.

The properties of austenitic stainless steel type 316 in solid state calculated by correlations
(6.25-6.28) are presented in Table 6.20.
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TABLE 6.20. PROPERTIES OF AUSTENITIC STAINLESS STEEL TYPE 316 IN SOLID
STATE BY EQS (6.25-6.28)

Temperature Densit Heat Thermal Thermal exLlalllIT:ii)n

pK K /m3y capacity conductivity diffusivity cog ficient

& (kg K) W/(m-K) 10%(m%s) P
300 7954 502 14.0 3.5 18.6
400 7909 516 15.5 3.8 18.9
500 7864 529 17.1 4.1 19.2
600 7817 542 18.7 4.4 19.4
700 7770 556 20.2 4.7 19.7
800 7722 569 21.8 5.0 20.0
900 7674 583 23.4 52 20.3
1000 7624 596 25.0 5.5 20.6
1100 7574 609 26.5 5.7 20.9
1200 7523 623 28.1 6.0 21.2
1300 7471 636 29.7 6.2 21.6
1400 7418 650 31.2 6.5 21.9
1500 7365 663 32.8 6.7 222
1600 7311 676 344 7.0 22.6
1700 7256 690 359 7.2 22.9

6.3.2.3. Properties of austenite stainless steel type 316 in liquid state depending on temperature
Density

p (kg/m’) = 7433 +0.0393 T — 1.801 x 107* T2, (6.29)
Heat capacity C, =775 J/(kg- K).

Thermal conductivity [43]

A [W/m-K]=12.41 +0.003279T. (6.30)
Thermal diffusivity in 10°° m%/s is defined as a = 7»/ C,p.

Linear thermal expansion coefficient

a-10° (1/K)=18.64 +3.917 x 10 T +2.833 x 10° T2, (6.31)

Dynamic viscosity

2385.2

lgu(mPa-s) = —3.5958 . (6.32)

Vapour pressure above liquid steel type 316 is determined as,

1gP(Pa) =11.1183—@, (6.33)
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or to an accuracy of = 30%,

lg P(Pa) = 23.47496 — % +67.2678x10°T —1.4359In 7T . (6.34)

The properties of austenitic stainless steel type 316 in liquid state in the temperature range
from 1750 to 5000 K calculated by Eqs (6.29-6.34) are shown in Table 6.21 [43, 44].

TABLE 6.21. PROPERTIES OF AUSTENITIC STAINLESS STEEL TYPE 316 IN LIQUID
STATE BY EQS (6.29-6.34)

Linear .
. Thermal Thermal . Dynamic
Temperature Density .. PSR Expansion h . Pressure
3 conductivity  diffusivity . viscosity
K kg/m W/m-K 10%(m%/s) coefficient mPa s Pa
(m-K) 10%(1/K)
1750 6950 18.1 3.4 1.86 5.9 2.2
2000 6790 19.0 3.6 1.87 x 10 4.0 4.8
2250 6610 19.8 3.9 1.97 x 10 2.9 5.4 % 10°
2500 6410 20.6 4.2 5.94 x 10 23 3.7%10°
2750 6180 21.4 4.5 9.52 x 10° 1.9 1.8 x 10*
3000 5930 22.2 4.8 1.29 x 10" 1.6 6.7 x 10*
3250 5660 23.1 53 1.2x10° 1.4 2.1 x10°
3500 5360 23.9 5.8 8.1x10° 1.2 53x10°
3750 5050 24.7 6.3 42 x10° 1.1 1.2x10°
4000 4710 255 7.0 1.8 x 10’ 1.0 2.5x10°
4250 4350 26.3 7.8 6.5 %10’ 0.92 4.8 x10°
4500 3960 27.2 8.8 2.0 x 108 0.86 8.4 x10°
4750 3560 28.0 10.1 5.6 x 10® 0.81 1.4 %107
5000 3130 28.8 11.9 1.4 x10° 0.76 22 %107

6.4. NICKEL BASED ALLOYS

These alloys are promising for fuel element claddings of reactors with supercritical steam
parameters at pressure of 23—-25 MPa and temperature up to 600°C. They are also used for
control rod channels. The main advantage of nickel based alloys is high heat resistance
properties. However at radiation, their heat resistance is decreased. The operating temperature
of nickel based alloys can be within the range of 800-850°C instead of that 650—750°C for
austenitic steels. The properties of some nickel based alloys are given in Table 6.22 [56-58].
The basic alloying elements of such alloys are Cr, Al and Ti (see Table 6.23).

TABLE 6.22. PROPERTIES OF SOME NICKEL BASED ALLOYS [1-3]

Property Steel grade
Kh18N12 Kh20N80  KhN77TYu  Kh15N60M20V5

Linear expansion coefficient,

a 10° (1/15) in the range of 20-800°C 20 158 151 152
Thermal conductivity, A, W/(m-K)

________ ats0°C 210 193 176 180
at 700°C 26.0 25.2 24.2 -

Electrical resistivity, pe,-10° (Q-m) 70 126 135 140
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6.5. REFRACTORY METALS

Metals with melting point ranging in 2400-3400°C and higher, e.g. V, Nb, Ta, Cr, Mo and W,
are considered as refractory ones. The maximum values of operating temperatures of these
metals are about 0.5 of tyey, (°C). Niobium and its alloys are the most promising for the use in
NPP due to beneficial combination of heat resistance, and corrosion properties, nuclear
characteristics and processing properties. They can be used for manufacturing fuel element
claddings, tubes, pump components and other elements of NPP circuits with liquid metal (Na,
K, NaK alloys at 1000-1100°C) as well as for superheaters of water cooled NPP [72].

The composition of niobium and molybdenum alloys is presented in Table 6.24. The general
physical properties of refractory materials are shown in Table 6.25 [60, 71].

6.6. SHIELDING MATERIALS

The radiation shielding is provided by surrounding the radiation source with walls or layers
from radiation absorbing materials. There are three types of radiation:

1) heavy ionized particles (a particles, protons, debris);
2) B particles (positive or negative charged electron);
3) y particles and neutrons.

The protection against the first two types of radiation produces no problems, because the free-
path length of a, B particles is not too large. However, 3 particles in the course of absorption
produce secondary (deceleration) radiation in the form of y quanta with an energy of 0.5 MeV
and X ray radiation. The shielding material is to have high moderating efficiency (i.e. involve
light elements), the high neutron absorption cross section, the high scattering and absorption
cross sections of y quanta. The mixtures of substances with low atomic mass and heavy metals
possess the best properties of protection against gamma- and neutron radiations. They provide
efficient moderating and absorption of radiation. However, such protection is less economical
and used only in research type and other reactors [63, 70].

Water, concretes and heavy elements are the widespread shielding materials.

Concrete shielding is considerably cheaper than others and presents a mixture of elements
with low and mean atomic mass. It is believed that ordinary concrete (a mixture of sand,
gravel, Portland cement and water) is most economical to use for shielding. To give it
necessary properties, the additions are used such as barium sulphate, limonite, metal scrap,
etc. In concrete, water is contained in the following three forms:

1) In bound state with other compounds,
2) As adsorbed on surfaces of cement paste;
3) As moisture in concrete pores.

The shielding characteristics of concrete are improved by adding the substances,
which heavily absorb neutrons, namely: boron-bearing compounds B4C, 2Ca0O-3B,03-H,0,
limonite 2Fe,03-3H,0 as well as high density materials. The density of normal concrete
containing ~10% water is about 2450 kg/m>, heat capacity 840 J/(kg-K), thermal conductivity
~1.2-1.5 W/(m-K), thermal diffusivity (0.5-1.5) x 107® m?/s.
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Concrete performs two functions:
1) In the view of building material,
2) As radiation shielding material.

Concrete technology is a separate engineering field. Concretes consisting of various
components allow the combination of material composition with regard to specific
requirements. The properties of a number of shielding concretes applied for NPP are
presented in Table 6.26 [69, 70].

TABLE 6.24. COMPOSITION OF NIOBIUM AND MOLYBDENUM ALLOYS [56, 64]

Element content

Alloy %
type .
Nb Mo Zr W C Ti or others

VN-3 basis 4.6 1.4 - 0.12 -
VN-4 basis 6.0 0.72 - 0.1 0.03 Ce
D-43 basis - 1.7 10 0.1 -
F-48 basis 5 1.0 10 0.1 -
VM-1 - basis 0.08-0.25 >0.6 <0.01 to 0.4 Ti
VM-2 - basis 0.25-0.40 >0.2 <0.02 to 0.2 Ti
TZM - basis 0.08 - 0.02 0.5Ti
TZC - basis 0.15 - 0.15 1.25Ti

Alloys of types VN-3, VN-4, VM-1, VM-2 — for temperatures of 1250—-1500°C (Russian Federation);

Alloys of types D-43, F-48, TZM, TZC — for temperatures of 1000—1300°C (USA).

TABLE 6.25. BASIC PHYSICAL PROPERTIES OF REFRACTORY METALS [60, 71]

10 Q:m

Material
Properties Vanadium Niobium Tantalum Chromium Molybdenum Tungsten
A% Nb Ta Cr Mo W
Atomic number 23 41 73 24 42 74
Atomic mass, amu 50.942 92.906 180.95 51.996 95.94 183.85
Atomic volume, cm®/mol 8.35 10.83 10.88 7.23 9.42 9.54
Concentration of nucle, 0.722 0555 0.552 0.833 0.641 0.632
107/cm
Macroscopic capture cross
section, 102 cm?
for thermal neutrons 498 1.1 213 29 2.5 19.2
 for fast neutrons (65 KeV)  0.03  0.135 044  0.0035 0069 019
Melting point, °C 1890 2477 3017 1907 2623 3422
Density, kg/m’ 6110 8570 16400 7150 10220 19300
Heat capacity, J/(kg K) 0422  0.265 0.140 0.450 0.250 0.132
%‘Zf;nla(l)c"“d‘“ﬁmy’ 33 54 57-63 67-94 138 170
z‘;‘ffgrci’;ﬁa‘ll;‘%nl K 8.3 73 63  49-75 48-52 4346
Electrical resistivity, 18222 12516  12.5-15  12.9-15 557  4.9-5.65
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TABLE 6.26. PROPERTIES OF SHIELDING CONCRETES USED FOR NPP (WEIGHT
COMPOSITION, %) [69, 70]

Relaxation
Neut .
Aggregates distance, cm " eilllor\?; Maximum
Concrete  Cement ] Density oSS operating
type grade . Admixes  ko/m’ Y i temperature
Fine Coarse Neutrons  radiation ;ec on °C
, cm
_50()- Steel shot Scrap metal
Heavy M%)o, 375 575 V";tser 6000 8.1 8.7 0.15 350
Serpentinite  M-400;  Serpentinite = Serpentinite =~ Water 2300 9.9 15.2 0.09 300-400
I8 0297 456 89
Iron- Water
serpentinite  M-400; Metal Serpentinite 6.6 .
118 50.8 296 B,C 3550 8.4 9.3 0.108 400-450

1.5

Water has good protection properties owing to a high concentration of hydrogen nuclei.
Hydrogen may be introduced in the shielding as water, paraffin wax, polyethylene, plastic
materials, and metal hydrides. Concrete contains considerable amount of hydrogen in the
form of bound and free water.

Polyethylene is a good material for protection against neutrons. It is odor free, not toxic, does
not interact with acids, alkalis, oils and most spirits. However, it has low radiation resistance
and is fire dangerous. At temperatures of 104—116°C, polyethylene softens, thus it is used at
temperatures below 100°C.

For protection against neutrons, boron-bearing materials are used such as boron carbides,
boron-bearing steels, Boral (a mixture of 10-50% boron carbide and aluminium powder
coated with aluminium plates and hot rolled).

In a number of reactors lithium hydride, boron carbide or mixtures of boron carbide with
aluminium are used as neutron shielding materials. Lithium hydride is not stable at high
temperatures, at ~700°C it melts and dissociates into hydrogen and lithium [64].

To attenuate y-radiation, a layer from materials such as lead, molybdenum, tungsten, uranium
and others is added to neutron shielding.
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Appendix 1

CONVERSION FACTORS OF SOME UNITS

Length

1 inch (in) = 0.0254 m

1 foot (ft) = 0.3048 m

1 yard (yd) =0.9144 m

1 mile, statute = 1.609 km
1 mile, nautical = 1.852 km

Square

1 in’>=6.4516 x 10 m?
1 f2=9.2903 x 10 m?

Volume

1 barrel =0.159 m’

1 gallon (UK) = 4.546 x 10° m’
1 gallon (US) =3.785 x 10~ m’
1in*=1.6387 x 10° m°
1f$=2.832 %107 m’

Time

1 year = 3.1557 x 10" s
1 days = 86,400 s

Temperature

Rankine degree 1°Ra = 0.556 K
Fahrenheit degree 1°F = 1.25 K
Centigrade degree 1°C = 1K

Velocity

1 mile/hour= 1.609 km/hr

Mass

1 atomic mass units = 1.66056 x 10" kg
1 pound (Ib) = 0.4536 kg

Density

1 g/ft’ =3.53 x 10 * kg/m’
1 Ib/ft* = 16.02 kg/m’

Force

1 dyne= 10° N
1 kg-force (kgf) = 9.80665 N
1 Ib-force (Ibf) =4.448 N

Pressure

1 at =9.80665 10* Pa~0.1 MPa
1 bar=10° Pa

1 kgf/m*= 9.80665 Pa

1 mm H,0 = 9.80665 Pa

I mm Hg=133.3 Pa

Work, Energy

1 Whr = 3600 J
1kWh=3.610°J

1 hp-hr =2.648 10°J
11b x ft=1.3558 ]
lerg=10"17

1 kgf x m = 9.80665 J
1 kcal = 4186.8 J

1 Btu = 1.05506 kJ

1 cal/s=4.1868 W
1 kgf x m/s =9.80665 W

Power 1 hp=734.499 W
1 kcal/hr = 1.163 W
1 kW = 860 kcal/hr
20 N _ 2
Density of heat flux 1 kecal/(m”hr) = 1.1628 W/m

1 Btu/(hrft®) = 3.1534 W/m?

Thermal conductivity

1 keal/(hr x m x K) = 1.163 W/(m x K)
1 Btu/(s x ft x F) =6.23 x 10° W/(m x K)

Dynamic viscosity

1 poise (P)=0.1 Pa xs
1 kgf x s/m*=9.8067 Pa x s

Kinematic viscosity

1 Stokes (St) = 107 x m?/s
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Appendix 4

GENERAL PLANT DATA OF RBMK® TYPE REACTORS

TECHNICAL DATA Units RBMK-1000 RBMK-1500
Electric power MW 2x500 2x750
Thermal power MW 3200 4800
Overall Efficiency - 313 31.3
Reactor Coolant System

Coolant flow rate through reactor m’/s 10.4 8.9
Core inlet/outlet coolant temperature °C 270/284 270/284
Average steam quality at outlet of evaporation channels % 14.5 30

Steam output of reactor kg/s 1560 2450

Steam pressure in separators MPa 6.9 6.9

Steam pressure/temperature ahead of turbine MPa/°C 6.4/280 6.4/280

Reactor Core
Core height (length) m 7.0 7.0
Equivalent core diameter m 11.8 11.8
Core volume m’ 760 760
Heat transfer surface m’ 9070 8850
Average linear power kW/kg U 17.8 254
Average power density (volumetric) kW/1 4.2 6.3
Average heat flux from a fuel surface unit KW/m? 350 540
Maximum power of fuel (evaporation) channel kW 3000 4500
Coefficient of radial power generation non-uniformity - 1.2-1.33 1.4
Coefficient of axial power generation non-uniformity - 1.25-1.35 1.4
Fuel Assembly
192 189

Mass and type of fuel t U metal U metal
Initial enrichment wt. % 1.8 1.8
Operating cycle duration day 1080 690
Average burnup MW/day t 18500 21000
Number of fuel (evaporation) channels 1693 1661
Number of fuel assemblies in a fuel channel - 2 2
Number of fuel pins in a fuel assembly - 18 18
Outer diameter of fuel pin mm 13.6 13.6
Thickness of fuel pin cladding mm 0.9 0.9
Material of fuel pin cladding - Zirconium alloy | Zirconium alloy
Number of control rods - 179 235
Number of evaporation circulating loops 2 2
Outside diameter/thickness of header wall mm 1025/62.5 1025/62.5
Number of main centrifugal pumps 8 8
Number of separating drums 4 4
Steam output of separating drum t/h 1450 2200
Permissible steam humidity at the outlet of separating drum % <0.1 <0.1
Dimensions (diameter/length) of separating drum m 2.3/30.7 2.6/34
Weight of separating drum (in dry state) t 216.5 292
Pressure in ECCS MPa 10 10
Bibliography:

Dollezhal N.A., Emelianov I.Ya. The Pressure Tube Nuclear Reactor. — M.: Atomizdat, 1980.

Margulova T.Kh. Nuclear Power Plants/3" rev. and enl. ed. — M.: Vysshaia Shkola, 1978.
The power of GE technology at work. Fuel. Services. New Plants. — Nuclear Engineering International, 2002,

vol. 47, No. 578, p. 24-26, 28, 29.

* RBMK — High Energy Channel Reactor, Russian Federation.

188




SYMBOLS

Speed of light in vacuum
Gravity constant

Plank constant

Avogadro constant

Faraday constant

Universal gas constant
Boltzmann constant
Stefan-Boltzmann constant
First constant of radiation
Second constant of radiation
Wien constant

Solar constant

Acceleration of gravity (standard)

Proton mass

Neutron mass
Electron mass
Electron charge
Ratio mp/me

Electron-volt

¢=2.998 x 10* m/s
G =6.672 x 107" N-m?*/kg?

H=6.626x107* s
h/2m =1.055-10"*J.s

Na=6.022 x 10% mol™
F=96485 C/mol

R =8.314 J/(mol- K)-

k = R/N,=1.3807 x 1072 J/K
Go=75.670 x 10°* W/(m*- K *)
C;=2hc?=3.742 x 107'* W-m?
C,=he/k =0.01439 m- K

C3= hnae' T =2.8978 x 10> m- K

S = 1325 W/m?
2,=9.8066 m/s’

m,=1.503302 x 107'°J = 1.672623 x 107
kg
m,=1.505374-10"'° T = 1.674928 x 10" kg

me=8.187241 x 107 7 =9.109 x 107! kg
1.602 x 107" C

1836.153
1eV=1.602x107"7J

SOME USEFUL DATA
Molecular mass of air M =28.96 amu
Molecular mass of water M=18.015 amu

Sound velocity in air
Atomic mass unit

Mole volume of ideal gas

A =343 m/s at 20°C; 0.1 MPa
1 amu = 1.660 x 102 kg

22.414 dm*/mol
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