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PACYET TEILIO®U3NYECKHUX CBOVICTB
I'A30OOBPA3HOI'O KCEHOHA

JaHbl ceedeHusi no pacdyemy mepmMoOUHaMUYECKUX U NMepeHOCHbIX ceolicme 2a3006pasHO20 KCeHOHa 8
obbeme, docmamoyHom 051 6oIbWUHCM8a MEXHUYECKUX npuioxeHud. NonyyeHo ypagsHeHUe coCmosiHUs
KCceHoHa 8 6e3pa3mMepHOM gude, 0380SISIOWEE BbIMNOMHIMb pacdembl MepMOOUHAMUYECKUX 8E/IUYUH MO
yXXe u3secmHbIM Memodam, pa3pabomaHHbiM 01151 8030yxa U Opyaux WUPOKO UCHob3yeMbix 2a3o8. [1pu-
gedeH npumep peanusayuu memoda Ha base yKkazaHHO20 ypasHeHusi Ons pacdema MA0MmMHOCMU, 3HMarb-
nuu u 3HMpPonuuU 2a3oobpasHoeo KceHoHa. ToYHoCmb pacyema amux ceolicme e duana3oHe memnepamy-
pbl om 300 8o 3000 K nipu dasnerHuu om 0,1 0o 120 Mla cocmasuna om 0,2 0o 1,6 %. Nony4eHbl docma-
MOYHO MOYHbIEe U Npocmbie 3asucumocmu 01 pacdema 3Hmarnbnuu u mensiomsi napoobpa3osaHusi Ha
JIUHUU HacbklweHusl. ToYHoCmb pacyema 3HMasbnuu XUOKO20 KCeHOHa Ha JIUHUU HacbIUEHUsT — He XyxXe
0,2%, moyHocmb pacdema mennomai napoobpasogaHus — He xyxe 0,5%. lNpednoxeH Ho8bIl, 6onee npo-
cmoli Mo cpasHeHUr co cmaHOapmMHbIMU CrpagoYHbIMU GaHHbIMU Memod pacyema nepeHOCHbIX ceolicme
(mennonpo8odHOCMb, 853KOCMb) KCEHOHa rnpu ammocgepHom dasneHuu. [Noka3aHo, Ymo mensonpoeosd-
HOCMb U 8513KOCMb MO2Yym pacCyumbi8ambCs M0 8blpaXeHUr 00HO020 8uda C pasfuvHbiMU KO3hUyUeH-
mamu. ToyHocmb pacyema amux ceolicme o rnpednoxeHHOMy Memoldy He xyxe 2,2%. C yyemom Heydo-
e/lemeopumersibHbIX pPe3ybmamog mecmuposaHusi U3secmHbIX Memodo8 pacyema rnepeHOCHbIX ceolicme
npu 8bICOKUX OasrieHusIX rnpednoxeH aghghekmusHbIl Memod annpokcuMayuu mabruyHbiX 3HadyeHul amux
ceoticms. Mpu amom eHayase 8bINoIHIEMCS annpokcuMayus OaHHbIX Mo memriepamype npu huKkcuposaH-
HbIx 0aerneHusix, 3ameM C UCIMOoIb308aHUEM 3MUX annpokcuMayull ebI4UCISIOMCS 3Ha4YeHuUs ceolicmea rnpu
3adaHHoU memrnepamype U pasnudHbix OasneHusix. locre amoeo UHMepPnoaupPosaHUeM Bbi4UCISemcs
3HayeHue ceolicmea rnpu 3adaHHOM 8bICOKOM 0asrieHuuU. B kayecmese npumepa peanusayuu 3moeo memooda
pacyema nipusedeHa npoepamma Mathcad dnss pacuema mennonpogodHocmu 2a3006pas3HO20 KCEHOHa rpu
8bIcOKOM OasrnieHuu. Mamepuanbl cmambu OpUEHMUPOBaHbl Ha Creyuanucmos, 3aHuUMaroWuxcsi npouyec-
camu mernnoobmeHa.

Knioyeebie cnoea: 2a3, ypasHeHuUe COCMOSIHUS, mepMoOuHamu4yeckue ceolicmea, mernaonposood-
HOCMb, 8513KOCMb.

HaHo eidomocmi rnpo po3paxyHoK mepmMoOUHaMidHUX i nepeHOCHUX eracmusocmel 2a30rnodibHo20 Kce-
HOHYy 8 06c¢s3i, docmamHboMy 0ns binswiocmi mexHiyHux dodamekis. O0epxxaHO piBHSIHHSI cmaHy KCeHOHY 8
6e3poamipHomy euarsdi, wjo 00380r55€ 8UKOHYy8amu po3paxyHKu mepMoOuHaMidyHUx eenuyuH 3a 0ornomo-
eoto exe gidomux memodis, po3pobrieHux 0115 Moeimps ma IHWUX WUpPOKO sUKopucmosysaHux 2asig. Hage-
OeHo nipuknad peanizauii Memody Ha 6a3i ekazaHO20 PIBHSIHHS Ors pO3paxyHKy aycmuHu, eHmarnbnii i eHm-
ponii 2a30ModibHo20 KCeHOHY. TouyHicmb po3paxyHKy Uux ernacmusocmedl y Oiana3oHi memnepamypu 8id
300 0o 3000 K 3a mucky eid 0,1 0o 120 Mla cma+osuna 8id 0,2 o 1,6%. Odep>xaHo documb MOYHI | Mpo-
cmi 3anexHocmi Onsi po3paxyHKy eHmanbnii U menaomu rnapoymeopeHHs1 Ha fiHii Hacu4yeHHs. To4yHicmb
po3paxyHKy eHmanbii pidko2o KCEHOHY Ha JliHIii Hacu4yeHHs1 — He eipwe 0,2%, mo4YHicmb po3paxyHKy mer-
Jsiomu napoymeopeHHs — He 2ipwe 0,5%. 3anponoHogaHo Hosul, binibw npocmul y MOPIBHSHHI 3i cmaHOa-
pmHuMu  0ogi0KogUMU OGaHUMU MemoQd po3paxyHKy MNepeHOCHUX enacmueocmeli (mensonpoegioHicme,
8’3KicmMb) KCEHOHY 3a ammocghepHo20 muckKy. [Noka3aHo, Wo menaonpoeioHicmb i 8’a3Kicmb MOXHa Po3-
paxogysamu 3a supa3omM 00HO20 8UQly 3 pi3HUMU KoedgbiuieHmamu. ToYHICmb po3paxyHKy Uux eracmugoc-
med 3a orlomoeoro 3arnporoHosaHo2o Memody [ He gipwe 2,2%. 3 021510y Ha He3ado8inbHi pe3yrbmamu
mecmyegaHHs1 8idomMux Memodie po3paxyHKy rnepeHOCHUX eracmugocmel 3a 8UCOKUX MUCKI8, 3arporoHo-
8aHo ethekmuesHul mMemod anpokcumauil mabnuyHux 3HadyeHb yux enacmusocmed. [Mpu ybomy criodamky
BUKOHYtOMb arnpokcumauiro daHux wodo memnepamypu 3a pikcogaHUX MUCKi8, nomim 3 8UKOPUCMAaHHSM
uux arnpokcumauiti ob4ucCIMmMe 3Ha4YeHHs enacmusocmi 3a 3adaHoi memmnepamypu i pisHux muckis. llicrs
Ub020 iHMeprnoeaHHsIM OBYUCTIOIMb 3Ha4YeHHs1 8rlacmueocmi 3a 3a0aHo020 8UCOKO20 MUCKY. 5K Mpuk-
nad peanisauii ybo2o Memody po3paxyHKy HasedeHo npozpamy Mathcad drs1 po3paxyHKy mennonposgioHo-
cmi 2a30rmodibHO20 KCEHOHY 3a 8UCOKO20 muckKy. Mamepianu cmammi opieHmoegaHi Ha ¢haxiguje, wo eu-
gyaromb rpouecu mernoobmiHy.

Knroyvoei cnoea: 2as, pieHsHHS cmaHy, mepMOoOUHaMIYHI racmueocmi, merionpoegioHicmb, 8’3KiCMmkb.

This article contains information on the calculation of the thermodynamic and translational properties of
the gaseous xenon in the amount sufficient for the most engineering applications. The equation of state of
xenon was obtained in dimensionless form, enabling calculations of the thermodynamic values using already
known methods, developed for the air and other extensively used gases. An example is made on the imple-
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mentation of the method based on this equation for calculation of the density, enthalpy and entropy of the
gaseous xenon. The accuracy of calculation of these properties in the temperature range from 300 to 3000 K
from 0,1 up to 120 MPa pressure was from 0,2 to 1,6%. Sufficiently accurate and simple dependencies were
obtained for calculation of the enthalpy and heat of vaporization at the saturation line. Accuracy of the en-
thalpy calculation of the liquid xenon at the saturation line is not below 0,2%, the accuracy of the calculation
of the heat of vaporization is not below 0,5%. New, simpler method, as compared to standard reference da-
ta, to calculate the translational properties (thermal conductivity, viscosity) of xenon at atmospheric pressure
has been proposed. It is shown that thermal conductivity and viscosity can be calculated from the expression
of the same type with different coefficients. Accuracy of the calculation of these properties using the pro-
posed method is not below 2,2%. Considering the unsatisfactory test results of the well-known methods of
calculation of the translational properties at high pressures, the effective method for approximating the table
values of these properties has been proposed. In this case, at first, the temperature data at fixed pressures
are approximated, then using these approximations, the values of the properties are calculated at the given
temperature and various pressure values. After this, the value of the property is interpolated at the given high
pressure. As an example of the implementation of this method, the Mathcad software for calculations of the
thermal conductivity of gaseous xenon at high pressure is given. The materials of the article are intended for
the specialists dealing with heat exchange processes.

Keywords: gas, equation of state, thermodynamic properties, thermophysical properties, thermal con-
ductivity, viscosity.

BBenenue CHTBI, KOTOPBIC  OMNpPEHCICHbI  METOJOM
HAMMEHBIIHMX KBAApPaTOB 10 AKCIEPUMEHTAb-
HBIM JAHHBIM O CKHUMAaeMOCTH KCEHOHa;
7=T/T,; p— masuenue, Ila; V — ynenbHsIit

HecMOTpsi Ha BBICOKYIO CTOMMOCTH (OKOJIO
14 non. 3a 1 1 KUAKOTO KCEHOHA), KCEHOH He-
3aMEHHM B psjc ciay4daeB. B uyacTHOCTH, ero
HMCIIOJIB3YIOT B MOIIHBIX Ta30Pa3PAAHBIX H MM- 06bem; R =63,328/x/(kr*K) — rasosas mo-
NYyJIbCHBIX UCTOYHHUKAX CBETa, B KOTOPBIX BbI- cTostHHAas KeeHoHa; T, = 289,74 K — kputnue-
COKas aTOMHasi Macca rasza MpersITCTBYET HC-
napeHuro Boyib)pamMa ¢ TIOBEPXHOCTH HHUTH
HaKaJIUBaHUs, a TaKXe B KauecTBe pabodero
TeNa B DJEKTPUUECKUX PAKETHBIX ABUTATENSX,
NPOCKTHPOBAHNE KOTOPHIX HEBO3MOXKHO 0e3
pa3paboTku 3¢ (HEeKTUBHBIX METOJOB pacuera
TeI10(U3NYECKUX CBOMCTB 3TOTO BELLIECTBA.

CKas Temneparypa.

Takas ¢opma ypaBHEHUS COCTOSIHHSI COOT-
BETCTBYET TEOPETHYECKH OOOCHOBAHHOMY
ypaBHeHu0 boromroboBa-Matiepa npu 3ameHe
OECKOHEYHOTI'0 PAa3JIOKEHUsI B pAll MO CTele-
HSIM IUIOTHOCTH TIOJIMHOMOM CTEIEHH M.

HenocratkoM »3TOro ypaBHEHMS SIBJISIETCA
HaJIMYME pa3sMEpPHOro Mmapamerpa p H, Kak

ITocTranoBKka 3agaun
CJIEZICTBHE, HECOOTBETCTBUE ATOrO0 YPABHEHUS

Ilenpro naHHOM pPabOTHI SABJIAIOTCS ITOUCK OOILIENPUHATOMY B OTEUECTBEHHOU JHTEpaTy-
pPEKOMEHJAUN M0 pacueTy TerIo(pu3nuecKux pe, HarpuMmep [2], 9YTO He MO3BOJISET HUCIIONb-
CBOMCTB ra3000pa3HOro KCEHOHa, KOTOpPbIE MO- 30BaTh €ro JJIs pacuera APYTUX TEPMOJIHHA-
ryT OBIThb HCHOJB30BAHBI IPH pa3padoOTKe MUYECKHUX CBOMCTB IO H3BECTHBIM METOJaM,
CIIOKHBIX TEXHHYECKHX MPUIOKEHUH, TpeOy- pa3paboTaHHBIM IS BO3AyXa U IPYTHUX Tra3oB.
OIHUX  MATEMATHYECKOI0  MOJACIMPOBAHHUA ITosTOoMy aBTOpamMu MOCJE€ YKBHBAJIEHTHBIX
[IPOLIECCOB, a TAKXKE OLIEHKA TOYHOCTH pacyera. npeoOpazoBanuii U3 ypaBHeHus (1) momydeHo

HOBO€ YpaBHEHHE COCTOSHUS, BUJ KOTOPOTO

Pacuer Temmiopusnyeckux cBoiicTB COOTBETCTBYET OOIIETPUHATOMY:

B monorpaduu [1] B xauecTBe ypaBHEHUS M i o
COCTOSIHUSI TIPEJIaraeTcsi NCIOIb30BaTh ypaB- Z=1+ Z by ", (2)
HEHHe =1 =0

M e L rae b; — 6e3pasmepHbie KOIYPUIMEHTDI, 3HA-
Z=1+ ; “ byz o', 1) YeHUs] KOTOPHIX NpHBeIeHb B Tabm. 1;
®w=plp, — OTHOCUTENBHAs IJIOTHOCTB;

rae Z = pV/(RT) — cxumaemocts Keenona; 0, =1100 xr/mM® — KkpuTHYecKas MIOTHOCTH
£ — IUIOTHOCTb, r/em®: T — aBCoNOTHAS TEM-
=5; by, — ko3 uru-
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coracHo [1].
neparypa; M=38;
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Ha ocHoBe ypaBHeHus (2) MOXHO HOIY-
YUTh CIEAYIOLIME YPaBHEHHUs JAJIs pacueTa HH-
TaJIbIIMK ¥ SHTpONHH [2]:

M Jmex b 1
h=h+RTY S22,
i1 jo | T

rac hO ) SO — OHTAJIbIIUA U SHTPOIIUA B COCTOA-

HUU UJeadbHOTO Ta3a (mpu jgaBieHuu |
6ap); @, = Py /(P RT); P, =101325 Ila.

Tabnuna 1
Koaddunments bij ypaBHeHus (2) COCTOSIHUSA KCEHOHA
3nauenue bij pu j
i 0 1 2 3 4 5
1 0,311432 -0,124048 -0,286506-10 0,298409-10 -0,169010-10 0,331464
2 | 0,499096-10" | 0,660246-10" -0,863325 0,354419-10 -0,358471-10 0,119122-10
3 0,21636 0,43829 -0,975566 0,766205-10 | 0,126497-10 | -0,386903-10"
4 -0,433867 0,123217 -0,519648 0,141667-10 | 0,944493-10? 0
5 0,363104 -0,281127-101 -0,195138 -0,653019 0 0
6 -0,120343 0,171534 0,114723 0 0 0
7 | -0,385342-10* | -0,521881-10 | 0,831912-10" 0 0 0
8 | 0,275103-10 | -0,305918-10* 0 0 0 0

Beipaskenust g pacuera h, u S,, momy-
YEHHBIC U3 ypaBHEHUIA [3], BRINIISAAAT Tak:

h, =(25+1907,186/T)RT ;

T _k.
293,15)}

Hdpyrue TepMOIMHAMHYECKHE CBOWCTBA
KCEHOHA MOT'YT OBITh OTIPEIEIICHBI C TTOMOIIBIO
€UHBIX O CTPYKType KOMILIEKCOB, IMpPHUBE-
JNeHHBIX B [2, ¢. 15, 16]. IlpuBenennast mero-
JMKa pacyera TEPMOJAMHAMUYECKUX CBOMCTB
KCEHOHA JIOCTAaTOYHO MPOCTO PEATUIYETCSA C
MOMOIIBIO JFOOOTO sI3bIKa MPOTPAMMHUPOBA-
HUs. BapuwaHT peanu3anuy Takol METOJIUKH

s, = {20,353718+ 2,5In [
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Ha si3pIke Fortran mpakTtudecku He OyaeT OT-
JMYaThCS OT MPOTPaMM pacueTa Teruodusu-
YEeCKUX CBOWMCTB CyXOrO BO3.lyXa, MPHUBEICH-
HeiXx B [2]. TIporpamma pacdyera OCHOBHBIX
TEPMOJIMHAMHYECKAX CBOWCTB KCEHOHA B Tep-
muHax Mathcad npusenena Ha puc. 1. B aToii
nporpamMme JaBJjeHUE MPUBEACHO B MACKANSX,
TeMIlepaTypa — B KeJbBUHAX, TUIOTHOCTh — B
KWIorpaMMmax Ha KyOmdeckuit metp. Ilpu BBHI-

YHUCJICHHUHU IUIOTHOCTH Oy, Kak (I)yHKI_II/II/I TEM-

nepaTrypbl T u JaBJICHUS [0 HMCIOJIB3YETCH

BCIIOMOTaTeNnbHast (YHKIUS f(T, P, p).
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AToMHBII BeC, KI/KMOJIb: pi= 13129
VYuusepcanpHas razosas rmocrosaHas, kJx/(kmomasK): Ro := 8.3143

VY nensHas razosas nocrosHHas, ux/(krK): R := Ro- 103-u_ L_ 63328
Kputnueckas temmeparypa, K: Tc := 289.74
Kputnueckas mioTHOCTb, Kr/M3: pc:= 1100

Kosgppuyuenmeor ypasnenusi cocmosinus 6 6e3pazmepnoii ghopme:

0.0 0.0 0.0 0.0 0.0 0.0
0.342575200 -0.136452800 —3.151566000 3.282499000 -1.859110000 0.364610400
0.060390616  0.079889766 —1.044623250 4.288469900 -4.337499100 1.441376200
0.287975160  0.583363990 —1.298478346 0.101981886 0.016836751 —0.051496789

b :=| —0.635224675 0.180402010 -0.760816637 2.074146547 0.013828322 0.0
0.584782623 —0.045275784 —0.314271700 —1.051693630 0.0 0.0
-0.213194965 0.303882945 0.203238793 0.0 0.0 0.0
—0.075092254 —0.101699843 0.162116114 0.0 0.0 0.0
0.058970771 —0.065576240 0.0 0.0 0.0 0.0

8 S o
YpaBHeHue cocTosiHusA B Oe3pazmepHoit Gopme: z(w, 1) =1 + Z z (bi’j,.r_-',wl)
i=1j=0
JaBnenne Pxe xak ¢yHkums remneparypst T u mmotHoct p: - Pxe(T,p) = R-T-p-z(pi,Tl)
C C
ES?IT?;:I‘;:;?\;?;ECZ‘;H" pe:= Pxe(Te, pe) = 5.8383623 x 10° z¢ := z(1,1) = 0.289
Beromorarensraas GyHKus: W= P ﬂl-l_z(ﬂ’lj
pc  pc Tec zc \pc Tc

[InotHOCTH pxe Kak (y HKUMs AaBneHus p u Temneparyprl T: pxe(T,p) := root(f(T,p,p),p,0.3,3200)

DHTaIBNNA B NACAJTBHO-Ia30 BOM COCTOSAHHNHU YW SHTAJIbIINA KaK (fbyHKI.II/IH JAaBJICHUA U TEMIICPArypPhl

R-T hxe(T,p) := hoxe(T)+R-T~Z Z

1 i
i=1j=0 S

DHTPOIHS B UACATBHO-T@B0BOM COCTOSIHUH M SHTPOTIHNS KaK (D)yHKLUS JABJICHUS M TEMIICPATYPBL:

i
1907.186 B 5 lneg™ j,(Pxe(T,p)j
hoxe(T) := (2.5 + —j = - 1. P&

T t
soxe(T) := R.(20.353718+ 2.5-1n( D pst:= 101325 wo(T) i= —2=
293.15 ) T peRT
pxe(T,p) g b .(pxe(T,p) .
pe j—1 1J pc
sxe(T,p) := soxe(T) - R:-Inf ———— | + R- .
(T,p) (1) e > 2|5 j
i=1j=0 o
i Tc

Puc. 1. IIporpamma Mathcad pacuera naBnenus Pxe(T, p), motHoctr pxe(T, p), suTamsmnuu hye(T,p)
u suTponuu Sxe(T, P) KceHOHA
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Kopens 3T10# QyHKIIMN TIpU U3BECTHBIX 3HA-
YEHUAX TEMIIEPaTyphbl U JIABJICHUS OMNpeaessier
IUIOTHOCTb. DTOT KOPEHb HILYT B JIMANa3oHe
mwiotHoct ot 0,3 mo 3200 KI/M°. DHTAIBIHUS
UMEET Pa3MEpPHOCTh JDKOYJb Ha KHJIOTPaMM,
SHTPOMHUSA — JPKOYJIb Ha KWJIOTPaMM-KEIbBUH.

BrinonHensl pacueTsl ¥ IPOBEIEHO CpPaB-
HEHUE IMOJIyYeHHBIX 3HAaYCHUN TUIOTHOCTH, dH-
TaJBIINH ¥ YHTPOIHH C TAOTHMYHBIMHA 3HAYCHH-
sMu, npuBeaeHHsiMd B [1, 3]. Pesynbrarh
CpaBHEHHUS IOKa3aju, YTO 3HAYEHUS YAEJbHO-
ro oobema B nuara3one temmeparypsl ot 300
1o 1300 K u maBaenus ot 0,1 mo 50 Mlla ot-
nu4atores e 6onee yem Ha 0,2%. [lpu temrie-
patype, ONU3KOW K HIKHEMY JUaNa3oHy, H
napienun 50 MlIla otiuume Bo3pacTaer.
HauGonpiiee oTnnune uMeeT MECTO MPU TEM-
neparype 300 K u npasnenun 100 Mlla, roe
OoHO coctaBiiger MUHYC 3%. TOYHOCTBH JKCIIe-
PUMEHTANBHBIX JAaHHBIX, HA OCHOBAaHUHU KOTO-
peIX monydeHsl ypaBHeHusa (1) m (2), — no
0,2% [1, c. 80]. CpaBHEHHE pacYETHBIX 3HAYE-
HUI TUIOTHOCTH C JAaHHBIMH CIIpaBOYHHKA [3,
c. 62—66] mokassIBaeT, YTO pacUETHBIE 3HAUE-
HUS TUIOTHOCTH MOTYT OTJIUYATHCS OT TaOIH4-
HBIX Ha ~1% B nuama3zoHe TeMIepaTypbl OT
500 no 3000 K mpu naBnenun ot 0,1 mo
120 MITa.

PacuerHbie 3HaUEHUS PHTATBIIUN OTIUYAIOT-
ci or Tabmuynbix [l] He Oonee uem Ha
0,1 xJ[x/kr (ue 6onee 0,1%) B nuamasoHe TeM-
nepatypsl oT 300 no 1300 K u gaBnenun ot 0,1
no 50 MIla. Ilpu mOBBbIIIEHUN JaBICHUS O
100 MIla u temneparype 300 K ommune yBe-
munBaetcst 1o munyc 1,8 xJlw/xr (mo 1,6%).
[Tpu Temneparypax 6onee 500 K u mobom nas-
JICHUW pPacyeTHOE 3HAUYEHHE COBMagaeT ¢ Taod-
JIMYHBIM, 32 UCKIFOYEHHUEM OT/IEIBHBIX TOYEK, B
KoTopbIX oHO He mpesbiaer 0,1 k/x/kr. Heo6-
XOJTMMO OTMETHTD, UTO TaOIMUHBIC 3HAYECHU [ 1]
YacTO OTJIMYAIOTCS OT JAHHBIX IIHUPOKO WCIIONb-
3yemoro crpaBounuka H. b. Bapradruxa [4].
Hampumep, 3HaueHne SHTAIBIMU TIPU TEMIIEpa-
type 1200 K u nagnennu 100 MIla no nanHbiM
[1] cocraBnser 314,6 kJ[x/Kr, a M0 1aHHBIM [4] —
313,3 x/bx/kr (ommune — 1,3 xJDx/kr). Umeet
MECTO TaKXKe€ B3aMMHOE HECOOTBETCTBHE Tal-
JIMYHBIX JAHHBIX 110 SHTAJIBIUU B paborax [1,
3], koTOpoe JocTHraeT B HEKOTOPBIX TOYKAX
0,3 x/[x/kr. B nuamazone TemmepaTypbl OT
300 mo 1300 K u maBnenwii ot 0,1 mo 50 MIla
OTJIMYHME PACUYETHBIX 3HAUYEHUN HHTPOIUU OT
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tabmnynbix He mpesbimaer 0,001 x/[x/(kr-K),
yro wMeHbine 0,1%. Ilpu paBnenun Oonee
50 MIla 3To oTaM4Me BO3pacTaeT U MpH JIaBlie-
Huu 100 Mlla u temneparype 300 K yBenuuu-
Baercs 10 ~0,003 kJIx/(xr-K).

[Tpu Temneparype 6omnee 500 K u naBnenun
no 100 MITA ornuyme pacueTHBIX M TaOIWY-
HBIX 3HAUEHUN DHTPOIUHU TAKKe HE MpeBbIIIa-
et 0,001 x/[x/(xr-K). B yka3annsIx mpezpenax
OTJIMYAIOTCS JaHHble 1Mo H»HTpormu [1, 4].
AHAJIOTUYHBIE OTJIMYMA HUMEIOTCS B TaONWY-
HBIX JaHHBIX [1, 3].

[IpuBeneHHbIE BbILIE YpaBHEHMs Ui pac-
yeTa TEPMOJMHAMHYECKUX BEIMYMH HE Tpe-
TEHAYIOT Ha TOYHOE ONMCAHMUE ITUX MapaMeT-
POB Ha TUHUM HACHIIIEHUS U B pallOHE KPUTH-
4eCcKOM TOuYkM. [l pacdera SHTalIbIIMM Ha
JMHUY HACBHIIIEHUS OT TPOMHON TOYKH 10 KPH-
TUYECKOM MOXHO HCII0JIb30BaTh aIlpoOKCUMa-
[[UU, TIOJyYeHHbBIC 110 TAOIWYHBIM JTaHHBIM pa-

6ot [1]. Jns sHTANBOUM KUAKOCTH h 3Ta
armpOKCUMAIMsT KMEET BH

h'=86,45809 7 +1147043 7%° +
+8,677343-exp(r1** )+ 5126070 2%,

AOcComnoTHas MOTPEIIHOCTh 3TOM aIIpoK-
cumaru He mpesbimiaetr 0,1 /[ (=0,2%)
MIPAKTUYECKH BO BCEM JIMAaIa30HE TeMIepaTyp
(oT TpoitHOl 10 KpuTHUeckoit). [Ipu Temmnepa-
Type, ONM3KON K KPUTHYECKOW, MOTPEIIHOCTh
Bo3pactraer 10 0,4 x/[x/kr. Temnora napoo6-
pa3oBaHus I' B KUJIOJDKOYJIAX Ha KUJIOTPaMM
Ha JIMHUU HaCBIIICHUS MOXET OBbITh paccuuTa-
Ha 1o opMmyiie

r=118662T, —T)*° +3,972277x
x (T, =T)** —010417(T, - T ).

To4HOCTh pacuera TEIIOTH MAPOOOpPa3o-
Banus — He Xyxe 0,35 xJ[x/kr (0,5%).

DHTANBINIO Ta3000pa3HOro KceHoHa h Ha
JIMHUM HACBIIIEHHS MOXHO OINPENEIUTh, HC-
T0JIb3ysl M3BECTHOE TEPMOJMHAMUYECKOE BBbI-
paxenne h' =h +r.

I[JBI pacucTa NaBJICHUA P. B mackamsax Ha

S
JMHAN HACBIIICHUS PEKOMEHIYETCS HCIOJb-
30BaTh ypaBHeHHE [5]

log(P, /10°)= iaiﬂTi : 3)

i=1
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KOTOPOE COIJIACOBBIBAETCS C ypaBHEHUEM (2).
Kpurnueckoe nasnenune P, =5838 Mlla, pac-

cunTaHHOE 10 ypaBHeHUsM (2) u (3), coBmazaa-
€T JI0 YeThIpeX 3Havanmx mudp.

Koaddunuentsr ypaBuenust (3) guHHH
HACHIIIICHUS:
ao = —8,48583984-10%; a1 = 2,696183136-10;
a; = -3,94126562; a3 =3,332691 - 1072,
as = —1,75307022-10%; as = 5,86334808-107;
as =—1,215310816 -10°; a7 = 1,424073676-107%;
ag =-7,2009907-107*°,

CoBmafaT ¢ TAaOIMYHBIMUA JaHHBIMH [5]
Tak)Ke 3HAYCHHUS JaBJCHHUS HACHIIICHUS, BbI-
yuciieHHbie o ¢Gopmyine (3). Mmeror mecto
HEOOJIbIINE OTJIMYMS TI0 TAOJUYHBIM JIaHHBIM
Ha JuHUM Hackimenus B [1] u [5], mpuuem
TOYHOCTb MPEJCTABICHUS AaHHBIX B [5] BbIIIIE.
B vacTHOCTH, JaHHBIC 1O JABJICHUIO HACHIIIIC-
Hus B [1] uMmeroT yeThipe 3Havamme nudpsl, B
[5] — mecTs.

Pacyer TemnaompoBOAHOCTH A, KCEHOHa

npu atMoc(EpPHOM JIaBJICHHU PETJIaMEHTHPO-
BaH CTAaHJAPTHBIMHU CIIPABOYHBIMHU JTaHHBIMU
[6]. On 3aksroUaeTcs B onpe/e/icHHH BHAYae
NIEPEHOCHBIX CBOWCTB HawOoJiee HMCCIICIOBAH-
HOTO OJHOATOMHOI'O ras3a aproHa, a 3aTeM B
TiepecyueTe MOJIyYCHHBIX 3HAYCHHUI HA KCCHOH.
TeopeTnyeckoil OCHOBOW IepecyeTa SIBISAETCS
TEOpHUsi COOTBETCTBEHHBIX cocTosiHmid [7]. Bo-
Jiee TMPOCTBIM CITOCOOOM pacyera CBOKCTB SIB-
JSIETCSL  alPOKCUMAIHs TaOJUYHBIX JaHHBIX
[6]. B wacTtHOCTH, sl pacueTa TEIIONPOBO/I-
HOCTH aBTOPaMH IOJIY4EHO BhIPAKECHHUE

Ao =3y +a,T 0% +a,7°°,

(4)
rae a, =-10,403215-10°; a, =73,479574-10°;
a, =0,776454-10°°.

VYpaBHeHue (4) MOXKHO HCIIONBH30BATh U AJIS
pacueTa TUHAMHYECKOW BSI3KOCTH B TMACKaJIAX
Ha CEeKyHIY MpHU aTMOC(PEPHOM IaBJICHUU, HO

B 3TOM ciy4yae KOd(QPUIUEHTH OyAyT UMETh
CJIEAYIOIINE 3HAYECHUS:

a, =—43,796299-10°; a, = 309,358223.10°°;
a, = 3,269356-10°°.
KoadduimenTs! s pacdera BI3KOCTH MO-

T'yT OBITh TIOJYYCHBI TyTEM YMHOXCHHS COOT-
BETCTBYIOIUX KOIPGUIIMEHTOB I TEIUIO-
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npoBoaHOCTH Ha 4,21" 1073, uto MOATBEPKIAET
MPOMOPLUUOHAIBHOCTh KO3 PUIIMEHTOB TeTl-
JIOTIPOBOJHOCTH M BA3KOCTU JJISi OJHOATOM-
HBIX Ta30B [8].

IIpu Temneparype ot 165,03 no 500 K pac-
cuuTaHHbIe 1O Gopmyne (4) 3HaYCHUS TEIUIO-
MPOBOJTHOCTH COBIAIAIOT C TAOIUYHBIMH 3HA-
YEHUSIMH CTaHAAPTHBIX CIPABOYHBIX JTAHHBIX
[6]. [Tpu GosbiKMX TemriepaTypax HMEIOT Me-
CTO HE3HAYUTENIbHBIC OTIMYMS, KOTOPHIE MPH-
BE/IYT K BO3PACTAHHUIO 3asBJICHHOH B [6] Mak-
CUMaJIbHOM MOTpemHocT ¢ 2 10 2,2%. AHa-
JIOTUYHO TIPH pacyeTe AMHAMUYECKOH BS3KO-
CTH HCIIOJIb30BaHKUE anmpokcumaruu (4) mpu-
BOJIUT K BO3PACTAaHHIO MOTPEUIHOCTH pacyera
3TOr0 CBOMCTBA OPUEHTUPOBOYHO ¢ 1 110 2,2%.

C TOBBIICHHEM JaBICHHS TETUIOPOBO/I-
HOCTB M BSI3KOCTH T'a30B PACTYT. 3aBUCUMOCTH
TEIUIONPOBOJHOCTH U BSI3KOCTH OT JaBJICHUS
JOCTAaTOYHO CIOXHBIEe. [IpoBeneHo TecTHpo-
BaHUE METOJMK pacuera MEePEeHOCHBIX CBOMCTB
KCEHOHa, npuBeAeHHbIX B [1, 3], a Takxke dop-
MYyJI IS pacdera 3Tux cBorcTB [9]. Jlist onen-
KM TOYHOCTU pacyeTa HCIOJIb30BAINUCh Ta0-
JMYHBIE JJAHHBIE 10 MEPEHOCHBIM CBOHCTBAM
kceHoHa [1]. Bo MHOrmx ciy4asx mnorperi-
HOCTh pacyera Obuta Oonee 50%. Kpome 3to-
ro, B YIIOMSIHYThIX paboTax He B MOJHOW Mepe
OIpeieIeHbl TPaHUIbl MPUMEHUMOCTH METO-
quk. IlostoMy pe3ynbTaThl TECTHPOBAHHUS
ATHX METOJUK CJIeyeT CUYUTATh HEYIOBIIETBO-
puTenbHBIMH. B co3paBmieiics cutyanuu B
pacyerax TIpU BBICOKHX JIaBICHHAX, IIO-
BUIMMOMY, CIIEIYeT UCIOIb30BaTh ANPOKCH-
MaIuu WM UHTEPIONALMU TaOJHUIl MepeHoc-
HBIX CBOWCTB [1] B TO# oOmacTw, B KOTOPOM
BHITIOJTHsIETCST pacueT. s pacuera mepeHoc-
HBIX CBOWCTB TMpU  MajblX JaBICHHUSIX
(mo 1 MIla) MOXHO HCTIONB30BaTh YPAaBHEHHS
uis atMocgepHoro aasnenus. IIpu stom mo-
IPEIIHOCTh pacyeTa MEepeHOCHBIX CBOMCTB HE
npeBbICUT 6%.

TenaonpoBoAHOCTh KCEHOHA MPH BBICOKUX
JABJICHUSX TIPEACTAaBUM B BHJIE

A =g+ 4 K,
rJic BTOpOE ciaraeMoe ¢ Kod(duimeHtoM Kp

onpeaAciisICT YBCIIMYCHUC TCILJIOMPOBOJHOCTH
3a CUCT AaBJICHUA.
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[Ipu ¢ukcupoBaHHON TemmIepaType 3Haye-
HUS Kp YIOBIICTBOPHTENILHO alpPOKCUMUPY-
I0TCSl BBIpaXXKEHUEM

K, =a(p-D+b(p-1" +e(p-17, (5
rze p — aaBieHue, o6ap.

Koaddunuenrs! a, b, ¢ B Beipakenuu (5) u
pekoMeHayemass ~ 00JacTb  HMCIIOJIb30BaHHSA
npuBeneHbl B Tabn. 3. [lpu ucmonp3oBaHHM
BbIpaKeHUsI (D) B 3TOU 00JIACTU MOTPEIIHOCTh
pacyera TEIUIONPOBOJHOCTH OTHOCUTEIHHO
TaOJMYHBIX JaHHBIX MOHOrpaduu [1] He mpe-
BoIcUT 1%. Jlnst pacdyera koadduimenrta Ten-
JIOIIPOBOJIHOCTH TPH TEMIIEPATypax, OTIHY-
HBIX OT 3HAYCHUWH, NMPUBEICHHBIX B TaOI. 2,
HEOOXOMMO HCIIONBb30BaTh WHTEPHOJISIHIO.
ITpumep pacyera B Mathcad ¢ ucnonb3oBanu-
€M JIMHEVMHOW HWHTEpPHOJSLIMM IIPUBEICH Ha
puc. 2. TecroBble pacyeTbl B TNPUBEIACHHOU
porpamMMme IOKa3bIBAIOT, YTO YIOBJICTBOPH-

Koadpunments a, b, ¢

TEJbHBIE PE3YJIbTATHI MONYYaAIOTCs TaKXKe MpHU
temnepatypax Huxke 260 K. Onnako B 3TOM
Clly4ae MOTPEIIHOCTh pacyera TEIUIONpPOBOJ-
HOCTU HECKOJbKO YyBenuuurtca. Hampumep,
npu temneparype 220 K u nasnenun 10 Gap
3Ta MOrpemHocTh coctaBut 1,3%. [Ipu nasne-
Hun 1 G6ap u Temmeparype ot 170 mo 1300 K
OTJIMYME PACUETHBIX 3HAUYEHUIN OT TaOIUYHBIX
nanHbiX [1] He npeBbicuT 0,5%.

HeoOxonuMo OTMETUTB, YTO HCHOJIB30Ba-
HUE KyOMUYeCKOW CIUIAMH-UHTEPIIONSAIUHN, KaK
MOKAa3aJy pe3yJIbTaThl TECTOBBIX PAacyeTOB
TEIUIONPOBOAHOCTH B mporpamme Mathcad,
IpU BBICOKUX TEMIEpaTypax M AaBJICHUAX
MPUBOAUT K CYIIECTBEHHOMY YXYAIICHUIO
TOYHOCTH pacyeTa B MPOMEXKYTOUHBIX TOUKAX
13-3a CKJIOHHOCTH TaKOW MHTEPIIOJIALUU K OC-
mwmpoBanuto.  [loatomy  ucmonb3oBaHue
JIMHEMHOM HHTEPNOJALIMM B paccMaTpuBae-
MOM CJTy4ae SIBJISIETCS JYYIINM PEIICHUEM.

Ta0mnuua 2

anmpokcumaiu (5)

Temneparypa, Pexomenyemast ob6mactb
K a b ¢ UCTIONIb30BaHMS
260 0,01221413178647 -0,0031784513058 0,0016251803801 ot 1 6ap o Ps mpu 260 K
280 0,01059351767539 | -0,00247170811249 0,00121322123738 ot 1 6ap 1o Ps mpu 280 K
310 0,00894262611561 | -0,00165918849541 0,00076303103011 ot 1 o 60 6ap
360 0,00469570799222 | -0,00035371025872 0,00017449686449 ot 1 no 100 6ap
420 0,00238656218258 0,0000266636685 0,00001073266307 ot 1 1o 200 6ap
550 0,00119965044238 | 0,00005575688073 -0,00001226259416 ot 1 1o 400 6ap
800 0,00069644781527 0,0000141762057 -0,00000305548733 ot 1 1o 800 6ap
1050 0,00046312413967 | 0,00000522994369 -0,00000106866998 ot 1 no 1000 6ap
1300 0,00031693718776 | 0,00000291888935 -0,00000057763662 ot 1 1o 1000 6ap
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Koadduurentsr qist pacuera yBeau4eHUst TEILUIONPOBOAHO CTH 3a CUET JABJICHUsS P B Oapax mpu

(PMKCHMPOBAHHBIX TEMITEPATypax:
k260(p)
k280(p)
k310(p)
k360(p)
k420(p)
k550(p)
k800(p)

= 0.01221413178647-(p — 1) + —0.0031784513058(p — 1)1 + 0.0016251803801- (p — 1)°
= 0.01059351767539-(p — 1) + —0.00247170811249-(p — 1) "5 + 0.00121322123738- (p — 1)°
— 0.00894262611561-(p — 1) + —0.00165918849541-(p — 1) "5 + 0.00076303103011-(p — 1)
= 0.00469570799222 (p — 1) + ~0.00035371025872-(p — 1) "5 + 0.00017449686449- (p — 1)
= 0.00238656218258 (p — 1) + 0.0000266636685-(p — 1) "5 + 0.00001073266307- (p — 1)

= 0.00119965044238- (p — 1) + 0.00005575688073-(p — 1) "% + ~0.00001226259416. (p — 1)
— 0.00069644781527-(p — 1) + 0.0000141762057-(p — 1) 1" + —0.00000305548733- (p — 1)°

K1050(p) := 0.00046312413967- (p — 1) + 0.00000522994369-(p — 1)"* + ~0.00000106866998- (p — 1)
K1300(p) = 0.00031693718776-(p — 1) + 0.00000291888935-(p — 1) ¥ + ~0.00000057763662- (p — 1)*

Tennonposoarocts kceHoHa B1/(M K) mpu nasnenun 1 Gap:

A(T) := (—10.403215 +73.479574-T

0.59 3

+0.776454-7%9). 107

WuTepnionuposanHbie 3HaUCHUS KO XpdumeHTa

YBCINYUCHHS TCIIJIOMTPOBOAHO CTH

kp(T,p) := linterp(X, Y (p),T)

TennonposoaHocTs kcenona Br/(mK) kak dyrxums

temneparypsl T B K u gaBnenus p B Gapax:

xxe(T,p) = X(T)-(1 +kp(T,p))

[Tpumep pacuera TermonposonHo cru mpu Temmneparype 300 K u naBnenun 30 Oap:

3

Puc. 2. Pacuer TCIJIOMMPOBOAHOCTHU KCECHOHA € UCIIOJIb30BAHUCM JIMHEHHOM HHTCPIOJIAIUN

B iporpamMme Mathcad

260 k260(p)
280 k280(p)
310 k310(p)
360 k360(p)
X:=1 420 Y(p) :=| k420(p)
550 k550(p)
800 k800(p)
1050 k1050(p)
1300 k1300(p)
Axe(300,30) = 6.788 x 10
BriBoasbl

Kak cnenyer u3 1aHHOrO KpaTKoro aHajln3a
METO/IOB PAcUeTOB TEIUIO(PUZNICCKUX CBOWCTB
ra3o00pa3HOro KCEHOHA, 3TH CBOWCTBA MOTYT
OBITh BBIYHCIICHBI C JOCTATOYHOM ISl MHXKe-
HEPHOM NPAKTHKU TOYHOCTBIO 110 3 %. Ilomy-
YEeHHOE YpaBHEHHE COCTOSIHHS B Oe3pa3mep-
HOM BHJI€ TIO3BOJISIET BBINOJHUTH PAacyeT Tep-
MOJMHAMUYECKUX BEIUYMH I10 YK€ H3BECT-
HBIM METO/aM, pa3pabOTaHHBIM Ul BO3yXa U
Ipyrux razoB. [1ogy4eHbl 10CTaTOYHO TOUHBIC
U IIPOCTHIE 3aBUCHMOCTH JUIsl pacdera TepMo-
TMHAMAYECKUX TMapaMeTpoB (dHTANBIHUS, TE-
JoTa mapooOpa3oBaHusl) Ha JIMHUM HACHIIIE-
Hus. [IpemnoxkeH Ooiee mpocToil METOA pac-
YyeTa MEePEHOCHBIX CBOWCTB (TEIJIONPOBOIHO-
CTH Y BSI3KOCTH) MPU aTMOC(HEPHOM JaBICHUH.
[IpuBeneHsl peKOMEHJAIMH 1O UX pacueTy
IPY BBICOKUX JaBJICHUSX.
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