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Application of cluster-associative model for calculation
of kinematic viscosity of metal melts

Metal melts are often used in the national economy and industry. Therefore the study of the physicochemical
properties of metals is given great attention. Especially researchers pay great attention to the study of viscosity,
since viscosity is of great practical importance in metallurgy. Studying the viscosity of molten metal, at the
same time, is essential scientific interest, since viscosity is the most structurally sensitive characteristic of the
melt. The study of viscosity through experiment is somewhat difficult because many metals melt at very high
temperatures. It is difficult to create such conditions without special equipment. Therefore many researchers
are looking for additional development based on alternative approaches to understanding viscosity. The authors
in their article consider a new concept of randomized particles and on this basis propose a cluster-associate
model for calculating viscosity without conducting an experiment. The authors give examples of calculating
the kinematic viscosity of some metals according to the model proposed in this paper. The results we received
show that the proposed model allows us to calculate the viscosity even at very high temperatures. A comparison
of the obtained results with experimental data shows the functionality of the proposed model. The proposed
model can be used to calculate the viscosity of liquid metals in a wide temperature range. The article also shows
the possibility of using this model for calculating the activation energy of.a viscous melt flow.

Keywords: viscosity, chaotized particles, the degree of clusters association, cluster-associated model, liquid
metals, reference point, crystal-moving particles, the temperature dependences of the viscosity.

Introduction

The viscosity, which is the main characteristic of the liquid is unable to be strictly express in theoretical
terms based on different calculations of binding forces of particles, i.e. structural factors. The staff of Chemical
and Metallurgical Institute (Karaganda) has:developed the concept of chaotized particles by applying the Boltz-
mann law [1].

According to this approach all three aggregate states of matter are considered from a unified point of view
on its unstructured component, that is, in all three states of matter there are crystal-like, liquid-like and vapor-
like particles.

Earlier in the article “Efficiency of applying cluster-associated model of viscosity of liquid metals” [2]
3 models of viscosity of liquid metals were given depending on the content of randomized particles.

Equation (1) represents the:temperature dependence of viscosity with adjustment to crystal-mobile parti-
cles:

v, =v,TIT, @
where v, and T, — are kinematic viscosity and absolute temperature correspondingly for a certain reference
point, in principle, arbitrarily chosen as the most reliable experimental determination.

Equation (2) represents the temperature dependence of viscosity with adjustment to crystal-mobile and
liquid-mobile particles:

v,T.[exp(-T, /T,)—exp(-T, /T,)]
© T[exp(-T,/T)—exp(-T,/T)]

where T, and T, — melting and boiling temperature correspondingly.
Equation (3) represents the temperature dependence of kinematic viscosity with adjustment to all three

types of particles:
v, :Vr—Trexp(T—m—T—mj. (3)

; (2)

T T T

r
However, it is necessary to develop a generalized viscosity model taking into account the degree of asso-
ciation of clusters of crystal-moving particles.

68 BecTHuk KaparaHgmMHCKoOro yHusepcureTa



Application of cluster-associative model ...

These models have been tested on all the available reference material on the viscosity of metal melts.

The need to verify each of the three models of the viscosity and to select the most appropriate procedure
complicates the data processing. This has prompted a closer look at the nature of the liquid state, while re-
maining within the concept of chaotized particles. It was found that the strong dependence on the temperature
can be explained by the formation of aggregated or associated elementary cluster compounds. We propose a
new model of viscosity:

v=v, (T, /T). (4)
Here the parameter a makes meaning of the association degree n-partial cluster compounds [2].
Experimental

This section is devoted to the studies of the temperature dependence of the viscosity of the pure metals
melts for which there are reference data. During the experimental data selection we rested upon the monograph
[3] and reference books by M.E. Drits [4] in two parts about the properties of the elements. But.there were no
data about some elements viscosity.

The [3] with the reference to [5] provides data on the kinematic viscosity for cuprum at different temper-
atures. Melting and boiling points were taken from the reference book [4]. Their respective values are as fol-
lows: Tn = 1356 K and T, = 2846 K. We applied the closer data to the-melting point T, = 1438 K and
vr = 4.85-107" m?/s as the fixed reference point. The viscosity calculation results for the four models are shown
in Table 1 and Figure 1.

Table 1

Comparison of experimental data [3] with the values of the Kinematic viscosity of cuprum,
calculated by the models (1)—(4), v-107, m?/s

T v(exp) v(l) v(2) v(3) a v(4)

Tm = 1356 - 5.14 5.27 5.44 - 5.34
1438 4.85 4.85 4.85 4.85 - 4.85
1568 4.05 4.45 4.33 4.11 2.08 4.20
1653 3.84 4,22 4.05 3.73 1.68 3.85
1738 3.72 4.01 3.82 341 1.40 3.55
1823 3.44 3.83 3.62 3.13 1.45 3.28
T, =2846 - 2.45 243 1.54 - 1.57
R - 0.610 0.898 0.872 - 0.952

Table 1 and graphical comparison shows that the model (4) is more accurate to describe the temperature
dependence.

The average value of @ =1.65.

The average value must.be'checked for representativeness by the criterion of homogeneity of the set and
then used in equation (4) to obtain the calculated values and compare with the experimental ones by the cor-
relation coefficient.

The statistical homogeneity of the obtained set of values is evaluated by the Nalimov criterion:

X = X
max = n-1_

S I

("
(Xi_7)2

where x.,, — is the mini/max value of the set; X — is the average value; S (x) — is the mean square error;
min
n — is the volume of the set.
We have met the homogeneity of the obtained range for a under the Nalimov criterion: S(x) = 0.312;
i = 1.598 < rer = 1.688.
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Model (4) can be used with a fixed reference point close to the melting temperature T, = 1438 K in the
kinematic viscosity of cuprum during the consideration of the association degree of cluster compounds as a
generalized model of melt viscosity in the full temperature range:

v=(0.080/T"% )+8.02-10°°, m?/s. (5)

The correlation coefficient of model (3) is 0.898 and of model (4) is 0.952. The correlation coefficient of
model (4) is higher; therefore it is advisable to use model (4) to calculate the viscosity. We can calculate the
viscosity in the considered temperature range with the following equation:

Ea
n AeXp( - j (6)
where E, — is the activation energy; R — is the gas constant; T — is the temperature; A — is the:constant
proposed by Arrhenius.

The activation energy for the estimated data equals to E, =18450 J/mol, while the activation energy for

the proposed model will be Ea’ = 22133 J/mol
1107, m?/s
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v — kinematic viscosity; T — temperature; points — experimental data [3],
1 — by the model (1); 2— by (2); 3— by (3); 4 — by (4)

Figure 1. The temperature dependence of the kinematic viscosity of cuprum

Figure 2 shows the dependence of the logarithm of the kinematic viscosity of cuprum on the inverse
temperature.

-14,40 104T

-14,80 - °

-15,20 -
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v — kinematic viscosity; 7 — temperature; points — experimental data, crosses — for model (5);
straight — according to the equation Inv =In A’+E_’ / (RT)

Figure 2. Logarithm dependence of the kinematic viscosity of cuprum on reverse temperature
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Results and Discussion

For magnesium the boiling and melting temperatures are known: T = 923 K, T, = 1380 K. The values
T, =973 Kand v = 7.01-10" m?/s are taken as a fixed reference point. The viscosity calculation results for the
four models are shown in Table 2 and Figure 3.

Table 2

Comparison of experimental data [3] with the values of the kinematic viscosity of magnesium,
calculated by the models (1)—(4), v-107, m?/s

T v(exp) v(1) v(2) v(3) a v(4)

Tm =923 8.33 7.390 7.467 7.779 - 8.026
973 7.010 7.010 7.010 7.010 - 7.010
1073 5.420 6.357 6.288 5.819 2.629 5.453
1173 4.390 5.815 5.745 4.946 2.504 4.339
Tpr=1380 — 4.943 4.967 3.736 - 2.859
R - 0.609 0.668 0.934 - 0.922

From the Table 2 and graphical comparison it can be seen that the model (4) is more accurate in describing
the temperature dependence.

The average value of @ = 2.57. The increased degree of cluster association of metal atoms is a consequence
of the fact that, against the background of the ionic structure of metal melts,.it is possible to form molecular
covalent bonds in them.

The uniformity of the obtained set for the Nalimov criterion is observed: S(x) = 2.568; r,,,

max

=0.035 <

< e = 1.483.

Model (4) can be used with a fixed reference point<«close to the melting temperature T, = 973 K in the
kinematic viscosity of magnesium during the consideration of the association degree of cluster compounds as
a generalized model of melt viscosity in the full temperature range:

v=(0.337-10°/7% )+ 4.47-10°, m°/s. (7)
1107, m3/s
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v — kinematic viscosity; 7 — temperature;
points — experimental data [3]; 1 — by the model (1); 2 — by (2); 3— by (3); 4 — by (4)

Figure 3. The temperature dependence of the kinematic viscosity of magnesium

According to equation (6), the activation energy is E, = 22915 J/mol, butitis E,' = 22150 J/mol for the

proposed model. Figure 4 shows the logarithmic dependence of the magnesium viscosity on the inverse tem-
perature.
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v — kinematic viscosity; T — temperature; points — experimental data; crosses — for model (7);
straight — according to the equation Inv =In A'+E,’ / (RT)

Figure 4. Logarithm dependence of the kinematic viscosity of magnesium on the inverse temperature

The melting and boiling temperatures of barium were taken from the reference book [4] and draw up
Tm=983 K and T, = 1913 K. In the monograph [3] with reference to the source [6], smoothed experimental
data on the kinematic viscosity of barium are presented.

The fixed reference points was taken under T, = 1073 K and v = 4.564-:10" m?/s. The calculation results
for the four models are shown in Table 3 and Figure 5.

Table 3
Comparison of experimental data [3] with the values of the kinematic viscosity of barium,
calculated by the models{(1)—(4), v-107, m?/s
T v(exp) v(l) v(2) v(3) a v(4)
Tm =983 - 4.982 5.134 5.418 - 5.234
1073 4.564 4.564 4.564 4.564 - 4.564
1173 3.901 4.175 4.089 3.861 1.762 3.971
1373 3.067 3.567 3.440 2.920 1.612 3.105
1473 2.793 3:325 3.210 2.592 1.550 2.782
1573 2.577 3.113 3.022 2.327 1.494 2.510
1773 2.264 2.762 2.732 1.924 1.396 2.082
Tph=1913 - 2.560 2.578 1.712 - 1.849
R - 0.789 0.865 0.959 - 0.993
107, m?/s
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v — kinematic viscosity; T — temperature; points — experimental data [4];
1 — by the model (1); 2 — by (2); 3— by (3); 4 — by (4)

Figure 5. Temperature dependence of the kinematic viscosity of barium
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Table 3 shows that the experimental values and those calculated by model (4) are close. The Figure 6 also

shows that the model (4) is more adequate in describing the temperature dependence of barium viscosity.

The average value g=1.56.

We can see the uniformity of the obtained set for the Nalimov criterion as follows: S(x) = 0.137;
o = 1.365 < rer = 1.821.
Then considering the association degree of cluster compounds as a generalized model of melt viscosity
in the full temperature range it is possible to use the model (4) with a fixed reference point close to the melting
temperature T, = 1073 K in the kinematic viscosity of barium finding a confidence interval and rounding-off:

v=(0.0249/7"%*)+1.68-10°, m*/s. (8)
At the temperature range under consideration, the activation energy was calculated as E,=15889 J/mol,

butitis E,’ =17543 J/mol for the generalized model. Logarithm dependence of barium viscosity on the inverse
temperature is presented in Figure 6.

5 7 9 w107, m2/s
-14,10 . .

-14,40 4
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v — kinematic viscosity; T — temperature; points — experimental data; crosses — for model (8);
straight — according to the equation Inv =In A’+E_’ / (RT)

Figure 6. Logarithm dependence of the Kinematic viscosity of barium on the inverse temperature

Conclusions

If unstable solid nuclei — clusters consisting of a complex of crystal-mobile particles exist in the melt,
they are the ones to prevent the fluidity of metals. Thus, the viscosity of a liquid and its dependence on tem-
perature can be estimated through the clusters. This was the basis for generating a new semi-empirical gener-
alized model of the temperature-dependant viscosity of liquid metals having regard to both the formation of
clusters and the degree of their associativity, that is the stronger role of crystal-mobile particles.

Therefore, this model 'determines the viscosity over a wide temperature range.

The new semi-empirical model of viscosity has been tried out on 3 typical metals, for which the reference
data on the'temperature dependence of viscosity are available. In the majority of cases, the generalized model
describes the temperature dependence of viscosity more adequately through the comparison with the experi-
mental data.
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A.IIl. Kaxxukenona, JI.b. Anmubues, A.b. CetitumbOeToBa, A.C. CmannoBa

KuHemMaTHKaJBIK TYTKBIP CYIHbIK MeTaJIFa
KJIACTEPJIi-acCOMATUBTI MOebAi KOJAAHYABIH THIMILTIri

Merasut KOpbITHATaphl XaIbIK MIapyalIbUIbIFBIH/A XKIHE OHEPKACiNTe Ui KongaHsuiaasl. COHIBIKTaH METa-
JIapaslH (Qu3MKa-XUMASUIBIK KaCHETTEPIiH 3epTTeyre YIKeH KoHiI OemiHeni. Ocipece 3epTTeyLIiiep TYTKBIP-
JIBIKTHI 3epTTEyTe KOl KOHII Oeerni, ce0e0l TYTKBIPIBIKTHIH METAILTY pTHsia MPaKTHKaIBIK MaHbI3EI 30p. ba-
KBITBUIFAH METAJIBIH TYTKBIPIIBIFBIH 3€PTTEY YIIKSH FEUIBIMU KbI3BIFYIIBUIBIK Ty IBIPA/Ibl, COHBIMEH KaTap, TyT-
KBIPJIBIK OaJIKbIMAaHBIH KYPBUIBIMIBIK-CE31IMTANIIBIK CHIIATTaMachl OOJBIN TaObLIafbl. DKCIEPHUMEHT apKbUIbL
TYTKBIPJBIKTHI 3€pTTEy OiplliaMa KHUBIH: KONTEreH MeTajlap eTe jKOFapbl TeMIeparypanapia 0ankuabl. Ap-
Haiibl )kabIbIKTapChI3 MYH/Iail JKar Jailap/pl skacay KublH. COHIBIKTaH KOITEreH 3ePTTEYLIICD TYTKbIPJIBIKTHI
TyciHyre Oanama Tociiep HerisiHae KOChIMINA d3ipieMenep i i3neiai. ABTopiap Makajlaza XaoTH3alisIaH-
FaH OeJIIeKTep/IiH jKaHa KOHIICTIIUSACHIH KapacThIpFaH jKOHE OHBIH HETi3iHIe HKCIepUMEHT XKYPFi30en; TyT-
KBIPJIBIKTEI €CETITey YILIiH KIacTepiliK-acCOIUATThIK MOJIeNb YChbIHFaH. Onap YCHIHBUIFaH YIITi O0#MbIHIIA KeHoip
MeTaJlIapAbIH KHHEMAaTHKAJIBIK TYTKBIPIIBIFBIH €CeNTey MBICATIaphIH KeNTipTeH. AJIBIHFaH HOTIDKeNepIe YChI-
HBUIFaH MOJIENb ©Te JKOFaphl TEMIIepaTypa Ke3iH/e JIe TYTKBIPIIBIKTHI ecenTeyre MyMKIHAIK Oepesi. AJbIHFaH
HOTIKENEPi KCIIEPHMEHTAIIBI IEPEKTEPMEH CANBICTHIPY YCHIHBLUIFAH MOJAENbIIH (HYHKIHOHAIBIFBIH KO-
cerenti. ¥ CHIHBUIFAH MOZICIIB/II KEH TeMIIepaTypabIK JUana3oH/a CYIbIK MeTalap/blH TYTKBIPJIBIFBIH €CCITEY
ylIiH naiigananyra 6omnaasl. COHBIMEH KaTap, Makajiana OalKpIMaHBIH TYTKBIP aFbIHBIHBIH OCICEHIIpY dHEp-
THSCBIH €CENTey YILIiH OCBI MOJETb/Ii KOJIIaHy MYMKIH/IIri KOpCeTireH.

Kinm ce30ep: TYTKBIPIBIK, pETCi3AeNTeH OOIIIeKTep, aCCOIMPICHICH KIACTEPIiH A9pEexkeci, KIacTepii-acco-
IIMaTHBTI MOJIENi, CYHBIK MeTajiiap, penepilik HYKTe, KpUCTAIUIKO3FaJIbICTHI OOIIeKTep, TYTKBIPIIBIKTEIH TeM-
nepatrypara ToyeIIiri.

A.IIl. Kaxxukenona, JI.b. Anmuoue, A.b: CetitumbOeToBa, A.C. Cmannoa

IIpuMeHeHUE KIACTEPHO-ACCOLMATHON MOIeJIH VISl pacueTra
KHHEMATH4Y€eCKOIi BI3KOCTH PacCIlJIABOB METAJLJIOB

PacruiaBel METaIOB OBOJIBHO YacTO MCIOJIB3YIOTCS B HAPOJHOM XO3siCTBE M MPOMBINIIEHHOCTH. [ToaTomMy
HCCIIEIOBaHUIO (PH3UKO-XUMHIECKHUX CBOMCTB METAIUIOB yemnseTcs Oonbinoe BHUManne. OcoObIii HHTEpEC BBI-
3bIBAaeT M3YyYeHHE BSI3KOCTH, BBUJY TOTO, YTO OHA MMEET OOJIbIIOE MPAKTHYECKOE 3HAUCHNUE B METAJLTYPrHH.
V3ydeHue BSI3KOCTH pacIuiaBIEHHOTO MeTajula B TO K€ BpeMs NPEJCTaBIsIeT M HayYHBIH MHTEpecC, TaK Kak
SIBJIETCSl Han00JIEe CTPYKTYPHO-UyBCTBUTENIBHOM XapaKTepUCTHKOI paciuiaBa. V3ydeHue BA3KOCTH C MTOMO-
IIBIO SKCIIEPUMEHTa HECKOJIBKO 3aTPYAHEHO: MHOTHE METaJIIbI IUIaBsTCS IIPH OYE€Hb BRICOKUX TEMIIepaTypax.
Co3zznaTs Takue yeaoBus 6e3 creruaibHOro 060pya0BaHus cI0kKHO. 110 3TOi MpHYMHE MHOTHE HCCIIEI0BATEIN
UIIYT JOMOJHUTEIBHBIE Pa3pabOTKH Ha OCHOBE AJIbTEPHATHBHBIX MOAX0/J0B K IOHUMAHHUIO BSI3KOCTH. ABTOPBI
JIAHHOM €TaThH PACCMOTPEIIH HOBYIO KOHIETIIINIO Xa0TH3UPOBAHHBIX YaCTHUIL U Ha €€ OCHOBE MPE/IOKHIIN Kla-
CTEpPHO-ACCOMATHYIO MOJIEIIb JUISl pacyeTa BA3KOCTH 0e3 NPOBeACHNUs dKCIiepuMeHTa. OHH IIPUBENH IPUMEpPHI
pacueTa KWHEMaTHYEeCKON BSI3KOCTH HEKOTOPHIX METAJIOB 10 MpeiokeHHoNH Moaenu. [lomyueHHbIe pe3yiib-
TaThl MOKA3bIBAIOT, YTO JIaHHAS MOJEINb IT03BOJISIET BEIYHUCIIUTE BSI3KOCTB JAa)ke IIPH OYEHb BBICOKHX TeMIlepa-
Typax.-ConocraBieHue MOJIyYeHHBIX PE3yJIbTATOB C IKCIIEPUMEHTAIBHBIMU JAHHBIMU YKa3bIBaeT Ha (QyHKIH-
OHAJILHOCTB Mpe/IaraeMoii MOJIeNH, KOTOPYIO MOYKHO HCIIONIb30BATh AJIs1 pacyeTa BSI3KOCTH )KU/IKUX METAIIOB
B IIMPOKOM TeMIIepaTypHOM Jquarna3oHe. Takxke B cTaTbe MoKka3aHa BO3MOXKHOCTh IPUMEHEHUsI JAHHOH MOJIen
JUISL pacyeTa SHEPTUH aKTHBALIMH BS3KOTO TEUCHHS paciljaBa.

Kniouesvie cnosa: BA3KOCTb, XaOTHU3UPOBAHHBIC YaCTUIIbI, CTCIICHbL ACCOLMUPOBAHHOCTHU KJIACTCPOB, Klla-
CTEpHO-acconuaTHasd MOACIIb, ) KUAKUE METAJJIbI, pENIE€pHAst TOUKA, KPUCTAJUIONIOABUIKHBIC YaCTUIIbI, TEMIIEPA-
TYpHas 3aBUCUMOCTD BA3KOCTH.
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