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Resume 

Ce travail de maitrise fait partie d'un projet de recherche VLAB (un Laboratoire Virtuel 

pour l'industrie de raluminium) ayant l'intention de developper des bases de donnees 

pour des proprietes thermodynamiques et physico-chimique exigees par l'industrie de 

raluminium. Ces bases de donnees peuvent etre accedees par le logiciel thermochimique 

FactSage pour executer des calculs de proprietes thermodynamiques et physico-chimique 

multicomposantes pour les precedes impliques dans l'industrie de 1'aluminium. 

L'objectif de ce travail de maitrise est de modeliser la viscosite des solutions liquides 

multicomposantes formees pendant le traitement et la coulee de 1'aluminium liquides et 

de ses alliages, en particulier, les melanges de sels NaCl-KCl-MgCl2-CaCl2 et l'alliage 

Al-Zn-Si. L'objectif principal est de developper une base de donnees de viscosite qui peut 

etre utilisee pour des calculs de viscosite pour les solutions multicomposantes en fonction 

de la composition et de la temperature. 

Les modeles de viscosite disponibles dans la litterature sont examines et un modele 

structural de la viscosite a ete developpe qui peut predire la viscosite des systemes multi-

composants a l'aide d'information structurale provenant des modeles thermodynamiques 

et de densite. Une modification est proposee au modele afin de mieux reproduire la 

dependance de la composition de la viscosite des systemes montrant un fort 

ordonnancement. 

La dependance en temperature de la viscosite dans ce modele est donnee par l'equation 

d'Eyring (exponentielle). L'energie d'activation visqueuse d'un systeme multi-composant 

est donnee par la somme des energies d'activation des paires cation-cation seconds-
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voisins presentes dans la solution. La dependance en composition de la viscosite pour un 

melange liquide est ainsi exprimee dans l'energie d'activation visqueuse par la variation 

des fractions molaires des paires cation-cation seconds-voisins telles que calculees par le 

modele thermodynamique. Les energies d'activation des paires cation-cation seconds-

voisins sont les parametres du modele et sont les fonctions lineaires de la temperature. 

Toutefois, pour les systemes avec un fort ordonnancement, le modele est modifie par 

l'introduction de termes dependants de la composition dans l'energie d'activation en plus 

des termes dependants de la temperature. 

Les parametres du modele sont optimises sur la base des donnees experimentales fiables. 

Une revue de la litterature extensive est faite pour recueillir les donnees experimentales 

disponibles. Les methodes de mesure experimentale de la viscosite sont presentees et 

comparees les unes aux autres. La plupart des ensembles de donnees fiables sont choisis 

sur la base de l'examen critique des methodes de mesure employees. En raison de 

l'incoherence entre les donnees unaires et binaires des ensembles de donnees dans la 

litterature, des fonctions de correction sont appliquees aux donnees experimentales et les 

donnees binaires qui sont corrigees systematiquement si necessaire. 

Les courbes de viscosite calculees par la modification proposee au modele reproduisent 

les points experimentaux pour les systemes binaires simples: NaCl-KCl, MgC^-CaCb, 

CaC^-NaCl et KCl-CaC^ ainsi que pour les systemes fortement ordonnes: NaCl-MgCli, 

KCl-MgCb, RbCl-MgCl2 et CsCl-MgCb. H y a peu de donnees experimentales dans la 

litterature pour les systemes multicomposantes, mais les predictions du modele pour le 

systeme NaCl-KCl-MgCl2-CaCl2 peuvent raisonnablement bien se comparer avec les 



VIII 

donnees experimentales disponibles rapportees pour un nombre limite de compositions et 

de temperatures. Les courbes de viscosite calculees par le modele reproduisent bien les 

donnees experimentales rapportees pour les alliages Al-Zn et Al-Si binaires. 

En resume, la modelisation de la viscosite des solutions de chlorures fondus et des 

alliages d'aluminium liquides donnent des resultats tres satisfaisants. Une modification du 

modele pour les solutions tres ordonnee est proposee et presente. Les parametres 

dependants de la composition sont ajoutes au modele pour reproduire le comportement de 

la viscosite de ces systemes. La forme modifiee du modele peut bien reproduire le 

comportement de viscosite pour les liquides tres ordonnes. Les parametres optimises du 

modele sont ajoutes a la base de donnees pour calculer la viscosite des systemes des sels 

fondus NaCl-KCl-MgCl2-CaCl2 et des alliages liquides AL-Zn-Si. Cette base de donnees 

de viscosite est incluse dans les bases de donnees de FactSage 5.6 ou la viscosite des 

systemes multi-composants peut etre calculee par le modele de viscosite presente en 

employant simultanement les modeles thermodynamiques et de densite. 
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Abstract 

This work is a part of VLAB (A Virtual Laboratory for the aluminum industry) project 

aiming to develop thermodynamic and physical properties databases required by the 

aluminum industry. These databases can be accessed through the FactSage 

thermochemical software to perform multi-component thermodynamic and physical 

property calculations for the processes involved in the aluminum industry. 

The objective of this master project is to model the viscosity of liquid solutions involved 

in the aluminum production process namely, NaCl-KCl-MgCb-CaCh liquid solution and 

Al-Si-Zn liquid alloy. The main aim is to develop a viscosity database that can be used 

for the viscosity calculations of these multi-component mixtures at various compositions 

and temperatures. 

The available viscosity models in the literature are reviewed and a structural based 

viscosity model is presented that can predict the viscosity of multi-component systems by 

simultaneously employing the density and thermodynamic models. A modification is 

proposed to the model to better reproduce the composition dependency of the viscosity in 

highly short-range ordered systems. 

The temperature dependency of the viscosity in this model is given by an Eyring type 

exponential equation. The activation energy for viscous flow of a multi-component 

system is given by the summation of the activation energies of the second nearest 

neighbor (SNN) pairs present in the melt. The composition dependency of the viscosity 

for a liquid mixture is thereby expressed in the viscous activation energy term through the 

variation of the SNN pair fractions upon mixing (the SNN pair fractions being calculated 
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by the thermodynamic model). The activation energies for the SNN pairs are the 

parameters of the model given by linear functions of temperature. However for highly 

short-range ordered systems, the model is modified by introducing composition 

dependent terms in the activation energy as well as the temperature dependent terms. 

The model parameters are optimized based on the reliable experimental data. A thorough 

literature review is performed to collect the available experimental data. The 

experimental viscosity measurement methods are introduced and compared to each other. 

The most reliable data sets are selected based on the critical review of the employed 

measurement methods. Due to the inconsistencies between the reported unary and binary 

data sets in the literature, correction functions are applied to the data and the 

systematically corrected binary data sets are employed for the optimizations. 

The calculated viscosity curves by the proposed modified form of the model could well 

reproduce the viscosity behavior predicted by the experiments for simple binary systems: 

NaCl-KCl, MgCl2-CaCl2, NaCl- CaCl2 and KC1- CaCl2 as well as the highly short-range 

ordered systems: NaCl- MgCl2, KC1- MgCl2, RbCl- MgCl2 and CsCl- MgCl2. There were 

few experimental data in the literature for multi-component molten salt systems, however 

the predictions of the model for NaCl-KCl-MgCl2-CaCl2 system compare reasonably well 

with the available experimental data reported for a limited range of composition and 

temperature. The viscosity curves calculated by the model well reproduce the 

experimental data reported for the Al-Zn and Al-Si binary alloys. 

In summary, the model leads to very satisfactory results for the molten chloride mixtures 

and liquid aluminum alloys studied in the present work. The proposed modification to the 
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model could properly reproduce the viscosity behavior of highly short-range ordered 

systems as a function of composition of the melt. The optimized model parameters as 

well as the modified composition dependent parameters are added to the viscosity 

database of the molten salts and liquid alloys. Employing the mentioned database, 

viscosity calculations for multi-component molten salts and aluminum alloys can be 

performed. This viscosity database is included in the FactSage 5.6 data bases where the 

viscosity of multi-component molten salts and binary aluminum alloys can be calculated 

through the presented viscosity model by simultaneously employing the thermodynamic 

and density models. 
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Condense en francos 

Ce travail de maitrise fait partie du projet de recherche VLAB (un Laboratoire Virtuel 

pour l'industrie de l'aluminium) ayant l'intention de developper des bases de donnees 

pour des proprietes thermodynamiques et physico-chimique exigees par l'industrie de 

1'aluminium. Ces bases de donnees peuvent etre accedees par le logiciel thermochimique 

FactSage pour executer des calculs de propriete thermodynamiques et physico-chimiques 

multi-composants pour les precedes impliques dans l'industrie de l'aluminium. 

Particulierement le modele de viscosite presente et modifie dans ce travail est employe 

pour developper une base de donnees de viscosite pour les sels fondus (NaCl-KCl-

MgCl2-CaCl2) et les metaux liquides (Al-Zn-Si) impliques dans le procede de production 

de l'aluminium. 

L'aluminium est le metal non ferreux le plus largement utilise. H est remarquable pour sa 

resistance a la corrosion et sa faible densite. Les composantes structurelles faites en 

aluminium et ses alliages sont indispensables a l'industrie aerospatiale et tres importantes 

dans d'autres domaines tels les transports et la construction. L'aluminium est l'element 

metallique le plus abondant dans la croute terrestre (~8 % poids de la surface solide de la 

terre) et est le troisieme element le plus abondant apres l'oxygene et le silicium. En outre, 

en raison de sa nature hautement reactive, l'aluminium se retrouve surtout sous la forme 

d'oxyde (AI2O3) combine dans les differents mineraux. L'aluminium est produit 

directement par reduction electrolytique de l'oxyde d'aluminium (AI2O3) dans un bain 

cryolithique (la production d'aluminium primaire) ou est obtenu par le recyclage. 

L'aluminium liquide produit par l'une ou l'autre de ces methodes est ensuite traite a l'etat 
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liquide pour enlever les alcalins, les inclusions et l'hydrogene afin d'obtenir la qualite 

requise pour la coulee du metal. L'industrie de l'aluminium est sous pression pour 

ameliorer la qualite du metal, cependant qu'en meme temps elle doit reduire les couts et 

les emissions nocives pour l'environnement. Les impuretes presentes dans le metal 

peuvent influer sur la strategie de traitement du metal qui est utilisee. Deux des impuretes 

les plus indesirables sont les metaux alcalins et alcalino-terreux. La presence de metaux 

alcalins, meme dans les niveaux de parties par millions, est nocive pour les proprietes 

mecaniques. L'injection de gaz est la technique la plus frequente pour enlever les metaux 

alcalins. Jusqu'a present, l'industrie de l'aluminium s'est fondee exclusivement sur 

l'utilisation d'un gaz reactif tel que le chlore pour l'injection. Le chlore injecte reagit avec 

les metaux alcalins en solution pour former des chlorures sous formes de particules 

solides ou de gouttelettes de sels fondus qui s'eleveront vers la surface du metal liquide 

tout en continuant d'echanger des solutes avec l'alliage. Bien que l'utilisation du chlore 

est tres efficace dans l'elimination des metaux alcalins, il peut generer des inclusions et 

des emissions de chlorure d'hydrogene (les chlorures d'aluminium non reagis qui se 

forment au cours de l'injection de chlore reagissent avec l'humidite atmospherique pour 

former le gaz HC1 et les particules AI2O3). C'est pourquoi un accent particulier est mis sur 

la minimisation de l'utilisation de chlore. La quantite de chlore employe doit etre 

correctement optimisee pour obtenir l'efficacite du processus tout en reduisant les 

emissions environnementales. Le metal liquide traite ensuite passe par differents 

procedes de coulee dependants de la demande. 
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II existe differents types de solutions liquides impliquees dans la production d'aluminium 

a savoir, le bain cryolithique dans les cellules d'electrolyse, les alliages fondus contenant 

des impuretes et les solutions des sels fondus formees pendant le procede de traitement. 

Modeliser avec precision les proprietes de transport des phases multi-composantes 

formees durant le procede est important pour un design efficace du procede. La viscosite 

est une propriete importante de transport qui est necessaire pour les calculs de 

simulations du procede. En plus, du point de vue theorique, la viscosite etant une 

propriete base sur le structure du liquide, peut donner un apergu plus clair sur le 

comportement des melanges liquides au cours des differentes etapes du procede. 

Les mesures experimentales de la viscosite a des temperatures elevees (~ 900 ° C dans les 

cellules de reduction et ~ 700 ° C pendant les etapes de traitement) sont extremement 

difficiles. Les difficultes rencontrees sont dues a la forte reactivite du liquide avec les 

creusets et l'atmosphere, la degradation rapide des echantillons et la presence 

d'impuretes. En raison des viscosites relativement faibles des sels fondus et des metaux 

liquides impliques dans le procede (generalement inferieur a 5 ~ mPa.s), une attention 

particuliere doit etre prise pour eviter l'apparition de turbulence au cours de la mesure de 

viscosite. En consequence predire la viscosite de ces solutions par des approches de 

modelisation est d'un interet particulier pour l'industrie de l'aluminium. La derivation des 

expressions rigoureuses de viscosite des liquides est difficile puisque les mouvements des 

atomes ne peut pas etre decrit avec precision en fonction du temps. Jusqu'a present, les 

approches theoriques n'ont pas mene a des resultats satisfaisants pour predire la viscosite 

a haute temperature et pour les systemes industriels complexes tels que ceux qui sont 
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impliques dans le procede de production d'aluminium. En l'absence d'un tel modele de 

viscosite rigoureux et precis, une approche semi-theorique (semi-empirique) reliant la 

viscosite aux autres proprietes physiques mesurables pourrait etre pratique pour les 

applications industrielles. Les fluides lies au traitement du metal (alliages, sels fondus, 

etc.) etant Newtonien, leur viscosite est principalement affectee par la temperature et par 

la composition. Par consequent, un modele de viscosite doit fournir les variations de 

viscosite en fonction de la temperature et de la composition. Un modele de viscosite a ete 

recemment propose par Robelin et Chartrand (2007) pour predire la viscosite des 

solutions de cryolithe dans les cellules d'electrolyse. Dans le present travail ce modele est 

utilise et modifie pour predire les viscosites des solutions liquides liees au traitement des 

metaux pendant le procede de production de 1'aluminium comme les melanges des sels 

fondus et les alliages d'aluminium liquides. 

L'objectif general de ce projet de maitrise est de modeliser la viscosite des solutions 

liquides impliquees dans le procede de production d'aluminium. Les objectifs specifiques 

sont les suivants: 

• Modelisation de la viscosite des melanges de sels NaCl-KCl-MgC12-CaC12 et 

l'alliage Al-Zn-Si pour l'ensemble de la temperature et de la composition. 

• Developper une base de donnees pour la viscosite des solutions liquides 

impliquees dans le procede de traitement des metaux pendants la production 

d'aluminium. 
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Pour obtenir un aper§u plus clair du comportement de la viscosite des solutions liquides 

impliquees dans le procede de production de 1'aluminium, une revue de la litterature sur 

la viscosite de ces systemes a ete effectuee. Les methodes experimentales employees 

pour mesurer la viscosite de ces systemes de meme que les modeles de viscosite 

disponibles dans la litterature sont etudies. Les modeles des viscosites proposes dans la 

litterature peuvent etre divise en trois categories a savoir, theoriques, semi-empiriques 

(semi-theoriques) et des modeles empiriques. Les modeles theoriques portent 

essentiellement sur la viscosite d'un liquide pur a un etat donne. lis ne sont pas encore en 

mesure d'expliquer la dependance de la composition de la viscosite dans des melanges 

liquides. En l'absence d'une expression mathematique pratique pour les liquides qui peut 

mener a une viscosite physiquement raisonnable, plusieurs auteurs ont propose divers 

"mecanismes" pour les ecoulements visqueux en assumant un certain modele du liquide. 

Ces approches sont appelees des modeles semi-empiriques (semi-theoriques). Les 

exemples bien connus de ce type de modeles proposes pour les liquides comme la theorie 

quasi-cristalline d'Andrade, la theorie du volume libre de Cohen et Turnbull et la theorie 

d'Eyring sont brievement examines dans le present travail. Plusieurs autres auteurs ont 

essaye de trouver une relation empirique entre la viscosite et d'autres proprietes definies 

du liquide ou tout simplement de trouver une equation qui correspond le mieux a leurs 

donnees. Les modeles semi-empiriques et empiriques ont essentiellement ete preoccupes 

par la dependance en temperature de la viscosite. Seuls un petit nombre d'essais ont ete 

faits pour expliquer le comportement de la viscosite de melanges binaires en fonction de 

la composition. Dans ces approches, les termes dependants de la composition ont ete 
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ajoutes aux modeles semi-empiriques ou empiriques existants pour elargir ces modeles 

aux systemes binaires et multi-composants. Toutefois, les termes proposes sont 

applicables seulement a certains systemes binaires et ne peuvent etre simplement etendus 

aux systemes multi-composants. Au mieux, ils ne pouvaient donner qu'une prevision 

qualitative du comportement de la viscosite des systemes multi-composants. Recemment 

Robelin et Chartrand (2007) mis au point un modele de viscosite pour les systemes multi-

composants qui peut predire de maniere satisfaisante la viscosite des solutions 

cryolithiques employant simultanement les modeles thermodynamiques et de densite 

developpes pour ces systemes. Ce modele est utilise et modifie dans le present travail 

pour predire la viscosite des systemes multi-composants etudies. La dependance en 

temperature de la viscosite dans ce modele est donnee par une equation d'Eyring 

simplified a la forme suivante: 

ou h est la constante de Planck, est le NA le nombre d'Avogadro, VM est le volume 

molaire calculee par le modele de densite en fonction de la temperature et la composition 

et G* est l'energie d'activation molaire du melange liquide. 

L'energie d'activation visqueuse (G*) d'un melange liquide est donnee par la somme des 

energies d'activation qui sont definies pour les unites structurelles dans la solution. Sur la 

base de l'image structurale depeinte par le modele thermodynamique quasichimique 

modifie, ces unites structurelles dans les solutions liquides des chlorures fondus peuvent 



XVIII 

etre des paires cation-cation seconds-voisins. L'energie d'activation (G*), est donnee par 

l'equation suivante: 

Les fractions molaires des paires cation-cation seconds-voisins (X ( /) sont calculees par le 

modele thermodynamique (issues de l'entropie de configuration). De cette maniere, la 

dependance en composition de l'energie d'activation est donnee par la variation des 

fractions molaires des paires cation-cation seconds-voisins lors du melange. Dans la 

forme initiale du modele, les energies d'activation (G*,>) correspondants des paires 

cation-cation seconds-voisins n'etaient que des fonctions de la temperature. Cependant, 

dans le present travail, il a ete montre que, pour des systemes fortement ordonnes, une 

dependance de composition des parametres est necessaire pour reproduire la viscosite sur 

l'ensemble de la composition. Par consequent, le modele est modifie dans la formulation 

ci-dessous par l'introduction des termes dependants en composition: 

G\ = (G*v)°° + (G*e)'° ^ + (G4, )01 Xji 

Xi + Xq+X, • X^X^X, 

(Gir^^rHd.rr 
(G;) ,0=(c (,)

,0 + (dff)
,07' 

(G;r =(c#)°' Hd„)mT 

ou (c,7)
00, (dtj)

m, (c^)10, (d^)10, (c.j)m et (d,,)01 sont les parametres modifie du modele 

(les parametres (c,7)'°, (flf,y)10, (c,>)01 e t (dy)01 seront egal a zero pour les composants 

purs). 
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Ces parametres du modele sont optimises sur la base des donnees experimentales 

trouvees dans la litterature pour les systemes etudies. 

Pour obtenir les parametres du modele pour le systeme NaCl-KCl-MgCl2-CaCl2, les 

donnees de viscosite de quatre composantes purs a savoir NaCl, KC1, MgCl2 et CaCl2 et 

six systemes binaires a savoir, NaCl-KCl, NaCl-MgCl2, NaCl-CaCl2, KCl-MgCl2, 

KCl-CaCl2 et MgCl2-CaCl2 etaient necessaires. En consequence une revue de la 

litterature extensive est faite pour recueillir les donnees de la litterature disponibles pour 

ces systemes. Comme il y avait, dans certains cas, de grandes divergences entre les 

donnees experimentales, une evaluation critique des donnees a ete effectuee pour 

selectionner les donnees les plus fiables pour les optimisations. En raison de 

l'incoherence entre les donnees unaires et binaires rapportees dans la litterature, les 

corrections systematiques sont appliquees aux donnees. Les donnees binaires corrigees 

sont utilisees pour les optimisations. Les courbes de viscosite calculees par le modele 

reproduisent bien le comportement donne par les experiences pour des systemes binaires 

simples: NaCl-KCl, MgCl2-CaCl2, CaCl2-NaCl et KCl-CaCl2 ainsi que les systemes tres 

ordonnes: NaCl-MgCl2, KCl-MgCl2. Pour justifier la modification proposee, deux autres 

systemes binaires avec un degre plus eleve d'ordonnancement, a savoir RbCl-MgCl2 et 

CsCl-MgCl2, ont ete etudies. Employant la forme modifiee de G*a, ce modele peut 

reproduire le maximum observe dans les isothermes de viscosite pour ces systemes. 

Toutefois en employant les energies d'activation de la forme originale proposee par 

Robelin et Chartrand (2007), le modele ne donne pas des resultats satisfaisants pour ces 
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systemes par rapport aux donnees experimentales. II y avait peu de donnees 

experimentales dans la litterature pour les systemes multi-composants de sels fondus, 

mais les predictions du modele pour le systeme NaCl-KCl-MgCl2-CaCl2 peuvent 

raisonnablement bien se comparer avec les donnees experimentales disponibles que pour 

un nombre limite de compositions et de temperatures. 

Le meme type de revue de la litterature et devaluation critique a ete realise en vue 

d'obtenir les parametres du modele pour les deux alliages binaires Al-Si et Al-Zn. Les 

courbes de viscosite calculees par le modele reproduisent bien les donnees 

experimentales rapportees pour les alliages binaires Al-Zn et Al-Si. 

En resume, un modele de viscosite des solutions de chlorures fondus et des alliages 

d'aluminium liquide a ete obtenu dans ce travail. Une modification du modele est 

presentee pour les systemes tres complexes. Les parametres dependants de la composition 

ont ete ajoutes au modele pour reproduire le comportement de la viscosite de ces 

systemes. La forme modifiee du modele peut bien reproduire le comportement de 

viscosite pour les systemes tres ordonnee. Les parametres optimises du modele forment 

une base de donnees pour predire la viscosite des systemes des sels fondus et d'alliages 

liquides. Avec cette base de donnees, les calculs de viscosite des solutions multi-

composantes de sels fondus et d'alliages d'aluminium peuvent etre effectues. Cette base 

de donnees est incluse dans les bases de donnees de FactSage 5.6. 
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Le present travail peut etre etendu afin de rendre possible les calculs des viscosites pour 

des systemes plus complexes, contenants differents sels et elements metalliques. 

Dans le present travail, les parametres du modele sont obtenus en employant les donnees 

experimentales disponibles. En raison des difficultes rencontrees dans la mesure de la 

viscosite a haute temperature, il serait pratique de correler la viscosite a des proprietes 

thermodynamiques: la possibility d'une correlation entre la valeur des energies 

d'activation visqueuses a des proprietes thermodynamique telles que 1'enthalpie de 

melange reste a trouver. 

II est important de souligner que le present modele de viscosite est applicable uniquement 

pour les liquides incompressibles et Newtonien ou la viscosite n'est seulement qu'une 

fonction de la temperature et de la composition. Toutefois, le modele peut etre elargi aux 

regions non-newtoniennes (ou la viscosite devient dependante du taux de cisaillement) 

par le biais d'une correlation raisonnable entre le taux de cisaillement et la viscosite. Le 

modele peut egalement etre utilise pour obtenir la viscosite des liquides contenant des 

particules solides (suspensions) par de nouvelles recherches sur l'effet des inclusions 

solides sur la comportement viscosite de ces solutions liquides. 

En conclusion, ce projet a contribue au developpement d'une base de donnees pour la 

viscosite des solutions liquides liees aux procedes de production de l'aluminium, a savoir 

les chlorures fondues alcalins et alcalino-terreux et les alliages d'aluminium. En utilisant 

cette base de donnees simultanement avec les bases de donnes thermodynamique et de 



XXII 

densite dans FactSage 5.6, les calculs de viscosite des solutions multi-composantes 

peuvent etre effectues d'une maniere pleinement coherente. 
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1 Introduction 

Aluminum is the most widely used non-ferrous metal for various applications. It is 

remarkable for its ability to resist corrosion and its light weight. Structural components 

made from aluminum and its alloys (alloys with many elements such as copper, zinc, 

magnesium, manganese and silicon) are vital to the aerospace industry and very 

important in other areas of transportation and construction. Aluminum is the most 

abundant metallic element in the Earth's crust (~8 wt% of the Earth's solid surface) and 

the third abundant element after oxygen and silicon. However due to its highly 

chemically reactive nature, aluminum is found mostly in the oxide form (AI2O3) 

combined in different minerals. Aluminum can be either produced directly from 

electrolytic reduction of alumina (AI2O3) in a cryolitic bath (primary aluminum 

production) or obtained by the recycling of the used aluminum products. In general, the 

aluminum production process consists of several steps which are illustrated in Fig. 1.1. 



Figure 1.1: An Overview of the Aluminum Production Process 

As it is shown in Fig 1.1, the first step of the process is the bauxite mining. Bauxite, the 

main ore of aluminum, is a mixture of minerals containing mostly hydrated aluminum 

oxide (Al203 • x H20) and hydrated iron oxide (Fe20-i • x H20). Alumina (A/203) is 

extracted from bauxite by means of the Bayer process. The extracted alumina coming out 

International Aluminium Institute (2000) 



of the alumina refining step is used as the base material for the primary aluminum 

production through the Hall-Heroult process. In the Hall- Heroult process, the aluminum 

smelting is done by dissolving alumina in a bath of molten cryolite (Afa3A/F6) at 

temperatures around 950-980°C where the aluminum can be produced by the electrolysis. 

The produced liquid aluminum precipitated in the cathode, is denser than the molten 

cryolite and sinks to the bottom of the bath where it is periodically collected. The 

collected aluminum as well as the recycled aluminum scraps and used aluminum products 

go through the metal processing steps to retain the required metal quality. The metal 

quality refers to the degree to which an aluminum alloy is free of the following 

contaminants: alkali and alkaline-earth metals, non-metallic inclusions, and dissolved 

hydrogen. The aluminum industry has been under continual pressure to improve metal 

quality, while at the same time reduce costs and also reduce undesirable emissions to the 

environment. Fig. 2.1 shows the impurity levels permitted for various aluminum 

products. 
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Figure 1.2: Typical Impurity Levels in Some Aluminum Products (Waite, 2002). 



The impurities present in the metal are different for primary aluminum and the recycled 

aluminum products as it is shown in Table 1.1. 

Table 1.1: Typical Impurity Levels in the Aluminum from Electrolytic Cells and 

Recycling Sources (Waite, 2002). 

Characteristic 

Composition 

Hydrogen 

Alkali Na 

Ca 

Li 

Inclusions 

(PoDFA scale) 

Electrolytic Cells 

> 99.7% Al 

0.1-0.3 ppm 

30-150ppm 

2-5 ppm 

0-20 ppm 

1 mm2/kgAl4C3 

Recycling 

Alloyed or close to final composition 

0.2-0.6 ppm 

< 10 ppm 

5-40 ppm 

< 1 ppm 

0.5< mirf/kg < 5.0 

A1203, MgO,MgAl204, AI4C3, TiB2 

Accordingly the employed metal treatment strategy can be different depending on the 

source. Fig. 1.3 illustrates the general sequence of molten metal processing. 

Electrolytic Cell 

I4flfej Crucibles 
Pre-treatrnent 

K ^ ^ ^LftEli 
Casting Furnace Filter 

Melting Furnace 

Casting 

Figure 1.3: An Overview of the Metal Processing Steps (Waite, 2002). 
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Several crucible based treatment technologies have been developed to remove the alkali 

metals and inclusions from the metal prior to transfer into the casting furnace. The 

concept of all these technologies is injecting a reactive flux (mixture of chlorine gas with 

an inert gas such as argon or nitrogen or a salt flux) into a well-stirred crucible of liquid 

aluminum. 

The most common type of casting furnace is the fossil fuel heated reverberatory design 

furnace with high surface area to volume ratio to maintain the best heat transfer rate 

(Waite, 2002). The metal treatment is performed in the furnace similar to the crucible 

pre-treatment techniques by chlorine or salt fluxing. However due to the shallow bath of 

metal in the furnace a dispersing system is required to allow longer residence time of the 

bubbles and increase flux-metal contact area. The injected flux reacts with the alkali 

impurities and makes solid particles or molten salt droplets which rise in the melt and 

continue alkali metal exchange. Usually a molten salt layer is employed to cover the melt 

and prevent the oxidation. This salt layer can also capture the non reacted chloride gases 

to prevent harmful environmental emissions such as HCl gas. 

Degasser and filtering steps shown in Fig. 1.3 are two typical categories of in-line metal 

treatment processes to remove hydrogen and solid inclusions. In the degassing step an 

inert gas is injected in the melt by using high speed rotary injectors. However by addition 

of chlorine to the injected inert gas, not only hydrogen and inclusions but also the 

remaining alkali impurities can be removed by degassing (the alkali removal by chlorine 

fluxing will be further discussed in the consequent sections). The treated liquid metal 

then goes through different casting processes depending on the required application. 



6 

As it is discussed, there are different kinds of liquid solutions involved in aluminum 

alloys production steps namely, the cryolitic bath in the reduction cells, metallic mixtures 

containing impurities and molten salts solutions in the metal processing step and the 

aluminum alloys in the casting step. Having an accurate knowledge of the transport 

properties (thermal conductivity, electrical conductance and viscosity) of these solutions 

at high temperatures is crucial for the efficient design of different steps of the process. 

Viscosity is an important transport property which is required for the flow simulation 

calculations in the process. Moreover, from the theoretical stand point, since viscosity is a 

structural based property, the viscosity knowledge can lead to clearer insight into the 

behaviour of these liquid mixtures during different steps of the process. However the 

experimental measurements of viscosity at high temperatures (~900°C in the reduction 

cells and ~700°C in the processing steps) are extremely difficult. The difficulties 

encountered are due to strong reactivity of the melts with container walls and the 

atmosphere, rapid degradation of the samples, sensitive impurity effects. Due to the 

relatively low viscosity of the molten salts and liquid metals involved in the process 

(typically lower than ~5 mPa.s), special care should be taken to avoid the occurrence of 

turbulency during the viscosity measurements. Accordingly several attempts have been 

made to obtain the viscosity behaviour of these liquid solutions by modeling approaches. 

So far rigorous theoretical approaches could not lead to satisfactory results for the 

viscosity of high temperature and complex industrial systems such as the ones involved 

in the aluminum production process. Derivation of calculable, rigorous expressions for 

the viscosity of liquids is difficult since the atomic motions in liquids cannot be precisely 
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described as a function of time. Consequently several semi-theoretical, semi-empirical 

approaches have been proposed based on the available experimental data and the 

observed viscosity behaviour of these systems. The concept of most of these proposed 

methods is to relate the viscosity to the other measurable physical properties that affect 

the viscosity. Practically, the fluids encountered in metal processing operations (metals, 

molten salts and etc.) are Newtonian in behaviour (Szekely, 1979). Therefore, as a 

Newtonian fluid, the viscosity of these systems is mainly affected by temperature, 

pressure and in the case of liquid mixtures by the composition. Among the mentioned 

parameters, temperature and composition have the major contribution to the variation of 

viscosity. Whereas, at pressures normally used in metals processing operations the 

viscosity of liquids is independent of pressure (Szekely, 1979). 

Most of the proposed models could satisfactorily predict the temperature dependency of 

viscosity. However only few attempts have been made to explain the composition 

dependency of viscosity. The proposed composition-dependent models were only 

applicable to some specific binary systems. They could not be easily extended to other 

binary systems or multi component liquid mixtures. At the best they could only 

qualitatively predict the viscosity behavior of multi component systems. However this 

could not fulfill the increasing demand of viscosity knowledge for industrial purposes. A 

physically sound viscosity model was required to accurately predict the viscosity 

behaviour of the multi-component liquid solutions involved in the process. Accordingly a 

structural based viscosity model has been recently proposed by Robelin and Chartrand 

(2007) to predict the viscosity behaviour of the cryolitic solutions in the reduction cells. 
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Their proposed viscosity model could satisfactorily predict the viscosity behaviour of 

NaF-AlF3-CaF2-Al203 electrolyte in the ranges of composition and temperature of 

interest by a few parameters. In the present work this model is employed and modified to 

predict the viscosity behaviour of the liquid solutions involved in the metal processing 

steps by employing the previously developed density and thermodynamic models for 

these systems (Chartrand and Pelton, 2001b; Robelin et al., 2007). 

1.1 Objectives 

This master project is a part of VLAB (A Virtual Laboratory for the aluminum industry) 

project aiming to develop thermodynamic and physical properties databases required by 

the aluminum industry. 

The general objective of this work is to model the viscosity behavior of the liquid 

solutions in the aluminum production process upon mixing. The main focus is on the 

molten salt liquid solutions formed during the treatment process. The specific objectives 

are: 

• Modeling the viscosity of molten NaCl-KCl-MgCl2-CaCl2 system and Al-Zn-Si 

liquid alloy for the whole range of temperature and composition. 

• Developing a viscosity database for the liquid solutions involved in the metal 

processing steps of the aluminum production process. 

1.2 Methodology 

In the following sections after a brief overview of different metal processing steps, the 

results of a thorough literature review performed regarding the viscosity of liquid 
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mixtures involved in the process is presented. The experimental viscosity measurement 

methods are introduced and the proposed viscosity models in the literature are briefly 

summarized. The viscosity model used in the present work is described and the employed 

density and thermodynamic models are briefly summarized. A new modification is added 

to the model for highly short-range ordered systems. The defined unary and binary model 

parameters are optimized based on the reliable experimental data. A critical review of the 

available literature data is performed to select the most reliable data sets. Due to the 

inconsistencies between the reported unary and binary data sets in the literature, 

correction functions are applied to the data and the corrected binary data sets are 

employed for the optimizations. The viscosity curves are calculated by using the 

optimized model parameters. The molar volumes and pair fractions required for the 

calculations are obtained by FactSage thermochemical software (Bale et al., 2002). The 

calculated viscosity curves are presented and compared to the experimental data. The 

optimized model parameters form a database in FactSage 5.6. Employing the developed 

data base together with the density and thermodynamic databases in FactSage the 

viscosity calculations in multi component systems are performed and the results are 

presented. 
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2 Viscosity of Molten Salts and Liquid Aluminum Alloys 

As it is shown previously, there are several liquid solutions involved in the aluminum 

production process. These solutions can be divided into two categories: molten salts and 

liquid aluminum alloys. The viscosity of these liquid mixtures is of interest both from the 

practical and theoretical points of view. From practical stand point, the knowledge of 

viscosity is important for more accurate design of the processes and from theoretical 

stand point, for gaining a clearer insight into the behaviour of these liquid mixtures. 

Viscosity is an important rheological parameter for understanding the hydrodynamics and 

kinetics of reactions in metal casting. The rate of the rise of gas bubbles and non-metallic 

inclusions through the molten metal during the metal treatment is primarily related to its 

viscosity. The NaCl-KCl-MgCb-CaCla liquid solution is the reaction product during the 

removal of alkali and alkaline-earth elements in molten aluminum by argon and chlorine 

injection. The variation of its viscosity as a function of temperature and composition at 

different stages of the process is important for the efficient design of the process. In the 

following sections the importance of viscosity knowledge in different metal processing 

steps is discussed. 

2.1 Necessity of Viscosity Knowledge in the Aluminum Industry 

2.1.1 Aluminum Treatment Process 

In order to meet the increasing demand of high quality aluminum in the world market 

place, molten metal quality is the major concern of the cast house. Molten aluminum 

supplied to the cast house comes from two different sources: electrolytic cells and 
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remelt/recycle operations. The impurities present in the metal, depending on the source, 

are different and can affect the metal treatment strategy that is used (Table 1.1). Due to 

the high quality of the metal required for different applications (Fig. 1.2) the development 

and implementation of the most appropriate molten metal treatment process is essential. 

Two of the most undesirable impurities in molten aluminum are alkali and alkaline earth 

elements. The presence of alkali metals even in levels as parts per million, can cause 

undesirable properties of the metal. Sodium for example causes cracking during hot 

rolling. Lithium can accelerate corrosion and create an undesirable black film on foil 

products. Gas fluxing is the most common technique employed to remove alkali metals. 

Until recently, the aluminum industry relied exclusively on the use of reactive gases such 

as chlorine for fluxing. The injected chlorine reacts with the alkali and alkaline earth 

impurities in the melt and form chlorides as solid particles or liquid droplets which will 

rise in the liquid alloy and continue to exchange alkali metals. Although the use of 

chlorine is very efficient in removing alkali metals, it will cause harmful particulate and 

hydrogen chloride emissions (the non-reacted aluminum chloride gases which are formed 

during chlorine injection may react with the atmospheric moisture to form HC1 gas and 

AI2O3 particles). Therefore particular emphasis is placed on minimization of chlorine use. 

The amount of the employed chlorine is to be accurately optimized to obtain the required 

efficiency of the process while reducing harmful emissions. However the use of salt 

fluxes such as the MgCli containing fluxes for primary aluminum and AIF3, NaAlF4 or 

the solid chloride fluxes such as C2Q2 for recycled aluminum; is becoming more and 

more common as a replacement of chlorine (Utigard et al., 2001). 
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The mechanism of the alkali removal by fluxing consists of four major steps: transport of 

the elements from the bulk molten metal to the metal/flux interface, diffusion of the flux 

to this interface, transport of elements through this interface, and the chemical reaction 

between the flux and the alkalis to form chloride salts. As it is shown in Fig 2.1, the 

chemical reactions involved in this process proceed rapidly due to the very negative 

Gibbs energies. 

-1200 J • • 
Ca 8a Li Sr Mg Na K AJ Si Mn 2n Fe Cu 

Metal 

Figure 2.1: Standard Gibbs Energy of Formation of Several Sulphides, Oxides, Chlorides 

and Flurides at 723°C per Mole of S, O, Cl2 and F2 Respectively (Utigard, 1991). 

Therefore the mass transport can be considered as the limiting step of the impurity 

removal process (Szekely, 1979; Stevens and Yu, 1988; Celik and Doutre, 1989; 

Sigworth, 2000; Bilodeau et al., 2001). According to Szekely (1979), in the majority of 
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real systems of practical interest the overall rate at which a dispersed bubble or droplet 

phase reacts with a continuous melt is not controlled by chemical kinetics but by the 

physical processes such as diffusion and the nature of the dispersion itself. The growth 

and detachment of gas bubbles in liquids is affected by several factors, including surface 

tension, viscosity, liquid inertia and the upstream pressure. These gas bubbles react with 

the impurities and form molten salts droplets which rise in the melt and continue to 

exchange alkali metals. The relaxation time of these produced molten salt droplets or the 

injected salt fluxes can also be an important factor that affects the alkali removal rate. 

Viscosity of the melt (liquid alloys) and the viscosity of the molten salt droplets are 

important transport properties that can affect the efficiency of the fluxing. Based on the 

impurity levels present in the metal and the rate of alkali exchange, the composition of 

the molten salt droplets varies. Being able to predict the viscosity of these liquid solutions 

as a function of composition at different steps of the process can improve understanding 

of the process, more accurate fluid dynamics simulations and as a result more efficient 

design of the treatment process. 

2.1.2 Casting 

As it is shown in Fig. 1.3, after passing several metal treatment steps, the treated liquid 

metal goes through the casting process. Casting is a manufacturing process by which a 

liquid material is solidified into the required shape. Different casting methods can be 

employed based on the size and shape of the ingots and the required application. Ingot 

shapes such as sheet ingots and extrusion billet shown in Fig. 1.1 are usually cast by the 

direct-chill casting method. In this process, molten metal is poured into a water-cooled 
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vertical mold. As soon as the metal begins to solidify, the bottom of the mold is lowered 

and the secondary cooling of the metal is performed by direct contact with water (Smith, 

1981). In this method, the metal can be continuously cast into ingots with the desired 

length. 

Viscosity is an important transport property which is required for the fluid flow 

calculations during different steps of all casting methods. Having the viscosity of 

different alloys at different compositions and temperatures can lead to more accurate 

design of the casting process. 

2.2 Definition of Viscosity 

Any transport process in liquids is caused by the gradient of a certain variable such as 

velocity, temperature or concentration. Momentum transport occurs when a velocity 

gradient is present in a liquid. By applying a shear force to a liquid, a velocity gradient 

will be set up which is the result of the fluid resistance to motion (Fig. 2.2). The physical 

property that characterizes the resistance to flow is called viscosity. 

M 

Q——* 1 

-^K V 
^ 

Figure 2.2: Laminar Velocity Profile Generated in a Liquid Between Two Parallel Plates. 

In Fig. 2.2, by applying a shear force to the lower plate a velocity gradient is set up 

between different layers of liquid. The shearing force exerted by the fluid of lesser y on 
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the fluid of greater y in the x direction on a unit area perpendicular to the y direction 

dv 
(TYV) is proportional to the negative value of the velocity gradient (—-). The constant of 

dy 

proportionality 77 is a property of fluid, defined to be the viscosity: 

dvY 

dy 

This equation is often called Newton's law of viscosity, and the fluids following the 

mentioned equation are called Newtonian fluids. Eq. (2.1) can be generalized for flows 

where all velocity components and their gradients are present: 

T = -JJ(yV + (WV)T) = -Tj'y (2.2) 

where t, W , (VV)T and y are stress tensor, velocity gradient tensor, transpose of 

velocity gradient tensor and shear rate, respectively. 

Accordingly, based on Eq. (2.2), the plot of T as a function of y which is known as 

"flow curve" is a straight line through the origin with a constant slope (77) considered as 

the viscosity of the fluid. The mentioned viscosity is a property of f uid which depends 

only on temperature, pressure and composition. All gases and all liquids composed of 

small molecules (up to molecular weights of about 5000) are accurately described by 

Newtonian fluid model (Bird et al., 2002). However there are some structural complex 

fluids such as polymeric solutions, polymer melts, soap solutions, suspensions, 

emulsions, pastes and some biological fluids which can not be described by the Newton's 

law of viscosity. These are called non-Newtonian fluids. Their viscosities depend on the 
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velocity gradients and they may also display some elastic effects. In the case of fluids 

with no elastic or memory effects, the "flow curves" are not anymore a straight line. 

Therefore, Eq. (2.2) has been generalized for non-Newtonian viscous fluids where the 

viscosity (77) is a function of shear rate. Accordingly, the generalized Newtonian fluid 

model can be presented as follows: 

z - -j](VV + (VV)T') = -T] y with 77 = 77(7) (2.3) 

In Fig. 2.3, some simple examples of non-Newtonian behavior are shown. These 

behaviors can be mainly categorized in two major groups; fluids exhibiting yield stress 

and fluids without so-called yield stress. 

w 

to 
0) 
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Q) 
JZ 
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Strain rate (s"1) 

Figure 2.3: "Flow curves" for Some Simple Viscous Fluids: (a) Newtonian fluid, (b) fluid 

exhibiting yield stress, (c) "shear thinning" or "pseudoplastic" fluid, (d) "shear 

thickening" or "dilatant" fluid. 
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Yield stress is the minimum stress level required for the material to flow. Below the 

mentioned yield stress the material behaves as an elastic solid and no fluid behavior could 

be observed (Fig. 2.3b). The fluids with such viscous behavior are called "Bingham 

plastic". The second category of non-Newtonian fluids keeps its fluidity regardless of the 

stress level. In certain fluids, the shear stress increases less than in proportion to the shear 

rate, and therefore their viscosity decreases with shear rate (Fig. 2-3c). These fluids are 

called "shear thinning" or "pseudoplastic" fluids. On the other hand, in certain fluids the 

opposite effect can be observed; where the shear stress increases more than in proportion 

to the shear rate, and consequently the viscosity increases with shear rate (Fig. 2-3d). The 

mentioned fluids are called "shear thickening" or "dilatant" fluids. 

Generally to obtain the viscosity, while dealing with Newtonian fluids, the science of 

viscosity measurement is called viscometry and the instruments are called viscometers. 

To study non-Newtonian fluids one has to measure not only the viscosity but also other 

factors such as normal stresses and the viscoelastic responses. The science of 

measurement of these properties is called rheometry and the instruments are called 

rheometers. 

Molten salts and liquid metals are believed to be incompressible Newtonian fluids in the 

low shear rate region (Iida and Guthrie, 1987; Delhommelle and Petravic, 2003; Galamba 

et al., 2005). However, their behavior at high shear rates is different as it will be 

discussed in one of the subsequent sections (Section 4.1.1.1). The subject of the present 

work, concerns the modeling of Newtonian viscosity as a function of temperature and 

composition of melts in their Newtonian regions (the pressure dependent of the viscosity 
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is not significant for most systems of metallurgical interest including metals processing 

operations (Szekely, 1979)). To be consistent with IUPAC's notation, the symbol rj for 

viscosity is used in the whole text. The unit of viscosity in SI system is Pa.s but the 

mainly used unit for viscosity is poise (c.g.s system). 
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3 Viscosity Measurement Methods for High Temperature 

Inorganic Liquids 

There is a variety of methods to measure the viscosity of liquids. However as it will be 

shown in the following sections, molten salts and metallic systems studied in the present 

work have very high melting points of the order of 1000K. Developing a suitable method 

for the viscosity measurement of these high-temperature, mostly volatile and corrosive 

melts is not an easy task. Molten salts are considered as very good solvents in several 

industrial processes and therefore require a proper container and a proper thermocouple 

to measure those high temperatures without reacting with the sample. A special furnace is 

needed to maintain the required high temperature during the measurements. The 

principles of the most frequently used methods for high temperature viscosity 

measurements are shown in Figure 3-1. 

1 

<a> (b) (e) W) 

Figure 3.1: Viscosity Measurement Methods: (a) flow through capillary tube, (b) falling 

body, (c) rotation with constant velocity, (d) oscillating body (Dumas et al., 1970). 

cb> 
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In the following sections a brief summary of these measurement methods employed by 

different laboratories are presented along with the advantages and disadvantages of each 

method. Serious consideration is given to oscillating body methods which are the most 

frequent techniques used in the viscosity measurement of molten salts and liquid metals. 

3.1 Oscillating Body Methods 

Oscillating body methods are the most widely used technique in molten salts and liquid 

metals viscometry (Janz et al., 1968; Janz et al., 1975; Janz, 1988). All types of 

oscillating viscometers consist of an axially symmetric body suspended from an elastic 

stand, where they induce torsional oscillations. The principle underlying the damped 

oscillational viscosity techniques is applying an initial rotational oscillation to the 

oscillating body and let it damp by the viscous resistance of liquid. The viscosity 

resistance of the liquid will cause a logarithmic decrement in the amplitude of oscillation 

as a function of time and an increase in the period of oscillation. Viscosity can be 

obtained by measuring these two parameters. Generally an oscillating body viscometer is 

composed of four fundamental parts: an oscillating part including the oscillating body, 

suspension system and the oscillation initiator, a heating system (furnace) to maintain the 

required high temperature, a vacuum system or an inert gas flow to maintain non-reactive 

atmosphere at high temperatures and a part for detecting the oscillations. 

The apparatus and the oscillating body geometries are simple and measurement of the 

amplitude and period of oscillations are highly accurate. Unfortunately, the mathematical 

approaches to calculate the viscosity from the observed logarithmic decrement and the 
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period of the oscillations are in some cases extremely complicated. As it will be further 

discussed in Section 3.1.3, the high degree of discrepancy observed between different 

experimental viscosity data, regardless of common experimental errors, can be partly 

related to the choice of mathematical equation employed (Grouvel and Kestin, 1978; 

Janz, 1980; Iida and Guthrie, 1987). The oscillating body can be a sphere, cylinder or a 

filled solid cylinder suspended in the melt or a vessel filled with the melt. In the 

following chapters each of the mentioned oscillating body methods are briefly discussed. 

3.1.1 Oscillating Sphere Method 

This method has been widely used for viscosity measurements in molten salts 

(Murgulescu and Zuca, 1961; 1963; 1965; Bondarenko and Strelets, 1968; Dumas et al., 

1970; Zuca and Costin, 1970; Dumas et al., 1973; Brockner et al., 1975; Murgulescu and 

Misdolea, 1977; Zuca and Borcan, 1984). In this technique, a spherical body is suspended 

in the melt and rotational oscillation is fed to it. A schematic drawing of the apparatus is 

shown in Fig. 3.2. The initial oscillation is gradually damped by the viscous resistance of 

the melt and the logarithmic decrement along with the time periods of the oscillation is 

accurately recorded. 
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Figure 3.2: The Schematic of an Oscillating Sphere Viscometer. 

Fig. 3-3 shows the apparatus used by Dumas et al. (1970) for viscosity measurement of 

molten salts. 
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Figure 3.3: The Oscillating Sphere Viscometer used by Dumas et al. (1970). 
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The mathematical relationship between damping and viscosity has been initially 

established by Verschaffelt (1916). He assumed the movement of liquid around the 

sphere to be that of rigid spherical shells performing damped, simple harmonic 

oscillations around a common z-axis. The liquid was also assumed to exhibit Newtonian 

behaviour. For small oscillations of the sphere, Verschaffelt considered the following 

differential equation for the motion of the rigid spherical shells: 

B2co 4 dco _pdo) _ 

dr2 r dr 7] dt 

and derived the Eq. (3.2) which gives viscosity as a function of measurable quantities: 

(3.2) 

3m 
4;rR30o 

1 

v2 + Rb, +Zy 

b,R + \ 

(/>,/?+ l)2+6,2/?2 

h = M 
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where, r) is the viscosity of the liquid, p is the density of liquid, R is the radius of the 

sphere, / is the moment of inertia of the pendulum, 6 is the period of swing in the 

liquid, 0O is the period of swing in vacuum, n is the logarithmic decrement of the 

oscillation (defined as the logarithm of the ratio of two successive amplitudes of the 

oscillation). 

Solving Eq. (3.2) gives an absolute value for the viscosity. This equation was used by 

Dumas et al. (1970; 1973) as the working formula for viscosity measurement of molten 

alkali and alkaline-earth chlorides and their mixtures. 
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Probable recrystallization of the melt samples on the sphere surface or chemical attack of 

the sphere surface caused by small amounts of moisture can cause slight changes in the 

radius of the oscillating sphere during the measurement. As part of the Molten Salts 

Standard Progranr^ to estimate the accuracy of different methods, it was shown that an 

uncertainty in radius of the sphere imposes a limit to the precision of this technique (Janz, 

1980). In molten salt viscosity measurements generally the noble metals such as 

platinum, gold and their alloys are used for such spheres. The inherent softness of these 

metals limits the spherical machineability tolerances. Cylinders are simpler to 

re-machine and can be machined to more exact tolerances than spherical shapes. These 

considerations led to a shift from sphere to cylinder in oscillating body methods (Dumas 

et al., 1970; Torklep and 0ye, 1979; Janz, 1980). 

3.1.2 Oscillating Cylinder Method 

This method is employed mostly for molten salts viscometry (Torklep and 0ye, 1979; 

Brockner et al., 1981; Torklep and 0ye, 1982). Experimental apparatus used for the 

oscillating sphere method can be designed in a way that utilizes a cylinder as well as a 

sphere for the oscillating body. Fig. 3.4 illustrates a schematic drawing of the oscillating 

cylinder viscometer. 

' The Molten Salts Standard Program initiated in 1973 by G. J. Janz (USA) jointly with S. Zuca (Rumania), 
was part of a 3 year cooperative research program under the Inter-Academy Agreement and supported by 
the National Science Foundation (USA) and Ministry of Science and Technology (Rumania) 
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Figure 3.4: The Schematic of an Oscillating Cylinder Viscometer. 

Although the cylinder is much simpler to manufacture and re-machine, the theoretical 

treatment of a cylinder oscillating in liquid is much more difficult to develop than for a 

sphere: for example, motion of the liquid near the sharp edges of cylinder cannot be 

easily modeled; therefore finding a general expression which gives a true picture of the 

liquid motion is not a simple task. By using the general solution given by Azpeitia and 

Newell (1959), Torklep and Oye (1979) proposed the following working formulas for 

oscillating cylinder viscometer: 

(nphR4 / I)[AC¥ - Aq)x~l + Bx~2+ Cqx~3] = 2(A-A0/e) (3.3) 

with 

(7rphR4/I)[A(Ay¥ + q)x-i+BAx-2-Ci'x-'] = \/£2-\ + (A-A0/e)2 (3.4) 

A = 4 + R/h 

B = 2A01949R/h + 6 
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C = 1.89R/h1/2+1.5 

£ = 0o/6 

xF = l/{2[A + (l + A2) l /2]}' /2 

x = R{2xplri9)ul 

where / is the total moment of inertia of the oscillating mechanical system, R is the 

cylinder radius, h 1/2 is the half of the cylinder height, 8 is the period while the cylinder 

immersed in liquid, 60 is the period in free atmosphere (gas), p is the density of the 

liquid, r] is the viscosity of the liquid, A is the total damping observed with the cylinder 

immersed in the liquid and A0 is the damping correction term. The damping coefficients 

(A & A0) are logarithmic decrements ( n ) per units of 2n . 

Viscosity can be computed by solving the Eq. (3.3) or Eq. (3.4) for x by numerical 

methods. The logarithmic decrement (11) and the period (0) can be obtained by using 

the basic equation of damped harmonic oscillations to fit the whole range of recorded 

time intervals: 

/ dt. . ,2711. ,_ _. 

A = A, exp(——)sin(—-) (3.5) 

where A is the deflection corresponding to a photodiode position at time t and A, is a 

constant. 

The cylinder used in this method can be either a filled solid cylinder submerged in the 

liquid or a cup containing the liquid. The former is usually called an oscillating cylinder 
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viscometer while the latter called an oscillating vessel (cup) viscometer which is more 

convenient for highly volatile melts (Torklep and 0ye, 1979). 

3.1.3 Oscillating Vessel Method 

As it will be shown later in the literature review for the liquid metals, this method is the 

most frequently used technique for viscosity measurement in liquid metals of interest in 

the present work. It has also been used by several laboratories for the viscosity 

measurement of the studied molten salt systems (DeWitt et al., 1974; Ejima et al., 1977; 

Abe et al., 1980; Ito et al., 1989; Tolbaru et al., 1998). In this method, the oscillating 

body is a vessel (cup) containing the melt. Fig. 3.5 shows a schematic of the oscillating 

vessel viscometer. 
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Figure 3.5: The Schematic of an Oscillating Vessel Viscometer. 
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The initial torsional oscillation applied to the vessel will damp by viscous resistance of 

the liquid inside the crucible. Fig. 3.6 shows the apparatus used by Brooks et al. (2001) 

for viscosity measurement of liquid metals. 
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Figure 3.6: The Oscillating Vessel Viscometer (Brooks et al., 2005). 

The analytical approach to obtain the working formula of oscillating vessel viscometer is 

identical to the oscillating cylinder. Therefore working formulas presented for oscillating 

cylinder viscometers (Eqs. 3.3 and 3.4) are also applicable for oscillating vessels. 

However there are several approximate working formulas proposed by different authors. 
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The choice of working formula can affect the accuracy of the viscosity values reported by 

each laboratory (Janz, 1980; Iida and Guthrie, 1987). The working formulas for the 

oscillating vessel viscometer proposed by Knappwost (1952), Shvidkovskii (1955) and 

Roscoe (1958) were reviewed by Iida and Guthrie (1987). They showed that the choice of 

working formula can be a major source of large discrepancies among experimental 

viscosity data. They recommended Roscoe's equation as the one providing the most 

accurate viscosity values (Eq. 3.6). 
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where p is the density of the liquid, 7] is the viscosity of the liquid, IT is the 

experimentally determined logarithmic decrement,/ is the moment of inertia of the 

suspended system, R is the radius of the vessel, H is the height of the liquid sample in 

the vessel and 6 is the period. 
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Iida and Guthrie (1987) proposed the addition of a correction factor (£" ) to the original 

Roscoe's equation to obtain more accurate results under real experimental conditions. Eq. 

(3.7) is called the corrected Roscoe's formula. 

1 3 1 

KP) 

2 

- B +c 
.p. 

J 

where n o is a damping correction term proposed by Rothwell (1962) and Thresh (1965). 

The correction factor ( £ ) is due to the end effect depending on different meniscus shapes 

of liquid and possible slipping phenomena depending on wettability of the liquid. Various 

studies with different choices of crucible material suggested that the wetting of the 

crucible can be an important factor affecting the viscosity values (Kimura et al., 1995; 

Sato et al., 2003). If the liquid does not completely wet the crucible, the resulting 

slippage between the liquid interface and the crucible wall would provide smaller 

damping than expected. 

3.1.3.1 Meniscus Effect in Oscillating Vessel Viscometers 

When an oscillating vessel viscometer is used, the cylindrical cup is completely or 

partially filled with liquid. When the cup is partially filled, the height of the liquid is 

calculated from the inner diameter of the cup, density and weight of the liquid. There is a 

slight difference between the calculated height and the actual height caused by the liquid 

meniscus shape (the actual height is considered to be the depth of the inner wall wetted 

by the liquid). Depending on the meniscus shape of liquid in the vessel, the actual liquid 

height is slightly greater or smaller than the calculated one (Fig. 3.6). 
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Figure 3.6: Possible Meniscus Shape of Liquid in the Cylindrical Vessel: 

(a) concave surface, (b) convex surface, — calculated height. 

Therefore, applying a correction for the meniscus effect is necessary except for 

completely filled cups which is extremely difficult to achieve specially in the case of 

molten salts (Torklep and 0ye, 1981). Since this meniscus shape depends only on the 

surface properties of the liquid and the vessel material, this correction in height would be 

a fixed value for each individual measurement. 

3.2 Capillary Method 

The capillary method is generally thought to be one of the best methods for viscosity 

measurement in liquids (Iida and Guthrie, 1987). The principle of this technique is 

passing a liquid through a narrow circular tube under a given pressure and measuring the 

efflux time of liquid through the capillary tube. Fig. 3.7 shows a capillary viscometer. 
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Figure 3.7: The Schematic of a Capillary Viscometer (Brooks et al., 2005). 

The time required for a definite volume of liquid to pass through the tube depends on the 

viscosity of the liquid. The relation between the viscosity and the efflux time for 

incompressible Newtonian fluids at a given pressure is given by Eq. (3.8) which is often 

called the Hagen-Poiseuille equation (Bird et al., 2002). 

?] = 
;rD4AP 

128 QL 
(3.8) 

where, 7] is the viscosity of the liquid, AP is the pressure drop along the capillary tube, 

Q is the volumetric flow rate, D and L are the diameter and length of capillary tube 

respectively. 
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In order to obtain the Hagen-Poiseuille equation, the end-effect, the probable wall slip 

and the alteration in the capillary diameter resulting from slight etching and re-

crystallization of melt samples were neglected. Therefore, to apply Eq. (3.8) for viscosity 

measurements, few corrections are required. These corrections are shown in Eq. (3.9): 

nD4AP k,pQ 
TJ 

128 0 L + k, 
' Z ^ 

v^y 
w L + h 

'D^ 

\^ J 

(3.9) 

where, p is the density of liquid and k, & k2 are constants which can be determined 

experimentally. "k: 
^ 

\^J 
is called the end-effect correction and the second term in Eq. 

(3.9) is the kinetic energy correction. 

However to apply the Hagen-Poiseuille equation, the condition of low Reynolds number 

(Re < about 2100) is required to insure laminar flow. For low viscosity liquids such as 

molten salts and liquid metals studied in the present work, a fine and long tube is required 

to satisfy this condition. Besides the material limitation for this special tube, the risk of 

blockage in capillary tube is also high. Even fine traces of impurities may form gas 

bubbles or oxide inclusions that may block the tube during the measurement. The 

blockage of capillary tube has a direct and pronounced effect on the efflux time of liquid. 

Therefore, clean liquid samples free from any contamination are required for viscosity 

measurements by this method. These problems together with the difficulties to obtain a 

long range of constant temperature along the tube length precluded the usage of this 

+ Re _PVL> where p is the density of the fluid, V is the fluid's velocity, D is the diameter of the tube 

and rj is the viscosity of the fluid. 
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method for high temperature measurements. Due to these limitations, this method has 

been applied to liquids with melting points bellow 1400-1500 K (Iida and Guthrie, 1987). 

3.3 Rotational Methods 

In rotational methods the viscosity is determined by measuring the torque required to turn 

a solid object in contact with the liquid. There are several types of viscometers based on 

the principle of the rotational technique: rotation of a sphere, rotation of a disk and 

rotation of concentric cylinders (outer cylinder rotated, inner cylinder suspended or outer 

cylinder fixed, inner cylinder rotated). A schematic of a rotating cylinder viscometer is 

shown in Fig. 3.8. 
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Figure 3.8: The Schematic of a Rotating Cylinder Viscometer (Iida and Guthrie, 1987). 
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In the rotating cylinder method, the liquid is filling the space between two co-axial 

cylinders. Viscosity can be obtained by applying a certain angular velocity to the inner or 

outer cylinder and measuring the torque exerted on the other one. In the case where the 

outer cylinder rotates, viscosity can be obtained by the following equation (Bird et al., 

2002): 

„ = ̂ ^ ,3,0) 

where, 7] is the viscosity of the liquid, T is the torque acting on the inner cylinder, L is 

the height of the inner cylinder, Dj is the diameter of the inner cylinder, 0) is the angular 

velocity and D 0 is the diameter of the outer cylinder. Since in deriving Eq. (3.10) the 

assumption of infinite cylinders was made, a correction for the end effects is required 

(Jones and Bartlett, 1952). 

Bockris and MacKenzie (1959), showed that rotational methods are not suitable for melts 

with viscosities lower than 10 mPa.s. The application of rotational methods for low-

viscosity liquids such as molten salts and liquid metals studied in the present work is 

technically difficult. In order to obtain the necessary sensitivity to measure low 

viscosities, the clearance between the stationary and the rotating cylinder has to be made 

very small and therefore it is difficult to maintain the system coaxially. To obtain 

accurate viscosity values it is critical that the cylinders rotate axysimetrically (Brooks et 

al., 2005). This method has not been used for viscosity measurements of molten chlorides 

and only a few experimental groups employed this technique for liquid metals (Jones and 

Bartlett, 1952; Moraru et al., 1997; Hur et al., 2003). 
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3.4 Other Methods 

There are other viscometers such as gas bubble viscometer (Friedrichs et al., 1997), 

electrostatic levitator (Rhim and Ohsaka, 2000; Zhou et al., 2003) and dynamic methods 

(Roach et al., 2001; Roach and Henein, 2005) which have been employed for viscosity 

measurement of liquid metals. These methods are either more convenient for high-

viscosity liquids or are still under development; therefore they have not been widely used 

for viscosity measurement of liquid metals. 

3.5 Choice of Experimental Technique for Molten Salts and Liquid 

Metals 

As it will be shown in the following sections, the molten salts and metallic systems 

studied in the present work usually have melting points higher than -800K and 

viscosities lower than ~5 mPa.s. Only a few viscosity measurement methods are suitable 

for such high temperature, low viscosity systems. Figure 3-1 summarizes the methods 

proposed for high temperature viscosity measurements. According to Bockris and 

MacKenzie (1959), falling body and rotational methods (b and c in Fig. 3.1) are not 

suitable for melts with viscosities lower than 10 mPa.s (see Section 3.3 for details). Due 

to the relatively low viscosity of the studied molten salts and liquid metals, special care 

should be taken to avoid the occurrence of turbulency and non-Newtonian behaviour 

during the measurements. As it will be shown in the present literature review, most of the 

viscosity measurements for these systems are done by capillary and oscillating body 

methods (a and d in Fig. 3.1). These two methods are mentioned as the two salient molten 
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salts viscosity measurement methods, by Janz (1980) in his critical review of the 

experimental data for molten salts physical properties. The capillary method gives an 

absolute value for the viscosity without employing complicated equations. However 

several difficulties such as finding a suitable material for the construction of the capillary 

tube at high temperature measurements, the alteration in the capillary diameter resulting 

from slight etching and re-crystallization of the melt samples, the risk of capillary tube 

blockage by bubbles or oxide inclusions formed during measurements, maintaining a 

long zone of constant temperature in the furnace precluded the usage of this method. The 

capillary method has not been recommended for the viscosity measurements at 

temperatures higher than -1300K (Janz, 1980; Iida and Guthrie, 1987). 

Considering the results of the present literature review which will be shown later, 

oscillating body methods are widely used in molten salts and liquid metals viscometry. 

Relatively small zone of constant temperature, simple and highly accurate measurement 

of the amplitude and the period of oscillations and wider choices for container material, 

made these methods convenient for viscosity measurement at high temperatures (Janz, 

1980). The oscillating cylinder and oscillating vessel methods have been favored since 

the cylinders are simpler to re-machine and can be machined to more exact tolerances 

than a sphere (Dumas et al., 1970; Janz, 1980; Torklep and 0ye, 1981). The 

disadvantages of these methods would appear to be the mathematical complexities of 

deriving the working formulas which relate the measured parameters to the viscosity. 

There are a number of mathematical treatments available which appear to yield different 
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results with the same experimental data (Janz, 1980; Iida and Guthrie, 1987). The advent 

of computer-assisted techniques though has eased this consideration. 

Since the studied liquid metals are mostly volatile at high temperatures, the oscillating 

vessel method seems to be favored for these systems. As it is previously discussed in 

Section 3.1.1, in this method, the melt samples are contained in a small closed cup which 

is proper for highly volatile and corrosive melts. The disadvantage of this method is the 

unavoidable meniscus effect for partly filled cups (see Section 3.1.3.1). However this 

effect can be eliminated for completely filled cups which is extremely difficult to achieve 

with molten salts (Torklep and 0ye, 1981). Hence the oscillating cylinder method seems 

to lead to more accurate viscosity values for molten salt systems (Janz, 1980; Torklep and 

0ye, 1981). 

It is important to point out that due to the high reactivity of the studied melts at high 

temperatures; there is always the risk of hydrolysis due to even fine traces of moisture. 

This can lead to the formation of solid oxides, gases or liquid hydroxides which can 

affect the accuracy of the measurements. Examples of these reactions for molten MgCl2 

are as follows: 

MgCl2{liquid) + 2H20 -» Mg(OH)2(liquid) + 2HCl(gas) 

MgCl2{liquid) + H20 -> MgO(solid) + 2HU(gas) 
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4 Viscosity Models for Molten Salts and Liquid Metals 

There are several approaches to model the viscosity of liquids. Some theoretical 

approaches based on statistical mechanical theories provide rigorous theoretical 

expressions for the viscosity. Although these theories may lead to good results for gases, 

in the case of liquids since the mechanism of the momentum transport is more 

complicated, they may face several problems. These approaches are usually 

mathematically complicated and several approximations are required to obtain a simpler 

equation that can actually lead to a reasonable viscosity value. These approximations are 

based on several concepts and assumptions which are not necessarily the same for all 

liquids or liquid mixtures. Therefore these equations cannot lead to satisfactory results 

compared to the experimental viscosity values and are not simply extendable to multi 

component systems. These kinds of models are called theoretical models in the present 

work. As we will see in the following sections, these theoretical models, are mostly 

concerned about the viscosity of a pure liquid at a given state point. They are not yet 

capable of explaining the composition dependency of viscosity in liquid mixtures. 

In the lack of a practical mathematical expression for liquids which leads to a physically 

sound viscosity model, several authors proposed different "mechanisms" for viscous flow 

by assuming a certain liquid model. Others attempted to find a functional relationship 

between the viscosity and other well defined liquid properties or just simply find an 

equation which best fits their data. We recall the mentioned types of models, as semi-

empirical (semi-theoretical) and empirical models, respectively. As it will be discussed in 

the following sections, these models are mostly concerned about the temperature 
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dependency of viscosity. Only a few attempts have been made to explain the viscosity 

behavior of binary liquid mixtures as a function of composition. However these proposed 

models are only applicable on some specific binary systems and can not be easily 

extended to other binary systems or multi component liquid mixtures. At the best they 

can only give a qualitative prediction of the viscosity behavior for multi component 

systems. In the following sections after a brief overview of several proposed viscosity 

models, the composition-dependent viscosity model employed in the present work is 

presented and modified for highly short-range ordered molten chloride systems. As it will 

be shown in the following sections, the presented model leads to satisfactory results 

compared to the experimental data and can be easily extended to multi component 

systems with a few parameters. 

4.1 Viscosity Models for Pure Liquids 

4.1.1 Theoretical Models 

The mechanism of momentum transport in low molecular weight liquids is different from 

the one of gases. Viscosity of a gas can be obtained through the classical kinetic theory of 

gases by assuming that the gas is composed of elastic spheres whose diameters are small 

compared to their average distance between the molecules. The main role in momentum 

transport in gases is being played by individual molecules moving randomly between 

layers of gas with different velocities. However in liquids, due to their higher densities, 
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usually the average distance between molecules* is not much greater than the effective 

range of intermolecular forces. Therefore the mentioned mechanism for momentum 

transport is usually overshadowed by the action of intermolecular forces between the 

nearest neighbours (Reid and Sherwood, 1966). In the statistical mechanical theory of 

liquids, these interactive forces and energies are assumed to be dominated by the sum of 

pair interactions. Hence, the viscosity of a liquid can be obtained by defining two basic 

quantities, the pair distribution functions and the pair potentials. Born and Green (1947) 

proposed the following equation in terms of these two basic quantities; the pair 

distribution function g(r) and the pair potential </>(r): 

2n( xn\ ' 2 7 f ,90(r) 4 , 
1 = — — n0

2 J g ( r ) ^ ^ r 4 d r (4.1) 

where m is the mass of liquid components (molecules, atoms or ions), K is the 

Boltzmann's constant, T is the absolute temperature and n0 is a factor depending on the 

radial distribution functions. Pair distribution functions can be obtained experimentally 

using either x-ray, neutron or electron diffractions (Edwards et al., 1978; Biggin and 

Enderby, 1981; Enderby and Biggin, 1983) or computed by employing Monte Carlo and 

molecular dynamics simulation techniques (Parrinello and Tosi, 1979). However 

derivation of calculable, rigorous expressions for these quantities is difficult since the 

atomic motions in liquids cannot be precisely described as a function of time (Iida and 

Guthrie, 1987). Consequently several approximate methods based on different concepts 

s For the case of molten chlorides, there are ions that interact with each other and the forces will be 
interionic forces. For the case of liquid metals there are atoms that interact and the forces would be 
interatomic forces. 
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have been proposed in the literature (Longuet-Higgins and Pople, 1956; Rice and 

Kirkwood, 1959; Forster et al., 1968; Faber, 1972). Some of these expressions have been 

used to calculate the viscosity values of liquid metals (Bansal, 1973; Bansal, 1973; 

Kitajima et al., 1976). However they did not lead to satisfactory results from the view 

point of metallurgical engineering. From a theoretical point of view, the validity of Eq. 

(4.1) and the accuracy of the calculations for the pair potentials need thorough 

investigation (Iida and Guthrie, 1987). 

For the case of molten salts, the viscosity of some molten alkali halids has been studied 

by several authors through molecular dynamics simulations. Most of them obtained the 

radial distribution functions by employing the Born-Mayer-Huggins-Tosi-Fumi 

(BMHTF) interionic potentials (Born and Mayer, 1932; Huggins and Mayer, 1933; 

Mayer, 1933; Huggins, 1937; Huggins, 1937; Fumi and Tosi, 1964; Tosi and Fumi, 

1964). However these simulated viscosities have been reported only for a single state 

point. The temperature or density dependence of viscosity has not been the primary focus 

of these studies (Galamba et al., 2004). In particular we can point to the equilibrium 

molecular dynamics (EMD) simulation of molten NaCl and KC1 performed by 

Sindzingre and Gillan (1990), non-equilibrium molecular dynamics (NEMD) simulation 

done by Ciccotti et al. (1976) for six molten alkali halides (LiF, NaCl, Nal, KI, RbCl and 

Rbl) and by Delhommelle and Petravic (2003) for sodium chloride (NaCl). Only 

Galamba et al. (2004; 2005) investigated the viscosity of NaCl and KC1 through both 

EMD and NEMD simulations at several state points. 
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The molecular dynamics simulations are still under development and the accuracy of 

these methods needs to be explored in order to extend these simulations to more complex 

and industrially important systems. The importance of development of these methods is 

more emphasized for viscosity determinations at high shear rates which are out of the 

access of the experimental methods. 

4.1.1.1 Viscosity Behaviour of Molten Salts at High Shear Rates 

Molten salts as well as most of the Newtonian fluids, exhibit non-Newtonian behaviour at 

high shear rates. Delhommelle and Petravic (2003) showed that after a certain strain rate, 

molten salts exhibit shear thinning behaviour. Their viscosity becomes shear rate 

dependent and decreases with increasing strain rate (Fig. 2.2c). To study the complete 

rheology of the melt, the viscosity at both Newtonian and non-Newtonian regions, is 

required. Viscosity at low shear rates (the Newtonian region or zero shear viscosity) rj0 

can be obtained through experimental methods while the high shear rate viscosities (77) 

which are extremely difficult to obtain experimentally, can be calculated through NEMD 

simulations (Galamba et al., 2005). However, NEMD simulations can only be employed 

for high shear rate viscosities since at low shear rates the signal-to-noise ratio is very 

small and difficult to identify for the simulations. The crossover point from Newtonian to 

Non-Newtonian region is usually at a strain rate that is too high to be accessed by 

experiment but also too low to be calculated by NEMD simulations (Borzsak et al., 

2002). If one could find a relationship to extrapolate the non-Newtonian viscosities (77) 

through the Newtonian region, then the NEMD results could be compared with the 
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experimental data and also EMD results. Several approaches have been proposed in the 

literature to obtain the Newtonian viscosities (rjQ) from the J] NEMD data (Travis et al., 

1998; Yang et al., 2000; Borzsak et al., 2002; Delhommelle and Petravic, 2003). 

Galamba et al. (2005) employed two of these proposed approaches to obtain rj0 values 

from their NEMD viscosity data. One approach was a linear extrapolation using the 

following equation: 

TJ = TJ0-Af (4.2) 

with the value of /? being 0.5 with respect to the mode-coupling theory prediction for 

three-dimentional fluids in the limit of zero shear rate (Kawasaki and Gunton, 1973): 

Wm7] = 7]0-Af5 

The other approach was fitting the NEMD viscosity data to a simplified Carreau equation 

(Carreau et al., 1997) of the following form: 

( H - 1 ) / 2 

^- = [i+Ur)2] (4.4) 

where A is a time constant for the fluid and n is a parameter describing the slope of the 

decreasing portion of the 7] curve. 

In Tables 4.1 and 4.2 the extrapolated NEMD results from both approaches are compared 

with the EMD simulation results and the experimental data for NaCl and KC1 pure salts, 

respectively. 
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Table 4.1: Newtonian Viscosities for the BMHTF and MWGKL Models of NaCl 

Calculated from GK-EMD and NEMD Simulations (Galamba et al., 2005). 

T 
(K) 

1100 

1200 

1300 

1400 

1500 

P 
(g cm"3) 

1.5420 

1.4878 

1.4335 

1.3793 

1.3250 

Simulations Based on BMHTF 
Potential Model 

arreau 

(mPa.s) 

1.129 

0.906 

0.747 

0.636 

0.547 

(mPa.s) 

1.289 

1.055 

0.852 

0.710 

0.605 

^IGK-EMD 

(mPa.s) 

1.193 

0.916 

0.833 

0.702 

0.590 

Simulations Based on 
MWGKL Potential Model 

/Carreau 

(mPa.s) 

1.154 

... 

... 

... 

... 

7̂MC 

(mPa.s) 

1.358 

... 

... 

... 

... 

VGK-EMD 

(mPa.s) 

1.228 

0.978 

0.859 

0.710 

0.603 

Exp. 

(mPa.s) 

1.00 

0.834 

0.713 

0.624 

0.555 

Table 4.2: Newtonian Viscosities for the BMHTF and MWGKL Models of KC1 

Calculated from GK-EMD and NEMD Simulations (Galamba et al., 2005). 

T 
(K) 

1050 

1100 

1200 

1250 

1300 

P 
(g cm"3) 

1.5236 

1.4945 

1.4362 

1.4070 

1.3779 

Simulations Based on BMHTF 
Potential Model 

arreau 

(mPa.s) 

1.170 

1.029 

0.806 

0.730 

0.683 

(mPa.s) 

1.36 

1.20 

0.941 

0.847 

0.774 

VGK-EMD 

(mPa.s) 

1.156 

1.084 

0.838 

0.811 

0.687 

Simulations Based on 
MWGKL Potential Model 

/Carreau 

(mPa.s) 

1.213 

... 

... 

... 

(mPa.s) 

1.29 

... 

... 

... 

VGK-EMD 

(mPa.s) 

1.177 

1.058 

0.927 

0.784 

0.708 

Exp. 

(mPa.s) 

1.086 

0.954 

0.759 

0.687 

0.555 
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where rjCarreau and 7]MC stand for the extrapolated Newtonian viscosity values calculated 

by fitting the NEMD viscosity data (77) to Eqs. (4.4) and (4.3), respectively. TJGK_EMD 

stands for the calculated viscosity values by GK-EMD simulations. The experimental 

data are taken from the NIST 1992 database (Janz, 1992). These results are illustrated in 

Fig. 4.1. 
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Figure 4.1: Comparison Between the Simulated and Experimental Viscosity Values for 

(a) NaCl and (b) KC1 (at the limit of zero shear rate). Solid Line: Janz (1992); 4GK-

EMD-BMHTF; AGK-EMD MWGKL; «5NEMD-BMHTF-MC; ANEMD-MWGKL-MC; 

ONEMD-BMHTF-Carreau; (Galamba et al., 2005). 
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According to simulations done by Galamba et al. (2005), the crossover point from 

Newtonian to non-Newtonian behaviour for NaCl and KC1 at the given temperatures is 

expected to be at the shear rates around 0.2xlO12 s"1 (log y = 2 m"1) as it is illustrated in 

Figs. 4.2 and 4.3. 
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Figure 4.2: Logarithm of the NEMD Shear Viscosity Against the Logarithm of Strain 

Rate for NaCl at 1100K (Galamba et al., 2005). 
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Figure 4.3: Logarithm of The NEMD Shear Viscosity Against the Logarithm of Strain 

Rate for KC1 at 1050K (Galamba et a]., 2005). 

At the shear rates higher than 0.2 xlO12 s"1, the simulated viscosity behaviour turns to 

shear thinning non-Newtonian behaviour. However as it is shown in Figures 4.4 and 4.5, 

the simulated crossover point is shifted to the higher shear rates by increasing the 

temperature. 
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Figure 4.4: Logarithm of the NEMD Shear Viscosity Against the Logarithm of the Strain 

Rate at Different Temperatures for NaCl (Galamba et ah, 2005). 
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Figure 4.5: Logarithm of the NEMD Shear Viscosity Against the Logarithm of the Strain 

Rate at Different Temperatures for KCI (Galamba et ah, 2005). 
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According to these simulations, the enlargement of Newtonian region is expected by 

increasing the temperature Galamba et al. (2005). 

4.1.2 Semi-Empirical (Semi-Theoretical) Models 

As it is discussed in the last section, theoretical models are mostly concerned about the 

viscosity of a pure liquid at a given state point. A few theoretical attempts have been 

made to study the temperature dependency of the viscosity (Galamba et al., 2004; 2005). 

However the composition dependency of the viscosity in liquid mixtures has not been yet 

the primary focus of these studies. The theoretical models are usually mathematically 

complicated models based on several concepts employing various parameters which are 

not simply extendable to multi component systems. For the modeling purposes it is 

impractical to expect an exact mathematical treatment for liquid viscosities. However 

simply dealing with empirical formulas, cannot give a general result applicable for 

different systems. Semi- empirical (semi-theoretical) models propose an approach for 

using the knowledge of molecular structure of the melt along with some adjustable 

parameters determined most of the time from the experimental data. Well-known 

examples of this kind of models proposed for liquids are the quasi-crystalline theory of 

Andrade (1934), the free volume theory of Cohen and Turnbull (1959) and the theory of 

Eyring (1941) which will be discussed in the following sections. Several authors have 

developed correlations for the viscosity of pure liquids based on the theory of 

corresponding states (Pitzer, 1939; Rice and Kirkwood, 1959; Helfand and Rice, 1960). 

The applicability of this approach for pure ionic salts has been investigated by Reiss et al. 

(1961), Abe and Nagashima (1981), Young and O'Connell (1971) and Janz et al. (1989) 
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and for pure liquid metals by Chapman (1966), Pasternak (1972), Wittenberg and Dewitt 

(1973) and Waseda and Ohtani (1975). 

The above mentioned model theories are based on phenomenological parameters which 

in many cases must be determined experimentally (Iida and Guthrie, 1987). 

4.1.2.1 The Quasi-Crystalline Theory of Andrade 

Andrade (1934) assumed a quasi-crystalline structure for the liquid in which each atom" 

is confined within a fairly small space and interacts directly only with a few neighbors. 

The momentum transport from one layer to a neighboring one occurs as a result of atomic 

vibrations. According to Andrade, the atoms in the liquid (at the melting point) execute 

vibrations about their equilibrium positions in random directions and periods just as if 

they were in the solid state. Andrade derived the following equation for the viscosity of 

simple monatomic liquids close to their melting point. 

4 MA ,A e x 

77 =-v—L (4.5) 
3 a 

where MA is the atomic mass, and a is the average distance between the atoms, v is the 

characteristic frequency of vibration which is defined by Lindemann (1910) as follows: 

v = CL 

f T >v 
m 

yMVM
2n; 

1/2 

(4.6) 

where CL is the constant of Lindemann (2.8xl012 in SI units), Tm is the melting 

temperature, M is the molar mass and VM is the molar volume at the melting point. 

Depending on the constituents of liquid, it can be molecules, ions etc. 
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Assuming a = {Atomic Volume)113, Andrade proposed the following equation for the 

viscosity at the melting point: 

irm=CA^ff- (4.7) 

where CA is a constant. 

Although Andrade's derivation seems unconvincing from the view point of the present 

theories of liquid, his equation reproduces the experimental viscosity data for liquid 

metals at their melting points with fairly good agreement (Iida and Guthrie, 1987). Since 

the concepts of his model were applicable only to temperatures close to the melting point, 

Eq. (4.7) could not lead to satisfactory results for higher temperatures. Andrade proposed 

the following equation for the temperature variation of the viscosity: 

A 
{ B ^ 

V J \VMTj 
(4.8) 

where A and B are constants, VM is the molar volume and T is the absolute 

temperature. Although there is no rigorous theoretical explanation for Eq. (4.8), it has 

been employed by many investigators to fit the experimental viscosity data of liquid 

metals with a high degree of accuracy (Iida and Guthrie, 1987). 

4.1.2.2 The Free Volume Theory of Cohen and Turnbull 

According to Cohen and Turnbull (1959), liquid atoms are assumed as hard spheres 

interacting with only repulsive forces and are confined in cages surrounded by their 

neighbors. The fluctuation in the local density provides large enough holes to allow the 
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displacement of the atoms. The momentum transport occurs through the jumps of the 

atoms into the adjacent holes; hence the viscosity can be calculated as a function of the 

jump probability. Assuming that the holes are distributed with different sizes within the 

liquid, the probability of jumps is determined by the chance of finding an adjacent free 

volume of sufficient size to jump into. A local free volume (v f) is associated with each 

atom and a distribution of local free volumes is defined as follows: 

a p(vf) = — exp 
{ a\t

 N 

(4.9) 
V v f J 

where p(vf) is the probability of each atom to find its associated free volume (vf) 

nearby, vf is the average free volume per atom and a is a correction factor (lying 

between 1/2 and 1) for the overlapping free volumes. Assuming that a minimum volume 

(v*) is necessary for a jump to occur, the probability of a jump (Pv) can be calculated by 

the following equation: 

jp(yf)dv exp 

f *\ 
av 

(4.10) 

V "/ J 

By assuming that the quantity v* is close to the atomic volume (VA), the hard sphere 

viscosity equation is given by Eq. (4.11). 

77 = — = A exp 
P., v v f j 

(4.11) 
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where rf is the viscosity of liquid and A is a constant. Although the free volume (v f) has 

both the temperature-dependency and pressure-dependency, the model fails to explain the 

temperature and pressure dependencies of various liquids (Jhon and Eyring, 1978). 

4.1.2.3 The Theory of Eyring 

The theory developed by Eyring and coworkers (Glasstone et al., 1941; Eyring et al., 

1962; Eyring et al., 1964), gives a qualitative explanation for the mechanism of 

momentum transfer in liquids. Based on this mechanism, viscosity can be obtained from 

other physical properties of liquid by means of a few experimental parameters. 

In Eyring's theory, the liquid is regarded as a lattice with some sites occupied by 

molecules and others empty (vacancy or hole). The liquid molecules are constantly in 

motion within cages made by their nearest neighbours. This cage is characterized by an 

energy barrier of height G*0I NA where G*0 is the molar viscous activation energy for a 

molecule to escape from the cage in a liquid at rest and NA is the Avogadro's number. 

According to Eyring, at a time that a molecule gains the required activation energy 

(GQ/NA), it escapes from the cage into an adjacent hole. Thus the molecules move in 

each of the coordinate directions by jumps of length a at a frequency v per atom. The 

frequency is given by the rate equation as follows: 

KT 
v exp 

h 

(4.12) 

where K and h are Boltzman and Planck constants respectively, R is the gas constant 

and T is the absolute temperature. When a shear stress (TV I) is applied on the liquid, this 
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frequency will change. If we assume a liquid which is flowing in the x direction with a 

velocity gradientdvjdy, the frequency of forward and backward jumps (v+ and v~ 

respectively) can be defined as follows: 

+ *T 
v~ -—exp 

h 
(4.13) 

G =G0 + 
xx M a (4.14) 

where G" is the molar viscous activation energy under the applied stress T , VM is the 

molar volume, a is the distance traveled per jump and S is the distance between the 

adjacent layers of liquid as it is shown in Fig. 4.6. 

Layer C - p © 0 

Layer B —•} (T) 
5 

Layer A * Q 

AG0VN. 

_ L N 

0 

Vacant lattice 
^site or "hole" 

0 © 
0 

0 0 

vxC 

vxBt 

VxA 

• In fluid at rest 

In fluid under stress r. y* 

Figure 4.6: Schematic of an Escape Process in the Flow of Liquid (Bird et al., 2002). 
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The net velocity (vxA -vxB) with which molecules in layer A slip ahead of those in layer 

B is the distance traveled per jump (a ) times the net frequency of forward jumps 

0 + -v~) as follows: 

vxA-vxB=a(v+-v~) (4.15) 

If the velocity profile considered to be linear over the very small distance S between the 

layers A and B, the velocity gradient can be given by the following equation: 

dy 

^ 

\OJ 
( v + - V ) (4.16) 

Combining Eqs. (4.13), (4.14) and (4.16) gives: 

dv 

dy 
'aYsT -C: ^ 

exp( °-) 
h * RT 

f 
2sinh 

<*TyxVM 

2SRT 
(4.17) 

Ci C yyV \j 4.4. 

Usually —"——(( 1 thus by means of a Taylor series", it can replace the term 

f aTrxVM ^ 
sinh-

2SRT 
in Eq. (4.17). Then the viscosity can be obtained through the 

Newtonian's law of viscosity (Eq. 2.1) as follows: 

7] 
f^ 

\aj 

hNA 
-exp 

M 

Gp (4.18) 

The factor — can be taken to be unity without any loss of accuracy since G^ is usually 
a 

determined empirically to make the equation (4.18) agree with the experimental viscosity 

data (Bird et al., 2002). 

tt Taylor series: s inh X = JC+ (1 / 3 ! ) x 3 + ( 1 / 5 ! ) x 5 + ... 
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As it will be shown in the next section, the simplified Eyring's equation is similar to the 

temperature dependence in the Arrhenius form which is used by several authors to fit the 

experimental viscosity values of various molten salts and liquid metals (Dumas et al., 

1973; Brooks etal., 2005). 

4.1.3 Empirical Models 

Most of the data found for liquid viscosity are presented by an empirical formula 

proposed by the experimentalists. These empirical formulas give a functional relationship 

between viscosity and some other physical properties. The most popular empirical 

formula for liquid viscosity is an Arrhenius-type function of the following form: 

rf = A • exp 
'E ^ 

yRTj 
(4.19) 

where A and £ are constants, T is the absolute temperature and R is the gas constant. 

En is usually regarded as the activation energy for viscous flow. 

This relationship which is similar to the simplified Eyring's equation (Eq. 4.18) has been 

found for several liquid metals and molten salts over a wide range of temperature 

(Hertzberg et al., 1980; Iida and Guthrie, 1987; Janz et al., 1989). In order to estimate 

viscosity values for liquid metals, Grosse (1964; 1964) proposed an approach to relate the 

constants A and El} to well-known parameters of liquid such as molar volume and 

melting temperature. According to him, the constant A can be obtained by using 

Andrade's formula (Eq. 4.7) for the viscosity at melting point: 
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A = 
CA(MTm) 1/2 

2/3 
V exp(£JRTJ 

(4.20) 

He indicated that there is a simple empirical relation between activation energy (E ) for 

liquid metals and their melting point (Tm). Iida et al. (Iida et al., 1975) proposed the 

following relationship for the activation energy of liquid metals: 

En = aTm (4.21) 

where a and b are constants. They obtained different numerical values of a and b for 

pure normal metals and semi-metals. 

In the case of molten salts, to obtain a better fit of the experimental data, addition of a 

second-order temperature term to the Arrhenius equation has been proposed by Hertzberg 

etal. (1980): 

J] — Aexp 
B C 

\T T2j 
(4.22) 

where A, B and C are constants. However, since the parameters A, B and C are 

strongly correlated, the conversion problems may appear while estimating the parameters. 

Hertzberg et al. suggested a re-parameterization to minimize the numerical problems in 

the model fitting: 

77 = a exp 
f \ 1 ^ 

T T 
uvg. J 

(4.23) 

7] - a exp 
T T„, 

+ c 
^1000 IOOO^2 

avg. J 

/1000 1000^ 

[« J v T 
" J 

(4.24) 
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where a, b and c are much less correlated constants than the constants of Eq. (4.22), 

Tavg is chosen as an arbitrary mean temperature and Tu is an additional arbitrary 

temperature to obtain the curvature of the fit. 

Eqs. (4.23) and (4.24) have been used to describe the temperature dependence of several 

pure molten alkali and alkaline-earth chlorides (Torklep and 0ye, 1979; Brockner et al., 

1981; Torklep and 0ye, 1982). 

4.2 Viscosity Models for Binary Liquid Solutions 

As it was discussed in the previous sections, several theoretical, semi-empirical and 

empirical models have been proposed for the viscosity of pure liquids. However due to 

the increasing demand of the viscosity knowledge for several industrial requirements, it is 

practical if one could predict the viscosity of more complex and industrially important 

systems from the properties of the pure components. Among the mentioned viscosity 

models, the theoretical models were mostly concerned about the viscosity of a pure liquid 

at a given state point. These theoretical studies proposed mathematically complicated 

models based on several concepts and approximations which are not necessarily the same 

for all systems. Usually the extension of these models to higher order systems is not a 

simple task and requires complicated mathematical approaches. However as we 

previously discussed in Section 4.1.1, the accuracy of the existing theoretical models still 

needs to be explored in order to extend them to binary and multi-component systems. 

In the lack of a practical theoretical model for the viscosity of liquid mixtures, several 

attempts have been made to extend the existing semi-empirical and empirical viscosity 
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models to binary and multi-component systems. However as it was discussed in Section 

4.1.1, the viscosity of liquids is dependent partly on the atomic or ionic motions and 

strongly on the interatomic or interionic forces between nearest neighbors. Depending on 

the characteristics of the mixtures, the interactions between different species and the 

bonding energies may undergo several changes upon mixing. Therefore the viscosity of a 

liquid mixture is expected to be not only temperature dependent but also composition 

dependent. As it was shown in the previous sections, the existing semi-empirical and 

empirical models could in some cases satisfactorily describe the temperature 

dependency of the viscosity for several pure liquids. The addition of composition 

dependent terms seemed to be a reasonable approach to extend these models to binary 

and multi-component systems. This is done by a few authors for binary mixtures of 

molten salts and liquid alloys. However as it will be shown later in this section and in the 

following section, most of the proposed composition dependent terms are only applicable 

to some specific binary systems and cannot be simply extended to multi-component 

systems. 

Based on the quasi-crystalline theory of Andrade, Hirai (1992) suggested employing Eqs. 

(4.19), (4.20) and (4.21) to calculate the viscosity of liquid alloys by replacing the 

melting temperature by the temperature of liquidus. Hirai calculated the relevant 

parameters for several liquid alloys and found fairly well results comparing to the 

experiments. However Hirai's proposed model would imply that the composition 

dependency of the viscosity isotherms should exhibit the same trend as the liquidus 

which is not necessarily the case for all alloy systems. 
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Dumas and co-workers (Dumas et al., 1973; Brockner et al., 1979) employed the 

Arrhenius empirical equation to describe the viscosity behaviour of binary molten salt 

systems. They suggested the following Arrhenius equations for the temperature and 

composition dependencies of the viscosity for ideal mixtures assuming no enthalpy or 

volume changes upon mixing: 

77,=A,exp(£,//?r) (4.25) 

In77 = £x, ln77, (4.26) 

where T]i and Xt are the viscosity and mole fraction of component i respectively, rj is 

the viscosity of liquid mixture and A, and E{ are adjustable parameters for component i. 

Assuming the pre-exponential factor in Eq. (4.25) to be equal for all the pure 

components, Eq. (4.26) can be justified theoretically by Eyring's theory in the following 

form: 

hNA 77 = —-^exp 
*M 

rG-\ 

, RT . 
V J 

(4.27) 

G^^X^ (4.28) 

where h is the Planck's constant, NA is the Avogadro's number, VM is the molar volume 

and G* and G* are the molar viscous activation energies of liquid mixture and 

component / respectively. Dumas et al. (1973) proposed the addition of an excess molar 

viscous activation energy (G*E ) to Eq. (4.28) for non-ideal mixtures to take into account 

the activation energy changes upon mixing: 

G*=2]Z,G;+G3
£ (4.29) 
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According to them, the viscosity of a binary mixture with components 1 and 2 is given 

by the following equation: 

hNA 7 = TTAexp 
*M 

XiG] +X2G2 +G E 
(4.30) 

RT 

They obtained the experimental values of G*E for several binary mixtures of alkali and 

alkaline-earth chlorides and suggested the following simple equation to fit their G*E 

values (0stvold, 1971; Dumas et al., 1973): 

G*E=XiX2b* (4.31) 

where b* is a constant they called the excess parameter. Although their proposed model 

reproduced their binary data well, it could not easily be extended to multi component 

systems. For systems with more than two components, they have only qualitatively 

predicted the viscosity behaviour; no exact relationship has been proposed to predict the 

viscosity of multi-component systems as a function of temperature and composition. 

McAllister (1960) suggested a different approach to take into account the composition 

dependency of the viscous activation energy of a mixture. He assigned an activation 

energy and a probability of occurrence to each possible interaction between liquid species 

(Fig. 4.7 and Table 4.3). 
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Figure 4.7: Types of Interactions in a Binary Mixture (Assuming a Three-Body Model) 

(McAllister, 1960). 

Table 4.3: Different Possible Types of Viscosity Interactions in a Binary Mixture 

(McAllister, 1960). 

Type of 
interaction 

Fraction of total 
occurrences 

(assuming random 
mixing) 

Corresponding 
activation energy 

1-1-1 

*? 

G; 

1-2-1 

* ? * 

G121 

2-1-1 
1-1-2 

^•A/1 vAso 

G112 

2-1-2 

^ 

r* 
^ 2 1 2 

2-2-1 
1-2-2 

^ . A - 1 ^V ") 

2-2-2 

3 
^ 2 

G; 

McAllister proposed the following equation for the viscous activation energy (G") of a 

binary mixture in terms of mole fractions of species (X] and X2) and the assigned 

activation energies: 

G = Xl Gj + X | X2G I 2 1 + 2Xj A2Gjj2 ~t~ -^M-^2 ^212 " ^ 2 - A J A 2 G122 + X 2 ^2 (4-32) 
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To obtain the probabilities of the interactions shown in Table 4-3, McAllister assumed 

the random mixing between liquid species, which is only the case for ideal binary 

systems. Matsumura et al. (1966) applied Eq. (4.32) to NaCl-KCl and LiCl-KCl binary 

mixtures and obtained the parameters of the viscous activation energies for the mentioned 

systems. However, random mixing of liquid species is not the case for all liquid mixtures. 

Moreover applying this model to multi-component systems requires several assumptions 

and approximations (which are not necessarily similar for all systems) and a variety of 

empirical parameters to take into account all possible interactions. 

4.2.1 Models Based on Viscosity-Thermodynamic Properties Correlations 

As it was discussed in the last section, depending on the characteristics of the mixtures, 

the interactions between different species and bonding energy changes upon mixing may 

affect the viscosity. Several authors attempted to describe these effects by employing the 

thermodynamic properties of liquid. Since enthalpy characterizes the bonding energies 

and entropy represents the configurations of the atoms or ions in liquid, it may be 

reasonable to expect a correlation between the Gibbs energy of mixing and viscous 

activation energy. 

The excess Gibbs energy (Eq. 4.31) suggested by Dumas and co-workers (0stvold, 1971; 

Dumas et al., 1973) for binary molten salts is similar to the form of molar excess Gibbs 

energy (GE) for regular solutions": 

GE=AHm=XlX2b (4.33) 

"" For definition of the regular solutions, see Pelton, A. D. (1997) 
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where AHm is the molar enthalpy of mixing. Following a bond force concept, a 

correlation between b' and b with b* having the opposite sign from b, is expected. 

Increasing the bond force in mixture (b<0) is expected to lead to positive excess 

viscosities (b* <0) . 0stvold (1971) obtained the mentioned correlation between b and 

the enthalpy of mixing for CaCli-NaCl and CaCl2-KCl systems. However Dumas et al. 

(1973) showed that this correlation will break down for systems with large negative 

enthalpies of mixing (b « 0) such as the binary mixtures of MgCl2 with NaCl or KC1. 

For these systems, a surprisingly negative b" has been observed. They related this 

viscosity behaviour of MgCl2-containing binaries, to partly covalent character of MgCK 

The negative b in the MgC^-rich region could be a result of covalent structural 

breakdown and in the alkali rich region a result of small enthalpies of mixing having no 

significant effect on the activation energy (Further discussion about their results is given 

in Section 5.3.7). 

In the case of metallic solutions, Seetharaman and Sichen (1997) suggested an analogy 

between the viscous activation energy of a liquid mixture and its Gibbs energy of mixing 

(AGm). The Gibbs energy of mixing for an ideal Raoultian solution can be given by the 

following equation (Pelton, 1997): 

AGm = RTj] X, In X; (4.34) 

They assumed the same ideal form for the viscous activation energy of the solutions they 

referred to as "regular viscosity systems". They proposed the following expression for the 

viscous activation energy of the so called regular viscosity systems: 
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G* = J ] XtG% + RT^ Xr\n Xi (4.35) 

where Gi is the viscous activation energy of the pure components that can be a function 

of temperature: 

G*i=a + bT + cT\nT (4.36) 

where parameters a, b and c can be optimized from available experimental data. 

For non-regular viscosity systems, they proposed an excess activation energy represented 

by a polynomial in the component mole fractions: 

G*z = I £ XJihj + 1 1 I X^jXthj* (4-37) 
;=] /=/+i /=i /=/+i A=,/+i 

where L parameters represent the binary interactions and can be expressed as follows: 

L„. = A + B(Xi - Xj) + C(Xi - Xj)2 (4.38) 

where A, B and C can be linear functions of temperature: 

A = A{+A2-T 

B = Bl+B2T (4.39) 

C = C,+C2T 

The second term in the Eq. (4.37) is required for higher order interactions, when more 

than two species strongly affect the viscosity. Seetharaman and Sichen (1997) applied 

their model to several binary metallic systems and reported very good agreement with the 

experimental data. However to expand their model to more complicated and multi 

component systems, too many empirical parameters were required. Furthermore the 

proposed parameters in Eq. (4.37), may not necessarily take into account all the 

interactions in different multi-component systems with different structural characteristics 
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such as the systems with high degrees of ordering (see Section 4.3.3 for the description of 

short range ordering). 

The idea of correlating the viscosity to thermodynamic properties such as enthalpy or 

Gibbs energy of mixing has been followed by several other authors. Moelwyn-Hughes 

(1961) proposed the following excess viscosity (rjE) as a function of the enthalpy of 

mixing (AHm) for a metallic mixture of components 1 and 2: 

^ £ = - 2 ( X ^ I + X 2 ^ ) ^ (4.40) 
Kl 

with Xl and X2, rj{ and T}2 being the mole fractions and viscosities of components 1 

and 2 respectively. According to them, the viscosity of a binary alloy (rj) can be 

obtained by the following equation: 

TJ = (X]T]i+X2TJ2) + T}E (4.41) 

However the proposed correlation (Eq. 4.40) was not particularly satisfactory for liquid 

metals according to Iida and Gutherie (1987). They concluded that although the transport 

coefficients are somehow related to thermodynamic properties, viscosity cannot be 

formulated in terms of only thermodynamic properties. Other factors such as the atomic 

sizes and atomic masses of the components may also be important for transport 

properties. Iida and co-workers (Iida et al., 1976; Morita et al., 1976) proposed the 

following equation for 7]E of alloys in terms of atomic diameters (d), atomic masses 

(M Ai) and the activity coefficients (yt) of components: 
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7JE=-2(XM +X2r]2) 

+ 2(X1TJ1+X2TJ2) 

5 / 2 X , X 2 ( J , - J 2 ) 2
 +omXi]nri+Xi]nr2) 

Xxd, +X2d2 

1 + 
XXX2{M^ -M'Hf^ 
{XxM^+X2M^f j 

+ 1 

(4.42) 

Values calculated from Eq. (4.42) have been compared with the experimental data for 

several binary alloys. For some regular or nearly regular solutions, good agreement 

between calculation and experiment obtained (Iida et al., 1976; Morita et al., 1976). 

4.3 A Viscosity Model for Multi-Component Liquid Solutions 

As it was discussed in the previous sections, the existing viscosity models for the liquid 

mixtures studied in the present work were applicable on some specific binary systems. 

They could not be easily extended to other binary systems or multi component liquid 

mixtures. At the best they could only qualitatively predict the viscosity behavior of multi 

component systems (Dumas et al., 1973). However this could not fulfill the increasing 

demand of viscosity knowledge for industrial purposes. A physically sound viscosity 

model was required to accurately predict the viscosity behaviour of several multi-

component industrially important systems. Accordingly Robelin and Chartrand (2007) 

proposed a structural based viscosity model for the cryolitic melts employed in the 

aluminum industry. Their proposed viscosity model could satisfactorily predict the 

viscosity behaviour of NaF-AlF3-CaF2-Al203 electrolyte in the ranges of composition and 

temperature of interest by employing a few parameters (Robelin and Chartrand, 2007). 

They used a simplified Eyring's equation (Eq. 4.27) to describe the temperature 

dependency of viscosity. As it was shown in the previous sections, one approach to 
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define the viscous activation energy of a liquid mixture (G*), was to assume the ideal 

mixing between components and then define an excess term to take into account the 

viscous activation energy changes upon mixing. For a binary system, this approach could 

lead to satisfactory results by employing reliable experimental data. However to extend 

these models to multi component systems, lengthy equations with a variety of parameters 

that could only be obtained experimentally were required. To overcome this problem, 

Robelin and Chartrand (2007) treated the activation energy changes upon mixing, in a 

different way. They introduced structural units in the melt and then assigned a viscous 

activation energy to each of these units. The activation energy for viscous flow of the 

liquid mixture (G*) thus could be calculated by the summation of the activation energies 

of the viscosity units. Based on the structural picture depicted by the modified quasi-

chemical model in quadruplet approximation (Pelton et al., 2001), the structural units of a 

solution can be quadruplets composed of different constituents of the solution. According 

to the modified quasichemical model, the solution consists of two sub-lattices. In a salt 

solution, these sublattices are called anionic and cationic sublattices which are occupied 

by the anions (X,Y,Z,...) and the cations (A,B,C,...), respectively. Each quadruplet in a 

salt solution consists of two second nearest neighbor (SNN) anions and two SNN cations, 

the cations and anions being mutual first nearest neighbours (FNN). Some examples of 

these quadruplets are illustrated in Fig. 4.8. 
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^2^2 A p A i ABXY 

Figure 4.8: Some Quadruplets in an Ionic Solution of Cations (A,B, C,...) and Anions 

(X,Y,Z,...). 

The quadruplet mole fractions could be calculated by the thermodynamic database 

developed in CRCTS§ for the mentioned system (Chartrand and Pelton, 2002). Based on 

these concepts, Robelin and Chartrand (2007) proposed the following equation for the 

viscosity of multi-component systems: 

/7 = 
hNt 

V, 
-exp 

M 

* \ Z x c quad quad 
quad. 

RT 
(4.43) 

where rj is the viscosity of the liquid mixture, Vu is the calculated molar volume of the 

liquid mixture, X d is the mole fraction of each quadruplet present in the melt (at fixed 

temperature, pressure and overall mole fractions) and G*quad, is the associated viscous 

activation energy for the corresponding quadruplet. 

In this manner, the composition dependency of the activation energy for a liquid mixture 

could be well expressed through the variation of the quadruplet mole fractions upon 

s!i Center for Research in Computational Thermchemistry, Ecole Polytechnique de Montreal, Montreal, 
Canada, (www.crct.polymtl.ca) 

http://www.crct.polymtl.ca
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mixing. The molar volume appeared in the pre-exponential factor of Eq. (4.43), is 

obtained by the recently developed density model for multi-component liquids (Robelin 

and Chartrand, 2007) and the G*qua<i. for each quadruplet is given as a linear function of 

temperature: 

G\«aii.=cquad+dqmJ (4.45) 

where c d and d d are model parameters that have been optimized based on the 

available experimental data for the related quadruplets. According to Robelin and 

Chartrand (2007), for the mentioned quaternary system (NaF-AlF3-CaF2-Al203) 

considering only the main quadruplets in the ranges of composition and temperature of 

interest could satisfactorily model the viscosity. Gemme (2004) & Lambotte (2007) 

applied this viscosity model to several pure liquid metals. 

In the present work, the mentioned viscosity model is applied to molten chloride systems 

and liquid aluminum alloys and the results are compared to the available experimental 

data. As it will be shown in the following sections, a modification is proposed to the 

model to better explain the viscosity behavior of highly short-range ordered molten 

chloride systems. In the following sections a description of the viscosity model is 

presented along with a brief overview of the corresponding thermodynamic and density 

models employed for the calculations. 
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5 Description of the Model Employed in the Present Work 

As we discussed earlier, a simplified Eyring's equation is used as the starting point of the 

present viscosity model: 

f r>* \ hNA 77 = —-^exp 
*M 

G 
(5.1) 

According to Robelin and Chartrand (2007), the activation energy (G*) for a liquid 

mixture could be calculated by the summation of the activation energies of the structural 

units in the melt. As it was discussed previously, these structural units in a salt solution 

can be quadruplets consisting of two SNN anions and two SNN cations, the cations and 

anions being mutual FNNs. However for the molten chloride systems studied in the 

present work, the anionic sublattice is occupied only by the chloride ions (see Section 5.2 

for further details). Consequently, all the SNN anions present in the quadruplets, are 

chloride ions (C7~). Each quadruplet can be considered as a SNN cation-cation pair 

(A-[Cl]-A, B-[Cl]-B ,A-[Cl]~B, ...) and Eq. (4.43) thereby can be re-written in 

the following form for the studied systems: 

hNA 

*M 

i¥; 
RT 

(5.2) 

The molar volume of the liquid mixture (VM) and the SNN pair fractions (X-) are 

calculated by the density model and the modified quasichemical model in pair 

approximation, respectively as it will be described in the subsequent sections. 
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In this manner, the composition dependency of the activation energy is given by the 

variation of the SNN pair fractions upon mixing. 

The corresponding activation energies (G°*,y) for most of the SNN pairs are given by a 

first order linear function of temperature as follows: 

G*u=cu+dijT (5.3) 

where c,; and d(j are called the parameters of the model and can be obtained by the 

following linear regression among the unary and binary experimental viscosity data: 

]n(TjVM)-MhNA) = -
K 

X„ (c, ^ 
— + <** 

K 1 J 

(5.4) 

The parameters of the model are optimized for the studied systems, by evaluating all the 

available literature data and employing the most reliable ones. For most of the studied 

binary systems, these two parameters (c,. and d~) could very well reproduce the 

viscosity behaviour. However as it will be shown in Section 6.3.6, for NaCl-MgCl2 

binary system, the present model could not satisfactorily reproduce the experimental data; 

comparing to the other studied binary systems. As it will be described in the following 

section, this problem is resolved by proposing a modification to the presented viscosity 

model. 

5.1 Modifying the Employed Viscosity Model 

After optimizing the model parameters given by Eq. (5.3), for all the binary chloride 

systems studied in the present work, it follows that for NaCl-MgCl? system, the defined 

activation energies could not satisfactorily reproduce the viscosity behaviour. 
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NaCl-MgCh is an ionic system with high degree of so called "SNN short range 

ordering". As it will be shown later in Section 5.2, depending on the degree of short 

range ordering, these systems undergo more pronounced configurational and energy 

changes upon mixing than the other systems. It was concluded that the composition 

dependency of the viscosity which was given through the variation of SNN pair fractions 

upon mixing may not be enough to express the viscosity behaviour of highly short range 

ordered systems. More composition dependent terms were required to accurately express 

the viscosity behaviour of these systems for the whole range of composition. Accordingly 

a modified form of the activation energy is proposed where G*,/ is not only temperature-

dependent but also composition-dependent. The Eq. (5.3) thereby can be written in the 

following form: 

G\ = (G\,)00+(G ,#) ,° ^ + (G*,/)
m ^ (5.5) 

with 

(G;)0 0=(cg)0 0+(d8)« ,T 

(G;) , 0 =( S ) , 0 -Kd^) 1 0 T (5.6) 

(G;) 0 1=(c,) 0 1
+(d u) 0 1T 

where (c;/)
00, (</,-,•)°°, (c,:/)'°, (J,,)10, (c,.,)01 and (d,,)01 are the modified parameters of the 

model (clearly the parameters (c,,)10, (<i„)10, (c,;)
01 and (d,,)01 will be equal to zero for 

the pure components). 

As it will be shown in Sections 6.2.8 and 6.2.9, this modified form of the activation 

energy has been employed to model the viscosity behaviour of NaCl-MgC^, RbCl-MgCl2 
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and CsCl-MgCh systems satisfactorily compared to the experimental data. However to 

model these systems, (d,:/)
10 and (d(/)

m were set to zero and the viscosity could be 

precisely modeled by considering just two more parameters (c,;)
10 and (c(/)

01 to the 

former defined parameters ({ci} )
00 and (d,:/)°°). 

To justify the proposed modification, two other binary systems with higher degrees of 

short range ordering, namely RbCl-MgCl? and CsCl-MgCh, are studied. As it will be 

shown in Sections 6.3.7.3 and 6.3.7.4, employing the modified form of G*,y could well 

reproduce the observed maximum in the viscosity isotherms of these systems. However 

employing the activation energies of the original form proposed by Robelin and 

Chartrand (2007), could not lead to satisfactory results for these highly short range order 

systems compared to the experimental data (Further discussion on the results will be 

presented in Section 6.3.7) 

5.2 Modified Quasichemical Thermodynamic Model 

As it was discussed in the previous section, the quadruplet mole fractions (X d ) and the 

SNN pair fractions (Xtj) appearing in the presented viscosity expressions (Eqs. 4.43 and 

5.2), can be calculated by the modified quasi-chemical model. The modified quasi-

chemical model has been introduced in a series of articles by Pelton and coworkers 

(Pelton et al., 2000; Pelton and Chartrand, 2001; Pelton et al., 2001; Chartrand and 

Pelton, 2001a). Chartrand and Pelton (2001b) applied the model to evaluate, optimize and 

predict the thermodynamic properties and phase equilibria for liquid solutions of alkali 
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and alkaline-earth chlorides by pair approximation. Molten alkali chlorides-MgCl? 

solutions exhibit structural short-range ordering increasing in importance from LiCl-

MgCb to CsCl-MgCl2. As it is shown in Figs. 4.9 and 4.10, their enthalpy and entropy of 

mixing are "V shaped" and "m-shaped" curves respectively, with a minimum close to the 

composition of maximum ordering. 

Figure 5.1: Enthalpies of Mixing for the Alkali Chloride-MgCl? Liquid Solutions 

Calculated by Chartrand and Pelton (2001b). 
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Figure 5.2: Entropy of Mixing for the Alkali Chloride-MgCl2 Liquid Solutions Calculated 

by Chartrand and Pelton (2001b). 

To treat the cation-cation short-range order in these systems, Chartrand and Pelton 

(2001b) considered the distribution of SNN cation-cation pairs over the pair sites and 

assumed the following quasi-chemical reaction between the SNN cation-cation pairs in 

the melt: 

(i-Cl-i)lia,r+U-Cl-j)llair=2(i-Cl-j) 
pair 

(5.7) 

with / and j being the cations (A, B, C, D,...). 

When the Gibbs energy change of the above mentioned pair exchange reaction (Ag / /C/) 

is small, low degree of short-range ordering is observed and the solution can be modeled 

by assuming the random mixing of cations on the cationic sublattice. As Ag///C/ becomes 
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progressively negative, reaction (5.7) is shifted progressively to the right, (i — Cl-j) 

pairs predominate and the solution becomes progressively more ordered. Based on this 

concept, short-range ordering can be treated by considering the relative numbers of SNN 

cation-cation pairs in the melt. The Gibbs energy of a multi-component liquid solution 

thereby is given in terms of the number of pairs and the Gibbs energy changes of pair 

exchange reactions (Agij/Cl) as follows: 

G = {nAiag\,a + nBiag\,a + ...)-TASCMfi*-

+ I2>,,7o/2).A£, /c; (5.8) 

with the configurational entropy of mixing ASf""fe' given by the following equation 

assuming the random distributing of the SNN cation-cation pairs over the pair sites: 

AS<""'«- = -R(nAlcl In XA/a + nBia In XBICI +...) 

-R 
(5.9) 

where nAICI,nB/a,...are the number of moles of the pure liquid salts (A/CI,B/CI,...), 

g°A/ci,g°B/a,... the molar standard Gibbs energy of the pure salts and nij/a the number 

of moles of cation-cation SNN pairs. The overall mole (or site) fractions 

(XA/CI,XB/CI,...), cation-cation pair fractions (Xij/a) and "coordination-equivalent" site 

fractions (YA,YB,...) are defined as follows: 

-^ A/Cl = nA/Cl '\nA/Cl + nBICl + •") ,~ , ~. 

X-BIC1 ~ nBICl '\nAIO + nBICl + •••) 
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iA — ZAnA/a /(ZAnA/a + ZBnBICI +...) 

*B ~ ^BnBICl 'y^AnAICl ~*~ ^BnBIO ~*~ • " ) 

(5.12) 

where ZA,ZB,...are the SNN (cation-cation) coordination numbers of A,B,... cations that 

can be composition dependent in the following manner: 

^A ^nAAICl "*" 7 ,nAilCl 
J*A 

In 
^nAAICI 

ZA 

\ ^AA 

+ 1 
n 

\ 
Aj/CI 

^B ^nBBICl "*" 7 ,n 
BjICI 

i*B 

j*A ^Aj J 

\ 
y i nBjici 
21 JB 

\ ^BB j*B ^Bj J 

(4.13) 
2n BBICI 

+ 

where ZAj is the value of ZA when all the cation-cation nearest neighbors of A are j 

cations and ZB
Bj is the value of ZB when all the second nearest neighbors of B are j 

cations. Then: 

„ _ 2nAA/cl <s-i nAjici 
nA/Cl ~ yA "1~ Z J JA 

Z ' AA j*A ^ Aj 

2n 
(5.14) 

BBICI 
"-BIC1 

JBB 
Z

n BjICI 

7B 

The last term of the Eq. (5.8) accounts for the excess Gibbs energy caused by the cation-

cation short-range order. The empirical parameters of the model (AgAB/a,AgBC/cl,...) are 

related to the interactions of SNN pairs on the cationic sublattice and can be expanded as 

a polynomial in the following form: 

ASABICI =Ag°AB/ci+ X q inn 

AB/Cl 

+ 
«>0 
k>l 

(m+n)>l 

V 

. Y +Y , 
\ J A T J B J 

V 

, Y +Y , 
\JA T i « y (5.15) 

KYA +YB J 

(q 
Onk 
AB(C)ICI Yk + a°"k Yk + } 

1C ' HAB(D)ICl1D ~--t 
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Where Ag°AB/a and q™BICI are composition independent (although possibly temperature-

dependent) coefficients obtained from fitting experimental data for binary A,B/Cl 

solutions. The remaining terms in Eq. (5.15) are "ternary terms" to take into account the 

effect of the presence of C,D,...cations upon the energy of reaction (5.7). These ternary 

terms are zero in the A,BICl binary system. Agij/a of the other quasichemical pair-

exchange reactions can be obtained by the similar approach. 

The numbers of moles of cation-cation pairs (nij/a) at equilibrium in a given overall 

composition are calculated by numerical minimization of Gibbs energy (Eq. 5.8), subject 

to the constraints of Eq. (5.14). This for the quasichemical reaction (5.7) between 

(i-CI-i),(j-CI- j)and(i -CI- j)cation-cation pairs gives: 

A ;:,,-,, [ Agyid 
= 4exp 

Y • Y 
AiilCl A jjICI v RT 

(5.16) 

Which is the equilibrium constant of the mentioned quasichemical reaction. For a given 

value of Agij/a, solving Eq. (5.16) together with Eqs. (5.10) and (5.14) gives the 

equilibrium pair fractions (Xu, X }j and Xtj). 

The modified quasichemical model is shown to be very applicable to molten salt systems 

involving cation-cation ordering (Chartrand and Pelton, 2001b; Robelin et al., 2004a; 

2004b; 2004c; 2006; Lindberg et al., 2007a; 2007b). The model permits a quantitative 

optimization of all the binary data and could be satisfactorily extrapolated to predict the 

properties of the multi-component solutions taking into account the mentioned short-

range ordering in the melt. Chartrand and Pelton (2001b) obtained all the optimized 
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parameters of the model for the alkali-alkaline-earth chloride solutions. The similar 

approach has been applied to the metallic solutions by replacing the chloride ions in the 

anionic sublattice by the "vacancies". The optimized parameters for the mentioned salt 

and metallic solutions are included in the FactSage databases (Bale et al., 2002), where 

the pair fractions required for the viscosity model can be easily calculated. 

5.3 Density Model 

As we discussed in the previous sections, the molar volume appeared in the pre-

exponential factor of the presented viscosity expressions (Eqs. 4.43 and 5.2), can be 

calculated by the density model recently developed at the CRCT (Robelin and Chartrand, 

2007; Robelin et al., 2007). 

According to the solution thermodynamics theory (Smith et al., 1996), the molar volume 

of a solution is defined as the derivative of molar Gibbs energy of solution with respect to 

pressure, at given temperature and component's mole fractions as follows: 

I oG I ._ ., _. 
V M = — (5.17) 

\ ° r JT.XAXH.X,-.... 

where VM is the molar volume of the solution, G the molar Gibbs energy of the solution, 

P pressure, T a given temperature and XA,XB,XC,... are the given mole fractions of 

solution components. Therefore the molar volume can be modeled by introducing the 

pressure-dependent parameters in the Gibbs energy of solution. Robelin et al. (2007) 

modeled the molar volume of NaCl-KCl-MgCb-CaCla system by employing the Gibbs 

energy expression given by the modified quasichemical model in the pair approximation, 
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for these systems (Eq. 5.8). According to them, the molar Gibbs energy of a pure liquid 

salt (A/CI) can be written in the following form: 

g\ia{T, P) = g\ia{T, lbar)+ \VA/a(T).dP 
i 

= g\lci(T,lbar) + VAia(n(P-l) 

(5.18) 

where VA/a(T) is the molar volume of pure liquid AI CI at temperature Tand is given 

as follows: 

VA/Cl(T) = VAICl(Tref)-eXp\ 

1 

\a{T).dT 

W 
(5.19) 

where Tnlf is an arbitrary-chosen temperature and a(T) is the thermal expansion that can 

be obtained by an optimized fit of the experimental volumetric data using the following 

temperature function: 

a(T) = a + bT + cT~x + dT~2 (5.20) 

For a multi-component molten salt system, the solution of Eq.(5.17) together with the 

Eqs. (5.8) and (5.18) leads to the following equation for the molar volume of the solution: 

VM = inA/ci yAio (T) + nBIC,yBia (T)+ ....] 

+ 1 1 
^ij/Cl 

V ^ J 

dAgij/a a 
dP 

(5.21) 

JT.nA.nH,nr,... 

where the second term is the excess volume of the mentioned multi-component chloride 

melt. For a given binary liquid (i, j I CI), Ag ; / /a can be expanded as a polynomial in the 

SNN cation-cation pair fractions Xu/a and X jj/a as follows: 
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*8,j,a=[A8°V>ci+0OU>a.(p-l)\ 

+ Z [r t '« + /?'"Vc,.(p - \)}(Xinar (5.22) 
m>\ 

+Zb0v°+^Vo.(p-i)](^ /C/)" 

where Ag°ij/a , q'"°ij/a and q°"ij/a are the parameters of the thermodynamic model (see 

Eq. 5.15). P°ijio , J3",0ij/ci and /?%/<:/ are the parameters of the density model that can 

be temperature dependent. Similar to the thermodynamic model, the ternary terms can be 

introduced for higher order systems to better fit the experimental data. However for 

NaCl-KCl-MgCb-CaCb system, these ternary terms were not required (Robelin et al., 

2007). 

Robelin et al. (2007) obtained the parameters of the density model by least-squares fitting 

of the available experimental data for i,j I CI binary liquids. Gemme (2004) applied the 

model to several liquid metallic systems and obtained the optimized parameters of the 

model. These parameters for the mentioned salt and metallic solutions are included in the 

FactSage databases (Bale et al., 2002), where the molar volumes required for the 

viscosity model can be easily calculated. 
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6 Results and Discussion: Molten Salts 

In the following sections, the viscosity model presented in Section 5 is applied to the 

NaCl-KCl-MgCh-CaCb liquid solution. The available literature data for 4 pure 

components and 6 binary subsystems are collected and reliable data sets are employed to 

optimize the parameters of the model. The previously developed thermodynamic model 

(Chartrand and Pelton, 2001b) and density model (Robelin et al., 2007) for this system, 

are employed to calculate the viscosity values. The calculations are done by using the 

FactSage thermochemical software (Bale et al., 2002). The calculated viscosity curves are 

compared with the literature data. The proposed modification to the model for highly 

ordered systems has been applied to NaCl-MgCb system. To further investigate the 

viscosity behaviour of highly short-range ordered systems, RbCl-MgCb and CsCl-MgCb 

systems are also studied and the results are presented. 

6.1 Pure Molten Salts 

6.1.1 General Discussion on Literature Data 

As described earlier, the parameters of the viscosity model are optimized based on the 

available experimental data. A thorough literature review is performed to collect the 

viscosity data in the literature. Comparing the collected data sets, large discrepancies 

appeared among the data of different laboratories. In some cases even for the data of the 

same laboratory these discrepancies were considerably large. This could be the result of 

several difficulties encountered in the viscosity measurement of high temperature melts 

(see Section 3 for details). Consequently, a critical evaluation seemed necessary to obtain 
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the most reliable sets of experimental data. Several factors such as experimental 

techniques, the number of measurements, the temperature range and the reliability of 

previous work from any one laboratory, needed to be considered. To start with, the 

"NSRDS-NBS" and "The Molten Salts Standard Program" critical reviews and evaluated 

data are used as the starting point. The NSRDS (National Standard Reference Data 

System) was a program initiated in 1963 by the NBS (National Bureau of Standards) in 

order to promote, and coordinate systematic data compilation and evaluation activities in 

all fields of the physical sciences (Brady and Wallenstein, 1964). The results for physical 

properties (density, surface tension, viscosity and electrical conductivity) of molten salts 

have been published in several series since 1968 (Janz et al., 1968; 1975; 1988). These 

publications contain a critical assessment of the existing data for electrical conductance, 

surface tension, density and viscosity of several pure and binary molten salt systems. Due 

to the lack of accurate calibration-quality data for the molten salts, several difficulties 

were being encountered for accuracy estimation in the NSRDS molten salts data 

compilations. Therefore a parallel program called the Molten Salts Standards Program 

has been initiated in 1973 by Janz and Zuca (Janz, 1980) to resolve some of these 

difficulties. NaCl and KNO3 were selected as the two reference salts for the following 

properties: density, surface tension, viscosity and electrical conductance. Several 

laboratories such as "Institute of Inorganic Chemistry, Technical University of Norway, 

Torndheim, Professor H. A. 0ye", "Center of Physical Chemistry, Bucharest, Rumania, 

Professor S. Zuca" and "Department of Metallurgy, Tohoku University, Sendai, Japan, 

Professor T. Ejima"; participated in this program to perform the round-robin series of 
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measurements. The standard-quality salt samples have been distributed to all laboratories; 

thus the attention could be focused on technique error-analysis by comparing different 

experimental techniques employed by different laboratories. The results have been 

critically examined and provided the accurate calibration-quality data sets that could be 

used as guidance for the critical evaluation of the experimental data (Janz, 1980). 

Accordingly several data sets have been upgraded to calibration-quality standards and the 

complete NSRDS database for the mentioned physical properties has been updated and 

published in 1988 (Janz, 1988). These recommended data sets are chosen as the reference 

in the present work and employed to optimize the parameters of the viscosity model for 

the pure salts. They are highlighted in the presented figures, as "Janz et al., 1988 Recom. 

Data" and have been compared with the other data sets available in the literature. The 

measurements performed after 1988 or the ones that have not been considered in NSRDS 

critical reviews, are also included in the figures. Each figure is accompanied with a table 

showing the experimental method, conditions and the temperature range for each data set. 

A brief discussion about the possible errors caused by the choice of experimental 

technique; and the degree of uncertainty for each data set appearing in the figures is 

presented in the related sections. 

6.1.2 NaCl 

As it is discussed in the last section, the viscosity of NaCl, has been accurately measured 

by different groups participated in the Molten Salts Standards Program. The results are 

compared in Fig. 6.1 with the data of Murgulescu and Zuca (1963) which was the 1968 

NSRDS (Janz et al., 1968) recommended data set for NaCl liquid salt. 
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Figure 6.1: The Percent of Departure of NaCl Viscosity Data of Different Participants of 

Molten Salts Standards Program, from the NSRDS-1968 Recommendation (Janz, 1980). 

Janz (1980) critically examined different data sets submitted to Molten Salts Standards 

Program. Since the quality of NaCl samples were the same for each participating 

laboratory, the intercomparisons of the two salient molten salts viscosity measurement 

methods: "capillary and oscillating body techniques"; have been possible (see Section 3 

for the details on the experimental methods). The data set*of Suski and two data sets of 

Zuca in Fig. 6.1 were obtained by capillary method while the two data sets of 

Matiasovsky (A and B), the data sets of Torklep&0ye and Ejirna are obtained by the 

oscillational body (torsional pendulum) technique (Janz, 1980). The results of the 

capillary measurements of Zuca were in good agreement (within experimental limits of 
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accuracies) with the data of oscillational techniques by Matiasovsky-B and 

Torklep&0ye. It follows that the capillary method is applicable, with good accuracy, in 

high temperature ranges (1073-1273K). Still a carefully dehydrated salt sample was 

required to prevent the etching of the capillary tube in the presence of water (as 

impurity). The accuracy limit of the capillary technique thus was estimated to be 

~±1.5% at molten NaCl temperatures (1073-1273K). However, due to several 

advantages such as the relatively small temperature "flat-zone" required and the wider 

choice of container material; Janz (1980) recommended the torsional technique for the 

temperatures higher than ~ 113K . The disadvantage of the torsional method appeared to 

be the mathematically complicated working equations required for absolute viscosity 

measurements. The advent of computer-assisted techniques though has eased this 

consideration. 

To determine the accuracy of the measurements by torsional method, several features 

have been re-examined as part of the Molten Salts Standards Program. Particularly design 

features such as torsion wire, torsion pendulum, oscillating bodies (sphere or cylinder); 

employed by different laboratories; have been considered to estimate the experimental 

errors. In addition, the factors such as sample quality, irregularities in the shape of the 

oscillating body and the computational approaches to obtain the viscosity; have also been 

considered as possible sources of error. According to Janz (1980), the systematic 

departure of the data of Ejima from those of Torklep&0ye and Matiasovsky-B in Fig. 6.1 

may be in large part due to the choice of torsion wire. The torsion wire used by Ejima 

was made of molybdenum while the ones of Torklep&0ye and Matiasovsky-B were 
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made of the Kestin alloy which is estimated to significantly reduce the error source 

(Torklep and 0ye, 1979). The Kestin alloy (Pt92% - W8%) has a low internal friction 

and highly stable elastic constant which makes it a more appropriate material for torsion 

wires (Torklep and 0ye, 1979). The large differences in the earlier and later data sets of 

Matiasovsky (Matiasovsky-A and Matiasovsky-B in Fig. 6.1) may be related, in large 

part, to the pendulum design. In the 1976 design, the pendulum had a disk like inertia 

mass in the hot zone of the furnace. The possible "sail-like" effect of this design would 

impose additional pendulum movements leading to a precession of the axis of rotation. 

The secondary flow caused by these movements, affects the rate of damping of the 

torsional oscillation by the fluid and leads to observed viscosities that are too high. By 

changing the torsion wire to the Kestin alloy and re-design of the pendulum to remove 

the inertia mass in the hot zone, Matiasovsky could significantly eliminate the errors of 

1976 measurements and report the data set of 1979 (Matiasovsky-B). Further discussion 

about the other sources of error in torsional techniques caused by the type of oscillating 

body and the proper working equation for each type etc are given in Section 3.5. 

According to Janz (1980), the accuracy limits of the oscillating body technique for 

molten salts estimated to be ~ +3% with spherical body and ~ ±0.2% with cylindrical 

body. Janz (1980) recommended the torsional technique with immersed cylindrical body, 

as the most reliable method for viscosity measurements at high temperatures. 

Considering all the above mentioned factors, Janz (1980) concluded that the values 

advanced in the 1968 NSRDS recommendations (Janz et ah, 1968), are in serious error 

( - 5 0 % at 10S3K and - 1 0 % at 1273A"). The measurements of Torklep and 0ye 
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(1979) by the oscillating cylinder method, were selected as the new recommended data 

set. Fig. 6.2 illustrates a comparison between this recommended data set and the other 

viscosity data in the literature for the period 1908-1979. 
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Figure 6.2: NaCl Viscosity Data for the Period 1908-1979, Shown as a Percent Departure 

Analysis with Torklep and 0ye (1978) Data Set as Comparison Standard (Janz, 1980). 

The results of the mentioned Standards Program are used as the starting point of the 

literature review for the viscosity of molten NaCl, in the present work. The data sets 

reported up to 1979 that has not been appeared in Fig. 6.2, together with the data sets 

reported after 1979, are illustrated in Fig. 6.3 and compared with the NSRDS 
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recommendations (Janz et al., 1968; Janz et al., 1975; Janz, 1988) and the result of the 

optimization in the present work based on the data of Torklep and 0ye (1979). This 

figure is accompanied by Table 6.1 which gives a summary of the experimental methods 

employed for each measurement and the temperature range of each data set. 
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Table 6.1: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure NaCl Reported in the Literature 

Author Year Experimental Method Experimental 
(Working Equations) Conditions 

Temperature 
range 

[K] 
Tolbaru et al. 1998 Oscillating cup 

(Eq. 3.3) 
Pt92%-W8% torsion 
wire, Inconel X-750 

superalloy cup, full cup 
condition, 

N2 atmosphere 

1151-1222 

Galasiu 1991 Capillary 
(Modified Hagen-
Poiseuille, Eq. 3.9) 

Quartz capillary tube 1073 - 1223 

Ito et al. 

Ejima et al. 

Abe et al. 

Torklep & 0ye 

1989 

1982 

1980 

1979 

Oscillating cup 
(Mathematical treatment 
done on the Kestin and 

Newell (1957) equation) 

Capillary 
(Eq. 3.9) 

Oscillating cup 
(Computational 

procedure based on the 
Kestin and Newell 
(1957) equation) 

Oscillating cylinder 
(Eqs. 3.3 & 3.4) 

Pt92%-W8% torsion 
wire, Heat-resisting 

SUH3 steel cup, 
Vacuum atmosphere 

Quartz capillary tube, 
Calibration done by 

water 

Pt92%-W8% torsion 
wire, Molybdenum cup, 

Vacuum atmosphere 

Pt92%-W8% torsion 
wire, Pt90%-Irl0% 

1083-

1077-

1083-

1083-

-1248 

-1179 

-1473 

-1203 

solid cylinder, Pt 
crucible, N2 

atmosphere, Control 
measurement by water 

Murgulescu & 
Misdolea 

1977 Oscillating sphere 
(Computational 

procedure based on 
Eq. 3.2) 

Pt92%-W8% torsion 
wire 

1085-1235 
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Dewittetal. 1974 Oscillating cup 
(Computational 

procedure done by 
wittenberg et al. (1968)) 

Pt92%-W8% torsion 
wire, Vacuum 

atmosphere 

106-1298 

Dumas et al. 1970 Oscillating sphere 
(Computational 

procedure based on 
Eq. 3.2) 

Tungsten torsion wire, 
Pt90%-Irl0% solid 

sphere, Pt crucible, N2 

atmosphere, Control 
measurements by water 

&KN03 

1085-1175 

Bondarenko & 
Strelets 

1968 Oscillating sphere 
(-) 

Pt sphere, Calibration 
by water & 

nitrobenzene & aniline 
& molten KNO3 & 

NaN03 

1088-1231 

Matsumura et al. 1966 Oscillating disc 
(Using a relation 

between viscosity and 
number of oscillation) 

Pt disc, Stainless steel 
wire, Pt crucible 

1102-1118 

Murgulescu & 
Zuca 

1965 Oscillating sphere 
(-) 

Pt sphere, Pt wire, 
Calibration by water & 
nitrobenzene & aniline 

& molten KNO, & 
NaN03 

1100-1170 

Murgulescu & 
Zuca 

1963 Oscillating sphere 
(Eq. 3.2) 

Pt sphere, Pt wire 1083- 1243 

The solid line in Fig. 6.3 shows the results of the present optimization and is obtained by 

Eqs. (5.2) and (5.3) as it is described in Section 5. Since the only cation cation SNN pairs 

in the melt are Na-Cl- Na pairs (shown as Na I CI), we can set Xj} = XNa/a = 1 and 

write Eqs. (5.2) and (5.3) for pure liquid NaCl as follows: 

V 
hNA 

NaCl V, 
-exp 

M 

r Na/CI 

RT 
(6-1) 

G'NUICI =cNa/a+dNa/0.T (6-2) 
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where cNalo and dNalcl are the parameters of the model for pure NaCl and can be 

obtained by a linear regression in the form of Eq. (5-4) as follows: 

\n(7iVM)-\n(hNA) = ^ ^ - - + ^<L ( 6 . 3 ) 

R T R 

The numerical values of cNaia and dNalcl are given in appendix A in SI units. 

As it is observed in Fig. 6.3, most of the data sets reported after 1979 are in good 

agreement (within experimental limits of accuracies) with the data of Torklep and 0ye 

(1979). Only Abe et al. (1980) reported viscosity values which were systematically 

higher by about 6% than those of Torklep and 0ye (1979). Later Ito et al. (1989) from 

the same group, performed a redetermination of these viscosity values by considering two 

possible sources of error, namely, the effect of the meniscus at the liquid surface (see 

Section 3.1.3.1) and the temperature distribution along the axis of the oscillation system. 

After applying a minor correction for the meniscus effect and a correction for the 

temperature, they obtained a new set of data (see Fig. 6-3) which was still uniformly 

higher than the Torklep and 0ye (1979) data set by ~ 1 % at 1080K and ~ 3 % at 1200K 

as estimated by Janz (1991). However the estimated difference between the two data sets 

lies within the experimental accuracy limits of the oscillating method as it is discussed 

earlier. According to Janz (1991), the cause of this difference between the two data sets 

remains undetermined. 

6.1.3 KC1 

The insights gained on the various viscosity measurement techniques through Molten 

Salts Standards Program, provided guidance for the critical evaluations of the viscosity 
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data of molten salts. Accordingly, the 1968 and 1975 NSRDS recommendations for pure 

KC1 were updated and published in 1988 (Janz, 1988). The data sets of Dumas et al. 

(1970), Bondarenko and Strelets (1968), Matsumura et al. (1966), Murgulescu and Zuca 

(1961; 1965), Brockner et al. (1981) and others have been critically re-examined and 

evaluated (Janz et al., 1975; Janz, 1988). Considering all the factors mentioned in the last 

section, the measurements of Brockner, Torklep and 0ye (1981) performed with the same 

viscometer developed by Torklep and 0ye (1979) for the Standards Program, were 

selected as the new recommended data set in 1988 (Janz, 1988). The accuracy of 

Brockner et al. (1981) data set for KC1 was estimated to be similar to that of NaCl 

(~ ±0.2%) (Torklep and 0ye, 1979; Janz, 1988). The 1968 NSRDS recommendation for 

KC1, which was the data of Murgulescu and Zuca (1961), was superseded with this new 

data set. The mentioned viscosity measurements evaluated by Janz et al. (1975; 1988) 

together with the other data reported in the literature are summarized in Table 6.2. 

Table 6.2: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure KC1 Reported in the Literature 

Author 

Moskvitin et al. 

Year 

1986 

Experimental Method 
(Working Equations) 

Vibrational viscometer 
(-) 

Experimental 
Conditions 

Temperature 
range 

[K] 
1070-1080 

Ejimaetal. 1982 Capillary Quartz capillary tube, 1050-1190 
(Eq. 3.9) Calibration done by 

water 
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Brockner et al. 1981 Oscillating cylinder 
(Eqs. 3.3 & 3.4) 

Pt92%-W8% torsion 
wire, Pt90%-Irl0% 
solid cylinder, Pt 

crucible, N2 

atmosphere, Control 
measurement by water 

1054-1175 

Ejima et al. 1977 Oscillating vessel 
(Knappwost (1952) Eq.) 

1070-1160 

Dumas et al. 1970 Oscillating sphere 
(Computational 

procedure based on 
Eq. 3.2) 

Tungsten torsion wire, 
Pt90%-Irl0% solid 

sphere, Pt crucible, No 
atmosphere, Control 

measurements by water 
&KNO, 

1080-1136 

Bondarenko & 
Strelets 

1968 Oscillating sphere 
(-) 

Pt sphere, Calibration 
by water & 

nitrobenzene & aniline 
& molten KN03 & 

NaNO, 

1070-1190 

Matsumura et al. 1966 Oscillating disc 
(Using a relation 

between viscosity and 
number of oscillation) 

Pt disc, Stainless steel 
wire, Pt crucible 

1063-1108 

Murgulescu & 
Zuca 

1965 Oscillating sphere 
(-) 

Pt sphere, Pt wire, 
Calibration by water & 
nitrobenzene & aniline 

& molten KN03 & 
NaNQ3 

1053-1173 

Murgulescu & 
Zuca 

1961 Oscillating sphere 
(Eq. 3.2) 

Pt sphere, Pt wire 1056-1202 

The KC1 reported data sets are illustrated in Fig. 6.4 and compared with the result of the 

present optimization based on the data of Brockner et al. (1981). 
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Figure 6.4: Calculated and Experimental Viscosity of Pure Liquid KC1 

The solid line in Fig. 6.4 shows the results of the present optimization and is obtained 

similar to that of NaCl (see Section 6.1.2). The numerical values of cKICI anddKICI, the 

optimized parameters of the model for pure liquid KC1, are given in Appendix A in SI 

units. As it is observed in Fig. 6-4, the viscosity measurements of Ejima et al. (1977) by 

oscillating vessel method and Ejima et al. (1982) by capillary method are in good 

agreement (within experimental limits of accuracies) with the calculated line based on the 

data of Brockner etal. (1981). 
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6.1.4 MgCl2 

For MgCb pure liquid, Janz et al. (1975) critically re-examined the measurements of 

Bondarenko and Strelets (1968) and Dumas et al. (1970) by oscillating sphere method 

and recommended both mentioned sets of data in 1975 NSRDS publication . Janz et al. 

estimated the accuracy limits of these measurements to be ~ ±2%. Later in 1988, by 

considering the results of Molten Salts standards Program, the data set of Torklep and 

0ye (1982) has been recommend with the estimated accuracy of ~±\% (Janz, 1988). 

These measurements were performed by the oscillating cylinder viscometer developed 

earlier (Torklep and 0ye, 1979) for the Molten Salts Standards Program measurements. 

To ensure the purity of the MgCb samples, after an initial treatment with HC1, samples 

were melted and again treated with HC1 then filtered and distilled twice on a vacuum line. 

The salt samples were transported to the viscometer in closed vessels and the 

measurements performed under nitrogen atmosphere. Torklep and 0ye (1982) considered 

their results with the oscillating cylinder to be superior to the ones of Dumas et al. (1970) 

with the oscillating sphere. 

The measurements evaluated by Janz et al. (1975) together with the measurements 

reported after 1975, are summarized in Table 6.3. 



99 

Table 6.3: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure MgCl2 Reported in the Literature 

Author 

Torklep & 0ye 

Ejima et al. 

Dumas et al. 

Year 

1982 

1977 

1970 

Experimental Method 
(Working Equations) 

Oscillating cylinder 
(Eqs. 3.3 & 3.4) 

Oscillating vessel 
(Knappwost(1952)Eq.) 

Oscillating sphere 
(Computational 

procedure based on 
Eq. 3.2) 

Experimental 
Conditions 

Pt92%-W8% torsion 
wire,Pt90%-Irl0% 
solid cylinder, Pt 

crucible, N2 

atmosphere, Control 
measurement by water 

Tungsten torsion wire, 
Pt90%-Irl0% solid 

sphere, Pt crucible, N2 

atmosphere, Control 
measurements by water 

&KN03 

Temperature 
range 

[K] 
993-1172 

1006-1132 

995-1118 

Bondarenko & 
Strelets 

1968 Oscillating sphere 
(-) 

Pt sphere, Calibration 
by water & 

nitrobenzene & aniline 
& molten KNO3 & 

NaN03 

1003- 1143 

These data sets are compared in Fig. 6.5 with the result of the present optimization based 

on the data of Torklep and 0ye (1982). 



100 

4.0 

3.5 -

3.0 

Cu 
E 

\~s 

>. 
< / } 

O 
CJ 
C/> 

> 

2.5 

2.0 

1.5 

1.0 

1 1 1 1 . . . . 1 1 1 

-

-

-

L* 

' 
Fu

si
on

 
< t 

• 

, . . . . , 

V 

• 

• 

• 

^ W * 

, i , , , . i 

. . . , . . , , . . . . | , , 

Torklep and Oye, 1982 
(Janz et al., 1988 - Recom. Data) 

Ejimaet al., 1977 

Dumas etal. 1970 
(Janz et al., 1975 - Recom. Data) 

Bondarenko and Strelets, 1968 
(Janz et al., 1975 - Recom. Data) 

Calculated 

-

A 

, , , , i , , , , i . " , , . 

900 950 1000 1050 1100 1150 
Temperature (K) 

1200 1250 1300 

Figure 6.5: Calculated and Experimental Viscosity of Pure MgCli 

The solid line in Fig. 6-5 shows the results of the present optimization and is obtained 

similar to that of NaCl (see Section 6.1.2). The numerical values of cM /a anddMf;/cl, the 

optimized parameters of the model for pure liquid MgCb, are given in Appendix A in SI 

units. As it is observed in Fig. 6-5, the measurements of Ejima et al. (1977) by oscillating 

vessel method are in good agreement (within experimental limits of accuracies) with the 

calculated line based on the data of Torklep and 0ye (1982). 
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6.1.5 CaCI2 

For CaCli pure liquid, Janz et al. (1975) critically re-examined the measurements of 

Barzakovskii (1940), Vereshchetina and Luzhnaya (1954) and Zuca and Costin (1970). 

The data of Zuca and Costin (1970) based on the oscillating sphere method were selected 

as the most reliable one in 1975 NSRDS recommendations with ~+ l% estimated 

accuracy. Later in 1988, based on the results of the Molten Salts Standards Program, this 

data set has been superseded by the measurements of Torklep and 0ye (1982) which 

were also recommended for MgCb as it was discussed in the last section. The NSRDS 

recommended measurements together with the other measurements reported in the 

literature are summarized in Table 6.4 

Table 6.4: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure CaCl? Reported in the Literature 

Author Year Experimental Method Experimental Temperature 
(Working Equations) Conditions range 

[K] 
Pt92%-W8% torsion 1014-1238 
wire, Pt90%-Irl0% 
solid cylinder, Pt 

crucible, N2 
atmosphere, Control 

measurement by water 

Ejimaetal. 1977 Oscillating vessel - 1061-1145 
(Knappwost(1952)Eq.) 

Torklep & 0ye 1982 Oscillating cylinder 
(Eqs. 3.3 & 3.4) 
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Dumas etal. 1973 Oscillating sphere 
(Computational 

procedure based on 
Eq. 3.2) 

Tungsten torsion wire, 
Pt90%-Irl0% solid 

sphere, Pt crucible, N2 

atmosphere, Control 
measurements by water 

& KN03 & KCl 

1068-1129 

Zuca & Costin 1970 Oscillating sphere 
(Eq. 3.2) 

Pt sphere, Pt wire, 
N2 atmosphere 

1057-1221 

These data sets are compared in Fig. 6.6 with the result of the present optimization based 

on the data of Torklep and 0ye (1982). 
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Figure 6.6: Calculated and Experimental Viscosity of Pure CaCb. 

The solid line in Fig. 6.6 shows the results of the present optimization and is obtained 

similar to that of NaCl (see Section 6.1.2). The numerical values of cCulo anddCa/c7, the 

optimized parameters of the model for pure liquid CaCb, are given in Appendix A in SI 

units. As it is observed in Fig. 6.6, the measurements of Ejima et al. (1977) which were in 

good agreement with the calculated lines of KC1 and MgCl2, in the case of CaClo were 

higher than the recommended values and closer to the superseded values of Zuca and 

Costin (1970). 
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As it is shown in Fig. 6.7, the calculated viscosities of pure NaCl, KC1, MgCl2 and CaCh 

between 300K and 1900K extrapolated well below and above the melting points of the 

pure salts. 
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Figure 6.7: The Extrapolation of the Viscosity Curves Calculated by the Model 

Parameters for NaCl, KC1, MgCl2 and CaCl2 Pure Salts Below Their Melting Points. 
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6.2 Binary Molten Salts 

6.2.1 General Discussion on Literature Data 

To obtain the optimized parameters of the model for binary systems, a thorough literature 

review is performed to collect the binary viscosity data. As we will see in the upcoming 

sections, likewise the unary data, large discrepancies are observed between the collected 

binary data. The most frequently used method for the binary measurements, was the 

oscillating body technique (Murgulescu and Zuca, 1965; Dumas et al., 1973; Ejima et al., 

1977; Zuca and Borcan, 1984). As it is discussed in the last sections, the results of the 

Molten Salts Standards Program (Janz, 1980) showed several error sources in viscosity 

measurements by this technique leading to large discrepancies among the reported 

literature data. Particularly design features such as torsion wire, torsion pendulum and 

oscillating bodies (sphere or cylinder); together with the sample quality, irregularities in 

the shape of the oscillating body and the computational approaches to obtain the viscosity 

have been considered as possible sources of error. Later Torklep and 0ye (1982) showed 

that the numerous conflicts between reported viscosity measurements by oscillating 

sphere method, can be ascribed to radius calibration errors. Brockner et al. (1981) 

mentioned the gas bubbles adhering to the oscillation body, as another source of error 

(1981), that can explain significant discrepancies of more than 10 % in reported viscosity 

values. This error becomes more important at alternating decreasing temperature. 

According to Brockner et al. (1981), when melts are cooled from a high temperature, the 

reduced gas solubility results in gas bubbles adhering to the oscillating body. Such 
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bubbles affect both the moment of inertia and the friction and lead to erroneous results 

which are too high. The similar effects are observed if the melt contains solid particles 

that adhere to the oscillating body. 

Based on the above mentioned considerations and the significant shifts of the 1988 

NSRDS recommendations for pure salts; (up to 50% in the case of NaCl, comparing to 

the former recommendations); similar upgraded data sets were expected for binary 

systems. Despite the expectation to observe the similar shift between 1975 and 1988 

recommendations for the binary systems containing these pure salts, the binary 

recommendations in 1988 remain unchanged for several systems. As an example, the 

1975 NSRDS recommended data set for NaCl-KCl binary system, was the data of 

Murgulescu and Zuca (1965). This data set is again recommended in 1988 NSRDS 

publication as the most reliable data set for NaCl-KCl viscosity. According to this data 

set, the corresponding unary viscosity values (at XNaCI = 1 and XKCl = 1) are equal to that 

of Murgulescu and Zuca (1963) for pure NaCl; and Murgulescu and Zuca (1961) for pure 

KC1. As it is discussed in Sections 6.1.1 and 6.1.2 and illustrated in Figs. 6.3 and 6.4, the 

results of the Molten Salts Standards Program showed that the Murgulescu and Zuca 

(1961; 1963) data sets were in serious error. These data sets have been significantly 

shifted to lower values in the 1988 NSRDS recommendations for pure salts (Janz, 1980; 

1988). It seems that the shift observed in the unary recommended data has not been 

considered in the binary data evaluation. This inconsistency between the recommended 

unary and binary data in 1988 NSRDS recommendations was observed for most of the 

binary systems studied in the present work. To resolve this problem and obtain upgraded 



107 

binary viscosity values consistent with the recommended unary data, it could be 

reasonable to apply a systematic correction. As it is described in the upcoming section, 

these corrections are calculated for the binary data sets based on the estimated error of 

their corresponding pure components. The so called "Corrected" data sets are the ones 

employed to calculate the binary parameters of the model. They appeared as "Corrected" 

in the figures for binary systems. In the following sections, the experimental literature 

data reported for the binary systems are summarized and the results of our optimizations 

are presented. The temperature-dependency and composition-dependency of the 

viscosity, given by the model, for each binary system are illustrated in separate figures 

and compared with the literature data. 

6.2.2 Data Correction 

To calculate the correction factor required for each binary data set, the first step is to 

estimate the error of its corresponding pure components. As an example, the NaCl-KCl 

data of Murgulescu and Zuca (1965) at a given temperature is shown in Fig. 6.8 along 

with its corresponding pure data; Murgulescu and Zuca (1963) for pure NaCl; and 

Murgulescu and Zuca (1961) for pure KC1. 
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Figure 6.8: The Correction Applied to the Binary Data of Murgulescu and Zuca (1965) 

for NaCl-KCl System at a Given Temperature, Based on the Estimated Error of its 

Corresponding Pure Data Sets. 
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In the Fig. 6.8, FA is an exponential function in the form of Eq. (6.1) fitted to the 

Murgulescu and Zuca (1963) data set for pure NaCl, FB is the similar fit of Murgulescu 

and Zuca (1961) data set for pure KC1 and the reference lines in Fig. 6.8 are the fits given 

by the optimized parameters of the model as it is described in Sections 6.1.1 and 6.1.2. 

The errors of the Murgulescu and Zuca (1961; 1963) data sets are obtained by estimating 

the distances between FB, FA and the reference lines of KC1 and NaCl, respectively. 

Accordingly the mentioned data sets can be corrected by the error functions of the 

following forms: 

A' Mur-Zuca-63 
NaCl 

rA ^Na/CI _ j . 

hN c +d T 
exni Naia Naia \ V, M RT 

VM
 F RT 

1 - exp \
cNaici c'A), + \°'NII ia dA)l 

RT 

(6.4) 

hN 

iMur-Zitca-6\ _ £B *'KI 

A eXr,(-KICI + KICr ^ 

CI 
xKCl :1 — RT 

hNA sCB+dBT^ 
-exp( B

 nrJ ) 
V, RT 

1 - exp 
\cKIO cB) + (dKICI dB)l 

RT 

(6.5) 
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where A^,z"™ 63 is the error function of Murgulescu and Zuca (1963) data set for pure *NaCI 

NaCl, A' Mttr-Zuca-6\ 
KCI is the error function of Murgulescu and Zuca (1961) data set for pure 

KCI, cNa/a,dNa/cl,cK/a anddK/a are the optimized parameters of the model for pure 

NaCl and pure KCI (given in Appendix A), cAand dA are the parameters of the activation 

energy (Eq. 6.2) obtained by fitting the data set of Murgulescu and Zuca (1963) for pure 

NaCl and cB anddB are the parameters of the Murgulescu and Zuca (1961) fit for pure 

KCI. Similar error functions are obtained for all the unary literature data corresponding to 

the studied binary data sets and listed in Appendix C. The corrected data sets are 

illustrated in Figs. 6.9 to 6.12 for each pure component. 
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Figure 6.11: The Corrected Data Sets for Pure MgCl?. 
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Figure 6.12: The Corrected Data Sets for Pure CaCh. 

After estimating the error of pure data sets, the second step is to obtain a systematic error 

function for the corresponding binary data sets. This systematic error function could be 

any function of unary correction factors which could best correct the binary data. 

However due to the lack of reliable binary measurements and enough information about 

the accuracy estimation of high temperature viscosity measurements; it is decided to 

employ a simple linear error function for the binary systems. The binary correction 

functions thereby are obtained by a linear additivity relation between the pure error 

functions and the mole fractions of the components as follows: 

(6.6) \Mur-Ziica-65 y \Mur-Zuca-63 • y A' 
^ Na-K ~ A NaCl • a NaCl + A KCI a KCI 

Mur-Zuca-6] 

file:///Mur-Ziica-65
file:///Mur-Zuca-63
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where A Mur-Zuca-65 
Na-K is the error function of Murgulescu and Zuca (1965) binary data set, 

XNaCI is the mole fraction of NaCl and XKCl is the mole fraction of KC1. The binary data 

set of Murgulescu and Zuca (1965) is corrected by multiplying the reported viscosity 

values to 1-A Mur—Zuca-65 
Na-K As it is illustrated in Fig. 6.8 for a given temperature, the 

corrected binary data are shifted to lower values consistent with the corresponding unary 

values. All the binary data sets that appear in the figures of the following sections are 

corrected in the similar manner to be consistent with the recommended unary data. 

6.2.3 NaCl-KCl 

The literature data for NaCl-KCl binary system are summarized in Table 6.5. 

Table 6.5: A Summary of the Experimental Methods for the Viscosity Measurements of 

NaCl-KCl Reported in the Literature. 

Author 

Murgulescu & 
Zuca 

Matsumura et 
al. 

Year 

1965 

1966 

Experimental 
Method 

(Working 
Equations) 

Oscillating sphere 
(-) 

Oscillating disc 
(Using a relation 
between viscosity 

and number of 
oscillation) 

Experimental 
Conditions 

Pt sphere, Pt wire, 
Calibration by 

water, 
nitrobenzene, 

aniline, molten 
KN03 & NaN03 

Pt disc, Stainless 
steel wire, Pt 

crucible 

KC1 
[Mol%] 

0 - 1 0 0 

0 -100 

Temperature 
Range 

[K] 

993-1173 

992-1118 

Bondarenko et 1966 
al. 

Oscillating sphere 
(-) 

Pt sphere, 
Calibration by 

water, 
nitrobenzene, 

aniline, molten 
KNO3 & NaNQ3 

20.7, 44, 
70.2, 100 

988-1187 
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Several data sets such as (Murgulescu and Zuca, 1965; Bondarenko, 1966; Matsumura et 

al., 1966), have been evaluated in 1975 NSRDS critical review (Janz et al., 1975). The 

measurements of Murgulescu and Zuca (1965) by the oscillating sphere method has been 

recommended as the most reliable data set. The mentioned data set was again 

recommended in 1988 NSRDS publication (Janz, 1988), despite the significant shifts of 

its corresponding unary data sets. As it was described in the previous section, this data set 

is corrected, due to the inconsistency with its corresponding recommended unary data 

(see Appendix C for the numerical values of the corrections). The corrected data set is 

employed to optimize the binary parameters of the model in the present work. As it is 

previously discussed in Section 5, the binary parameters of the model can be obtained by 

a linear regression in the form of Eq. (5.4) among the binary experimental viscosity data 

as follows: 

V l ) 
(6.7) 

R 

where r\ is the experimental viscosity value at a given temperature and composition, VM 

is the molar volume of the binary solution given by the density model as a function of 

temperature and composition of the melt (see Section 5.3), cNaKia anddNaK/a are the 

binary parameters of the model and XNaKlcl is the mole fraction of the (Na-CI-K) 

SNN pairs. Assuming the following quasichemical reaction between the SNN pairs in the 

melt: 

(Na -CI- Na)pair + (K-Cl- K)pilir = 2(Na -CI- K)puir (6.8) 
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The mole fractions of the pairs can be calculated by the modified quasichemical model in 

pair approximation, as it is discussed in Section (5.2). 

The numerical values of cNaKia anddNaK/a are given in Appendix A. Accordingly, the 

viscosity of NaCl-KCl binary solution can be calculated by Eq. (5.2) in terms of the mole 

fractions of the SNN pairs and unary and binary activation energies as follows: 

hNA rj = —-exp 
XNaNa/ClG' NalCl +XKKIaG\lCI +XNaKIC,G' NuKIO 

(6.9) 
RT 

with the activation energies given by the optimized parameters of the model as follows: 

G\aici =cNalcl+dNaiaT 

G*KICI =cKia +dKICIT 

C'NUKICI =cNaKia +dNaK/aT 

(see Appendix A for the numerical values of the parameters) 

The calculated viscosity isotherms and isocomposition lines obtained by Eq. (6.9) are 

illustrated in Figs. 6.13 and 6.14. 
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Figure 6.13: Calculated and Experimental Viscosity of NaCl-KCl Melt at Various 

Temperatures. 
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Figure 6.14: Calculated and Experimental Viscosity of NaCl-KCl Melt at Various Mole 

Fractions of KC1. 

Fig. 6.15 illustrates a comparison between the calculated viscosity isotherms and the 

literature data which are not used to obtain the parameters of the model. 
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Figure 6.15: A Comparison Between the Calculated Viscosity Isotherms and the 

Experimental Data of NaCl-KCl Melt. 

As it is shown in Fig. 6.13, the addition of KC1 to pure liquid NaCl, does not significantly 

affect the viscosity. Since both pure salts have almost similar viscosity values and similar 

ionic structure, the viscosity isotherms are almost linear with a slight negative deviation. 

This can be called an ideal viscosity behavior upon mixing, which is consistent with the 

thermodynamic definition of this binary system. From the thermodynamic point of view, 

since Na+ and K+ cations are almost identical (ionic radiuses of Na+ and K+ cations 

are 1.02A and 1.38A respectively), there will be negligible change in bonding energy or 



119 

volume upon mixing. Consequently the Gibbs energy change of the quasichemical 

reaction (6.8) is small, low degree of short-range ordering is observed and the 

equilibrium SNN pair fractions can be calculated by assuming a random distribution of 

cations on the cationic sublattice (see Section 5.2 for the thermodynamic model). Since 

these equilibrium pair fractions are employed to calculate the viscous activation energy of 

the binary solution, the structural behavior of the system can be properly manifested in 

the present viscosity model. 

6.2.4 CaCl2-MgCI2 

According to the present literature review, two data sets have been reported for the 

viscosity of CaCl2-MgCl2 binary system. The measurements of Fan et al. (2004) by 

rotating cylinder method and the measurements of Dumas et al. (1973) by the oscillating 

sphere method. It was no recommendation for the viscosity of this system in 1975 and 

1988 NSRDS publications (Janz et al., 1975; Janz, 1988). The data set of Dumas et al. 

(1973) is mentioned as one of the unevaluated systems for the viscosity in 1975 NSRDS 

publication. 

As it is illustrated in Fig. 6.16, the scattered viscosity values reported by Fan et al. (2004) 

are too high, compared to the ones of Dumas et al. (1973). 
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Figure 6.16: A Comparison Between the Binary Data of Dumas et al. (1973) and Fan et 

al. (2004) for CaCl2-MgCl2 Melt. 

As it was previously discussed in Section 3.3, to obtain accurate viscosity values by the 

rotational technique, it is critical that the cylinders rotate axisimetrically. Maintaining this 

condition for low viscosity liquids is technically difficult due to the small clearance 

required between the stationary and the rotating cylinder. Accordingly, the scattered high 

viscosity values of Fan et al. (2004), can be a result of the experimental errors. Due to the 

lack of information regarding the experimental conditions of Fan et al. (2004) 

measurements, the experimental error of the measurements could not be estimated. On 
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the other hand, the systematic corrections applied for the other binary data sets were not 

applicable to the Fan et al. (2004) rotational measurements; since those corrections were 

based on the estimated error of oscillating methods. Therefore the mentioned data set has 

not been considered in the optimization of binary parameters in the present work. The 

binary parameters of the model for this system are obtained by employing the Dumas et 

al. (1973) binary data set. As it is illustrated in Figs 6.5 and 6.6, the corresponding unary 

measurements of Dumas et al. (1973) for pure CaC^ and pure MgCh show good 

agreement (within experimental limits of accuracies) with the recommendations for the 

pure salts. In the case of pure MgCl2, the reported viscosity values are similar to the ones 

of Dumas et al. (1970) which are recommended in 1975 NSRDS publication with the 

estimated accuracy of ~ ±2% (Janz et al., 1975). According to Dumas et al. (1973), the 

apparatus, the technique and the computational procedure employed to obtain the binary 

viscosity values are the same as Dumas et al. (1970) measurements for pure salts. The 

CaCb and MgCb salt crystals were carefully purified and treated with HC1 gas and 

mechanically mixed in a dry-box. The salt mixture was then placed in a Pyrex container 

fitted with a valve which allowed the transfer of salts to the viscosity crucible without 

exposure to air. According to Dumas et al. (1973), this transfer mechanism was also used 

for adding the pure salts to the first prepared melts in order to perform the binary 

measurements in different compositions. 

Based on the above mentioned considerations and the high accuracy of the measurements 

performed by Dumas, 0ye and co-workers for the Molten Salts Standards Program (Janz, 

1980) with the similar technique (employing oscillating cylinder instead of sphere in the 
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same viscometer), the data set of Dumas et al. (1973) was considered as a reliable data set 

(Further discussion on the reliability of the measurements of this group will be given in 

the next section). However a minor systematic correction is applied to this data set due to 

the minor inconsistency of its corresponding unary viscosity values with the 

recommended values (see Section 6.2.2). The related correction functions are given in 

Appendix C. This corrected data set is employed to calculate the parameters of the model 

for CaCh-MgClT system. The binary parameters of the model {cCaM lcl and dCaM /CI) are 

calculated similar to that of NaCl-KCl as it is described in Section 6.2.3 (See Appendix A 

for the numerical values of the parameters). 

The calculated viscosity isotherms and isocomposition lines are illustrated in Figs. 6.17 

and 6.18 and compared with the experimental data. 
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Figure 6.17: Calculated and Experimental Viscosity of CaC^-MgCli Melt at Various 

Temperatures. 
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Figure 6.18: Calculated and Experimental Viscosity of CaC^-MgCl? Melt at Various 

Mole Fractions of MgC^. 

As it is shown in Fig. 6.17, a linear decrease in the viscosity of liquid solution is observed 

upon the addition of MgCb due to its lower viscosity. Likewise the case of NaCl-KCl 

binary solution, a so called ideal viscosity behavior for this binary system, is manifested 

in the viscosity isotherms obtained by the model. 

6.2.5 KCl-CaCl2 

A summary of the literature data reported for this binary system is given in Table 6.6. 
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Table 6.6: A Summary of the Experimental Methods for the Viscosity Measurements of 

KCl-CaCl2 Reported in the Literature. 

Author 

Dumas et al. 

Year 

1973 

Experimental 
Method 

(Working 
Equations) 

Oscillating sphere 
(Computational 

procedure based on 
Eq. 3.2) 

Experimental 
Conditions 

Tungsten torsion 
wire, 

Pt90%-Irl0% solid 
sphere, Pt crucible, 

N2 atmosphere, 
Control 

measurements by 
water & KN03 & 

KC1 

KC1 
[Mol%] 

0 - 9 0 

Temperature 
Range 

[K] 

1023-1123 

Ejima et al. 1977 Oscillating vessel 
(Knappwost, 1952) 

0-100 988-1153 

Zuca& 
Borcan 

1984 Oscillating sphere Pt sphere, Pt wire, 25-85 
(Eq. 3.2) N2 atmosphere 

1070- 1248 

There was no recommendation for the viscosity of this system in 1975 and 1988 NSRDS 

publications (Janz et al., 1975; Janz, 1988). The data set of Dumas et al. (1973) is 

mentioned as one of the unevaluated systems for the viscosity in 1975 NSRDS 

publication. As it was previously discusseded in Section 6.1.2, the results of the Molten 

Salts Standards Program later confirmed the high accuracy of the measurements 

performed by this laboratory (Janz, 1980). According to Torklep and 0ye (1979), the 
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oscillating sphere viscometer which were used for several years in their laboratory 

(Dumas et al., 1970; Dumas et al., 1973; Brockner et al., 1975), has been re-designed for 

the measurements of the Standards Program to replace the oscillating sphere, by a 

cylinder. Since cylinders could be re-machined to more exact tolerances than the spheres, 

this modification could lead to more accurate viscosity values (Janz, 1980). Accordingly, 

by estimating a correction factor to take into account these modifications, the 

measurements of this group by the oscillating sphere, are used as reliable sets of data in 

the present work. The systematic correction applied to the data set of Dumas et al. (1973) 

for KCl-CaCli binary system, is obtained based on the error estimated for its 

corresponding unary data (the corresponding data set for pure KC1 was similar to the one 

of Dumas et al. (1970)). The corrected data sets are illustrated in Figs. 6.10 and 6.12 and 

related numerical values of the correction functions are given in Appendix C. The binary 

parameters of the model {cKCaia anddKCaia) are calculated based on the mentioned 

corrected data set of Dumas et al. (1973), in the similar manner explained in Section 6.2.3 

(See Appendix A for the numerical values of the parameters). The calculated viscosity 

isotherms and isocomposition lines are illustrated in Figs. 6.19 and 6.20 and compared 

with the corrected experimental data. 
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Figure 6.19: Calculated and Experimental Viscosity of KCl-CaCl2 Melt at Various 

Temperatures. 
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Figure 6.20: Calculated and Experimental Viscosity of KCl-CaCl2 Melt at Various Mole 

Fractions of CaC^. 

The data sets of Zuca and Borcan (1984) and Ejima et al. (1977) illustrated in the figure, 

are corrected in the same manner described for Dumas et al. (1973) data set. Since the 

viscosity values of the corresponding pure components have not been reported in Zuca 

and Borcan (1984) publication, their earlier measurements in 1961 for pure KC1 and in 

1970 for pure CaCb with the same technique (Murgulescu and Zuca, 1961; Zuca and 

Costin, 1970) are used to estimate the required correction functions. According to Zuca 

and Borcan (1984), the corresponding unary data sets are in very good agreement (within 
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±1%) with their 1961 and 1970 measurements for pure KC1 and pure CaCb respectively 

(see Figs. 6.10 and 6.12 for corrected pure data sets and Appendix C for the numerical 

values). 

6.2.6 NaCl-CaCl2 

The data sets of Barzakovskii (1940) and Vereshchetina and Luzhnaya (1954) have been 

re-examined in 1975 NSRDS critical review (Janz et al., 1975). The measurements of 

Vereshchetina and Luzhnaya (1954) by the oscillating sphere method has been 

recommended as the most reliable data set. However the data set of Dumas et al. (1973) 

has been mentioned in the same publication (Janz et al., 1975), as one of the unevaluated 

systems. Based on the considerations previously described in Sections 6.2.4 and 6.2.5, the 

measurements of Dumas et al. (1973) were selected as a reliable data set for NaCl-CaCh 

binary system. However, similar to the MgCh-CaC^ and KCl-CaCh binary systems, a 

correction factor is defined for this data set to take into account the accuracy limits 

imposed by the oscillating sphere method. The systematic correction applied to the data 

set of Dumas et al. (1973) for NaCl-CaC^ binary system, is obtained based on the error 

estimated for its corresponding unary data (the corresponding data set for pure NaCl was 

similar to the one of Dumas et al. (1970)). The corrected data sets are illustrated in Figs 

6.9 and 6.12 and related numerical values of the correction functions are given in 

Appendix C. Another set of data reported for this system was the one of Zuca and Borcan 

(1984) (see Table 6.6 for the summary of experimental conditions). After applying the 

systematic corrections (similar to that of KCl-CaClo) on the data set of Zuca and Borcan 

(1984), it follows that the viscosity values reported are consistent with the data set of 
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Dumas et al. (1973). Therefore both mentioned corrected data sets are employed 

simultaneously to optimize the parameters of the model for NaCl-CaCli binary system. 

The binary parameters of the model (cNaCa/a and dNaCaia) are calculated in the similar 

manner explained in Section 6.2.3 (see Appendix A for the numerical values of the 

parameters). The calculated viscosity isotherms and isocomposition lines are illustrated in 

Figs. 6.21 and 6.22 and compared with the corrected experimental data. 

Figure 6.21: Calculated and Experimental Viscosity of NaCl-CaCl? Melt at Various 

Temperatures. 
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Figure 6.22: Calculated and Experimental Viscosity of NaCl-CaCl2 Melt at Various Mole 

Fractions of CaCl2. 

6.2.7 KCl-MgCh 

In the 1975 NSRDS critical review, several reported data sets for this system have been 

re-examined and the measurements of Bondarenko and Strelets (1968) were 

recommended as the most reliable data set (Janz et al., 1975). However similar to the 

previous systems, the data set of Dumas et al. (1973) has been mentioned as one of the 

unevaluated systems. A summary of the mentioned measurements together with another 

data reported in the literature is given in Table 6.7. 
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Table 6.7: A Summary of the Experimental Methods for the Viscosity Measurements of 

KCl-MgCb Reported in the Literature. 

Author Year Experimental Experimental KCI Temperature 
Method Conditions [Mol%] Range 

(Working [K] 
Equations) 

Bondarenko 1968 Oscillating sphere Pt sphere, 0-100 973-1373 
& Strelets (-) Calibration by 

water & 
nitrobenzene & 

aniline & molten 
KNQ3 & NaNC-3 

Dumas etal. 1973 Oscillating sphere Tungsten torsion 0-15,50 998-1148 
(Computational wire, -100 

procedure based on Pt90%-Irl0% solid 
Eq. 3.2) sphere, Pt crucible, 

N2 atmosphere, 
Control 

measurements by 
water & KN03 & 

KCI 
Ejimaetal. 1977 Oscillating vessel - 0-100 863-1153 

(Knappwost, 1952) 

Based on the considerations previously described in Sections 6.2.4 and 6.2.5, the 

measurements of Dumas et al. (1973) were selected as a reliable data set for KCl-MgCli 

system. Similar to the other systems, a systematic correction has been applied to this data 

set, based on the error estimated for its corresponding unary data, (the corresponding data 

sets for pure KCI and pure MgCb were similar to the ones of Dumas et al. (1970) as 

illustrated in Figs. 6.4 and 6.5). The corrected data sets are shown in Figs 6.9 and 6.11 

and related numerical values of the correction functions are given in Appendix C. These 

corrected data are employed to optimize the parameters of the model for KCl-MgCb 

binary system. The binary parameters of the model (cKM /a mddKM!;/a) are calculated in 
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the similar manner explained in Section 6.2.3 (see Appendix A for the numerical values 

of the parameters). The calculated viscosity isotherms and isocomposition lines are 

illustrated in Figs. 6.23 and 6.24 and compared with the corrected experimental data. 

Figure 6.23: Calculated and Experimental Viscosity of KCl-MgCh Melt at Various 

Temperatures. 
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Figure 6.24: Calculated and Experimental Viscosity of KCl-MgCb Melt at Various Mole 

Fractions of MgClo. 

Fig. 6.25 illustrates a comparison between the calculated viscosity isotherms and the 

literature data which are not used to obtain the parameters of the model. 
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Figure 6.25: A Comparison Between the Calculated Viscosity Isotherms and the 

Experimental Data of KCl-MgCl2 Melt. 

The correction functions of the illustrated data sets are given in Appendix C. 

As it is previously described in Section 5.2, liquid KCl-MgCli solutions exhibit "V 

shaped" and "m-shaped" enthalpy and entropy of mixing respectively with a minimum 

2 
near XKCl =— (see Figs. 4.9 and 4.10). This indicates maximum short range ordering of 

K+ andMg2+ ions on the cationic sublattice at this composition (Chartrand and Pelton, 

2001b). Since the short range ordering leads to strengthening of the bond forces, as a 

common sense, one expects an increase in the viscosity of the melt at the compositions 
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close to the maximum short range ordering. Surprisingly, as illustrated in Fig. 6.23, the 

calculated viscosity isotherms and the experimental data of Dumas et al. (1970), indicate 

a slight minimum close to this composition. As it is shown in the next section, the similar 

behavior is observed for NaCl-MgCl^ system. Dumas et al. (1973) related this viscosity 

behavior to the so called structural breakdown of the melt. According to them, the partly 

covalent structure of MgCl? melt, will breakdown by addition of KC1. This structural 

breakdown, will lead to lower viscosity values. According to Dumas et al. (1973), the 

observed minimum of the viscosity isotherms in KC1 rich region could be a result of this 

structural breakdown. As it will be shown later in Section 6.2.9, according to the 

structural studies reported for alkali chloride-MgCh systems, this interpretation of the 

viscosity behavior seems reasonable. 

6.2.8 NaCl-MgCh 

Data sets of Strelets et al. (1953; 1955) and Bondarenko and Strelets (1965) have been re­

examined in the 1975 NSRDS critical review and the data set of Bondarenko and Strelets 

(1965) by the oscillating sphere method, was recommended as the most reliable data set 

(Janz et al., 1975). However similar to the previous systems, the data set of Dumas et al. 

(1973) has not been evaluated in 1975 NSRDS publication, (see Table 6.7 for the 

experimental conditions). Based on the considerations described for previous binary 

systems, the measurements of Dumas et al. (1973) were selected as a reliable data set for 

NaCl-MgCh system. A systematic correction has been applied to this data set, based on 

the error estimated for its corresponding unary data (the corresponding data sets for pure 

NaCl and pure MgCh were similar to the ones of Dumas et al. (1970) illustrated in Figs. 
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6.3 and 6.5). The corrected data sets are shown in Figs 6.9 and 6.11 and related numerical 

values of the correction functions are given in Appendix C. These corrected data were 

employed to optimize the parameters of the model for NaCl-MgCh binary system. The 

binary parameters of the model (cNaMf,/a <mddNaMf,/a) primarily were calculated in the 

similar manner explained in Section 6.3.1. The calculated viscosity isotherms and 

isocomposition lines are illustrated in Figs. 6.26 and 6.27 and compared with the 

corrected experimental data. 

0.3 0.4 0.5 0.6 0.7 
Mole Fraction of NaCl 

Figure 6.26: A Comparison Between the Experimental and Calculated Viscosity of NaCl-

MgCl? Melt at Various Temperatures (Employing the Initial Form of the Model). 
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Figure 6.27: A Comparison Between the Experimental and Calculated Viscosity of NaCl-

MgCh Melt at Various Mole Fraction of MgCh (Employing the Initial Form of the 

Model). 

As it is illustrated in Figs. 6.26 and 6.27, it follows that the calculated viscosity curves by 

the initial form of the model, could not satisfactorily reproduce the experimental data for 

the whole range of temperature and composition. Accordingly based on the 

considerations described previously in Section 5.1, a modified form of the activation 

energy is proposed (Eq. 5.5) where G*a is not only temperature-dependent but also 
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composition-dependent. Based on the proposed modification, the activation energy of 

NaCl-MgCla binary system (G*) takes the following form: 

G = XNaNa/aG>N"lCI + XMKMSia
G*MslCl + X N(jM), ^jG* NaMg/CI ( 6 . 1 1 ) 

where G*\aia and G*MRICI are the corresponding activation energies of the pure NaCl 

and pure MgCb which are defined previously as a linear function of temperature (Eq. 5.3 

with the numerical values of the parameters given in Appendix A). G Mg/ci is defined in 

the modified form given by Eq. (5.5) as follows: 

/"-* _ <•/"•* \°°,fr^* \ i 0 ^NaNa/CI 
Lr NaMg/CI —(.(J NaMglCl) + ( C j NaMg/Cl) ~"" " " 

X NaNa IC1 + ^ NaMg I CI + X MgMg I CI 

(6.12) 
,/r* ^ 0 I ^MKMg/ci 

+ ( C J NaMg/CI) 
Y 4 - Y -+- Y 

^ NaNa I CI ^ A NaMglCl T A MgMg I CI 

with the activation energies given by the modified parameters of the model as follows: 

(G\aMglCl)°° = (cNaMKla)
m +(dNaMf,/a)°°T 

(G*NaMg/ci)10 = (cNaMg/a)
10 +{dNaMglo)

X0T (6.13) 
(G*NaMglClf1 =(cNaMl,/a)

0i +(dNaMg/a)
0iT 

The numerical values of the modified parameters are given in Appendix B ((dNaM/j/a)
]0 

and (dNaM ia)
oi are set to zero for this system). 

Fig. 6.28 shows a comparison between the experimental data and the viscosity isotherm 

calculated by the initial model and the modified model at a given temperature. 
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Figure 6.28: A Comparison Between the Experimental Data and the Viscosity Isotherm 

Calculated by the Initial Form (the dashed line) and the Modified Form (the solid line) of 

the Model at 1073 K. 

As it is shown in Fig. 6.28, employing the modified form of the activation energy with 

more composition-dependent terms is better reproducing the viscosity behavior. This is 

shown for other viscosity isotherms illustrated in Figs. 6.29 and 6.30. 
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Figure 6.29: Calculated and Experimental Viscosity of NaCl-MgCl2 Melt at Various 

Temperatures (Employing the Modified Form of the Model). 
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Figure 6.30: A Comparison Between the Calculated Viscosity Isotherms of NaCl-MgCh 

by the Modified Form of the Model and the Experimental Data. 

The correction functions of the illustrated data sets are given in Appendix C (the 

corresponding unary data sets of Bondarenko and Strelets (1965) measurements were 

similar to the ones reported by Bondarenko and Strelets (1968)). 

As it is illustrated in Figs. 6.29 and 6.30, the re-calculated viscosity isotherms by the 

modified form of the activation energy are satisfactorily reproducing the viscosity 

behavior, compared to the experimental data. It will be shown in the following sections 

that the proposed modification to the model could successfully reproduce the viscosity 
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behavior of other highly short range ordered systems, namely RbCl-MgCl2 and CsCl-

MgCl2. 

6.2.9 Further Discussion on the Results 

As it is previously described in Section 5.2 and illustrated in Figs. 4.9 and 4.10, the 

highest structural short-range ordering is observed in the RbCl-MgCl2 and CsCl-MgCl2 

systems. To further investigate the viscosity behavior of highly-short range ordered 

systems and justify the proposed modification to the model, the viscosity behavior of 

RbCl-MgCl2 and CsCl-MgCl2 are also studied in the following sections. The modified 

form of the model is employed to calculate the viscosity isotherms of these systems. It 

follows that the expected viscosity increase at composition of the maximum short range 

ordering, which was not observed for KCl-MgCl2 and NaCl-MgCl2 systems, finally 

shows up for these binary systems as it will be shown in Figs. 6.33 and 6.34, this 

difference in behavior between the mentioned systems can be explained by considering 

the structure of these melts. 

6.2.9.1 The Structure of Alkali Chloride-MgCl2 Melts 

Alkali chlorides in their solid state have typically ionic lattices. However MgCl2 is partly 

covalent and crystallizes in layer structures The solid state structure of MgCl2 is of the 

CdCl2 type which is a layer structure made up of cubic close-packed chloride ions, with 

magnesium ions filling all the octahedral sites between every other layer, thereby forming 

a rhombohedrally centered hexagonal structure themselves (Wells, 1962; Bloom, 1967). 

When alkali chlorides melt, the ions formerly fixed in the rigid lattices become free to 
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move and form an ionic liquid. However the Raman spectroscopic studies of MgCl2 melts 

have shown a partly covalent structure for molten MgCl2. Evidence was found for the 

existence of a polymeric species [MgCl2] with a structure resembling that of the solid 

MgCl2 (Balasubrahmanyam, 1966; Maroni and Cairns, 1969; Maroni et al., 1971; 

Capwell, 1972; Huang and Brooker, 1976; Kazmierczak et al., 1998). Such a rigid three 

dimensional structure tends to break up by addition of alkali chlorides to pure MgCl2. 

This can explain the sharp decrease in viscosity isotherms of MgCl2-KCl and MgCl2-

NaCl melts upon addition of alkali chlorides. Addition of more alkali chloride to the melt 

will lead to the formation of tetrahedral complex anions like 

MgCl4 "(Balasubrahmanyam, 1966; Maroni and Cairns, 1969; Maroni et al., 1971; Dai 

et al., 1995). However according to Kazmierczak et al.(1998), the kinetic stability and 

dissociation of those complexes depend on the ionic radius of the alkali cations. 

Kazmierczak et al. showed that the MgCl4 ~ complex is more stable in the presence of 

the bigger alkali cations. This can give a clue to understand the difference in behaviour 

between the NaCl-MgCl2 and KCl-MgCl? systems in contrast with the RbCl-MgCl2 and 

CsCl-MgCh systems. As Dumas et al. (1973) and Zuca et al. (1991) have also mentioned, 

the relaxation time of the MgCl4 ' complexes may be so much shorter in the NaCl and 

KC1 containing melts that it is not manifested in the viscosity. Therefore the maximum in 

viscosity isotherms that shows up for RbCl and CsCl containing melts, is not observed 

for the NaCl-MgCl2 and KCl-MgCl2 systems. 



145 

6.2.9.2 RbCl 

The NSRDS recommended data in 1968 (Janz et al., 1968) for pure liquid RbCl, was the 

measurements of Murgulescu and Zuca (1963). However as it was previously discussed, 

similar to the other pure components considering the results of the Molten Salts standards 

Program, the data set of Brockner et al. (1981) has been recommended later in 1988 

NSRDS publication with the estimated accuracy of ~ ±1% (Janz, 1988). Brockner et al. 

(1981) performed their measurements with the same viscometer developed by Torklep 

and 0ye (1979) for the Standards Program. A brief overview of their measurement 

method together with the other measurements reported in the literature for this system is 

given in Table 6.8. 

Table 6.8: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure RbCl Reported in the Literature. 

Author Year Experimental Method Experimental Temperature 
(Working Equations) Conditions range 

[K] 
Veliyulin et al. 1995 Oscillating cylinder Pt92%-W8% torsion 1065-1193 

(Eqs. 3.3 & 3.4) wire, Pt90%-Irl0% 
solid cylinder, Pt 

crucible, N2 atmosphere 

Ejima et al. 1982 Capillary Quartz capillary tube, 1000 - 1182 
(Eq. 3.9) Calibration done by 

water 
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Brockner et al. 1981 Oscillating cylinder Pt92%-W8% torsion 996 - 1134 
(Eqs. 3.3 & 3.4) wire, Pt90%-Irl0% 

solid cylinder, Pt 
crucible, N2 

atmosphere, Control 
measurement by water 

Dumas et al. 1973 Oscillating sphere Tungsten torsion wire, 1034 - 1083 
(Computational Pt90%-Irl0% solid 

procedure based on sphere, Pt crucible, N2 

eq. 3.2) atmosphere, Control 
measurements by water 

& KN03 & KCl 

Murgulescu & 1963 Oscillating sphere Pt sphere, Pt wire 1005-1148 
Zuca (Eq. 3.2) 

The listed data sets are compared in Fig. 6.31 with the result of the present optimization 

based on the data of Brockner et al. (1981). 
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Figure 6.31: Calculated and Experimental Viscosity of Pure RbCl 

The solid line in Fig. 6.31 shows the results of the present optimization and is obtained 

similar to that of NaCl (see Section 6.1.2). The numerical values of cRhia anddRh/cl, the 

optimized parameters of the model for pure liquid RbCl, are given in Appendix A in SI 

units. 

6.2.9.3 CsCl 

For pure liquid CsCl, Janz et al.(1968) recommended the measurements of Murgulescu 

and Zuca (1963) as the most reliable data set. Later in 1975 NSRDS publication (Janz et 
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al., 1975), several data sets have been re-examined for this system (Smirnov and 

Khokhlov, 1967; Smirnov and Khokhlov, 1969; Vasu, 1969; Zuca, 1973) and the 

measurements of Zuca (1973) has been recommended as the most reliable data set with 

the estimated error of ± 3 % . However based on the results of the Molten Salts Standards 

Program, this recommended data set has been replaced by the data set of Brockner et al. 

(1981) in the NSRDS 1988 publication (Janz, 1988). These recommended data sets 

together with the other data sets reported in the literature are summarized in Table 6.9. 

Table 6.9: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure CsCl Reported in the Literature. 

Author 

Ejimaet al. 

Year 

1982 

Experimental Method 
(Working Equations) 

Capillary 
(Eq. 3.9) 

Experimental 
Conditions 

Quartz capillary tube, 
Calibration done by 

water 

Temperature 
range 

[K] 
933-1183 

Brockner et al. 1981 Oscillating cylinder Pt92%-W8% torsion 923-1086 
(Eqs. 3.3 & 3.4) wire, Pt90%-Irl0% 

solid cylinder, Pt 
crucible, N2 

atmosphere, Control 
measurement by water 

Dumas etal. 1973 Oscillating sphere Tungsten torsion wire, 1028-1075 
(Computational Pt90%-Irl0% solid 

procedure based on sphere, Pt crucible, N2 

eq. 3.2) atmosphere, Control 
measurements by water 

& KN03 & KCl 

Zuca 1973 Oscillating sphere - 950-1086 
(-) 
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Murgulescu & 
Zuca 

1963 Oscillating sphere 
(Eq. 3.2) 

Pt sphere, Pt wire 927 - 1110 

The listed data sets are compared in Fig. 6.32 with the result of the present optimization 

based on the data of Brockner et al. (1981). 
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Figure 6.32: Calculated and Experimental Viscosity of Pure CsCl 

The solid line in Fig. 6.32 shows the results of the present optimization and is obtained 

similar to that of NaCl (see Section 6.1.2). The numerical values of cCs/a anddCs/a, the 

optimized parameters of the model for pure liquid CsCl, are given in Appendix A in SI 
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units. As it is illustrated in Fig 6.32 the reported data set of Ejima et al.(1982) is in good 

agreement (within the experimental limits of accuracy) with the calculated line. 

6.2.9.4 RbCl-MgCl2 

According to the present literature review, the data set of Dumas et al. (1973) by the 

oscillating sphere method has been reported for the viscosity of RbCl-MgCli binary 

system (see Table 6.6 for the summary of the experimental method and conditions). 

There was no recommendation for the viscosity of this system in 1975 and 1988 NSRDS 

publications (Janz et al., 1975; Janz, 1988). The data set of Dumas et al. (1973) is 

mentioned as one of the unevaluated systems for the viscosity in 1975 NSRDS 

publication. Based on the considerations previously described in Sections 6.2.4 and 6.2.5, 

the measurements of Dumas et al. (1973) is selected as a reliable data set for RbCl-MgCli 

binary system. However, similar to the other binary systems, a correction factor is 

defined for this data set to take into account the accuracy limits imposed by the 

oscillating sphere method. The systematic correction applied to the data set of Dumas et 

al. (1973) for NaCl-CaCl2 binary system, is obtained based on the error estimated for its 

corresponding unary data (the corresponding data set for pure MgCh was similar to the 

one of Dumas et al. (1970) illustrated in Fig. 6.5). The numerical values of the correction 

functions are given in Appendix C. Similar to NaCl-MgCl2 system, the modified form of 

the activation energy (Eqs. 6.11, 6.12 and 6.13) is employed to model the viscosity 

behavior of this system. The mentioned corrected data set is employed to optimize 

(W/c/)°°» (dRbMgia)m> (c«w«/o)'°and (%M8/o)0'; the modified parameters of the 
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model ((dRhM /a)
10 and (dRhMli/a)

01 are set to zero for this system). The numerical values 

of the parameters are given in Appendix B. The calculated viscosity isotherms are 

illustrated in Fig. 6.33 and compared with the experimental data. 

Dumas et al., 1973 (Corrected) 

A T=1073 K 
T T=1098 K 
a T=1123K 

— Calculated 

0.3 0.4 0.5 0.6 0.7 
Mole Fraction of RbCl 

1.0 

Figure 6.33: Calculated and Experimental Viscosity of RbCl-MgCb Melt at Various 

Temperatures (Employing the Modified Form of the Model). 

As it is shown in the figure, a maximum is observed close to the composition of 

maximum short range ordering. As it was previously discussed in Section 6.2.9, this 

maximum can be due to the strengthening of the bond forces in the melt close to this 

composition. Introducing the composition dependent activation energies by the modified 
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form of the model, could precisely reproduce the specific viscosity behavior of this 

highly short range ordered system. 

6.2.9.5 CsCl-MgCl 2 

According to the present literature review, the data set of Dumas et al. (1973) by the 

oscillating sphere method has been reported for the viscosity of CsCl-MgCla binary 

system (see Table 6.6 for the summary of the experimental method and conditions). 

Similar to the RbCl- M g C h system, there was no recommendation for the viscosity of 

this system in 1975 and 1988 NSRDS publications (Janz et al., 1975; Janz, 1988) and the 

data set of Dumas et al. (1973) is mentioned as one of the unevaluated systems. After 

applying a systematic correction based on the error estimated for its corresponding unary 

data, this data set is employed to optimize ( c G v W g / a ) 0 0 , (dCsMKia)
<M, {cCsMgia ) '°and 

(CC.VMS/C/)01 '•>tne modified parameters of the model ((dCsM Ia)
w and (dCsM /a)

01 are set to 

zero for this system). The numerical values of the parameters are given in Appendix B. 

The calculated viscosity isotherms are illustrated in Fig. 6.34 and compared with the 

experimental data. 
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Figure 6.34: Calculated and Experimental Viscosity of CsCl-MgCb Melt at Various 

Temperatures (Employing the Modified Form of the Model). 

As it is shown in the figure, since this system has the highest degree of short range order 

among all the other alkali chloride-MgCl2 systems, the observed maximum close to the 

composition of short range ordering is more highlighted compared to the other binary 

systems. 
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6.3 Multi-Component Molten Salts 

As it was described previously in Section 5, the presented model can be simply employed 

to calculate the viscosity of multi component systems by having the related unary and 

binary activation energies. In the previous sections, all the activation energy parameters 

required for the NaCl-KCl-MgCl2-CaCl2 multi-component system, were optimized based 

on the available experimental data. For NaCl-MgCb binary parameters, a modified form 

of the activation energy was proposed and the composition dependent parameters were 

added to the model. Employing the above mentioned parameters given in Appendixes A 

and B, the viscosity of the NaCl-KCl-MgCl2-CaCl2 system can be calculated for the 

whole range of temperature and composition by Eq. (5.2) as follows: 

TJ 
hNA 

-exp 
M 

I*,*. * \ 

hNA 

V, -exp 
M 

RT 

XNaNaiaG^iiciJrXKKiaG'KioJrXMgMi,loG*MS,ia+XCaCaiaG
tcaio 

+ XNaKIClG N«K'CI +XNaMnlClG NaMglCI + XNaCa/aG NaCalCI 

+ XKMHiaG"KMRlcl +XKCa/aG KCalCl + X MgCa/aG MgCa/CI 

RT 

(6.14) 

where the SNN pair fractions (Xy) are calculated by the modified quasichemical 

thermodynamic model in pair approximation, the molar volume of the multi-component 

system (VM) is calculated by the density model (see Section 5.3) and unary and binary 

activation energies (G\y) are given by the parameters of the model as follows: 
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G'mici -cNa/a+dNa/aT 

G KICI =cK/a+diaaT 

G*MKICI =cNa/a+dNa/aT 

G'ca/a =cKia+dKICIT 

G NaKICl =CNaK,a +dNaK/aT 

G NaCalCl = C/v«C«/C/ + « M / C „ / C r 

G*KMXICI = cKMK/a +dKM),iaT 

G KCa/ci =cKCa/a +dKCaiaT 

G*Mgca/a =cMgCa/a +dMgCa/aT 

X, 
G NCMH/CI - {cNaKICI) + (dNaK/a) 1 + (cNaMf,/a) 

X-NuNulCl + X-NaMiilCl + "* MgMg NaMg/CI ' ^MgMg/CI 

y 
, xoi ^ MI-MR I a 

' \LNaMglCI> Y -4- Y 4- Y 
A NaNalCt ^ ^ NaMg I CI ^ A MgMg I CI 

with the numerical values of the parameters (c and d) given in the Appendixes A and B. 

To our knowledge, this is the first time that the viscosity of NaCl-KCl-MgCb-CaCb 

quaternary system can be precisely predicted by a model for the whole range of 

temperature and composition. The viscosity calculations for this system can be done by 

employing the thermodynamic and density model through the 22 optimized parameters of 

the model (8 parameters for the pure components activation energies and 14 parameters 

for the binaries). 

To determine the accuracy of the model for ternary and multi-component systems, a 

literature review is performed to collect the reported viscosity data. Unfortunately only a 

few experiments have been reported in the literature for these molten salt systems. For 

NaCl-KCl-MgCh ternary system, 3 sets of experimental data have been reported 

(Berenblit, 1937; Bondarenko, 1966; Maurits, 1967). There was no standard quality data 
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for the multi-component systems; therefore to estimate the accuracy of the reported 

measurements, their corresponding unary data sets are compared to the standard pure 

component viscosity values in 1988 NSRDS publication (Janz, 1988). The results are 

shown in Fig. 6.35 (The corresponding pure component data sets of Maurits (1967) were 

similar to the ones of Berenblit (1937)). 
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Figure 6.35: A Comparison Between the Corresponding Pure NaCI, KCI and MgCl2 Data 

Sets of Berenblit (1937) and Bondarenko (1966) and the 1988 NSRDS (Janz, 1988) 

Recommended Viscosity Values (the solid lines). 
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It follows that the reported data sets of Berenblit (1937) and Maurits (1967) are in serious 

error compared to the standard values. For the case of MgCh, the estimated error is about 

100% which is too large to be systematically corrected similar to the corrections that have 

been previously applied to the binary systems. These measurements have been excluded 

from the optimizations of the binary and unary parameters in the present work. The 

reported ternary data of Bondarenko (1966) have been systematically corrected (see 

Section 6.2.2 for details) and compared to the calculations done by the model in Figs. 

6.36 to 6.39. The corresponding pure component data sets are similar to the ones of 

Bondarenko and Strelets (1968) for which the related correction functions are given in 

Appendix C. 
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Figure 6.36: Calculated and Experimental Viscosity of NaCl-KCl-MgCb Ternary System 

at Various Weight Percents of MgCl? with the Weight Ratio of NaCl/KCl Equal to 1. 
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Figure 6.37: Calculated and Experimental Viscosity of NaCl-KCl-MgClo Ternary System 

at Various Temperatures with the Weight Ratio of NaCl/KCl Equal to 1. 



160 

2.3 

2.2 

2.1 

2.0 

1.9 

^ 1.8 
e« 1.7 

S 1-6 

>> 1.5 
o 1.4 
o 
.23 1.3 
> 1 . 2 

NaCI/KCI = 3 
(wt. ratio) 

Bondarenko,1966 

(Corrected & Interpolated) 

40 50 60 70 80 90 100 
Wt% MgCl2 

Figure 6.38: Calculated and Experimental Viscosity of NaCl-KCl-MgCh Ternary System 

at Various Temperatures with the Weight Ratio of NaCl/KCl Equal to 3. 
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Figure 6.39: Calculated and Experimental Viscosity of NaCl-KCl-MgCl2 Ternary System 

at Various Temperatures with the Weight Ratio of NaCl/KCl Equal to 1/3. 

However similar to its corresponding unary and binary data (see Figs 6.35, 6.15, 6.25 and 

6.30), the ternary data of Bondarenko (1966) are scattered for the temperatures lower 

than ~1100K. As it is shown in the Figs. 6.35 to 6.38, they show better agreement with 

the calculated lines at higher temperatures (T = 1076K and T = \092K in Figs. 6.37 to 

6.39). 

The ternary viscosity curves predicted by the model are consistent with the viscosity 

behaviours observed for the binary systems in the previous sections. Similar to the KC1-
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MgCli and NaCl-MgCb binary systems ( Figs 6.23 and 6.29), although the viscosity of 

pure MgCb is higher than the NaCl and KC1 viscosities, the addition of MgCb to the 

NaCl-KCl mixture actually results in a slight decrease in the viscosity at the composition 

ranges lower than ~ 30 Wt% MgCK This behaviour has been qualitatively predicted by 

Dumas et al. (1973) for the industrially interesting composition ranges (5-20 Wt% 

MgCl2). On the other hand, the addition of NaCl-KCl mixture to the pure MgCl2 will 

result in a significant decrease in viscosity. This decrease was previously observed for the 

binary mixtures of NaCl-MgClo and KCl-MgCli (Figs 6.23 and 6.29) upon the addition 

of NaCl and KC1 to pure MgCli. Changing the composition of the NaCl-KCl mixture 

however seems to result in very small changes in viscosity especially for the industrially 

interesting composition ranges (5 to 20 Wt% MgC^) as it is shown in Fig. 6.40 for a 

given temperature. 
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Figure 6.40: A Comparison Between the Calculated Viscosity Isotherms (T = \092K) of 

NaCl-KCl-MgClo Ternary System at various Weight Ratios of NaCl/KCl. 

This behaviour seems reasonable since NaCl and KC1 have nearly equal viscosities and 

similar liquid structure. It was previously shown for the binary mixtures of NaCl-MgCh 

and KCl-MgCl2 and also NaCl-CaCl2 and KCl-CaCl2; that the exchange of NaCl for KC1 

results in small changes in viscosity. Similar viscosity behavior is qualitatively predicted 

by Dumas et al. (1973) for a quaternary mixture of NaCl-KCl-MgCl2-CaCl2. According 

to them, the exchange of NaCl for KC1 in a quaternary mixture is expected not to affect 

the viscosity significantly. 

file:///092K
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However, the only data reported for the quaternary system is the one of Zuca (1991) for a 

limited range of composition and temperature. This data set is systematically corrected 

based on the estimated error of its corresponding pure data sets (see Section 6.2.2 for 

details). According to Zuca (1991), the corresponding pure data sets are in agreement 

with the data set of Murgulescu and Zuca (1963) for NaCl, the data set of Murgulescu 

and Zuca (1961) for KC1, the data set of Dumas et al. (1970) for MgCl2 and the data set 

of Zuca and Costin (1970) for CaCl2 (see Section 6.2.2 for the calculation of the 

estimated errors and Appendix C for the numerical values of the correction functions). 

These corrected data are compared with the calculated values given by the model in 

Table 6.10 and Fig. 6.41. 
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Figure 6.41: Calculated and Experimental Viscosity of NaCl-KCl-MgCb-CaCli System 

at Various Temperatures for Given Weight Percents of CaCli and the Weight Ratio of 

NaCI/KCI Equal to 1. 

Table 6.10: A Comparison Between the Calculated Viscosity Values and the 

Experimental Data of Zuca et al. (1991) for NaCl-KCl-MgCl2-CaCl2 System. 

T 
(K) 

953 

Composition 
(wt%) 

NaCl 

43.9 

43.2 

41.3 

40.6 

KC1 

43.9 

43.2 
41.3 

40.6 

Mgc:i2 

6.9 

8.3 
12.4 

13.8 

CaCI2 

5.3 

5.3 

5 

5 

Kxperimcntal 
// (ml'a.s) 

(Corrected) 

1.479 

1.513 

1.540 

1.581 

Calculated 
i] (mPajs) 

1.510 

1.511 
1.507 

1.508 

Shift 
(%) 

-2.101 

0.104 
2.116 

4.596 
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973 

993 

43.9 

43.2 

41.3 

40.6 

43.9 

43.2 

41.3 

40.6 

43.9 

43.2 

41.3 

40.6 

43.9 

43.2 

41.3 

40.6 

6.9 

8.3 

12.4 

13.8 

6.9 

8.3 

12.4 

13.8 

5.3 

5.3 

5 

5 

5.3 

5.3 

5 

5 

1.402 

1.431 

1.480 

1.520 

1.335 

1.383 

1.425 

1.468 

1.414 

1.414 

1.410 

1.411 

1.327 

1.327 

1.322 

1.322 

-0.823 

1.190 

4.768 

7.168 

0.629 

4.087 

7.246 

9.937 

The quaternary viscosity behavior predicted by the model is consistent with the binary 

and ternary viscosity behaviors which are previously discussed. As it is shown in Fig 

6.41, The addition of MgCh to the mixture results in small changes in viscosity for the 

composition ranges lower than ~ 30 Wt% MgC^. On the other hand for the MgCl? rich 

region, a significant decrease in the viscosity is predicted by decreasing the MgCb 

composition in the melt. 

Since CaCl2 has the highest viscosity among the other pure components, the addition of 

CaCl2 to the ternary mixture of NaCl-KCl-MgCl2 is expected to increase the viscosity. 

This is illustrated in Fig. 6.42 for various weight percents of CaCK 
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Figure 6.42: Calculated and Experimental Viscosity of NaCl-KCl-MgCl2-CaCl2 System 

at Various Weight Percents of CaCb and the Weight Ratio of NaCl/KCl Equal to 1 for a 

Given Temperature. 

A similar viscosity behaviour upon the addition of CaCh has been qualitatively predicted 

by Dumas et al. (1973). However Dumas et al. did not present any justification about this 

behavior in their paper. 
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7 Results and Discussion: Liquid Metals 

In the following sections, the viscosity model presented in Section 5 is applied to obtain 

the viscosity of Al-Zn and Al-Si binary alloys. The model has been previously employed 

by Gemme (2004) to calculate the viscosity of pure Al, pure Zn and Al-Zn alloy. 

However instead of the linear temperature dependence given by Eq. 5.3, he proposed the 

following equation for the temperature dependence of the activation energy for liquid 

metals: 

G* =c + dT\nT + -^ (7.1) 

Accordingly Gemme (2004) obtained the parameters c, d and e for pure Al, pure Zn 

and Al-Zn alloy. Later Lambotte (2007) performed a thorough literature review and 

collected the available experimental data for pure liquid metals, namely Al, Zn, Si, Cu 

and Mg. He proposed the following temperature dependence for the activation energy: 

G*=c + J r + A + J_ (7.2) 

and obtained the parameters c, d , e and / for the mentioned pure metals by employing 

the most reliable data sets. However due to the very low values of the calculated e and 

/ parameters and the high melting temperature of the metals (higher than 800K), the last 

two terms of the Eq. (7.2) are negligible and the parameters c and d can satisfactorily 

reproduce the experimental data. In the present work, the parameters c and d obtained 

by Lambotte (2007) for pure Al and pure Si are employed as the unary parameters of the 
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model. These parameters are re-optimized for pure Zn as it will be discussed in the 

subsequent sections. 

To obtain the binary parameters of the model, the available literature data for the binary 

systems are collected and reliable data sets are employed to optimize the parameters. The 

density model previously developed for liquid metals (Gemme, 2004), is employed to 

calculate the required molar volumes. The calculations for the molar volumes and pair 

fractions are done by using the FactSage thermochemical software (Bale et al., 2002). 

The calculated viscosity curves are compared to the literature data. 

7.1 Pure Liquid Metals 

7.1.1 General Discussion on Literature Data 

As described earlier in Section 5, the parameters of the viscosity model are optimized 

based on the available experimental data. A thorough literature review has been 

previously performed by Lambotte (2007) and the available data for the studied pure 

metals namely Al, Zn and Si, were collected. As it will be shown in the following 

sections, a comparison between the collected data sets shows large discrepancies among 

the reported experimental data. This could be the result of certain difficulties encountered 

in the viscosity measurement of high temperature, low-viscosity, reactive and volatile 

melts (see Section 3.5). Consequently, a critical evaluation was necessary to obtain the 

most reliable sets of experimental data. This is done by Lambotte (2007) for the pure 

liquid metals studied in the present work. Several factors such as experimental 

techniques, the reliability of the employed working equations and other different sources 
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of errors have been considered in his critical review of the experimental data. Based on 

the results of the mentioned literature review, the reliable data sets are selected to 

optimize the unary parameters of the viscosity model. These data sets are shown in the 

related figures in the following sections and are compared with the viscosity curves 

calculated by the model. Each figure is accompanied with a table showing the 

experimental method, conditions and the temperature range for each data set. 

7.1.2 Al 

The data reported for the pure aluminum are listed in Table 7.1 with a summary of the 

employed experimental method and conditions for each measurement. 

Table 7.1: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure Liquid Al Reported in the Literature (Lambotte, 2007). 

Author, (Year) 

Polyak and Sergeev, 
(1941) 

Sergeev and Polyak, 
(1947) 

Jones and Bartlett, 
(1952) 

Yao and Kondic, 
(1952) 

Experimental 
Method 

(Working Equations) 

Oscillating sphere 
(Verschaffelt equation, 

Eq. 3.2) 
Oscillating sphere 

(Verschaffelt equation, 
Eq. 3.2) 

Rotational cylinder 
(Poynting & Thomson, 

(1947) equation) 
Oscillating pendulum 
(Empirical equation) 

Experimental Conditions 

Steel sphere with ZnO 
coating, protecting the 

liquid using a flux 
Steel sphere with ZnO 

coating 

Graphite cylinder, inert gas 
atmosphere, Al purity: 

99.55% 
Calibration with water, high 

purity Al: 99.9935%, 
Argon (Ar) atmosphere 

Temperature 
Range 

[K] 

943-1073 

943-1073 

933-1123 

933-1073 

Gebhardt et al., Oscillating vessel Graphite vessel, calibration 
(1953) (Modified Knappwost, with Tin (Sn) and Mercury 

1952 equation) (Hg), high purity Al: 
99.996% 



171 

Sato and Munakata, 
(1955) 

Oscillating vessel 
(Similar mathematical 
procedure as Roscoe, 

1958) 

Graphite vessel 

973-1173 

Shvidkovskii,(1955) Oscillating vessel 
(Mathematical treatment 
proposed by the author) 

Book in Russian language 
(book not available), Data 

reported by Glazov and 
Ghistyakov, (1958) 

933-1063 

Alvargonzales and 
Kondic,(1956) 

Oscillating vessel 
(Similar mathematical 
treatment as Roscoe, 

1958) 

Graphite vessel, calibration 
with Lead (Pb) and Zinc 

(Zn), Ar 99.8% atmosphere 
933-1033 

Glazov and 
Ghistyakov, (1958) 
Goryaga and 
Nosyreva, (1958) 

Korol'kov, (1959) 

Gebhardt and 
Detering, (1959) 

Koledov and 
Lyubimov, (1962) 

Rothwell,(1962) 

Lihl et al., (1964) 

Eretnov and 
Lyubimov, (1966) 

Koledov, (1966) 

Oscillating vessel 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 
Oscillating vessel 

(Shvidkovskii, 1955 
equation) 

Oscillating vessel 
(Modified Knappwost, 

1952 equation) 
Oscillating vessel 

(Shvidkovskii, 1955 
equation) 

Oscillating hollow sphere 

Oscillating vessel 
(Modified Knappwost, 

1952 equation) 
Oscillating vessel 

(Shvidkovskii, 1955 
equation) 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 

High purity Al: 99.996% 

Graphite vessel 

Graphite vessel, calibration 
with Sn and Hg, high purity 

Al: 99.996% 
Graphite vessel, high purity 

Al: 99.99% 

Graphite sphere, Ar 
atmosphere 

Alumina vessel, calibration 
with Sn and Zn, high purity 

Al: 99.995% 
High purity Al: 99.9%, 
purified Helium (He) 

atmosphere 
Graphite vessel, Al with 

four different purities: from 
99.8% to 99.99% 

933-

933-

933-

933-

933-

933-

933-

1373 

933-

•1223 

-1173 

-1103 

-1173 

-1173 

-1103 

-1173 

-1573 

-1298 

Vignauetal., (1967) Oscillating vessel 
(Mathematical treatment 

based on the works of 
Shvidkovskii, 1955) 

Graphite vessel, high purity 
Al: 99.996% 933-1073 

Lihl and Schwaiger, 
(1967) 

Oscillating vessel 
(Modified Knappwost, 

1952 equation) 

Alumina vessel, calibration 
with different metals, high 

purity Al: 99.99% 
933-1173 

Kononenko et al., 
(1969) 

Oscillating vessel 
(Knappwost, 1952 

Graphite vessel, calibration 
with Hg, high purity Al: 

933-1303 
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Levin, (1971) 
equation) 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 

99.99% 
High purity Al: 99.99% 

973--1823 

Levin et al., (1972) Oscillating vessel High purity Al: 99.99% 
(Shvidkovskii, 1955 

equation) 1373-1823 

Arsent'ev and 
Polyakova, (1977) 

Fridlyander and 
Kolpachev, (1980) 

Kisun'ko et al., 
(1983) 

Zamyatin et al., 
(1986) 

Yamasaki et al., 
(1993) 

Herwig and Hoyer, 
(1994) 

Friedrichs et al., 
(1997) 

Moraruetal., (1997) 

Novokhatvskii et al., 
(1999) 

Sun et al., (2000) 

Roach etal., (2001) 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 
Oscillating vessel 

(Shvidkovskii, 1955 
equation) 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 
Oscillating vessel 

(Roscoe, 1958 equation) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Falling ball viscometer 

Rotational cylinder 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 

Oscillating vessel 

Dynamic method 

Alumina vessel, He 
atmosphere, Al with 

different purities: from 98% 
to 99.99% 

High purity Al: 99.99%, No 
raw data, article not used 

High purity Al: 99.99% 

Beryllium oxide (BeO) 
vessel, high purity Al: 

99.99% 
Alumina vessel, high purity 
Al: 99.99%, He atmosphere 

Alumina vessel, high purity 
Al: 99.999%, Ar 

atmosphere mixed with 5% 
H2 

Alumina crucible, Si02 

capillary for producing the 
balls, Al purity: 99.9%, Ar 

atmosphere 
Ceramic crucible, high 

purity Al: 99.99%, effect of 
ultra-sound studied 

Three types of vessel: 
(alumina, Zirconium oxide, 

Beryllium oxide), high 
purity Al: 99.99% 

Alumina vessel, high purity 
Al: 99.999% 

Graphite smelter, high 
purity Al: 99.95%, Ar or N2 

atmosphere 

943-

948-

933-

933-

933-

1063 

933-

943-

933-

973-

-1273 

-1173 

-1373 

-1073 

-1423 

-1123 

-1033 

-1193 

-1373 

-1173 

Wang and Overfelt, Oscillating vessel Graphite vessel with a 953-1113 
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(2002) (Mathematical treatment Boron nitride (BN) coating, 
proposed by the author) Al purity: 99.995% 

Mills, 2002 Oscillating vessel 
(Roscoe, 1958 equation) 

Alumina vessel, high 
purity Al: 99.995% 

(Data reported by Assael et 
al., (2006)) 

Huretal., (2003) Rotational cylinder Graphite crucible and 
cylinder, commercial Al 

933-1223 

Kofanov et al., 
(2004) 

Oscillating vessel High purity Al: 99.999% 
943-1323 

Sato, (2004) Oscillating vessel 
(Roscoe, 1958 equation) 

Data in logarithmic scale 
(impossible to extract the 
data due to overlapping 

with Magnesium and Lead 
Data) 

Roach and Henein, 
(2005) 

Dynamic method Graphite crucible, Argon 
(Ar) atmosphere, Al purity: 

99.95% 
973-1173 

The most reliable data sets have been selected by Lambotte (2007) and employed to 

optimize the unary model parameters. He used the temperature dependence given by Eq. 

(7.2) with 4 parameters to define the activation energy (G*) for pure liquid metals. 

However as it was mentioned earlier due to the very low values of the calculated e and 

/ parameters and the high melting temperature of aluminum (T=927.89K), the last two 

terms of the Eq. (7.2) are negligible and the parameters c and d can satisfactorily 

reproduce the experimental data. This is similar to the activation energy previously 

defined for pure molten salts. The viscosity of liquid aluminum thereby can be obtained 

similar to the pure molten salts with two parameters as follows: 

VM = V, •exp 
M 

(r* \ 
Kj Al (7-3) 

CAI =C,, +d,,.T Al ' "Al- (7-4) 
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where cAl and<i4/ are the parameters of the model for pure liquid Al. The numerical 

values of the parameters are given in Appendix A in SI units. The calculated viscosity 

curve is compared with the experimental data in Figs. 7.1 and 7.2. 
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Figure 7.1: Calculated and Experimental Viscosity of Pure Liquid Al (Up to 1966). 
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Figure 7.2: Calculated and Experimental Viscosity of Pure Liquid Al (After 1966). 
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7.1.3 Zn 

The data reported for the pure zinc are listed in Table 7.2 with a summary of the 

employed experimental method and conditions for each measurement. 

Table 7.2: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure Liquid Zn Reported in the Literature (Lambotte, 2007). 

Author, (Year) 

Experimental 
Method 

(Working Equations) 
Experimental 

Conditions 

Temperature 
Range 

[K] 

Gering and 
Sauerwald, (1935) 

Horizontal capillary 
viscometer 

Argon (Ar) used as a gas, 
highest available purity 
was reported (Zinc of 

Kahlbaum purity), 
Supremax glass by Schott 

as capillary tube 

723 - 973 

Hopkins and Toye, 
(1950) 

Oscillating vessel 
(Using similar mathematical 
treatment as Roscoe, 1958) 

Calibration with organic 
liquid and Tin (Sn), 

Alumina (A1203) vessel, 
H2 atmosphere, high 

purity Zinc. 

703 - 753 

Yao and Kondic, 
(1952) 

Oscillating pendulum 
(Empirical equation) 

Calibration with water, 
high purity Zinc (Zn): 

99.9962%, Ar used as a 
gas 

693 - 873 

Gebhardt et al., 
(1954) 

Oscillating vessel 
(Modified Knappwost, 1952 

equation) 

Calibration with Mercury 
(Hg) and Sn, Graphite 
vessel, high purity Zn 

773 - 973 

Sato and 
Munakata, (1955) 

Oscillating vessel 
(Similar mathematical 

procedure as Roscoe, 1958) 
Graphite vessel 713-853 

Yao, (1956) Oscillating vessel 
(Knappwost, 1952 equation) 

Calibration with organic 
liquid, Alumina vessel 

693-1013 

Goryaga and 
Nosyreva, (1958) 

Oscillating vessel 
(Shvidkovskii, 1955 

equation) 

Graphite vessel, Zinc 
purified by the author 

using Schott filter 
693 - 973 

Gebhardt and 
Petering, (1959) 

Oscillating vessel 
(Knappwost, 1952 equation) 

Graphite vessel, high 
purity Zn: 99.996% 

723 - 973 

Korol'kov, (1959) Oscillating vessel 
(Shvidkovskii, 1955 

703 - 923 
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equation) 

Ofte and 
Wittenberg, (1963) 

Thresh, (1965) 

Menzetal., (1966) 

Lihletal., (1968) 

Sinha and Miller, 
(1970) 
Harding and Davis, 
(1975) 

Lidaetal., (1980) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Capillary viscometer, 
double capillary system 

Oscillating vessel 
(Knappwost, 1952 equation) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Oscillating vessel 
(Modified Roscoe, 1958 

equation) 

Tantalum vessel, high 
purity Zn: 99.997c 

Graphite vessel, 
calibration with Hg, high 

purity Zinc: 99.99% 
Glass tube immersed in a 

molten salt 
Alumina vessel, 

calibration with Tin (Sn), 
Ar atmosphere 
Graphite vessel 

Graphite vessel, 
calibration by varying the 

inertia of the assembly, 
high purity Zn: 99.99% 
Non-suspended graphite 

vessel lied on an 
oscillating assembly, Zn 

purity: 99.9% 

6 9 3 -

693-

753-

913-

723-

693-

693-

1093 

-773 

-953 

1173 

-793 

-823 

-993 

According to Lambotte (2007) the data sets of Gering and Sauerwald (1935), Goryaga 

and Nosyreva (1958) and Iida et al. (1980) seem to provide the most reliable 

experimental data. Based on these data sets, the unary parameters of the model are re-

optimized for pure Zn. Employing these parameters, the viscosity of liquid zinc is 

calculated by Eqs. 7.3 and 7.4 and compared with the experimental data in Fig 7.3. 
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Figure 7.3: Calculated and Experimental Viscosity of Pure Liquid Zn. 

The numerical values of the re-optimized parameters ( c a and dZn) are given in Appendix 

A. 

7.1.4 Si 

The data reported for the pure silicon are listed in Table 7.3 with a summary of the 

employed experimental method and conditions for each measurement. 
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Table 7.3: A Summary of the Experimental Methods for the Viscosity Measurements of 

Pure Liquid Si Reported in the Literature (Lambotte, 2007). 

Author, (Year) 

Glazov, (1962) 

Baum et al., 
(1967) 

Kakimoto, 1989 

Kimura et al., 
(1995) 

Sato, 1998 

Rhim and 
Ohsaka, (2000) 

Sato et al., 
(2003) 

Zhou et al., 
(2003) 

Experimental 
Method 

(Working Equations) 
Oscillating vessel 

Oscillating vessel 
(Shvidkovskii, 1955 equation) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Oscillating vessel 
(Shvidkovskii, 1955 equation) 

Oscillating vessel 
(Roscoe, 1958 equation) 

Electrostatic levitation 

Oscillating vessel 
(Roscoe, 1958 equation) 

Electrostatic levitation 

Experimental 
Conditions 

Alumina (A1203) vessel 

Alumina vessel, high 
purity Si: 99.99% 

Boron nitride (BN) 
vessel (reported by 

Kimura et al., (1995)) 
Two types of vessels 

(SiC and PbN), a 
polycrystalline Si used. 

Graphite (C) vessel, 
other conditions reported 

by Rhim and Ohsaka, 
(2000) 
Pure Si 

Seven types of vessels 
(graphite, SiC, alumina, 
Si3N4, BN, quartz (Si02) 
and 92%Zr02-8%Y203) 
High purity Si: 99.999% 

Temperature 
Range 

[K] 

1693-1873 

1693-2093 

1698-1833 

1693-1893 

1693-1903 

1593(supercooled) 
- 1753 

1656(supercooled) 
-1893 

1633(supercooled) 
-1843 

The most reliable data sets have been selected by Lambotte (2007) and employed to 

optimize the unary model parameters. Similar to the pure aluminum, the two parameters 

c and d of Eq. 7.2, could satisfactorily reproduce the experimental data. The numerical 

values of the parameters (cSj and dSj) are given in Appendix A. Accordingly the viscosity 

of liquid silicon is calculated by Eqs. 7.3 and 7.4 and compared with the experimental 

data in Fig 7.4. 
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Figure 7.4: Calculated and Experimental Viscosity of Pure Liquid Si. 
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As it is shown in Fig. 7.5, the calculated viscosities of pure Al, Zn and Si between 300K 

and 2000K extrapolated well below and above the melting points of the pure metals. 
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Figure 7.5: The Extrapolation of the Viscosity Curves Calculated by the Model 

Parameters for Al, Zn and Si Pure Metals Below Their Melting Points. 

7.2 Binary Liquid Metals 

7.2.1 General Discussion on Literature Data 

For the two binary systems studied in the present work, namely Al-Zn and Al-Si, a 

literature review is performed and the available literature data are collected and critically 
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reviewed. The reported binary data sets are evaluated based on the estimated accuracy of 

their corresponding unary data sets. Similar to the studied molten salt systems, systematic 

corrections are applied to the binary databased on the estimated error of their 

corresponding pure data sets (see Section 6.2.2). The error estimation for the molten salts 

was based on the standard quality unary data sets recommended in NSRDS publications. 

However for the pure liquid metals, there were larger discrepancies among the data and 

no such standard quality data set was reported. Since the calculated viscosity curves for 

pure metals are obtained by a statistical approach between the most reliable data sets; the 

similar systematic errors applied to the molten salts systems could not be accurately 

calculated for liquid metals. The estimated corrections within the accuracy limits of the 

employed experimental methods (<~ 5%) thereby are not applied to liquid alloys. Only 

the corrections larger than 5% are systematically applied to the binary data sets. The 

binary parameters of the model are then optimized based on the corrected experimental 

data. The calculated binary viscosity curves are compared to the literature data for each 

system. 

7.2.2 Al-Zn 

According to the present literature review, following data sets have been reported for the 

viscosity of Al-Zn binary system. The measurements of Jones and Bartlett (1952) by the 

rotating cylinder method and the measurements of Lihl et al. (1968) and Gebhardt and 

Detering (1959) by the oscillating vessel method. As it is illustrated in Fig. 7.6, the 

viscosity values reported by Jones and Bartlett (1952) by the rotational method are too 
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high, compared to the ones of Lihl et al. (1968) and Gebhardt and Detering (1959) (see 

Table 7.1 for the details of the experimental conditions). 
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Figure 7.6: A Comparison Between the Data Set of Jones and Bartlett (1952) (Rotating 

Cylinder Method) and the Viscosity Data of Lihl et al. (1968) and Gebhardt and Detering 

(1959) (Oscillating Vessel Method) for Al-Zn Binary System. 

As it was previously discussed in Section 3.3, obtaining accurate viscosity values by the 

rotational technique is technically difficult for the low viscosity liquids. Bockris and 

MacKenzie (1959), showed that rotational methods are not suitable for melts with 

viscosities lower than 10 mPa.s. According to the presented literature review for molten 
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salts and liquid metals, among all the measurements performed for these low viscosity 

liquids, only a few experimental groups employed the rotational technique. Most of the 

measurements for the studied liquid metals are done by the oscillating vessel method 

which is proper for highly volatile and corrosive melts at high temperatures (see Section 

3.5 for the details on the choice of experimental methods). 

Based on the motioned considerations, the high viscosity values of Jones and Bartlett 

(1952) by the rotating cylinder method, can be a result of the inaccuracy of the employed 

experimental technique. The systematic corrections similar to the ones applied on molten 

salts (based on the estimated error of the corresponding unary data sets) were not 

applicable to the Jones and Bartlett (1952) rotational measurements; since those 

corrections were based on the estimated error of the oscillating methods. However 

applying a correction to this data set does not seem reasonable since the shift of the data 

estimated to be over 100 %. Therefore the mentioned data set has not been considered in 

the optimization of binary parameters in the present work. The binary parameters of the 

model for this system are obtained by employing the measurements of Lihl et al. (1968) 

and Gebhardt and Detering (1959) by the oscillating vessel method. A comparison 

between the corresponding unary data sets of these measurements and the calculated lines 

for pure Al and pure Zn (Figs. 7.1, 7.2 and 7.3) shows a minor inconsistency between the 

data. As it is discussed in the previous section, the inconsistencies are mostly within the 

experimental limits of accuracy. However a correction factor is applied on the 

measurements of Gebhardt and Detering (1959) due to the estimated error for the pure 

zinc. The numerical values of the applied correction functions are given in Appendix C. 
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This corrected data set (1959) and the one of Lihl et al. (1968) are employed to optimize 

the parameters of the model for Al-Zn binary system. The numerical values of the binary 

parameters of the model (cAUZn and dAI/Zn) are given in Appendix A. The viscosity of the 

Al-Zn binary system thereby can be calculated by the optimized parameters of the model 

as follows: 

hNA 77 = —^exp 
*M 

XA1AIG M + XZnZ»G Z " +XAIZ»G Allz» 

V 
(7.5) 

RT 

with the activation energies given by the optimized parameters of the model as follows: 

G*A,=cAl+dAIT 

G Ai/zn =cAI/Zn+dAUZllT 

where the molar volume of the binary system (VM) and the pair fractions (XAIAI, XZlZn 

and XAIZn) are calculated by FactSage thermochemical software (Bale et al., 2002) as a 

function of temperature and composition of the melt. 

The calculated viscosity isotherms and isocomposition lines obtained by Eq. (7.5) are 

illustrated in Figs. 7.7 and 7.8 and compared with the experimental data. 
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7.2.3 Al-Si 

A summary of the data sets reported for Al-Zn binary system is presented in Table 7.4. 

Table 7.4: A Summary of the Experimental Methods for the Viscosity Measurements of 

Al-Si Binary System Reported in the Literature. 

Author, (Year) 

Sergeev and 
Polyak,(1947) 

Jones and Bartlett, 
(1952) 

Gebhardt and 
Detering, (1959) 

Experimental 
Method 

(Working Equations) 
Oscillating sphere 

(Verschaffelt equation, 
Eq. 3.2) 

Rotational cylinder 
(Poynting & Thomson, 

(1947) equation) 
Oscillating vessel 

(Modified Knappwost, 
1952 equation) 

Experimental 
Conditions 

Steel sphere, Steel 
wire, Calibration by 

water & C6H6 

Graphite cylinder, 
inert gas atmosphere, 

Al purity: 99.55% 
Graphite vessel, 

calibration with Sn 
and Hg, high purity 

Al: 99.996% 

Si 
[Wt%] 

0 - 19 

0-18.6 

0 - 2 3 

Temperature 
Range 

[K] 
973 

850-1123 

923-1173 

Vignau, (1968) Oscillating vessel Graphite vessel, high 5-15 903 - 1173 
(Mathematical treatment purity Al and Si: 
based on the works of 99.996%, protecting 
Shvidkovskii, 1955) the liquid using a 

carnallite based flux 

Lihletal.,(1968) 

Geng et al., (2005) 

Oscillating vessel 
(Modified Knappwost, 

1952 equation) 

Oscillating vessel 
(empirical equation by 

the author) 

Alumina vessel, 
calibration with 

different metals, high 
purity Al: 99.99% 

High purity Al: 
(99.7%) and Si 

(99.99%) 

0-23.4 

5, 12.5, 
16 and 

20 

823-1173 

983-1313 

As it is shown in Table 7.4, the available measurements of binary Al-Si alloys are 

performed in the Al-rich region. None of the mentioned authors reported a unary data set 
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for pure silicon *. Only the unary data sets for pure Al have been reported in these 

publications. Accordingly the systematic corrections applied on the other binary systems, 

are estimated based on the estimated error of the pure Al unary data set for Al-Si binary 

system. 

A comparison between the data of pure Al reported by Sergeev and Polyak (1947) and 

the optimized line calculated by the model (Fig. 7.1) shows high discrepancies (higher 

than 100% at the temperatures close to the melting point). Furthermore this data set is 

reported only at a given temperature and the temperature dependency of the viscosity has 

not been measured in this publication. Therefore the binary data of Sergeev and Polyak 

(1947) has not been considered for the optimization of the binary model parameters. 

As it is illustrated in Fig. 7.9, the binary data reported by Jones and Bartlett (1952) by the 

rotational method are too high, compared to the ones of Lihl et al. (1968) and Gebhardt 

and Detering (1959). 

Pure Si has a very high melting point (1687.4IK) and is highly reactive. Viscosity measurements of this 
high-temperature and reactive melt is extremely difficult and requires a specially designed viscometer. See 
Sato et al., (2003) 
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Figure 7.9: A Comparison Between the Data Set of Jones and Bartlett (1952) (Rotating 

Cylinder Method) and the Viscosity Data of Lihl et al. (1968) and Gebhardt and Detering 

(1959) (Oscillating Vessel Method) for Al-Si Binary System. 

As it was previously discussed in the previous section for Al-Zn system, the high 

viscosity values of Jones and Bartlett (1952) by the rotating cylinder method are excluded 

in the optimization of binary parameters in the present work. 

As it is mentioned in Table 7.4, Vignau (1968) employed a carnallite based flux 

protection layer to prevent the oxidation of aluminum during the measurements. This 

extra layer on the surface of the samples could result in experimental errors during the 
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measurements. The similar method has been employed for the measurements of pure Al 

by this author. A comparison between its corresponding data set for pure Al and the 

optimized line in Fig 7.2, shows lower viscosity values than the other reported data. 

Accordingly the data set of Vignau (1968) has been corrected based on the estimated 

error of its corresponding data set for pure Al. The numerical value of the applied 

correction function is given in Appendix C. 

A comparison between the corresponding unary data set of Geng et al. (2005) 

measurements for pure Al (Sun et al., 2000) shows the viscosity values higher than the 

optimized viscosity curve (Fig 7.2). A correction factor was required to shift the data 

down to the lower optimized values. However as illustrated in Fig 7.10, the binary data 

set reported by Geng et al. (2005) shows lower binary viscosity values compared to the 

other reported data sets. 
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Figure 7.10: A Comparison Between the Data Set of Geng et al. (2005) and the Viscosity 

Data of Lihl et al. (1968) and Gebhardt and Detering (1959) (Oscillating Vessel Method) 

for Al-Si Binary System. 

Due to the lack of information regarding the experimental conditions of Fan et al. (2004) 

measurements, the cause of this inconsistency between the unary and binary data could 

not be explained. However applying a systematic correction based on the estimated error 

for the pure Al data set will result in much lower viscosity values for the binary data of 

Geng et al. (2005). Accordingly this data set is not considered in the optimization of the 

binary parameters. 
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Based on the above mentioned considerations, the binary parameters of the model for Al-

Si system are obtained based on the measurements of Lihl et al. (1968) and Gebhardt and 

Detering (1959) by the oscillating vessel method The numerical values of the parameters 

(cAUSj anddAI/Sj) are given in Appendix A. A comparison between the corresponding 

pure Al data sets of these measurements and the calculated lines for pure Al (Figs. 7.1, 

7.2) shows a minor inconsistency between the data. However as it is discussed in the 

previous section, these inconsistencies are less than 5% (within the experimental limits of 

accuracy). Therefore the corrections are not applied on these binary data. 

The viscosity of Al-Si binary system then can be calculated by employing the unary and 

binary parameters of the model by Eq. (7.5). The calculated viscosity isotherms and 

isocomposition curves are illustrated in Figs. 7.11 and 7.12 and compared with the 

experimental data. 



Lihletal., 1968 Vignau, 1968 Gebhardt 

0.70 I i I 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 

Mole Fraction of Si 

Figure 7.11: Calculated and Experimental Viscosity of Al-Si Melt at Various 

Temperatures. 



0.7 

o Lihl et al., 1968 Gebhardt and Detering, 1959 

- • XSi = 0 — • X S i = 0 

' ' * ' • • • I • • • ' I • • ', } \ ' _ 1 ' • 

900 950 1000 1050 1100 
Temperature (K) 

1150 1200 

Figure 7.12: Calculated and Experimental Viscosity of Al-Si Melt at Various Mole 

Fractions of Si. 



196 

8 Example of the Application of the Model in Aluminum 

Treatment Process 

As it is previously discussed in Section 2.1.1, gas fluxing is the most common technique 

employed to remove alkali and alkaline earth impurities from the aluminum alloys. 

Usually a mixture of chlorine and an inert gas such as argon (which is used as a carrier 

for chlorine) is injected in the bottom of the melt. The injected chlorine reacts with the 

alkali and alkaline earth impurities in the melt and forms chlorides as solid particles or 

liquid droplets which will rise in the liquid alloy and continue to exchange alkali metals. 

However as it is discussed in Section 2.1.1, due to several environmental problems, the 

use of salt fluxes as a replacement for chlorine is becoming more common. One of the 

salt fluxes that can be employed for fluxing is a mixture of KC1 and MgCh salts. 

By employing the presented viscosity model and the developed viscosity database, the 

viscosity of liquid solutions involved in this process can be calculated at different 

temperatures and compositions. An example of these calculations done by FactSage 

thermochemical software (Bale et al., 2002) is given in this section at 720°C (which is the 

typical temperature used for the treatment process) for an Al-Zn-Si alloy containing ppm 

amounts of alkali and alkaline earth impurities. To remove these impurities, a mixture of 

chlorine and argon gas and KCl-MgCl2 solid powder is injected in the melt. The 

hypothetical properties of the liquid alloy and the injected flux assumed in this example 

are given in Table 8.1. 
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Table 8.1: Hypothetical Properties of the Liquid Al-Zn-Si Alloy and the Injected Cb-Ar 

and KCl-MgCl2 Flux Employed for the Example of the Treatment Process. 

Liquid A] 

Component 

Al 
Si 
Zn 
Mg 
Na 
Ca 

K 

Total: 

Alloy 

Amount 

~ 94 wt.% 

5 wt.% 

1 wt.% 

1000 ppm 

350 ppm 
50 ppm 

5 ppm 

1 metric ton 

Injected Flux* 

Component Amount 

Cl2 (gas) 0.02 mole 

Ar (gas) 1.9 mole 

KMgCl3 (solid) 0.08 mole 

Total: 192 mole 
(~4.4m'atSTP**) 

— ' ' - 1 T 

* Injected at 100 steps; each step 2 mole (-0.16 m) 
** Standard Temperature and Pressure (273.15K & lOOkPa) 

The given amount of reactive flux with the given composition is injected through the 

liquid alloy in 100 steps. The flux reacts with the alkali and alkaline earth impurities and 

forms the solid or liquid salts which can be later removed from the melt. This leads to 

reduction of the amounts of alkali and alkaline earth impurities in the treated alloy. Fig 

8.1 shows the amount of impurities as a function of the volume of the injected flux. 
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Figure 8.1: The Amount of Alkali and Alkaline Earth Impurities per Metric Ton of Alloy 

During a Hypothetical Treatment Process as a Function of the Volume of the Injected 

Flux at Standard Temperature and Pressure. 

As it is shown in Fig 8.1, the composition of the undesirable alkali and alkaline earth 

impurities such as Na, K and Ca are reduced to less than 1 ppm after fluxing. The 

reaction products formed during the injection are shown in Fig. 8.2. 
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Figure 8.2: The Reaction Products per Metric Ton of Alloy During a Hypothetical 

Treatment Process as a Function of the Volume of the Injected Flux at Standard 

Temperature and Pressure. 

The molten salt solution formed during the process (marked with a star in Fig. 8.2) is a 

mixture of NaCl, KC1, CaCh and MgCh pure liquid salts with different compositions as 

it is illustrated in Fig. 8.3. 
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Figure 8.3: The Liquid Salts Formed per Metric Ton of Alloy During a Hypothetical 

Treatment Process as a Function of the Volume of the Injected Flux at Standard 

Temperature and Pressure. 

The viscosity of the produced molten salt solution shown in Fig. 8.2 and 8.3 can be 

calculated by the presented viscosity model at different steps of the process at various 

compositions as it is illustrated in Fig. 8.4. 
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Hypothetical Treatment Process as a Function of the Volume of the Injected Flux at 

Standard Temperature and Pressure. 

Due to the amounts of impurities present in the melt and the composition of the injected 

flux, the calculated viscosity curve may have different shapes. 

In the presented example, the composition of the liquid alloy was assumed to be constant; 

however the model could calculate the viscosity of the liquid alloys at different 

compositions of the alloying elements. 
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9 Conclusions and Future Work 

This master project is a part of VLAB (A Virtual Laboratory for the aluminum industry) 

project aiming to develop thermodynamic and physical properties databases required by 

the aluminum industry. These databases can be accessed through the FactSage 

thermochemical software to perform multi-component thermodynamic and physical 

property calculations for the processes involved in the aluminum industry. In particular, 

the viscosity model presented in this work was used to develop a viscosity database for 

molten salts and liquid metals. 

The objective of this master project was to model the viscosity of multi-component liquid 

solutions formed during the treatment and casting of liquid aluminum and its alloys 

namely, NaCl-KCl-MgCli-CaCli molten salt system and Al-Zn-Si alloy, upon mixing. 

A structural viscosity model is presented that can employ the previously developed 

density and thermodynamic models (Chartrand and Pelton, 2001b; Robelin et al., 2007) 

to predict the viscosity of multi-component systems as a function of temperature and 

composition. A modification is proposed to the model to better reproduce the viscosity 

behavior of highly short-range ordered systems as a function of composition. 

The temperature dependency of the viscosity in this model is given by an Eyring type 

exponential equation. The activation energy for viscous flow of a multi-component 

system is given by the summation of the activation energies of the SNN pairs present in 

the melt. The composition dependency of the viscosity for a liquid mixture is thereby 

expressed in the viscous activation energy term through the variation of the SNN pair 

fractions upon mixing (the SNN pair fractions being calculated by the thermodynamic 
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model). The defined activation energies for the SNN pairs are the parameters of the 

model given as linear functions of temperature. However for highly short-range ordered 

systems, the model is modified by introducing composition dependent terms in the 

activation energy as well as the temperature dependent terms. The model parameters are 

optimized based on the reliable experimental data collected through a critical review of 

the literature data. Due to the inconsistencies between the reported unary and binary data 

sets in the literature, correction functions are applied to the data and the corrected binary 

data sets are employed for the optimizations. 

The calculated viscosity curves by the model could well reproduce the viscosity behavior 

predicted by the experiments for simple binary systems: NaCl-KCl, MgCl2-CaCl2, NaCl-

CaCl2 and KC1- CaCl2 as well as the highly short-range ordered systems: NaCl- MgCl2, 

KC1- MgCl2, RbCl- MgCl2 and CsCl- MgCl2. There were few experimental data in the 

literature for multi-component molten salt systems, however the predictions of the model 

for NaCl-KCl-MgCl2-CaCl2 system compare reasonably well with the available 

experimental data reported for a limited range of composition and temperature. The 

viscosity curves calculated by the model well reproduce the experimental data reported 

for the Al-Zn and Al-Si binary alloys. 

In resume, the model leads to very satisfactory results for the molten chloride mixtures 

and liquid aluminum alloys studied in the present work. The viscosity behaviour of these 

systems is well understood through the presented results. The proposed modification for 

the highly short-range ordered systems could well reproduce the viscosity behavior of 
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these systems. The optimized model parameters are employed to develop a database for 

the viscosity calculations of the studied molten salts and liquid alloys. This database is 

included in the FactSage 5.6 data bases where the viscosity of multi-component molten 

salts and binary aluminum alloys can be calculated through the presented viscosity model 

by simultaneously employing the thermodynamic and density models. 

The present viscosity database can be extended to make possible the viscosity 

calculations for more complicated systems including different salts and metallic 

elements. 

In the present work, the model parameters are obtained by employing the available 

experimental data. Due to several difficulties encountered in viscosity measurements of 

high temperature reactive melts, it would be convenient if one could correlate the 

viscosity to the already modeled thermodynamic properties. The possibility of correlating 

the defined viscous activation energies to the thermodynamic properties such as enthalpy 

of mixing is to be discovered in the future research programs. However several other 

factors such as the effect of the kinetic stability of the species in the melt should also be 

considered. 

It is important to point out that the present viscosity model is applicable for the 

incompressible Newtonian liquids where the viscosity is only a function of temperature 

and composition. However the model can be extended to non-Newtonian regions (where 

the viscosity becomes shear rate-dependent) by means of a proper shear rate-viscosity 

correlation. The model can also be employed to obtain the viscosity of slurries containing 
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solid particles (suspensions) through further investigation of the effect of the solid 

inclusions on the viscosity behavior of these liquid solutions. 

In conclusion this master project was contributed to the development of a database for the 

viscosity of the liquid solutions involved in the aluminum production process, namely 

molten alkali and alkaline earth chlorides and aluminum alloys. By employing this 

database simultaneously with the thermodynamic and density databases in FactSage 5.6, 

the viscosity calculations for these multi-component solutions can be performed in a fully 

consistent manner. 
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Appendix A: Numerical Values of the Model Parameters 

G* =c + dT (J/mol) 

Molten Salts Liquid Metals 

Unary Parameters 

C G I / C / = 2 . 7 4 9 7 9 5 E + 0 4 

</Ca/c,=2.4387E + 01 
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cif/c/=2.109947E + 04 
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Binary Parameters 
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cA,aCfl/c,=3.330974E + 04 

rfAfaQ,/a=1.6528E + 01 

cNaKICI=2312506E + 04 
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Appendix B: Numerical Values of the Modified Model 
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Appendix C: Numerical Values of the Correction Functions 

Author-year 
component 

Author 

Dumas et al. 

Bondarenko & Strelets 

Murgulescu & Zuca 

Ejima et al. 

Dumas et al. 

Bondarenko & Strelets 

Matsumura et al. 

Murgulescu & Zuca 

Ejima et al. 

Dumas et al. 

Bondarenko & Strelets 

Ejima et al. 

Dumas et al. 

Zuca & Costin 

Dumas et al. 

Dumas et al. 

Vignau 

Gebhardt and Detering 

Year 

1970 

1968 

1963 

1977 

1970 

1968 

1966 

1961 

1977 

1970 

1968 

1977 

1973 

1970 

1973 

1973 

1968 

1959 

Component 

NaCl 

NaCl 

NaCl 

KC1 

KC1 

KC1 

KC1 

KC1 

MgCl2 

MgCl2 

MgCl2 

CaCl2 

CaCl2 

CaCl2 

RbCl 

CsCl 

Al 

Zn 

a 

7.254E+02 

-1.063E+03 

-1.683E+04 

-2.037E+03 

1.688E+03 

-3.927E+03 

-2.133E+03 

-1.628E+03 

5.732E+03 

1.102E+03 

-2.221 E+03 

1.739E+03 

-3.102E+03 

9.126E+02 

-5.320E+02 

-1.536E+04 

-1.921 E+03 

2.959E+03 

b 

-2.141E-01 

8.628E+00 

1.290E+01 

3.119E+00 

-1.212E+00 

3.032E+00 

-2.116E-01 

9.319E-01 

-5.575E+00 

-9.778E-01 

1.894E+00 

-2.386E+00 

2.926E+00 

-1.372E+00 

9.064E-01 

1.494E+01 

6.620E+00 

-3.450E+00 


