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The theory of the damped oscillation of an oscillating body is discussed with 
regard to the determination of the viscosity of fused salts. The absolute and 
relative methods of viscosity measurements using the torsion pendulum 
method were analyzed. The possibility of application of a simple dependence, 
which makes possible to calibrate the apparatus using a single series of 
liquids in the relative viscosity measurements, was verified. The results 
were compared with those obtained by the absolute method. 

The oscillating torque viscosimeter for the measurement in the high-
-corrosive low-viscosity melts up to 1200°C is described. The reproducibility 
of the measurement was ± 1.5%. In order to determine the suitability of the 
experimental arrangement, the viscosities of the reference substances, both 
of the aqueous solutions and of the fused salts, were determined. The results 
confirmed the suitability of the proposed scheme in the estimated interval 
of viscosities. 

Using the tested apparatus, the viscosities of molten Li3AlF6 and NaaAlFe 
in the temperature range 900-1100°C and 1040-1170°C, respectively, 
were measured. 

The coefficient of the internal friction — viscosity — appears to be one of the most 
characteristic properties of liquids. With regard to the high sensitivity of viscosity to the 
structural changes in the liquid (the melt), the experimental measurement of viscosity 
is one of those methods, which are used for the determination of the structure of fused 
salts, especially for the determination of the association and dissociation of the compo­
nents, for the determination of the complex formation in the melt, etc. The study of 
viscosity of molten salts is interesting also with regard to the large application of fused 
salts in technical electrolysis, mainly in the field of the electrometallurgy of light metals. 
Here, the knowledge of viscosity of the melt is indispensable in the analysis of the hydro-
dynamic processes, which take part in the electrolysis. These processes determine the 
convection and the mixing of the electrolyte, the transport of the anode gases to the 
surface of the melt, the sedimentation of the AI2O3 particles in the electrolyte, etc. 

In the experimental determination of the viscosity of cryolite melts, the high tempera­
ture of the primary crystallization of the respective samples (above 1000°C) and the high 
chemical reactivity are to be taken into account. In the construction of the measuring 
apparatus, beside the high temperature of the primary crystallization, the corrosive 
and the surface properties, as well as the relatively high vapour pressure of the studied 
molten mixtures, also the high accuracy (approx. ±1-5%), which is required in the 
determination of viscosities in the range 1 — 8 cP, must be considered. 
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MEASUREMENT OF VISCOSITY OF FUSED SALTS. I 

For the measurement of the viscosity of the low -melting compounds, in some cases 
the capi l lar method was used [1, 2], mainly the viscosimeter proposed by Ostwald [3] 
and Ubbelohde [4]. However, at high temperature the application of this method is 
complicated with regard to the possibility of a change of the capillary diameter caused 
by corrosion, or by surface recrystallization of the capillary material. Therefore, for the 
viscosity measurements in the low-viscosity high-melting compounds and mixtures 
so far only rotation methods are used, namely the torsion pendulum methods based 
on the damping of the harmonic oscillations of a suitable pendulum. The pendulum 
consists of a sphere [5 — 9], a disc [10], an ellipsoid [11] or a cylinder [6], or of a hollow 
cylinder or a sphere rilled with the melt [12, 13]. In most cases, a spheric pendulum oscil­
lating in the melt in a stable crucible is used. The theoretic basis of this method was 
elaborated by Verschaffelt [8], Dantuma [5], and Barr [14] and later perfected by Abramov 
[7]. The pendulum consisting of a sphere is suspended on a metallic file which is fixed 
in a device providing a suitable deflection of the pendulum from an equilibrium position. 
After the deflection, the pendulum effectuates the harmonically damped oscillations, 
the amplitude being given by the equation 

-öl- t 
A = K e т cos 2л — ? (1) 

T 
where A is the amplitude of the oscillation (in radians), 

t is the time (s), 
T is the period of a harmonic oscillation (s), 
К is a constant (in radians), 
ô is the logarithmic decrement. 

The period of the harmonic oscillation T, and the logarithmic decrement ô do not 
depend on the amplitude A and the time of oscillation t, since they are functionally 
dependent on the inertia properties of the pendulum system, the friction properties 
of the file, the viscosity and the density of the melt. The viscosity was calculated using 
the experimentally determined T, ô and the density values. Denoting the amplitudes 
of the k-th and the (k -f n)-th oscillation as Ak and Ak+n, the logarithmic decrement 
of the damped oscillation can be expressed by means of the equation 

= In Ak - I n Ak+n 

n 

Since the logarithm of an amplitude is linearly dependent on the number of the oscillation, 
this dependence was utilized for a graphic refinement (approximation) of the values 
of amplitudes in the calculation of the logarithmic decrement. 

Principally, the viscosity can be calculated by two different methods. Approximately, 
it can be calculated using the equation 

Ô — 00 = Cl\jQ 7] -f C2 Г) + C3 Q Г\ , (3) 

where ôo is the logarithmic decrement of the damped oscillation in the air, 
Q is the density of the melt (g cm - 3) , 
Ci, C2, and сз are constants which are characteristic of the applied apparatus. 

In the calculation of the viscosity by this method, the constants ci, C2, and сз are to be 
determined by calibration of the apparatus using the melts with exactly determined rj 
and Q values. Here, the choice of suitable melts is strongly limited since the literature 
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data on the density and viscosity of substances which would cover the entire investigated 
range are very scarce. Besides, in the above equation the correction corresponding to the 
thermal dilatation of the pendulum at high temperatures is not considered. 

The second method eliminates the deficiencies of the first one. For a sphere oscillating 
in a melt, the following kinetic differential equation was derived for the movement 
of a spheric layer [8] 

doj 4 doj p да> 

- f - i = 0 . (4) 
dr~ r дг 7) dt 

Derivating the equation (4), we obtain an equation in which the viscosity appears to be 
a function of measurable quantities. In the first step, an approximate value of viscosity 
is calculated using the relation 

T§ Л 4 V n Q 

and the calculated viscosity value is used in the evaluation of the terms 

V; 
TIP bR+l 

and P T ( 6 Ä + 1 ) 2 + Ď2 Я 2 

The values b and P were substituted in the final formula for the calculation of the 
viscosity 

У л о т;— 3 ô К 
—- y v = о , 
T 4 Г 0 R3 л 

(6) 

where Q is the density of the melt (g c m - 3 ) , 
To is the period of the oscillation in the air (s), 
T is the period of the oscillation in the melt (s), 
R is the diameter of the oscillating sphere (cm), 
К is the momentum of inertia of the oscillating system (g cm2), 
ô is the logarithmic decrement. 

The above equation can be applied only if a spheric oscillating body is used. At the 
same time, the values of К and <5 cannot be used without supplementary corrections. 
The average error in the determination of the viscosity values by means of this method 
was found to be ± 1 - 5 % . 

A simplified method using a nomogram for the determination of the dependence 
of ô on 7] and Q was proposed by Abramov et al. [7]. In this case, the average error in the 
measurement of the viscosity is approx. ± 3 % . 

Experimental 

Apparatus 

In Fig. 1, the scheme of the functional part of the measuring apparatus is presented. 
The schemes of the pendulum and of suspending system are presented in Fig. 2. 

A bright P t sphere (r20° = 10.19 mm) 31 was welded on a PtlOIr rod 32 (d = 1.6 mm, 
I = 400 mm) which was fixed to a duraluminium rod 33 (d = 6 mm, I = 270 mm). 
This solid part of the pendulum was suspended on a molybdenum torsion wire 34 

j Y 4 Chem. zvesti 27 (2) 172-182 (197-3) 



MEASUREMENT OF VISCOSITY OF FUSED SALTS. I 

(d = 0.1 mm, Z = 58 cm). On the duraluminium rod, two plane mirrors, 8 and 11, were 
fixed. The lower mirror served for the determination of the pendulum oscillations whilst 
the top mirror reflected the light beam which limited the maximum and minimum 
amplitude of oscillation by means of three photodiodes 1PP75 of the automatic unit. 
Beside the mirrors, two Al discs, 7 and 10, were attached at the duraluminium rod. 
The top disc served for an automatic deflection of the pendulum to the maximum 
amplitude using an adapted standard electrometer 6*. The lower disc served as a support 
for brass discs, which were used as a load to vary the moment of inertia of the pendulum 0. 
The starting deflection of the pendulum was realized either automatically or manually 
using the spring device at the top of the pendulum carrier 1. The molybdenum file 24 
was thermostated in two steps, using a polystyrene and an air thermostat 4. The working 
temperature of the file was kept constant at 24 i 0.1 °C. 

The oscillations of the pendulum were registered by means of a reflected light beam 
using an adapted photoresistor detector of the automatic recorder. The recording device 
consisted of an x—y recorder ВАК 21 and an adapted optical curve follower OSK 20, 
and was situated in a distance of 120 cm approximately from the reflecting mirror. 
The width of the recording strip was 230 mm. The maximum amplitude was 200 mm, 
this corresponding to a deflection angle of approx. 30°, however, in the graphical evaluation 
only the range from 6 to 12° was considered. 

As a container, a P t crucible 25 (d = 48 mm, h = 50 mm) was found to be fully 
satisfying with regard to the condition of the decaying oscillation calculated on the 
basis of the wavelength of the oscillation. 

In the construction of the measuring device, the standard resistance furnace [15] 
with adapted top and bottom parts was used. The furnace consisted of a vertical degussito 
tube 26 with a Kanthal A 1 heating element 27. The furnace jacket was water-cooled. 
In spite of the simple coiling of the resistance wire, no increase in damping due to the 
virial currents in the P t pendulum were observed. The temperature was regulated and 
kept constant using a contact-free oscillating regulator, type R, combined with a com­
pensating temperature recorder EZ-2 17. The homogeneous temperature field in the 
working part of the furnace was provided by shunting the separate parts of the heating 
element 14. In the investigated temperature interval (700—1100°C), the temperature 
was kept constant within ;£10С. The temperature was measured using a Pt/Pt l0Rh 
thermocouple, the hot junction being placed directly in the melt. 

A sheet-iron condensor 12 was placed at the top of the furnace 30 in order to minimize 
the evaporation of samples. 

The measurements were carried out in an argon or nitrogen atmosphere, keeping 
an overpressure of approx. 50 т т Н г О of the inert gas in the furnace. 

Further, a device 23 [16] for an automatic evaluation of the logarithmic damping 
decrement was constructed. This device fulfilled the following requirements: 

— deflection of the pendulum at a definite constant angle when the amplitude of the 
damped harmonic oscillation sinks below a definite minimum value, 

— limitation of the maximum and minimum amplitude of the oscillation, 
— digital registration of the number of oscillation between the maximum and the 

minimum amplitude, 
— registration of the number of deflections, i.e. the number of independent measure­

ments, 
— possibility of choosing the number of independent measurements, after which 

the system gets into the initial position. 
In Fig. 3, the scheme of the logical circuit of the automatic unit is presented. The device 
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n 1 

Fig. 1 Fig. 2 
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MEASUREMENT OF VISCOSITY OF FUSED SALTS. I 

functions by means of a system of three photodiodes (1PP75) and a logical circuit. In 
this arrangement, the basic condition of an exact measurement appears to be a sufficiently 
high number of oscillations between the maximum and the minimum amplitude. The 
higher is the number of oscillations in a given interval, the slower is the decrease of the 
amplitudes of oscillations and the more exact is the determination of the minimum 
amplitude and consequently of the logarithmic decrement. The decrement calculated 
in this way differs from the value determined by means of the graphical refinement 
method only by ± 0 . 3 % , this being a sufficient accuracy in the standard measurement 
of the viscosity of fused salts. 

Fig. 3. Scheme of the logical circuit of the automatic unit AI, A2, A3 — amplifiers; 
PD1, PD2, PD3 - photodiodes; FF1 , FF2, FF3 — flip-flop; R - relé connecting the 
deflection system; D — derivating member; К — key; DS — deflection system; С1, C2 — 

counters; I — integrator; Si, S2, S3 — Schmitt triger. 

The amplitude To and T was measured by means of a universal counter Tesla BM 354. 
The determination of the amplitudes of 15 oscillations was found to be highly sufficient 
to reach the desired accuracy (order of magnitude 10 - 3 s). The time data were measured 
with an accuracy of ± 0 . 4 X 10 - 3 s. 

^ Fig. 1. Scheme of the apparatus. 
1. device for the manual deflection of the pendulum; 2. protecting tube of the torsion 
file; 3. polystyrene jacket (thermostat); 4. air thermostat; 5. air-tight closure of the 
torsion system, the deflecting coils, the additional load and of the photodiodes; 6. de­
flecting coils; 7. deflecting disc; 8. reflecting mirror for the photodiodes circuit; 9. addi­
tional load; 10. lower disc (support); 11. reflecting mirror for a direct record of amplitudes; 
12. sheet-iron condensor; 13. cover of the furnace; 14. subsidiary resistance for shunting 
the separate parts of the heating element; 15. argon inlet; 16. feeding part of the heating 
element; 17. temperature control; 18. thermostatic device; 19. and 22. voltage stabilizers; 
20. optical curve follower OSK; 21. x — y recorder ВАК; 23. automatic unit of the torsion 
system including the counter; 24. Mo torsion file; 25. P t crucible in the working position 
with the dipped P t sphere and thermocouple; 26. degussite tube; 27. heating element; 

28. insulation; 29. cooling coil; 30. furnace. 
Fig. 2. Scheme of the pendulum. 

1. device for the manual deflection; 7. deflecting Al disc; 8. reflecting mirror; 10. lower 
disc (support); 11. reflecting mirror; 24. Mo torsion file; 31. P t sphere; 32. Pt lOIr rod; 
33. PtlOIr rod with a P t jacket; 34. duraluminium junction; 35. duraluminium rod; 

36. adjustable conic junction. 
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Reagencies 

I n t h e cal ibrat ion of t h e a p p a r a t u s , redisti l led water , m e t h a n o l , anal , grade, (Lachema. 
Brno) , t h e aqueous solutions of saccharose (Čsl. 2, Léč iva ; 20, 30, a n d 35 w t % solutions), 
fused K N O 3 , anal , grade, (Lachema, Brno) a n d NaCl, anal , grade, (Soyuzkhimexport , 
U S S R ) were uti l ized. 

I n t h e m e a s u r e m e n t of t h e viscosity of N a 3 A l F 6 , hand-picked Greenland n a t u r a l 
cryolite (m.p. 1006 ± 1°C, fluorine c o n t e n t 54.6%) w a s used. L i 3 A l F ß was p r e p a r e d 
b y m e l t i n g t h e stoichiometr ic m i x t u r e of L i F for single crystals (VÚM, T u r n o v , 
Czechoslovakia) a n d of s u b l i m a t e d AIF3. 

R e s u l t s a n d discuss ion 

I n t h e cal ibrat ion of t h e a p p a r a t u s a n d in t h e d e t e r m i n a t i o n of t h e reproducibi l i ty 
of t h e m e a s u r e d values, t h e viscosities of water , m e t h a n o l , a n d of t h e a q u e o u s solutions 
of saccharose were m e a s u r e d . T h e densit ies of t h e saccharose solutions were d e t e r m i n e d 
b y m e a n s of t h e p y c n o m e t r i c m e t h o d . F o r t h e viscosity of m e t h a n o l a n d of t h e solutions 
of saccharose, t h e values l isted in h a n d b o o k s [17, 18] were t a k e n . As c o m p a r a t i v e dens i ty 
a n d viscosity d a t a of fused K N O 3 a n d NaCl in t h e invest igated t e m p e r a t u r e interva l , 
t h e values presented b y Murgulescu a n d Zuca [19] a n d b y Artsdalen a n d Y off e [20] 
were accepted. 

T h e logar i thmic d e c r e m e n t ô was d e t e r m i n e d b y m e a n s of t h e m e t h o d of graphic 
ref inement (approximat ions) of t h e m e a s u r e d values of t h e logar i thm of a m p l i t u d e s . 
T h e per iod of t h e oscillation w a s found t o be i n d e p e n d e n t of t h e a m p l i t u d e w i t h i n t h e 
exper imenta l error. I n t h e t e m p e r a t u r e interval 20—1050°C, t h e following values of 
<5о+з were d e t e r m i n e d 

ói°;3 = 0.0036, 

ôi% = 0.0056, 

ôl% = 0.0074, 

*2+S = ° ' 0 0 8 2 > 

(5™50e
 = 0.0098. 

These values represent the contribution of the non-dipped part of the oscillating system 
to the damping of oscillations. 

In the calculation of ó in the temperature interval 300— 1050°C, the calibration relations 
were applied which, beside the influence of the change of the density of the melt, involved 
also the influence of the changes of the constants of the apparatus in dependence on 
the temperature [21] 

*m КТО 

R5
 Q To 

(7) 

In routine measurements using the relative method, this relation can be substituted 

by a simplified relation 

- - = ф). (8) 
Q 
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I n t h e calculat ion of t h e viscosity using t h e absolu te m e t h o d according to Verschaffelt 

[8], Ô2 was calculated b y m e a n s of t h e relat ion 

Кл Щ Tl 
Ô2 = 1 2 2 ôu 

K2 B* T\ 

where Ô2 is t h e decrement a t t he t e m p e r a t u r e Тг which diifers from t h e ca l ibrat ing t e m p e r a ­

t u r e T1. Thi s equat ion involves t h e dependence of t h e c o n s t a n t s of t h e a p p a r a t u s ( the 

changes of t h e d i a m e t e r a n d hence also of К of t h e sphere) on t h e t e m p e r a t u r e a n d m a k e s 

a conversion t o a n a r b i t r a r y t e m p e r a t u r e possible. H e n c e , it is n o t necessary t o d e t e r m i n e 

t h e va lue of К exper imenta l ly in. t h e ent i re s tudied t e m p e r a t u r e interval . 

B o t h in t h e calculat ion of t h e viscosity according t o t h e e q u a t i o n (6) a n d in t h e refining 

calculat ion, t h e c o m p u t e r G I E R was employed. According t o Dumas et al. [6], t h e init ial 

va lue of t h e viscosity, appl ied in t h e calculat ion, does n o t affect significantly t h e final 

resul t a n d in all calculat ions t h e a p p r o x i m a t e value 0.01 P c a n b e used. However , it was 

found t h a t in all cases w h e n t h e e s t i m a t e d initial va lue differs from t h e final one b y 

m o r e t h a n ± 1 0 % , t h e ref inement proceeding is t o be performed. 

F o r calculat ions a t m e d i u m a n d high t e m p e r a t u r e s , K N O 3 a n d NaCl were t a k e n as 

reference substances . T h e exper imenta l results are presented in Figs. 4 a n d 5. T h e densit ies 

of K N O 3 in t h e t e m p e r a t u r e range 336 —400°C were ca lculated according t o t h e e q u a t i o n 

proposed b y Brillant [22] 

tfKN03 = 2.144 - (0.80 X 10-3) t , 

whilst for NaCl t h e dens i ty values r e p o r t e d b y Artsdalen a n d Yqffe [20] were accepted. 

I n t h e d e t e r m i n a t i o n of t h e viscosity of NasAlFe a n d LÍ3A1F6, t h e dens i ty values p resen ted 
b y Malinovský et al. [23] were used. On t h e basis of t h e de te rmined viscosity values , 
t h e poly t he rms of t h e viscosity of NasAlFe a n d LÍ3AIF6 were d r a w n (Figs. 6, 7). 

T h e t e m p e r a t u r e dependence of t h e viscosity of K N O 3 , NaCl, Na3AlFc, a n d LÍ3AIF6 
can be expressed b y m e a n s of t h e 2nd degree equa t ion 

n = a-\-bt-}-ct2. 

Table 1 

The values of coefficients a, 6, с in t h e e q u a t i o n n = a + b t -f c ť2 

for var ious m o l t e n salts 

Substance 

KNO3 

NaCl 

Xa 3 AlF 6 

Li 8 AlF e 

a 

12.547 

15.845 
14.968 
16.545 

28.880 
23.829 

26.403 
46.849 

6 . IO3 

-41.740 

-28.428 
-26.513 
-27.354 

-42.087 
-33.006 

-40.809 
-80.620 

106 

38.978 

13.276 
12.234 
11.600 

15.996 
11.938 

16.526 
35.835 

Temperature 
interval 

[°C] 

3 4 8 - 4 7 0 

816-997 
816-997 
816-997 

1020-1170 
1020-1170 

900-1100 
900-1100 

Ref. 

This work 

[ i ] 
[3] 

This work 

[3] 
This work 

[25] 
This work 
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The values of the coefficients a, b, and с for the above compounds computed using the 
least-square method, are plotted in Table 1 together with the corresponding values 
reported in the literature or calculated on the basis of the published data. The equations 
are valid within the following temperature interval. K N 0 3 : 3 4 8 - 470°C, NaCl: 8 1 6 - 997°C, 
Na 3 AlF 6 : 1020-1170°C, and Li 3AlF e: 900-1100°C. 

The viscosity data presented in this work represent the average values of 35 — 50 
independent measurements. The maximum deviation was ± 0.55% in water, methanol, 
and in the aqueous solutions of saccharose, ± 1 - 1 5 % in molten KNO3 and i l . ö ^ 
molten NaCl, Na3AlF6, and Li3AlF6. 

The determined viscosity values of water, aqueous solutions of saccharose, molten 
KNO3 and NaCl are in a good agreement with the literature data [18 — 20], the differences 
not surpassing ± 1 . 5 % . The determined viscosities of Na3AlFß agree with those reported 
by Abramov et al. [7] and by Murgulescu and Zuca [24], whilst the data presented by 
Vetyukov and Sipriya [25] are generally lower by approx. 7%. This difference is still 
greater in the case of 1л3АШб where the viscosity data reported by Vetyukov and Sipriya 
[25] are by approx. 12% lower than the corresponding values determined in this work. 
In both cases, this can be attributed most probably to an inadequate measuring technique 
in the cited work. 
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