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The high-temperature oscillation viscometer constructed by the authors
operates at up to 1700°C in the viscosity range from 0.1 to 1.5 Pa .8. The
viscosity i8 calculated from the value of the logarithmic decrement obtained by
measuring the time intervals of a moving beam using two fixed photodetectors.
The output of the measuring device was connected ‘on-line’ to a programmable
minicomputer which processed the measuring data. The bodies used in the
vi8cosity measurements were either cylinders or cylinder with conical ends.
The viscometer was tested on aqueous glycerine solutions using equations for
movement of a cylindrical body in a viscous medium, whereas for the cylindrical
body with conical ends the equation was corrected by calibration in glycerine
solutions. The absolute error of the viscosity determinations was less than 3 Y,.
Viscosity measurements were carried out on melts having the compositions
CaSi0O;, CaMgSi,0s and Ca,MgSi,0, in the temperature interval 1 390 to
1630 °C.

INTRODUCTION

The oscillation viscometer was used in the determination of viscosity of molten
salts in a number of studies [1]—[8]. It has found application in particular at
low-viscosity liquids, volatile liquids and in the measuring of viscosity of gases
[7], [9], [10]. The selection of this type of viscometer for viscosity measurements
on oxide melts was given by the relatively low viscosities of the melts in question
(melts with the CaO/SiO, modulus of about 1, steelmaking slags, etc.) as well as
by the high consumption of platinum n:.ctals involved in the use of a rotary visco-
meter.

The use of a cylindrical measuring body, which enables to obtain absolu-
te viscosity values [2], was restricted because of the possibility of a bubble
forming at the bottom surface of the measuring body. This is why the alternate
shape of a cylinder with conical ends was employed. Movement of such a body
through a viscous medium has not so far been described by an equation which
would allow viscosity to be calculated directly. For this reason calibration by
means of aqueous glycerine solutions had to be employed with bodies of this
shape.

The oscillatioa viscometer is based on the principle of measuring the damping
of torsion oscillations of a symmetrical body of defined shape, suspended on a thin
torsion wire and immersed in the liquid being measured. Viscosity is calculated
from the logarithmic decrement defined as the difference of the logarithms of two
subsequent amplitudes, when knowing the density of the liquid being measured,
the body dimensions and the moment of inertia of the cntire suspension system
performing the damped harmonic oscillations.
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APPARATUS

The design of the oscillation viscometer for work in air atmosphere up to 1 700 °C
is shown in the schematic diagram in Fig. 1. The measuring bodies were alter-
natively a cylinder whose diameter was equal to its height (5.47 1 0.0l mm)
and a cylinder with conical ends with equal cylinder radius, cylinder height and
heights of both cones (3.718 + 0.005 mm). The measuring bodies and the parts

Fig. 1. Schematic sectional view of the oscillation viscometer. 1 — winding device, 2 — tempered

protective jacket of the torsion wire, $ — torsion wire, 4 — gripping collets, 5 — mirror, 6 — additional

brass rings, 7 — heavy ring of stainless steel, 8§ — bayonet letting down device, 9§ — thermocouple,

10 — level surface contact, 11 — furnace closure, 12 — corundum furnace shaft, 13 — water-cooled
furnace, 14 — measuring body, 15 — crucible with melt.

of the suspension system situated in the furnace hot zone were of the PtRh40
alloy. The parts of the suspension system outside the hot furnace zone were of
stainless steel or brass. For determining and change in the inertia of the suspension
system three rings of brass and one of stailess steel weer used, which had been
machined with the most high precision.
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All the parts of the suspension system were machined to a tolerance of +0.01 mm
and after assembly the system was aligned so that the maximum deviation would
not exceed 0.1 mm. Special care was paid to the machining of the measuring
bodies whose surface was finally polished. The length of the suspension system
from the torsion wire to the measuring body was about 85 cm and its weight was
497.5 g.

The torision fibre was a dia. 0.3 mm PtW8 wire about 60 em in length. The
PtWS8 alloy is recommended in [11] for its low internal friction and a high stability
of its torsional properties. The fibre was suspended in a cylinder tempered at
30°C, to the top of which was fitted a mechanical winding divice serving for
shifting the suspension system from its equilibrial position. The fibre ends were
clamped in a way ensuring perfect alignment of the suspension system. To relieve
internal stresses, the wire was annealed for 2 hours at about 1 200 °C by passing
controlled AC while loading the wire with 500 g.

The moment of inertia of the suspension system was determined by measuring
the change in the period due to addition of brass rings, the moment of intertia
of which was calculated by the equation

1=arf- 2
=a1(5 ) M

where Al is the moment of inertia of the brass ring added, ¢ and ¢y are the periods.
of the system with and without the brass rings respectively. Table I lists the mea-
sured values of the moment of inertia with the individual rings added, and also
the moment of inertia of the whole suspension system.

Table I

Moment of inertia of the suspension system with the measuring body in the form of a cylinder
with conical ends. The period without the additional rings, #, = 4.6146 s

Ring No. Al x 105 5 _I,- X 103 do x 10s*
kg m? 8 kg m2 kg m?
1 0.5315 4.8342 5.985 5.454
2 0.5309 4.8333 6.002 5.471
3 0.5312 4.8341 5.985 5.454
142 1.0624 5.0429 6.532 5.469
1+2+4+3 1.5936 5.2434 7.068 5.474

The mean value I, = (5.464 4 0.009) x 10-5 kg m?
* Iy = I3 — Al

The furnace employed in the high-temperature measurements was provided
with double molybdenum winding (dia. 0.9 mm wire) on a corundum tube of
50 mm ID and 60 mm OD and 550 mn: in length. The furnace winding was protec-
ted from oxidation by a forming gas. The furnace was fed from a NOCONTA AC
tyristor power source using the TRS 97 proportional controller so that the relative
temperature stability was within --1°C. The temperature was measured with
a PtRh6/PtRh30 thermocouple whose hot joint was placed in the liquid being
measured. The thermocouple had been calibrated at the melting points of gold,
nickel and palladium. Over the temperature range of 1 200 to 1 700 °C the tempera-
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ture was measured with an error of +5 °C. The melt was placed in a crucible of
PtRh30 alloy, 40 mm in diameter and 50 mm in height. The amount of the sub-
stance weighed into the crucible was such that the melt volume amounted to
about 40 cm?3.

The damped harmonic oscillations of the suspension system were recorded by
means of a halogen lamp beam reflected from the suspension system mirror and
received by two KP 101 phototransistors situated in its trajectory. The detectors
were placed roughly symmetrically to the oscillation axis and their mutual distance
was 5 cm. The distance between the lamp and the detectors and the suspension
system mirror was about 1 m, the angular displacement at the maximum amplitude
amounted to about 6 deg. The time intervals between the phototransistor pulses
were measured with an accuracy to 10 ps. The overall accuracy of the oscillation
measurement was +1 ms with the given arrangement. The set of time intervals
was transmitted trough an interface into the memory of the EMG 666 minicom-
puter. The mathematical processing of the set of time intervals, the computation
of the period the amplitudes and the logarthmic decrement was described in [4].

Equations for the computation of the viscosity of liquids measured by the
oscillating sfere and cylinder (with equal diameter and height) were derived in
[2, 12]. For the cylinder, the equation has the form

261 1
= ki, (2+b1R+P)’ @
where
BR41
Bk + 17 + BR

b = |/,

nt’

P=

7 i8 viscosity (Pa .8), g is density of the liquid being measured (kg m-3), R is the
radius of the measuring cylinder (m), I is the moment of inertia of the torsion
pendulum (kg m2), ¢ is the period in the liquid being measured (8), ¢ is the period
in vacuo (8) and d is the logarithmic decrement. For a sphere, equation (2) has an
analogous form [12] where the value of the constant is 3/4 and not 2/5. It is to be
assumed that the size of this constant depends on the geometric shape of the
measuring body and that with one in the shape of a cylinder with conical ends,
it should be possible to use equation (2) with the value of the constant determined
by calibration measurements.

The logarithmic decrement §, arising in equation (2), is & magnitude characteriz-
ing the damping of the torsion oscillations due solely to friction between the mea-
suring body and the liquid being tested. The experimentally established value
dexp has therefore to be corrected for the damping due to friction of the suspension
system with the ambient atmosphere (dair) and for the damping due to friction
of the immersed part of the rod connecting the suspension system with the measur-
ing body (8eonn). The latter correction is sigificant namely when using measuring
bodies of simnall sizes. The corrected logarithmic decrement value is then calculated
from the equation

6c0rr = 6exp - 6air — Oconn. (3)

The logarithmic decrement values were calculated by processing 10 to 20 periods
in dependence of the viscosity of the liquid being measured, while the first 3 to
6 periods from: starting the damped oscillation were not recorded. This time was
found satisfactory for equalization of the whole suspension system after its starting.
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EXPERIMENTAL

The calibration solutions were prepared from A.R. glycerine (Lachema, Brno)
in concentrations of 100, 98, 94, 92, 90 and 85 wt. 9. The density values of the
solutions required for viscosity calculations were taken from ref. [13}. The solutions
were tempered in a thermostat.

Specimens having the composmons CaSi0;, CaMgSi,0s and Ca,MgSi,0; were
prepared by calcination of CaCOs, A.R., and MgCO;, A.R., Lachema, Brno and
subsequent fusion with SiO,, A.R. Erba, Milano in the eorresponding stoichio-
metric ratio. The density values of the melts were taken over from ref. [14].

In the viscosity measurements proper, use was made of the mean moment of
inertia value of the suspension system, 5.464 X 10-5 kg m2. The moment of inertia
of the suspension system including the measuring body of cylindrical shape was
5.420 x 105 kg m—2. For viscosity measurements at high temperatures the effect
of temperature on the moment of inertia of the suspension system was determined;
this effect is caused by thermal expansion of the measuring body. It was found
that the change in the moment of inertia of the system with temperature was
obviously smaller than the error with which the moment of inertia was determined.
Calculation based on the thermal expansion data indicated that the change in
the moment of inertia for 1 500 °C amounted to the order of 10-° kg m?,

The temperature dependence of the dimensions of the measuring body was
determined on the basis of thermal expansion measurements on the PtRh40
alloy employed. The following equation was used for correcting the measuring
body radius with respect to thermal expansion in the temperature interval of
1 200 to 1 700 °C:

= (3.7055 X 10-3 4+ 5.0185 % 10-89),  [m] (4)

where ¢ is temperature in °C.

The logarithmic decrement value in air at room temperature was 1.05 + 0.1 X
% 10-3, The period in air amounted to about 4.62 s in the given arrangement.

Table IT lists the measured and literature values of viscosity of aqueous glycerine
solutions. The values are means of 5 to 6 measurements. The measurements were
carried out at 20 °C.

The viscosity of the CaSiO;, CaMgSi,Os and Ca,MgSi,0; melts is shown in
Fig. 2. The viscosity values are means of 5 to 6 measurements. The experimental

Table 11
Measured and literary viscosity values of aqueous glycerine solutions at 20 °C
Glycerine n/Pa.s An*
wt- % ref. [16] rof. [17] rof. [18] oxp. Pa.s |
100 1.412 1.499 — 1.453 0.009
98 0.939 0.974 0.997 0.947 0.005
94 0.437 0.458 0.458 0.436 0.006
92 0.310 0.328 . 0.326 0.315 0.002
90 0.219 0.235 0.233 0.226 0.004
85 0.109 0.113 0.112 0.113 0.003 ,

*) Standard deviation of experimental measurerments.
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values were treated by the least squares method. Viscosity of the melts in question
can be described by the following exponential equations:

7)Ca810, = 8.981 X 10-6 exp (18931/T); An = 219, (5)

i’?cm@x.o. = 7.230 X 1070 exp (19840/T); An = 1.6 %, (6)

7)ca,Mg81,0, = 1.441 X 1075 exp (16820/7); Ay = 2.5, (M
DISCUSSION

In the designing of the oscillation viscometer, use was made of experience
gained in the construction and operation of the apparatus decribed in [2], [4] to
[7), [156]). The design was influenced by the less exacting precision requirements
in this instance. Application of the oscillation viscometer for temperatures of up
to 1 700 °C and for oxide melts with viscosities of the order of 0.1 —1 Pa s requires
scaling down of the measuring body dimensions and increasing the moment of
inertia of the suspension system, which necessarily leads to a lower sensitivity of
the instrument and consequently to a lower measuring accuracy. In view of this
the new viscometer shows parameters roughly 5-times less favourable than the
presently top-grade oscillation viscometer [6] which, however, has so far been
used at temperatures up to about 1100 °C, exhibiting an absolute measuring
error of 0.6—1 9, for routine measurements at this temperature [6].

The results of viscosity measurements on aqueous glycerine solutions involve
an estimated absolute measuring error lower than 3 %,. Table II shows a comparison
of the data measured with literary data at 20 °C and indicates that the latter
exhibit differences of up to 99, With regard to an analysis of the methods
employed, the data given in [16] were eonsidered the most reliable ones. Those
specified in [17, 18] are higher by about 3 to 59,. It may be said, however, that

02

Fig. 2. Viscosity of the melts of CaSiO;, CaMgSi,Os and Ca2MgSi,0,. 0 — CaMgSi;Os, A — CaSiO;s,
v — CaMgSi0,, —.~.—. after [19], after [20], @ — after [21], full lines according to
equations (6)—(7).
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the viscosity values of the respective solutions are in agreement with the literary
data [16]. within the 39, absolute measuring error, even though the standard
deviation throughout the whole series of measurements in the present study was
lower than 39%,.

The results of viscosity measurements on CaSiOs;, CaMgSi»0s and Ca,MgSi,0,
melts were compared with the values measured in studies [19]—[21]. Fig. 2
shows the temperature dependence of viscosity according to [19]—[21] obtained
by interpolation of the concentration relationships. The measurements in [19]
used a rotary viscometer with a graphite crucible in a nitrogen atmosphere. For
the CaMgSi,Os melt, a good agreement was obtained with the values given in
[19], while for the melt of Ca,MgSi;0; the values given in [19] are higher by about
21 %. The measurements performed in [20] used an oscillation viscometer with
a cylindrical measuring body and the melt placed in a platinum crucible. The
viscosity falues for CaMgSi;O¢ given in [20] are lower by about 7 %,. For
Ca,;MgS8i;0,, the viscosity values are higher by about 39, than the results of
the present study. Viscosity of the CaSiO; melt in [21] was measured with a rotary
viscometer, and its results are identical with those of the present study within
the framework of the experimental error.

An analysis of errors involved in viscosity measurements with an oscillation
viscometer is discussed in detail in [4], [5], [15]. The recommended measurement
of viscosity on water was impossible in the present case because the maximum
sensitivity had been adjusted for the viscosity range from 0.1 to 1.5 Pa . s.

The greatest source of errors of the present viscometer was the determii ation
- of the measuring body diameter and the error in the determination of the loga-
rithmic decrement. The measuring body diameter was measured with a catheto-
meter with an accuracy of 4-0.005 mm. This uncertainty is responsible for the vis-
cogity error of 0,78 9%,. An estimate of the error due to uncertainty in the loga-
rithmic decrement determination was calculated from its standard deviation,
the maximum value of which was 5 X 1075, This value includes also measuring
of logarithmic decrement in air, when the swing of the torsion pendulum takes
place. The mentioned error in the logarithmic decrement determination is re-
eponsible for the viscosity uncertainty of up to 0.89, depending on the actual
viscosity value. The lesser errors are due to inaccuracy in the determination of
the moment of inertia of the suspension system, in the measuring of the period
and in the determination of density of theliquid being measured. The standard devi-
ation involved in the determination of the moment of inertia of the suspension sys-
tem, 9 X 10-8 kg m2, causes an error of 0.17 9 in the viscosity value. The oscillation
period was measured with an accuracy of -1 ms, which is responsible for an error
of 0.06 9, in the viscosity value. The same error, 0.06 %, of the viscosity value,
is caused by density determination described in [14], which is accurate within
40.005 g . cm3, The sum of the errors mentioned above gives the value of the esti-
mated total error of 1.87 9, for viscosity measurements on the viscometer described.
Further minor errors can obviously occur as a result of imperfect thermal sta-
bilization of the torsion fibre, non-uniform immersion of the measuring body, etc.
The standard deviation of the temperature dependence of viscosity of the melts
in question was lower than 3 %, in all the instances, which is in a good agreement
with the above estimate of the measuring error.

The authors dedicate this paper to the memory of Ing. 1. Votava.
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VYSOKOTEPLOTNY OSCILACNY VISKOZIMETER

Vladimir Danék, Tibor Li¢ko, Miroslav Uhrik, Alexander Silny
Ustav anorganickej chémie Censra chemického vijsk SAYV, 842 36 Bratislava

Skonitruoval sa vysokoteplotny oscilaény viskozimeter pracujtcei do teploty 1700 °C v oblasti
viskozit 0,1—1,5 Pa . s. Schematicky prierez viskozimetra je uvedeny na obrazku 1. Viskozita sa
vypoéita z hodnoty logaritmického dekrementu, ziskanej meranim éasovych tisekov pohybujtceho
sa li¢a medzi dvomi fixovanymi fotodetektormi. Vystup meracieho zariadenia bol pripojeny
,»on-line’‘ na programovateIny kalkuldtor, ktory spracovaval vysledky merania. Pre meranie
viskozity sa pouZilo alternativne teliesko v tvare valca, alebo valca 8 kuZelovitymi koncami.

Funkeia viskozimetra sa overila meranim viskozity vodnych roztokov glycerinu pri pouZitf
rovnic pre pohyb valcového telesa vo viskéznom prostredi, zatial éo pre valcové teliesko s kuZe-
Iovitymi koncami sa t4to rovnica korigovala pomocou kalibracie v roztokoch glycerinu. Stano-
venie viskozity sa uskutoénilo s absolitnou chybou merania mensou ako 3 9,

Stanovila sa viskozita tavenin zlozenia CaSiO;, CaMgSi20s a Ca;MgSi;0, v teplotnom roz-
medzi 1390—1630 °C. Teplotné z4vislost viskozity meranych tavenin sa popisala exponencidl-
nymi rovnicami:

7Casio, = 8,981 . 10-5 . oxp (18 931/T); Ay = 2,19,
nNcamgstao, = 7,230 . 10~5 . exp (19 840/T); Ay = 1,69,
NcaMest;0r = 1,441 . 1075 . exp (16 820/T); Ay = 2,59,

BBICOKOTEMIIEPATYPHbBII OCIIMJIJIAIIMOHHBIA
BUCKO3UMETP
Bnapumunp [Jasex, Tu6op Jluuko, Mupociiap Yrpux,
Anexcanpnep CHIBHHN

Huemumym neopearuvecsoii zumuu Llenmpa zumuneckozo uccaedosanus CAH,
842 36 Bpamucaasa

B cofpaH BEICOKOTeMmepaTypHHIH OCHHJITANMOHHEIA BHCKO3uMeTp, paboTaiomuil X0
remnepatypel 1 700 °C B ob6sactn BAskocreil 0,1—1,5 I1a.c. CxemMaTH9eckoe cedeHH@
BACKO3UMETPOM NPABOAMTCA Ha puc. 1. BA3KocTh paccYMThBaim Ha OCHOBAHMHM BeIRIMHE

340 Silikaty ¢. 4, 1983



High-Temperature Oscillation Viscometer

J0rapu@MHIECKOro JIeKpeMeHTa, IOJy4eHHO# n3MepeHMeM INpPOMEKYTKOB BpeMeHN ABH
MYMErocsa Jyda MekAy MBYMA HeHOABIHHIMHA (oTolaeTeKTopamu. Brixoll mamepsiomeit
YCTaHOBKM ITOAKIIIOUMIH ,,0n line'* k nmporpaMupyeMoMy KaJxyJaTopy, o6pabaTeiBaromeMy
pe3yJbTaThl u3MepeHMs. [li1d M3MepeHMA BSI3KOCTH MCIIOJB30BAJM aJIbTEPHADYIOMEe Teio
B BHJle OMJIMHIPA WM IMJINHADPA ¢ KOHYCOOOPa3HEIMH KOHIIAMH.

Pabory BACKO3UMeTpa NpoOBepsJIN M3MepeHHeM BA3KOCTH BOAHEIX PAcTBOPOB IVIMIEPHHA,
OpHMEHAS ypaBHEHMA I JBMKeHUSA LIUJIMHIPMYECKOro Tella BO BA3KOH cpele, B TO BpeMA
KaK [VIA ONIMHAPHYECKOTO Tes1a ¢ KOHYCOOODa3HRIMM KOHIIAMH 3TO ypaBHEHUE KOPPERTH-
poBaJIE ¢ moMombio Kanmubpamuu B pacTBopax ruminepuHa. OmpeleileHHe BA3KOCTH IPOBO-
nmImA ¢ abcolIIOTHOM MOrpelrHOCTHI0 M3MepeHnsd, mefocruraomen 3 %.

VYcraHaBimBaiM BA3KOCTh pacniiaBoB coctaBa CaSiO;, CaMgSi.Os 1 Ca,MgSi:O; B TeM-
nepatypHoM uHTepBasie 1 390—1 630 °C. TemmepaTypHYI0O 3aBHCHMMOCTh BA3KOCTH H3Mep-
sIeMHX paclNIaBOB OIIMCHBAJIM C IIOMOIILIO DKCIIOHEHIHAJILHHIX yDaBHEHHIA:

7Cas103 = 8,981 .10-6. exp (18 931/T); A?] = 2,1%
7)CaMgs1205 = 7,230 . 10-5. exp (19 840/7T); A‘r} =1,6%
7CazMgsi0, = 1,441 . 10-% . exp (16 820/T); Ay = 2,6 %

Puc. 1. Czemamuueckoe cenerue suckoaumempon: 1 — namaxcnas yemaroexa, 2 — memnepu-
posanKoe 3awpumHoe NOKPLIMUE KPYMUALHO20 G0A0KHA, 3 — KDYMUALHOE 60ROKKO
4 — kaewu, 5 — aepraao, 6 — dobasounble AamyHHbE KOABYA, T — MRNCEL0E KOABYO
ua Hepacaeewyeli cmaau, 8§ — wmulxo6oe nyckoeoe ycmpoiicmeo, § — mepmonapa,
10 — ronmaxm, caymcawuiti Oas onpedeaernus ypoeus, 11 — aameop newu, 12 — Ko-
pyndosas waxma newu, 13 — eodoozsancdaemasr nexd, 14 — uamepaiowee measo,
15 — muaeadv ¢ pacnaagom.
Puc. 2. Baskocmbv pacnaasos CaSiO,, CaMgSi,Os u CaMgSi;0,. O — CaMgSi,Os, A —.
. — CaSi0;, ¥ — Ca:MgSi,07,— .— .— .— cozaacno [19], ----- cozaacno [20]. ® — co-
2aacHo [21], cnaownbie aunuu coeaacro ypasnerusm (6)—(7).
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