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Accurate conductivity cell for molten glasses and salts

Friedrich G. K. Baucke, Jutta Braun, Gernot Roth and Ralf-D. Werner
Schott Glaswerke, Mainz (FRG)

A cell for measuring absolute conductances of glass and salt melts is described. It is a further development of a conductivity cell reported
earlier and is based on the principle that the actual cell volume within the bulk of the melt, which is contained in a platinum crucible, is
enclosed by a partly immersed and open-ended alumina cell tube and is thus subjected to a defined, homogeneous electric field between two
parallel platinum electrodes arranged perpendicular to the cell tube. The upper electrode positioned in the tube is cross-shaped for the
removal of gas bubbles, the lower electrode is formed by a protrusion of the crucible base, which fits into the lower end of the tube. The
arrangement is positioned within a specially designed resistance furnace guaranteeing temperature homogeneity of + 1 K within the cell
volume. The experimental reproducibility of the conductances is Ax + 1.0 % and is demonstrated by three examples.

Genaue LeitfahigkeitsmeBzelle fiir Glas- und Salzschmelzen

Es wird eine MeBzelle zur Messung der absoluten spezifischen Leitfahigkeit von Glas- und Salzschmelzen beschrieben, die eine
Weiterentwicklung einer frither beschriebenen Zelle darstellt. Sie beruht auf dem Prinzip, daB das Zellvolumen innerhalb der Schmelze, die
sich in einem Platintiegel befindet, von einem teilweise eingetauchten, offenen Aluminiumoxid-Zellrohr umgeben und dadurch einem
definierten, homogenen elektrischen Feld zwischen zwei parallelen, senkrecht zum Zellrohr angeordneten Platinelektroden unterworfen
wird. Die obere der Elektroden befindet sich in dem Rohr und ist zur Beseitigung von Gasblasen kreuzformig ausgebildet, die untere wird
von einer Einstiilpung des Tiegelbodens, die in das Zellrohr ragt, gebildet. Die Anordnung befindet sich in einem speziell entwickelten
Widerstandsofen, der eine Temperaturhomogenitdt von + 1 K innerhalb des Zellvolumens garantiert. Die experimentelle Reprodu-
zierbarkeit der spezifischen Leitfahigkeit, die an drei Beispielen erldutert wird, betrigt Ax + 1,0 %.

1. Introduction mechanical stability, and yields significantly more
reproducible data than the original cell type [5]. In
this paper, the construction and special features of
the new cell are described, the conditions for, and
limits of, its application are given, and the repro-
ducibility of the measured data is reported and

demonstrated by some examples.

Because of the increasing importance of electric glass
melting, the knowledge of accurate conductances of
glass-forming melts and particularly of their tem-
perature dependence has attained a high interest in
recent years. Based on a critical analysis of conduc-
tivity cells reported in the literature by 1976, a cell for
measuring absolute conductances of molten glasses
and salts was then published [1], which is based on the
principle that the melt actually subjected to the
measurement forms a cylindrical volume within the 9.
bulk of the melt. It is enclosed and defined by a partly
immersed, cylindrical, and open-ended alumina or
silica tube and by two parallel platinum electrodes
positioned within and at the bottom of the tube. The
homogeneous electric field thus created within the
cell tube and the knowledge of the cell constant allow
the measurement of absolute conductances thus
avoiding calibration of the cell and connected uncer-

2. Conductivity cell
Construction

The construction of the conductivity cell is shown in
figure 1. The melt is contained in a Pt/10 Rh crucible
whose base is upwardly protruded to fit concentrically
into the vertical, partly immersed, open-ended alu-
mina (or silica) cell tube, which rests on the crucible
base. The tube encloses a cylindrical volume of the
melt whose length is given by the distance between

tainties and errors.

In the meantime, this cell construction has also
been used by others [2 and 3]. Based on the
experiences gained during its frequent application in
practice, however, it has been further developed [4]
and now presents a measuring unit which can be
handled more easily and safely, has a much higher
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the flat upper surface of the protrusion, which forms
the lower electrode, and the cross-shaped upper
electrode, which is held in place by a four-bore
alumina tube. The cell volume of the actual conduc-
tivity cell is thus a defined volume within the bulk of
the melt, which is subjected to a homogeneous elec-
tric field due to the insulating alumina cell tube.

The cell constant, C, is given by the cell length, /,
i.e. the distance of upper and lower electrodes, and
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the cell cross-section, A, at the measuring tempera-
ture (equation (1))

C=1l/A. (1)

The cell dimensions, [, and A,, measured at room
temperature must thus be corrected for the expansion
of the alumina (see section 3.), while the expansion of
the cell tube above the upper electrode is compen-
sated by that of the four-bore tube whose lower end
fixes the vertical position of the upper electrode. The
conductance of the melt is obtained by equation (2),

x=C/R=1/AR )

where R is the resistance of the cell. The vertical
position of the four-bore tube and thus the cell length
can be changed within 5 cm during the measurements
by means of a micrometer screw, which rests on the
upper end of the cell tube and also allows to rotate the
upper electrode arrangement. The four-bore tube
also contains the leads of a thermocouple, which is
positioned 2 mm above the upper electrode. The cell
tube is firmly held in a vertical position by a
cylindrical bore in the upper cover of the assembly,
which also holds the connecting lead to the platinum
crucible and lower electrode and closes the heating
tube of the resistance furnace.

The platinum crucible rests on four support bars,
which secure a good heat transfer, and is protected
from accidental contact with the heating tube by eight
thin alumina rods. The crucible can be moved
upwards out of the furnace for assembling by a
vertical piston, which is driven by an electric motor
below the furnace. Draft in the furnace tube is
excluded by a tight seal of the piston arrange-
ment.

After melting and freeing the glass from bubbles,
the cell tube with the four-bore tube arrangement is
lowered into the melt under its own weight and is
brought into the correct position. Glasses with
extremely large viscosities are melted in the crucible
with the cell tube already in place, into which,
however, some glass is also introduced before the
four-bore tube arrangement is lowered. The scale
determining the vertical position of the upper elec-
trode is calibrated while the assembly is still at room
temperature.

2.2. Characterization of the conductivity cell

a) The cell yields absolute conductances according to
equations (1 and 2). Calibration and connected
problems, errors, and uncertainties as described in
detail in [1] are thus excluded.

b) The arrangement has a high mechanical stability
due to the fixed position of the cell tube by the
protrusion of the crucible base and the guiding bore
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Figure 1. Experimental arrangement of conductivity cell for
measuring absolute conductances of glass and salt melts. The
cross-section A — B and an enlargement (2:1) of the upper
electrode section with the thermocouple and cross-section C — D
are also shown.

1: melt, 2: Pt/10 Rh crucible, 3: protrusion, 4: cell tube, 5: cell
volume, 6 and 7: electrodes, 8: four-bore alumina tube, 9:
micrometer screw arrangement, 10: thermocouple, 11: upper cover
of assembly, 12: lead to lower electrode, 13: lead to upper
electrode, 14: leads from thermocouple, 15: crucible-supporting
bars, 16: safety alumina rods, 17: movable supporting piston.

in the cover of the assembly. This excludes accidental
changes of selected cell constants during the meas-
urements.

¢) Due to the position of the actual measuring cell
within the bulk of the melt, the cell constant is
independent of the temperature-dependent density
and connected volume changes of the melt and of the
surface tension of the melt and its temperature
dependence. Besides, the melt composition is con-
stant since evaporation of components from the cell
volume is excluded.

d) The cell length can be changed between 0.5 and
5 cm during the measurements, which allows to select
any cell constant between approximately 0.4 and
4 cm™!. Conductances measured can thus be tested
for independence of the cell constant, which states
that

— the cell tube is intact, has a sufficiently high
resistance, and is in its proper position,

— no bubbles stick to the bars of the upper electrode,
and

— no emf between the electrodes and

— no electrode polarisation impair the measured
data.

This can also be checked by changing the measuring
frequency.
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Figure 2. Cell length- and conductance-dependent correction
factor, F(x,[), correcting for inhomogeneities of electric field
within cell volume caused by cross-shaped upper electrode of
conductivity cell.

e) The cross-shaped upper electrode allows the
removal of bubbles from the cell volume at high
temperatures. Bubbles caught under, or sticking to,
the electrode bars are easily stripped off by rotating
the electrode. A slight inhomogeneity of the electric
field introduced by the shape of the upper electrode is
allowed for by a cell length- and conductance-de-
pendent correction factor, F(x, [), (figure 2) which is
defined by equation (3),

F(x,I) = R/Ry, 3)

where R, = measured, and R = corrected resistance
of the cell. F(x,[) can also be looked at as a factor
transforming the cell constant, C, obtained from the
cell dimensions into the actual cell constant, C,,
valid for measurements with the cross-shaped elec-
trode (equation (4)),

Flx, ) = CIC, . “4)

The mutual interdependence of the quantities is given
by equation (5),

#=CIR=C/(Ry F) = Co R,y , )

if, for simplicity, F is written for F(x, [). For highest
accuracy, the correction factor is applied iteratively.
F(x, 1) is slightly larger than unity at small conduc-
tances and large cell lengths (figure2) since it
includes a small contribution of the electrode-
supporting wire above the cell volume (figure 1) to
the electric field and thus to the apparent conduc-
tances.

f) Due to the four bars supporting the platinum
crucible (figure 1), the temperature within the 5 cm
long cell volume is uniform within AT = 1K. The
shallow axial temperature profile is constant at least
between 900 and 1600 °C, showing the slightly higher
temperature in the middle of the tube. The actual
temperature within the cell volume is thus known
from the temperature measured by the thermocouple
above the upper electrode.

g) Electrical conduction by vapor above the melt
surface is safely excluded by the double insulation of
the upper electrode lead due to the concentric
four-bore tube in the cell tube.

2.3. Conditions for the application of the conductivity
cell

Two conditions must be met for the application of the
cell and for optimum results.

a) The alumina of the cell and the four-bore tube
must not be corroded by the melt. This can be secured
in a separate experiment. An insufficient corrosion
resistance of the alumina, however, is also detected
by a low reproducibility of data taken after different
periods, e.g. during the measurement at increasing
and decreasing temperatures. This mode of meas-
urement is thus always applied and recommended.
Besides, corrosion of the alumina is indicated by the
dependence of the measured conductances on the cell
lengths. SiO, tubes are a possible alternative if
alumina cannot be used because of corrosion.

b) The alumina cell tube must be sufficiently
insulating in order to confine the electric field to the
cell volume. For cell dimensions usually applied
(1.25 cm internal diameter and 2 mm wall thickness
of the cell tube), the ratio of ceramic to melt
resistances must be = 5 - 10 since, at the largest cell
length of 5 cm, the ceramic to melt resistivity ratio
must be larger than 10°. This amounts to an alumina
resistance of 5 - 10! Q cm required for the material
of the cell tube. The suitability of new charges of
alumina tubes purchased is correspondingly checked
by conductance measurements at different cell
lengths and temperatures applying glass melts with
appropriately small conductances. Only one commer-
cially available brand of alumina tube (Purox® of
Morgan Refractories, Neston, Cheshire (England))
has met all requirements in the past.

2.4. Instruments

An impedance bridge with 0.003 % meter resolution,
0.001 % analog-voltage output and frequencies 0.1,
1, 10, and 100 kHz (General Radio, West Concord
(USA), 1654 Impedance Comparator) is applied in
connection with a standard resistor (General Radio,
Decade Resistor 1412 BC) and a standard capaci-
tance (General Radio, Decade Capacitor 1434 G).
The resistivity of all leads of the assembly was smaller
than 1 %0 of the total resistivity measured.

3. Reproducibility and accuracy

The overall reproducibility of the conductivity cell
was calculated as the sum of the experimentally
probable reproducibilities of cell dimensions, electri-
cal resistance, and temperature. The conductance is
obtained by equation (6),
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. 41, :
B B, D R dU (L + AT ©)

where F(x, ) = correction factor, R = measured
resistance, /[, and dy = cell length and diameter,
respectively, at room temperature, 7= T, — Ty =
difference between measuring and room tempera-
ture, and a = thermal expansion coefficient of alu-
mina (equation (7)) [6],

a=2479-10"7+1.134-10°In T, . (7)

The overall reproducibility was thus obtained from
the partial differentials with respect to the variable
quantities to be Ax * 1.5 % (individual reproducibi-
lities: resistance: * 0.5 %, cell lengths: * 0.3 %, cell
diameter: * 0.4 %, temperature and temperature
difference: + 0.1 % each).

For the evaluation of the conductances according
to equation (8),

lgx=f1UT), (8)

which has generally been used in the past, an
additional reproducibility enters into the results. It is
caused by the reproducibility of the reciprocal
temperature on the abscissa of the plots and increases
with increasing activation energy but is not specific of
the conductivity cell. It is in the order of + 0.3 % at
an activation energy of 100 kJ mol~!, i.e. at 722 °C
(glass no. 1), 983 °C (glass no. 6), and 896 °C (glass
no. 9), respectively, (see section 4.) and is included in
the experimental results based on equation (8).

The absolute accuracy of the measured conduc-
tances depends also on the absolute accuracy of the
temperature. It is not specific of the cell and is rarely,
if at all, of interest since only the temperature
dependence of the conductance is important for
research, development, and production.

4. Results and discussion

The improved conductivity cell has been applied for
research, development, and glass production pur-
poses for several years and has also proved successful
with measurements for molten salts, see also [1]. As
typical examples, figure3 shows temperature-de-
pendent conductances of three glass melts of a mixed
alkali glass series, which will be treated in detail in
a future publication (compositions in mol%: glass
no. 1: 15.5 Na,0, 10.8 CaO, 73.7 SiO,; glass no. 6:
5.8 Na,0, 9.7 K,0, 10.8 Ca0, 73.7 SiO,; glass no. 9:
15.5 K,0, 10.8 Ca0, 73.7 SiO,; each glass contained
0.2 wt% Sb,03)!). Conductances of each melt were
measured at 50 K intervals between 700 and 1550 °C.

) The Sb,0; content corresponds to 0.04 mol% and has no
influence on the conductances as shown by melts without this redox
fining agent.
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Figure 3. Temperature-dependent conductances of three glass
melts of a mixed alkali series demonstrating reproducibility of data
measured with conductivity cell given in figure 1. (Glass compo-
sitions (in mol%): glass no. 1: 15.5 Na,O, 10.8 CaO, 73.7 SiO,;
glass no. 6: 5.8 Na,0, 9.7 K,0, 10.8 CaO, 73.7 SiO,; glass no. 9:
15.5 K,0, 10.8 CaO, 73.7 SiO,; plus 0.2 wt% Sb,03). Due to the
small maximum deviation of experimental from fitted conduc-
tances, Ax + 1.0 %, data points are indiscernable from plotted
curves.

Cell lengths 1, 2, 3, and 4 cm were chosen except for
temperatures below 1050 °C where only 3 cm cell
length was used because of the high viscosities of the
melts. Measuring frequencies were 1 and 10 kHz. The
evaluation is thus based on approximately 90 meas-
urements per glass melt, which were subjected to a
least squares fit (computer program: ASYST, Hew-
lett Packard, Palo Alto (USA)) of polynomials of the
2nd to 4th order, which yielded identical results for
3rd and 4th order polynomials. They are plotted in
figure 3 as respective indiscernable curves.

The maximum relative deviation of the experi-
mental from the fitted conductances is Ax + 1.0 %
within the entire temperature range. This represents
a reproducibility equal to that calculated from errors
in cell dimensions, electrical resistance, and tem-
perature since the cell cross-section was constant for
each glass. The same result was obtained for standard
deviations, which were calculated without fitting the
data and are s * 0.8 % for the three glass melts. The
high reproducibility of these measurements is parti-
cularly noteworthy since it states the absence of
alumina corrosion as 32 h elapsed between the first
and the last measurement on each glass. It also
demonstrates a high repeatability with respect to
different samples of a particular melt composition
and to different experimentators. The experimental
conductances cannot be distinguished from, and are
thus not given in, the plots of figure 3.
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A series of measurements on glass no. 1 was con-
ducted with a disk-shaped upper electrode, for which
the glass had to be particularly free of bubbles. The
conductances measured were identical within approx-
imately 1% to those obtained with the cross-
shaped electrode and had a slightly lower reprodu-
cibility of Ax = 1.3 %. This shows that the cell
length- and conductance-dependent correction factor
(figure 2) linking these measurements is a reliable
quantity also at small cell lengths, which is also stated
by the independence of the conductance of the cell
length for all glasses measured.

Due to the high reproducibility of the cell, a slight
difference between conductances measured at 1 and
10 kHz, Ax = »(10 kHz) — %(1 kHz), is detected. It
is positive, depends on glass composition and tem-
perature, and generally has a magnitude of one to
three tenths of a percent. Surprisingly, this effect is
observed with all glasses although it is within the
experimental reproducibility of the measurements. It
is concluded that the difference is caused by a slight
rest polarization of the electrodes, which would
necessitate to extrapolate frequency-dependent con-

ductances to infinite frequency if this small effect
were to be excluded.
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