Self-balancing high-precision ac Wheatstone bridge for
observing diffusion processes in electrolyte solutions
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To observe long-time diffusion experiments in electrolyte solutions a self-balancing ac Wheatstone
bridge has been built up. The bridge has six decimal places of controllable R and C decades; a
resolution of 10~° is achieved. The balancing of the bridge is done by a microcomputer system.

PACS numbers: 82.80.Fk, 07.50. 4+ f

INTRODUCTION

The electrical conductivity is often used as a character-
istic and easily accessible quantity for monitoring
physico—chemical processes.

To measure conductivities, manually balanced ac
bridges with a resolution of 107¢ are available. Con-
ductivities depending on time are usually measured by
self-balancing bridges. The bridges have an accuracy of
only 107, For high precision measurements, however,
this accuracy is not sufficient. This paper describes a
self-balancing ac Wheatstone bridge of high precision.

The bridge and the peripheral units are controlled by
an ordinary microcomputer system. The results of the
measurements are given to a printer or paper tape
punch. The self-balancing bridge was designed to ob-
serve diffusion experiments in electrolyte solutions.
The changes in concentration depending on time are
measured through the ohmic part of the impedance.

|. DESCRIPTION OF THE SELF-BALANCING
BRIDGE

The Wheatstone bridge consists of two reference
resistors, resistor and capacitor decades (R, C,), the
impedance to be measured (Z,), an oscillator, a band-
pass amplifier, and a voltage measurement device
(see Fig. 1).

The balancing of the bridge is done by varying the
R and C decades so that the balancing voltage V, reaches
the minimum. In this case, the impedance to be mea-
sured and the R and C decades have the same ratio as the
reference resistors.

In our self-balancing bridge the variation of the
decades is done by a microcomputer system.

The conductivity cells for electrolyte solutions usually
have a resistivity between 1000 and 8000 ). To measure
these resistivities with a resolution up to 1074, R decades
with six decimal places from 0.01 Q to 1 k() are necessary.
The elements of the decades are switched by reed relays.
The reed relays have a transition resistivity of 50 mQ
(£10%), which is in the range of the lowest decimal
place. To transfer the transition resistivity below the
range of the decades, we chose decade resistor values
from 0.1 Q up to 10 k.
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To measure resistivities in the requested range of
0.01 2-10 k€, a ratio of 1:10 for the reference resistors
is necessary.

It is observable that with any combination of decade
values, the decade array has an additional resistance
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Fic. 1. Block diagram of the self-balancing bridge. The balancing
voltage V, of the Wheatstone bridge is filtered, measured, and then
registered by the microprocessor. The values of the R, and the
C)p decades are changed by the microprocessor in order to minimize
V,. When the minimum of V, is reached, the result of the balancing
(R},) is output by the microprocessor.
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Fi16. 3. Flow diagram of the balancing procedure.
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Fic. 2. Schematic of the R
decades and the interface. The
serial output of the micro-
processor is converted into paral-
lel data by the six 4-bit shift
registers (6 IC 7495). The re-
sistors of the decades are switched
by reed relays. The relays are
driven by BCD to decimal
decoders (6 1C 7442).
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FiG. 4. Schematic of the diaphragm cell; concentration profiles
for time ¢+ = 0 and t = ©. The cell is divided into two equal parts
by a diaphragm. The solutions in each cell part are stirred. The
experiment starts with a concentration gradient between the two cell
parts. The gradient decreases exponentially with time. To determine
the concentrations the conductivities are measured. Therefore the
solutions are pumped from the diaphragm cell to the conductivity
cells.

of 0.3 Q caused by six reed relays; therefore, the
resistivity found for the impedance to be measured
must always be corrected by 0.03 Q.

For our bridge we used precision resistors with a
tolerance of +0.02% in the k() range. The tolerances for
the lower ranges were =0.1% and +0.05%.

The resistors for the two upper decimal places were
selected to keep the tolerance range smaller.

The temperature coefficient was 1-1075/°C for all re-
sistors; therefore, the ambient temperature of the bridge
should not vary more than 1°C.

The impedance of an electrolyte solution has an chmic
and a capacitive part. Thus the balancing of both parts
must be done.

For calculation of the concentration, only the ohmic
part is of interest; therefore, the tolerance ranges of
capacitors need not be as small as those of the resistors
(selected capacitors: 1 pF . . . 0, 1 uF, tolerance: up
to 15%).

The bridge is fed by a sine wave generator with a
frequency of 2 kHz and an amplitude of 5 V.

The bandpass amplifier has the following data:

middle frequency: 2 kHz
bandwidth: 100 Hz, 6 dB

amplification: 80 dB.

The amplified balancing voltage is input into an
analog to digital converter (kontron DMM 3003, basic
accuracy +0.06%, rise time 3 s).

To separate the bridge from ground potential, two
1:1 transformers are used. The bridge is controlled by a
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KIM I microcomputer system. KIM I

processor: MCS 6502 (MOS), 8bit
memory: 1 kbyte RAM
2 kbyte ROM

The balancing program is stored in a 2-kbyte EPROM.
Interfaces are necessary to adapt the bridge to the
microcomputer.

The interface between KIM I and the R and C decades
is a 24-bit serial to parallel converter with a BCD to
decimal decoder (see Fig. 2). The reed relays are
directly driven by the BCD to decimal decoder. The
interface between KIM I and the A/D converter is a
16-bit parallel to serial converter (IC’s:4 x SN
74L.S95). The result of the balancing procedure (the
resistivity of the conductivity cell) is given to a printer
via an interface consisting of a 24-bit serial to parallel
converter as described before.

Il. DESCRIPTION OF THE BALANCING
PROCEDURE

The microcomputer begins the balancing procedure
with roughly estimated values for the decades. Ac-
cording to these values the microcomputer selects the
relays of the decades and registers the resulting
balancing voltage. Now the microcomputer increases
the highest decimal place of the R decade by one step.

If the resulting balancing voltage is lower than before,
the microcomputer continues changing the R decade
in this direction. If the balancing voltage is higher
than before, the direction of change was wrong and the
microcomputer has to decrease the R decade by one
step.

If the minimum for the first decimal place of the R
decade is found, the same procedure begins for the
first decimal place of the C decade, then for the second
decimal of the R decade, and so on.

The absolute minimum of the balancing voltage is
found when the lowest decimal places are balanced.
The values of the R and C decades by which the
minimum was reached are stored by the micro-
computer and the ohmic part is printed out.

The microcomputer then starts the balancing for the
next measuring point.

In our diffusion experiments we have three measuring
points: two conductivity cells and a thermocouple for
temperature surveillance during the experiment.

When the microcomputer has reached the first mea-
suring point again, it starts the new balancing with the
stored values of the previous cycle.

With these new starting values the minimum is reached
in a few steps since the concentration and resultant
conductivity changes only slightly with time during our
diffusion experiments.

The average time for one balancing procedure is two
minutes. This is mainly limited by the rather slow
A/D converter utilized. For our experiments this work-
ing speed is sufficient. If higher working speed is
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required, a faster A/D converter should be used. The
flow diagram (Fig. 3) shows the described balancing
procedure in a simplified form.

lll. REPRODUCIBILITY

The reproducibility of the bridge has been checked
on a metal film resistor of about 2 k{). The ambient
temperature of the bridge and the resistor was held
constant at 25° = 1°C. The result of 20 measurements
was 2007.34 ) = 0.02 ; therefore, the reproducibility
of measurements on a pure ohmic resistor is about 1-1075.

IV. DIFFUSION EXPERIMENTS MONITORED BY
THE SELF-BALANCING BRIDGE

Diffusion in electrolyte solutions is measured with the
help of the well-known diaphragm cell,! which is shown
in Fig. 4. Our diffusion cell is made of lucite and is
divided into two equal parts by a porous diaphragm
(Fig. 4). At the beginning of the experiment there is a
concentration gradient between the two cell parts.

The concentration gradient decreases exponentially
with time. With the usual cell dimensions this process
of equalization takes several days. To determine the
concentration with time, the electrical conductivity has
been measured with the self-balancing bridge.

The conductivity is measured outside the diffusion
cell in a specially designed conductivity cell (Fig. 5).

The conductivity cell is made of lucite. The Pt elec-
trodes are black platinized.

The solution from one diffusion cell part is pumped
through one capillary of the conductivity cell, passes
three Pt electrodes, and flows back into the diffusion
cell part.

The outer jack sockets are connected and therefore
have the same electrical potential against the middle
electrode. With this arrangement of electrodes, there is
no electric current outside the conductivity cell (piping,
diaphragm cell). The whole experimental setup (dif-
fusion cell, conductivity cell, connecting pipes, pump)
is placed in a water-filled bath at a constant tempera-
ture of 25°C  0.005°C.

The continuous flow avoids a warmup of the solution
in the conductivity cell.
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FiG6. 5. Conductivity cell. The
solution from one diffusion cell
part flows through one capillary
of the conductivity cell and
passes three black platinized
Pt electrodes.

e
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The resistance of the two parts of the conductivity
cell in a 0.5 N KCl solution was:

R, =1702.25 Q0 = 0.05 Q,
R, = 1732.81 & = 0.06 ().

These values were derived from 20 measurements,
each made in a time frame of two hours. During that
time the temperature stability was better than =0.002°C.

For the evaluation of binary diffusion experiments
the logarithm of the difference between the con-
ductivities of the solutions in the lower (x;) and in the
upper (xr) cell part is plotted vs time.

The solutions in the two cell parts have rather equal
temperature coefficients; therefore, by plotting the dif-
ferences between the two conductivities, the influence
of slight temperature variations are mainly eliminated.

The least square fit gives the slope of the straight line;
the slope is directly proportional to the diffusion
coefficient of the solution.2?

The relative error of a single In(xy — xz) value is
10~%. One value of In(xz — xr) includes errors of four
resistivity measurements: the R, and Rz measurements
and the two resistivities measured for determination of
the cell constants of the conductivity cells.

Therefore the accuracy of the bridge has to be 1075.
With the self-balancing bridge and our special diaphragm
cell, it is possible to measure diffusion coefficients
with a reproducibility of 10-3.4

ACKNOWLEDGMENT

The authors thankfully acknowledge the financial
support of this work by the ‘‘Deutsche Forschungs-
gemeinschaft, Sonderforschungsbereich 160.”” The
work was done in cooperation with ‘‘Institut fir
technische Elektronik der RWTH Aachen.”

' R. H. Stokes, J. Am. Chem. Soc. 72 763 (1950).

z R. Mills and L. A. Woolf, The Diaphragm Cell, Diffusion
Research Unit, Research School of Physical Sciences, Australian
National University Canberra, Australia (1958).

3 E. L. Cussler, Multicomponent Diffusion, Chemical Engineering
Monographs (Elsevier, Amsterdam, Oxford, New York, 1976).

4 H. J. Kiggen, dissertation, RWTH Aachen, Math.-Nat. Fakultéit
(1979).

High precision bridge 1764

Authorized licensed use limited to: Monterey Bay Aquarium Research Inc. Downloaded on March 12,2010 at 19:37:22 EST from IEEE Xplore. Restrictions apply.



