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Comparative analysis of physical models of two-electrode
conductivity cells with end and lateral liquid supplies
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ABSTRACT

This article presents a physical model of a two-electrode conductivity cell with holes for filling located in the electrodes. The study
investigates the non-uniformity of the current density distribution within the cell, caused by the presence of these holes. Using the
finite element method (FEM), the electrical resistance bias of the cell is calculated and compared to an idealized model - a liquid column
with specific geometric dimensions and a uniform field inside. A comparison of the resistance bias values between two models - one
with end holes (located in the electrodes) and one with lateral liquid supply - is conducted. The results demonstrate that the resistance
bias is highly dependent on the diameter of the holes and is mostly unaffected by their position. In most cases, the resistance bias of
the model with holes in the electrodes is 3—6 % lower in absolute value compared to the model with side holes, assuming identical
geometric parameters for the cell; meanwhile, the bias signs are opposite for these models.
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1. INTRODUCTION

For the practical realization of the unit of electrolytic
conductivity (EC) £ (S'm™!), national metrology institutes
(NMIs) two-electrode  differential
conductivity cells with a clearly defined geometry. Several types

usually use contact
of such cells are known: a cell with a removable central section
[1]-[7], a piston-type cell [6]—[10], and a differential double cell
[11].

The cell with a removable central extension section has gained
the greatest popularity among NMIs. Despite the fact that this
design was first proposed more than 30 years ago [12], it
continues to be replicated in the development of national
measurement standards today [3]. The central section of such a
cell contains flange connections and can be removed. This ability
allows the distance between the electrodes to be changed,
thereby changing the electrical resistance of the cell. The
operating algorithm is according to the following: First, the cell
resistance R (€) is measured without a central section at a
liquid column length of 2 /Z The liquid column length is then
increased to 2 /+ L by placing a central section between the two
half-cells, and the resistance Rm2 () is measured. EC is
expressed as follows [8]-[10]:
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where A (m?) is the cross-sectional area, D (m) is the inner
diameter of the cell, and L (m) is the length of the “virtual” liquid
column. Thus, the principle of realization of the EC unit
£ (S-m™") by such a cell is to measure the electrical resistance of
a “virtual” liquid column of a clearly defined geometry, provided
that there is a uniform current density distribution | (A-m™~2).

In reality, for a design containing flanged connections, it is
difficult to ensure a uniform current density distribution
J (A'm™?) due to the possible radial displacements of the cell
sections. The methodological error in measuring using a cell of
such a design can reach 0.08 % at a radial displacement of
0.6 mm [13].

The simplest and cheapest option for a primary cell that does
not contain flange connections is the two-electrode differential
double cell. Structurally, it consists of two cells of different
lengths, I1 (m) and I, (m), but the same inner diameter, D (m)
(Figure 1). All four electrodes in both cells are fixed, and
therefore the liquid columns in such a differential cell have a
constant “frozen” geometry. The presence of holes for filling in
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Figure 1. A physical model of a differential conductivity double cell and its
equivalent circuit diagram.

(a) A physical model of a differential conductivity double cell;

(b) Equivalent circuit diagram of the differential conductivity double cell (Zp
and Zp; are the polarization impedances of the cells, and Zs: and Zs; are the
bulk impedances).

each of the cells results in distortion of the current density
distribution | (A'm™2) inside the liquid column. This leads to a
bias in the electrical resistance of the filled cell with respect to
the resistance of the idealized model with a homogeneous field
(without holes) (Figure 2) by a relative value of dr (%0):

8p = M 100, )

RWO

where Ry, (Q) is the resistance of the cell having holes for filling,
and Ry, (€2) is the resistance of the idealized cell model with a
homogeneous field inside, calculated as follows [1]:

R L1 4L 1

we Ak aD%*k’

Since the diameter and position of the holes for filling the cell
can be measured, the resistance bias dr (%) (2) can be
theoretically calculated and used as a correction. Such studies
were conducted for the cell design with a lateral liquid
supply [11]. However, there is another design type where the
holes for filling the cell are located in the electrodes, Figure 3(a),
hereinafter referred to as model A.
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Figure 2. A physical model of an idealized conductivity cell with a
homogeneous field inside.

The putpose of this article is to establish quantitative
characteristics of the error in measuring the resistance of the cell
with holes for filling located in the electrodes, and to compare
these characteristics with those of a similar design with holes in
the side walls, Figure 3(b), hereinafter referred to as model B.

2. PHYSICAL AND MATHEMATICAL MODELS OF THE CELL

2.1. Physical model

Model A represents the physical model of the cell, which is
the subject of this study. It consists of a glass tube with a length
of L (m) and an internal diameter of D (m) and electrodes that
are placed at the ends of the tube. Holes for filling the cell are
located in the electrodes at a certain distance x (m) from the inner
surface of the tube. Geometrical parameters x (m) and 4 (m) are
identical for both ends of the cell, and the position of holes is
centrally symmetrical to each other. The presence of holes results
in a change in the effective cross-sectional area 4 (m?), and, in
agreement with equation (3), this leads to a change in the
resistance of the liquid column and the occurrence of an error

(bias) (2).
2.2. Mathematical model

So as to compute the resistance Ry, (€2) of the cell containing
holes for filling, as in the previous study [11], COMSOL
Multiphysics® software was used. This software implements the
finite element method (FEM) [14] for solving the models, and

(a)
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Figure 3. The physical models of the cells with inlet and outlet holes for filling
(the current density lines are distorted due to the presence of holes).
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calculations are carried out using two mathematical models. The
first model describes the propagation of the electric field and
corresponds to the three-dimensional Laplace’s equation [15],
[16]:

0%E N 0°E N 0°E _ @
ax2  9y?  9z2

The second model, with the measuring direct current Ie.i (A)
through the cell set constant, is desctibed as follows:

_ Ucen T fL E, dL ®)
R =11 ’
cell cell

where Uear (V) is computed by integrating the z-component of
the electric field strength Ez (V'm™) over the liquid column
length L (m).

When setting up the model, the following mandatory
parameters were specified: direct current through the model
L.t = 1 mA, the EC of the solution £ = 0.1 S'm™!, the relative
permittivity of the solution & = 77 [17], and the temperature of
the solution 25 °C. The contribution of fringe fields in the side
quartz walls was neglected, so the boundaries of the model were
electrically isolated, and the result of solving the model is the bulk
resistance.

As for the mesh settings, predefined ‘extremely fine’ setting
was used. Previous accuracy evaluations [11] show that this mesh
setting ensures very high accuracy. The relative difference
between the computed bulk resistance result and the value
calculated using equation (3) does not exceed 0.002 % for the
model dimensions considered in this work.

3. SIMULATION RESULTS

3.1. Dependencies for a range of geometric parameters

Based on the results of solving models with different
geometric parameters L (mm) and D (mm), the dependencies of
the electrical resistance bias dr (%) (2) for model A were obtained
as functions of these parameters (Figure 4). The model with
holes in the electrodes (model A) has a positive bias dr (%) in
contrast to the model with side holes (model B) [11].

In order to compare the resistance biases dr (%) of model A
and model B and find the difference in absolute values of the
resistance biases As (%), the following expression was used:

45 = |8ra| — |Brp| ©6)

where |dra| (%) is the absolute value of the resistance bias for
model A, and |drp| (%) is the absolute value of the resistance
bias for model B.

Computation results show that for cells up to 100 mm long
with a diameter D =< 20, the absolute bias value |dra.| (%) of
model A is 0.0005-0.007 % lower, according to equation (0),
than the absolute bias value |drp| (%) of model B, given the
same geometric parameters I (mm), D (mm), and 4 (mm). The
position of the holes for model A is x = D/2 (mm), and for
model B — 2 mm. In relative terms, this difference is 3—6 %.
Therefore, this difference is not sufficiently large to make
model A preferable to model B. A more important distinguishing
feature of model A, compared to model B, is that the bias has a
positive sign, in contrast to model B.

3.2. Influence of parameter d (mm)

The dependencies of the resistance bias dr (%) for cells of
different lengths with diameters D = 10 mm and D = 20 mm are

(a)

®— D =9mm, d=2mm, x = D/2

014 *\. —c— D =10mm, d = 2mm, x = D/2
012 A\ —a—D=12mm, d = 2mm, x = D/2
= ) —o— D =15mm, d = 2mm, x = D/2
< \ O\ +— D =20mm, d=2mm, x = D/2
0107 A, —2— D = 25mm, d = 2mm, x = D/2
p .
5 0.084
@
o
5 0.06-
R
w
& 0.04+
0.02
0.00+— T T T T T T T T
20 30 40 50 B0 70 80 90 100
Tube length L (mm)
(b)
0144 4 «— L =20mm, d=2mm, x = D/2
. —&— L =30mm, d=2mm, x = D/2
042 —e— [ =40mm, d = 2mm, x = D/2
o v— L =50mm, d=2mm, x = D/2
< \ —+— L =60mm, d=2mm, x = D/2
w0109 N —o— L = 80mm, d = 2mm, x = D/2
@ NN 4— [ =100mm, d = 2mm, x = D/2
5 0.084
Q
2
S 0.06
® 1
w
2 0.044
0.024
0.00 ‘ T T

8 10 12 14 16 18 20 22 24 26
Tube diameter D (mm)

Figure 4. Dependencies of the resistance bias &g (%) for model A on various
cell parameters.

(a) Resistance bias 6r (%) as function of cell length L (mm);

(b) Resistance bias &g (%) as function of cell diameter D (mm);

shown in Figure 5. The dependency plots show that the diameter
of the holes for filling the cell has a significant effect on the cell
resistance. When the diameter increases by 4 times, the resistance
bias increases by 10-35 times, depending on the value of the D/d
and L/D ratios.

Since the diameter of the holes significantly affects cell
resistance, the task of making precision holes in the cell parts
arises. For model A, when using metal electrodes, making a
precision hole is relatively simple task. Freely available reamers
allow for achieving tolerance limits of *5 pm for diameters
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Figure 5. Dependencies of the resistance bias 6z (%) of model A on hole
diameter d (mm) at various geometric parameters.
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Figure 6. Dependencies of the resistance bias &r (%) on hole position x (mm).
(a) Plot for model A;
(b) Plot for model B.

between 0 and 3 mm, corresponding to international tolerance
grade I'T7. In contrast, for model B, making a hole in glass with
the specified tolerance limits requires a special diamond mill,
lapping tool, and a complex processing technique.

3.3. Influence of hole position x (mm)

The position x (mm) of the holes along the electrode as well
as along the cell tube (for model B) has virtually no effect on the
bias value dr (%0). The plots (Figure 6) show that the change in
cell resistance occurs in thousandths of a percent. The greatest
effect on cell resistance for model A occurs when the holes are
positioned right next to the tube wall, while the smallest effect is
observed when the holes are located at the center of the
electrode.

For model A, the hole positioning parameter x (m) is
somewhat less controlled compared to model B. However, this
issue can be resolved by making the electrodes the same diameter
as the outer diameter of the glass tube. For example, both the
electrodes and the glass tube can be inserted into a V-block made
of dielectric material for optimal positioning. In this design,
potential radial displacements of the electrodes would be
minimal and can be measured using a dial indicator. The
maximum observed radial displacement of an electrode could
then be used in further model computations for uncertainty
evaluations of the bias dr (%).
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Figure 7. Current density distribution J (A:-m?) in the central slice of the liquid
column model near the inlet (D =10 mm, d =2 mm, L =50 mm, x = D/2).

4. USING RESISTANCE BIAS DATA

The presence of holes for filling results in a significant change
in the cell resistance and disrupts the non-uniformity of the
cutrent density [ (A'm™2) (see Figure 7). In model A, the
presence of holes for filling reduces the effective cross-sectional
area A4 (m?) and increases the cell resistance, while in model B,
the opposite is true: the effective cross-sectional area 4 (m?)
increases and the cell resistance decreases. However, these
effects are constant. They can be eliminated by applying the
resistance bias value dr (%) as a correction.

Estimating the resistance bias dr (%0) for a cell of model A or
B, with particular geometric parameters such as D (m), L (m),
d(m), and x (m), makes it possible to calculate the EC
measurement tesult and the constant Keen (m™!) for such a cell,
which equals the /A ratio.

By knowing the limit values of the diameter 4 (m) and the
positioning parameter x (m), these values can be incorporated
into further model computations to determine the limits of the
bias Jr (%). The resulting limit values can then be used to
evaluate the uncertainty of the bias, assuming a uniform
distribution.

Since the resistance biases dr (%) for models A and B have
opposite signs, this property can also be utilized. For a cell with
a hole in the electrode at one end and a hole in the cell wall at the
other, the resistance bias dr (%) can be zero at specific geometric
parameters L (m), D (m), 4 (m), and x (m). In such a case, the
EC measurement result using this cell will correspond to that of
the idealized model shown in Figure 2, with a uniform current
density distribution inside.

5. CONCLUSIONS

Summarizing the results of the study on the effect of holes
for filling in two-electrode cells, the following conclusions can be
made. The presence of holes significantly affects the cell
resistance, especially when the rato D/d is reduced.

Regarding hole positioning, the error caused by positioning is
40-50 times smaller than the resistance bias introduced by the
holes themselves. The shape of the liquid column in such cells
remains fixed during measurements, ensuring that the resistance
bias remains constant. For a cell of either model A or B with
specific parameters D (m), L (m), 4 (m), and x (m), the bias value
can be calculated and applied as a correction.

The resistance biases of models A and B are almost identical
in absolute value when the geometric parameters D (m), L (m),
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d (m), and x (m) are the same. The 3—6 % smaller bias in model A
relative to model B is insignificant and does not indicate any
substantial advantage for model A. The main distinction between
the two models lies in the sign of the resistance bias: for model A,
the bias is positive, while for model B, it is negative. This
difference allows for the design of a hybrid cell model where
there is a hole in the electrode on one side and a hole in the wall
on the other. In such a cell, with certain geometric parameters,
the resistance bias will be zero, and the measured EC result will
correspond to that of an ideal cell with a uniform current density
distribution, as shown in Figure 2.

After considering physical models A and B as potential
designs for primary cells, the author concludes that model A,
using metal electrodes, is the easiest to implement. Creating
precise holes in metal electrodes with a given tolerance is a
relatively simple task that does not require the specialized
diamond tools or complex machining techniques necessary for
model B. To better control the parameter x (m) in model A, the
electrode could be made with the same diameter as the outer
diameter D (m) of the cell tube. In this case, it will even be
possible to estimate the acceptable limits within which the
parameter x (m) is located using a dial indicator.
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