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Experimental evaluation of dynamic properties  
of the four electrode reference conductivity cells  
 

Abstract 

 

Dynamic properties of the four-electrode cell with conducting liquid inside 
are described in the paper. The cell is used as a sensor of the electrolytic 

conductivity (EC) in the national Ukrainian standard. Electrical model and 

physical model for the temperature changes of this sensor are presented. 
To avoid additional measurement errors the stable state in desired 

temperature should be obtain. To obtain values of parameters describing 

the dynamic process of EC cell for temperature changes the experimental 

way was chosen. Installation and measurement procedure is presented. It is 

found that temperature transition process in the EC cell can be modeled by 

the first order differential equation and depends mainly on two cell tubes. 
For establishing the cell temperature within an error less then 0.002ºC time 

36 min is needed. 
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1. Introduction 
 

One of the main physical quantities characterizing the electrical 

properties of the conductive liquid is an electrolytic conductivity 

(EC). For a long time ensuring the unity of this kind of 

measurement was based on the standard solutions prepared by 

standard methods carried out according to the certificated 

procedure. This procedure involves several stages and is rather 

complex. First is the multiple cleaning of ingredients: water and 

KCl salt. Second is the high-precision measurement of the mass 

(or volume) of super pure water in the absence of carbon dioxide, 

salts KCl and the water vapor. Third is dissolving of the KCl salt 

in water and was also necessary to ensure the absence of carbon 

dioxide and water vapor. In these processes the participation of the 

physical chemistry staff of very high qualification is required. But 

the main problem of such approach was that the relationship 

between the fundamental physical constants and primary standards 

of electrical quantities was not reflected. In the international 

standard [1], the electrolytic conductivity k is determined at DC 

current as the ratio of the current density J in A/m2 and the electric 

field E, in V/m: 

EJk      (1) 

 

In the international system SI the conductivity EC has dimension 

dim=L3M1T3I2. This is the complicated relationship between k 

and standards of units of the length {L}, mass {M}, time {T}, and 

electric current {I}. 

From the measurement point of view the following is important:  

- Measurement of conductivity in the very small volume is not 

possible. Then both physical quantities J and E must be regarded 

as vector quantities, J and E, in the measured space and should 

be regularly distributed.  

- Measurements of k at DC current are not enough accurate. 

Preferable are AC measurements. In this case J and E have two 

components dependent on frequency and should be expressed 

also in symbolic form. 

Then in practice the use of J and E quantities is extremely 

inconvenient. Therefore, over time, in countries leading in the 

highest precision metrology, creation of standards for reproduction 

the conductivity unit based on the "absolute" (direct) methods 

have been developed [2 -3]. Its essence boils down to two 

procedures: the measurement of the resistance R of the known 

standard conductivity cell filled with liquid, and the subsequent 

calculation of the value of EC according to the equation for the 

resistance R of the liquid conductor of length L and cross-sectional 

area S with the homogenous electrical field inside 

 

RSLk  .             (2) 

 

In the World the practice of this method was implemented in 

few ways [4]. Established in Ukraine the state primary standard of 

the ЕС is designed due to the original conception. The main idea 

was to unite the advantages of the precision measurement bridge 

of balanced AC circuit and the four-electrode cell with calculated 

constant K as a conductivity sensor. Both, the sensor and the 

bridge, were designed specifically for this primary EC standard. It 

has no analogues between other standards of the conductivity 

measurements. Value of the liquid conductivity k is determined as 

 
 251 tGKk                                  (3) 

 

where: G is the conductance of the liquid column in the cell of 

known shape and dimensions; K is the constant calculated from 

cell dimensions; α is the temperature coefficient for conductivity 

of the solution; t25 is the temperature deviation from 25ºС.  

The laboratory stand of the primary Ukrainian EC standard, 

some technological problems and analysis of uncertainty budget of 

its full metrological model was described before in detail in [5]. 

The uncertainty type B mainly depends on unknown systematic 

errors. Values of errors are randomized in the expected ranges of 

their changes. In measurements of standard EC two of the errors 

are instrumental errors defined as non-linear, discrete and 

temperature drift of the conductivity and temperature gauges. The 

third uncertainty component is determined in the process of 

calculating the conductivity cell constant. This cell has no 

analogues between other standards of the conductivity 

measurements. Therefore, for the evaluation of systematic errors 

that arise in calculating the cell constant K the special attention 

was paid. In [6] the analysis of systematic error caused by the 

variable nature of the electric field in the cell is presented. 

Analysis of error due to the nonlinearity of the field lines and the 

structure of the cell is shown in [7]. Processing problems 

associated with non-ideal profile of the liquid column and error 

correction methods are discussed in [8]. At the same time, during 

the measurement procedure, along with the static errors some 

errors dependent on dynamic properties of the standard cell as 

conductivity sensor may also occur. The experimental evaluation 

of the thermal dynamic properties of this standard and related 

errors are presented below. 

 

2. Physical and electrical model of EC sensor 
 

Sketch of the conductivity cell, which is the primary sensor of 

national Ukrainian EC standard is shown in Figure 1.  

This cell is a tube with an internal diameter D and an overall 

length L+2l. This tube serves to hold the liquid conductor 

geometry and consists of three sections: a central one 1 and two 

side 2. At the ends of the central section are two metal rings 3 

applied as potential electrodes, c and d. At the ends of the tube 

two discs 4 are fixed. On the inner surface of them the metallic 

film 5 is deposited, which performs the function of current 

electrodes a and b. In the center of both discs 4 holes 6 with  

a diameter d are located, which serve for pouring and outflow of 

the measured liquid. The inner surface of the discs is tapered on 
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angle  to facilitate the removal of air bubbles when liquid is 

pouring into a cell. The material of the internal tube and discs is  

a quartz, which has very good electrical insulating properties, 

temporal stability and a minimum coefficient of thermal 

expansion. Electrodes are made of the platinum, which has the 

minimal polarization effect for most electrolytes.  

 

 

 
 

Fig. 1.  Sketch of the primary conductivity cell and its connections [5] 

 

The tested electrolyte is poured into the inner cavity of the cell. 

To reduce the influence of temperature on the measurement result, 

the cell is placed into an water thermostat.  

For the EC standard of Ukraine two versions of the four-

electrode cell as the conductivity sensor were made, i.e. type of 

open structure (Fig. 2a) and type with sensor closed in the 

protective tube (Fig 2b). Geometrical dimensions of all of them 

were practically identical. The length of each of three tube sectors 

is L≈ l ≈25 mm, diameter of the tubes D ≈10 mm, diameter of the 

holes for filing cell d ≈ 2 mm.  

 
a) 

 
 

b) 

 
 

Fig. 2. Two types of EC sensor structures: a) without and b) with protective tube 
 

Each option has its advantages and disadvantages. The open 

structure sensor (Fig 2a) is in the direct contact with water in  

a thermostat. It has a much smaller time constants when it is 

subject to temperature changes. Typically, the temperature in the 

thermostat is 25°C, while temperatures of the storage of 

electrolytes are (20 – 22)°C. Hence, the structure of the cell during 

operation will operate in temperature differences (3 – 5)°C. In the 

operation process, the resistance RT ≈ (1 – 10) TΩ. All 

construction elements of the cell: metal electrode, a quartz tube, 

the epoxy compound (adhesive) have different coefficients of 

thermal expansion. The adhesive also has a coefficient of 

shrinkage. Then the quartz structures may obtained elastic 

deformations and cracks, and leakage impedances of the structure 

can change. Leakage resistance decreases sharply (RT≈RW) and 

shunts the measured parameter ZX. As a result, an additional 

measurement error is created. 
The sensor of Fig 2b is protected by the additional tube. That is 

the more robust design. However, in this type of construction, 

there is a gap between the protective tube and sensitive element. 

Then, the cell has a slower dynamic properties. Consequently, the 

temperature inside the sensor is very slowly established. Since the 

temperature coefficient of the solution EC is rather large: (2 to 

3)% per °C, then the temperature, if is not set correct, will result in 

an additional error. This error may occur not only at the stage of 

creating standard of electrolytic conductivity unit, but also in the 

traceability process, i.e. during transmission the standard value of 

the conductivity unit to verify the accuracy of measuring 

instruments laying lower in the structure of the state calibration 

scheme. 

The equivalent circuit diagram of four-electrode cell for AC 

current including all leakage impedances is shown in Fig. 3a. 

There are leakage impedances of current electrodes (ZSi1, ZSi2) and 

potential electrodes (ZSu1, ZSu2). The structure of these impedances 

comprises (Fig. 3a): the resistance of the quartz tube RT, water 

resistance in the thermostat RW, the sum of cable and the bridge 

terminal capacitance CS. Resistance RT on 5-6 orders of magnitude 

is greater than the resistance RW.  

 
a) 

 
 

b) 

 
 

Fig. 3.  Equivalent schemes of the four-electrode conductivity cell as sensor.  

a) ZS - equivalent circuit of leakage impedances from different points of the 

cell, b) full scheme with: ZE1, ZE2 - electrochemical impedances at the current 

electrodes 5; ZE3, ZE4 - electrochemical impedances at the potential electrodes 

3; ZB1, ZB2 - bulk impedances of the liquid column in the side tubes 2;  

ZX - bulk impedance of the measured liquid column in the central part 1 of 

cell tube 

 
This EC cell, in four points a, b, c and d, is connected to the 

bridge, (Fig 1.), which measures the conductance G =1/R of liquid 

column between potential electrodes c and d. This bridge has 

specially designed the balanced AC circuit with unique 

characteristics. The operating frequency of the bridge is 1 kHz. 
The bridge gives the current Iab passing throw measured liquid 

between points a and b of current electrodes and takes for 

measurement the voltage difference Ucd between points c and d, 

and gives the components of the complex relationships Iab/Ucd [5]. 

It provides a direct reading of two components of the parallel 

equivalent circuit of the cell at AC current as measured 

parameters. The bridge has a good CMRR (above 100 dB at a 

frequency of 1 kHz). Thus impedances ZE1, ZE2, ZB1, ZB2 in 
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practice have no influence on the measurement result. In the 

balance state of this bridge the current between the potential 

terminals c and d is dropping to zero. This in turn allows to 

eliminate the influence of impedances ZE3, ZE4 at the interface of 

potential electrode/solution. 

 

3. Thermal experiment and its results 
 

The estimation of the transition of thermal dynamic process in 

the cell is mainly needed for the minimizing the error due to 

temperature and its gradient. By the research, which can be done 

theoretically is not possible to find the real parameters of the cell 

which are needed in farther calculations. Therefore, this section is 

devoted to the study of the dynamic properties of a real reference 

conductivity cell with protective tube with using the experimental 

method. For this experiment the special measuring installation was 

collected. The functional diagram of it is shown in Figure 4.  

 

 

 
 

Fig. 4.  Installation for the experimental checking of the thermal dynamics of 

conductivity cell: SPRT1 SPRT2 - temperature sensors, DM1, DM2 their  

digital instruments, PC- personal computer 
 

This figure comprises the model of the part of conductivity cell 

used in the stand of EC standard. It includes an inner tube 1, outer 

tube 2 and a rubber hose 3 with an opening piston at the bottom of 

the layout electrolyte, through which an electrolyte can be poured 

into the tube 1. All materials and the characteristic dimensions of 

the layout correspond to the actual content and the size of the 

reference cell. Primarily controlled are diameters and thicknesses 

of the tubes 1 and 2, then the width of air gap h, and if the 

diameter of the rubber pipe and the diameter of the hole for 

pouring the solution are the same. 

Inside the tube 1 located is a platinum SPRT2 sensor, which is 

connected to a digital temperature meter DM2. This part of the cell 

is placed in a thermostat so, that the liquid level inside the tube 1 

is 20 cm below the level of thermostat liquid. This corresponds to 

the immersion level of the real EC sensor. Temperature inside the 

thermostat is controlled by means of second platinum sensor 

SPRT1 and instrument DM1 with output connected to the 

computer PC. Both SPRT sensors were calibrated in two reference 

points: the triple point of water and the melting point of gallium. 

In a special thermal integrator at temperatures close to the 

temperature of the thermostat the difference of temperature 

measurement results of DM1 and DM2 was verified. This 

difference does not exceed 0.001ºC. As DM1 instrument the 

temperature measurement transmitter with interface to PC is used 

and as DM2 used is temperature meter TR-3100. Temperature 

stabilization is provided by means of a bypass of water thermostat 

TVP6 with modified third circuit of cooling based on the 

thermostat F32 (Julabo). 

The temperature inside the thermostat is controlled using 

SPRT1. In the Figure 5, the work of the control systems of the 

thermostat on the interval of 1 hour is possible to observe. The 

high-frequency component of the temperature signal corresponds 

to the work of automatic dual-control system TVS6 thermostat, 

and low-frequency component is corresponding to the manual 

system of regulation of the third circuit using F32. The average 

temperature in the specified range was tav = 25.0002ºC. As seen 

from the Figure 5 inside the thermostat the temperature 

fluctuations about the mean did not exceed ± 0.003°C.  

 

 

 
 

Fig. 5.  The result of observation of the temperature inside the thermostat t1. Period 

of observation ≈1 hour 

 

It should be noted that the heat transfer to the liquid column 

inside the conductivity cell is carried out in two ways. The first 

way - through the surface of the glass tubes and the air gap 

between them. The second way - through a liquid column inside 

the rubber hose and direct throw the hole for inlet/outlet of the 

liquid. To assess the efficiency of heat transfer on a particular way 

the experiment was conducted in two variants. 

In the first case, the conductivity cell was filled with a solution, 

so the solution would be remained in the rubber hose 3. Sensors 

SPRT1 and SPRT2 are placed in the water thermostat and inside 

the EC cell, respectively. After every minute, reading of 

temperature from DM2 meter was taken. The experiment was 

carried out up to establish the cell temperature, which was 

maintained in the thermostat (to three decimal places).  

 

 
 

Fig. 6.  Results of thermal experiment: y(t) (curve 1, left scale) - cell response to the 

temperature drop; Δy(t) (curve 2, right scale) - the difference between cell 

reactions in time on the same temperature drop for two options: with and 

without a solution in the rubber hose 

 

In the second stage of experiment the hole plug is closing, and 

solution in the rubber hose was absent. The next stage - 

measurement of temperature in time is similar as in the first case. 

The measurement results obtained using SPRT2 and DM2 are 

normalized as relative to the mean temperature tav. The 

measurement results of two above experiments were nearly similar 

and are represented by the curve y(t) in Figure 6.  
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The transition process of temperature in the EC cell can be 

modeled by the first order differential equation. The solution of it 

is an exponential function of time. Therefore, for the graph y(T) in 

Figure 6 the following interpolation function was chosen 

 

   TBTy  exp1 ,               (4) 

 

where: T - the time, the current variable; B - constant; τ - time 

constant of the cell. 

Using the algorithm of the minimum mean square deviation for 

the two variants of the experiment (curve y(T) in Figure 6, were 

obtained by the same coefficients: B = 0.16, τ = 8.3 min. The 

difference between the results of measurements in the first and 

second variant of the thermal experiment is a function Δy(T) given 

in Fig. 6 (curve 2). Shallow difference indicates that the primary 

path of the heat transfer is through surfaces of glass tubes and air 

gap between them. Significant thermal resistance of the air gap in 

this case is not determinative. The overriding factor is that the area 

of the cylindrical surface of the liquid column is much larger than 

area of the hole for the fluid inlet/outlet. Thus dynamic model of 

the EC reference cell is a function:  

 

 min3.8exp16.01)( TTycell       (5) 

 

The main objective of the experiment is to determine the time 

Tmin, after which one can take readings with a given permissible 

error Δτ. This error is calculated by the formula: 

 

 Tycell 1    (6) 

 

The minimum time Tmin required for establishing  

a predetermined temperature error can be determined by 

multiplying the number n of values of the time constant Tmin = nτ. 

Substituting this into (4) and jointly with (6) such formula for n is 

obtained: 

 















B
n ln              (7) 

 

Then 




















16,0
ln3.8minT          (8) 

 

Thus equation (8), on the one hand, the occurrence of dynamic 

errors during the operation of EC standard is almost completely 

eliminated. On the other hand, this equation gives the minimized 

waiting time for measurements and work on the stand of EC 

standard makes more effective. For example, according to (8) after 

the cell be placed into a thermostat, for the establishing of the cell 

temperature with an error not exceeding 0.002ºC, one should wait 

at least for Tmin = 36 min. 

 

4. Summary 
 

In the discussed experiment of the EC cell dynamics for 

temperature changes, it is determined that the main path of the 

heat transfer passes through the predetermined surface structure of 

the glass tubes and air gap of this cell. 

As a result of the experiment a model of the transition process in 

the conductivity cell of EC standard when exposed to  

a temperature jump has been find. To reduce the component of the 

error, after the solution is putting into a cell, you must record the 

values up to the temperature is established with the permissible 

error. The required analytical first order differential equation for 

this is proposed. Depending on the required accuracy of 

measurement, the operator chooses the time of taking results 

indicated by the EC standard measurement system. 
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