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Abstract

It is expected that in liquid dielectrics a special layer with increasing conductivity can be formed close to the boundary with the solid. This behaviour has both chemical and physical origins. According to our computations one of the reasons could be enhanced dissociation of dissolved electrolytes near the solids with higher permittivity. We have performed experiments with transformer oil and ceramics. Instead of using the usual method for surface conductivity (SC) measurements, a new method based on foil electrodes of different thicknesses between two plane ceramic samples is developed. Experimental data show that the SC σs is proportional to the bulk conductivity raised to the power two-third σv2/3 . This corresponds neither to our theoretical treatment nor to the usual treatment taking into consideration the ζ -potential of the double electric layer.

(Some figures in this article are in colour only in the electronic version)

	1. Introduction

Studies of the behaviour of electric charge carriers at the solid dielectric/liquid dielectric interface are important for applications in electrical insulation [1], colloid chemistry,  electro-chemistry [2], electric hydrodynamics (EHD) [3] and so on.

In the area of electrical insulation, devices with twophased insulation like paper in transformers and partition insulators are being used and the oil electrization takes place. Besides, charge carriers close to the surface could be one of the reasons for the reduced electrical strength in such devices.

The stability of different colloidal structures like suspensions, foams and films, is strongly connected to the creation and behaviour of charges at the interface of liquid and solid dielectrics.

EHD devices convert electrical energy into kinetic or hydrostatic energy of liquids. Usually, every EHD device (pump, heat exchanger, etc) has three pieces: the first one produces space charge in dielectric liquids, the second one generates electrical force for the liquid to move, and the third one removes the space charges. The functioning of the second

	device is an engineering problem that is solved by means of a special HV electrode system, but the functioning of the other pieces is more unpredictable. Charge appearance and disappearance are less investigated processes.

A physical picture of the creation of surface charge carriers at the interface between solid dielectrics with high permittivity and non-polar liquid dielectrics was given earlier [4]. The forces acting on charges were assumed to depend on the distance between the real charges and the eccentricity of the forces was negligible. To develop the ideas in [4], we carry out two measurements here. The first one is the computation of ion-pair dissociation and the second one is the measurement of surface conductivity (SC) at the interface between the transformer oil and ceramics with high permittivity.
2. Numerical simulation
Earlier, a physical picture was given in [4], where the forces acting on the charges were assumed to depend on the distance between the charges. The eccentricity of the forces due to the difference between the position of ion and the position of its
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	image was negligible. Numerical simulation permit us to take into account the forces between ions and images of other ions more accurately.

The numerical simulation procedure for the two charge dissociation process involves a plane separating two halfspaces with different magnitudes of dielectric permittivity: the upper half-space with ε1 = 2.3 and the lower half-space with ε2 = ∞. The first charge carrier radius is taken to be R1 = 0.5 HM and the second one to be R2 = 0.1 HM. Symbols are the same as in [4]. When the second charge position is fixed, the first charge centre distribution function f1 = f (r, z) can be found from the equation of continuity of the current density 
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r, z are cylindrical coordinates of the first charge centre when the second charge is located on the r-axis, h2 the z coordinate of the second charge carrier, D1 the diffusion coefficient and LB the doubled Bjerrum radius. Equation (1) is valid in the area (1 whose boundaries are defined by the contact area of the particles with one another and the interfacial plane. At the remote boundaries z = 100 nm and r = 100 nm, f1 = 0 is defined and at the other boundaries the current i1 = 0. For distinctness and convenience one could set f1 = 1 at the point where the particles touch one another and both particles touch the plane z = 0. Later, the function f1 will be renormalized in order to obtain the real dissociation constant.
Let us solve a boundary problem for the current balance equation (1) using the finite element method (FEM). To derive the equivalent variational formulation the first and second terms of equation (1) are multiplied by a trial function (1(r, z) and the results are integrated over the calculated area (1. Applying the Green formula (integration by parts) and taking into consideration the boundary conditions, we can obtain the following expression:
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To build a finite-element approximation let us decompose(1.on the triangular finite elements and also define the piecewise linear finite basic functions Yi upon them. We represent the function f1 as a linear combination of these basic functions:
ff1 = (_qi(i. By substituting a trial function (1 in turn for all basic functions_(i  , a set of finite-element equations is obtained:
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Thus, we have obtained a set of linear algebraic equations

(SLAE)
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Figure 1. The function f (r, z) near the boundary.
where the matrix cells are defined either by the formula
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, or by the boundary conditions. The components bi are all zero, except for one corresponding to the node, where the condition f1 = 1 is valid. To solve this SLAE the LU-factorization method taking into account the special profile SLAE matrix data storage format is used.

The dissociation problem is solved using a mesh containing more than 130 000 nodes and 250 000 triangles. In addition, the mesh is essentially condensed near the boundaries, where the particles have a contact. The numerical solution accuracy is checked by some mesh subdivisions. Figure 1 shows the allocation of the function f (r, z) where the smallest (second) ion touches the boundary and the largest one is distributed around. One can see that the most preferable position of the first charge carrier is close to both the first one and the boundary.

To calculate the dissociation constant, the function f (r, z) obtained as a solution of the boundary problem is scaled with the constant g:
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where

[image: image14.wmf]
[image: image15.wmf]ò

W

W

=

B

d

z

r

f

g

)

,

(


and (B is the intersection of the calculated area with a sphere

of radius RB.

Let us consider the function
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which defines a probability density of the first charge distribution to the second charge in homogeneous space with a relative permittivity ε1. Figure 2 shows plots of the behaviour of the function fg (x) when the second ion touches the plane z = 0. The curve 2 is for the distribution along the axis r from
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Figure 2. Behaviour of the function f g along the boundary: along z at r = 0 (curve 3) and along the axis r from the point where the ions touch (curve 2) in comparison with the function f R(r) in the bulk of the liquid (curve 1).
[image: image19.emf]
Figure 3. The density of the distribution function f g(r) of ions along the boundary. The curve 1 corresponds to the case of fixed small charge carriers and a distribution of the large one along the boundary. The curve 2 corresponds to the case of fixed large charge carrier and distribution of the small one along the boundary.
the point where the ions touch. The curve 3 demonstrates the dependence of the probability density along z at r = 0 from the point of contact. Here, the plot f R(r) (curve 1) for the case of remote ions from the interface is given for comparison.

The distribution of the second charge f2(r, z) relative to the first one is obtained by the same method as described in (1)–(7). It could be obtained from (1) by interchanging the indices 1 and 2 and specifying the area (2. In figure 3 we show the density of distribution of ions along the boundary.
	[image: image20.emf]
Figure 4. Dissociation constant kd(h) close to the interface region versus distance from the liquid/solid boundary.
Curve 1 corresponds to the case when the small charge carrier

is fixed and distribution of the large one is along the boundary.

Curve 2 corresponds to the case when the large charge carrier is fixed and the distribution of small one is along the boundary.

After determining f1(r, z) and f2(r, z) one should find the corresponding currents i1 and i2. With i1 and i2, the dissociation constant can be calculated as
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where Sg is the surface of the cylinder that completely includes the charges and i1n and i2n are normal components of both currents to the surface Sg. For the positions of ions closest to the interface, the dissociation constant is kD(h = R1) ≈ 4(105 s−1. The dissociation constant is computed for the case when the first ion is moved away from the interface in steps (figure 4). One should note that kD(x) increases up to 1.2 HM, then decreases and tends to its ‘bulk’ value. This constant

at z = 10 nm, kD (h = 10 nm) ≈ 3.8 (10-6 s−1 differs slightly from the corresponding bulk dissociation constant kD ≈ 7.7( 10-7 s−1 for homogeneous space.
3. Results of the experiment
3.1. Traditional method of determining the SC
When one measures the bulk resistance (BR) Rv the surface resistance (SR) Rs is an undesirable factor. The reverse is also true. In order to measure one factor excluding another factor three four-electrode devices are used. Figure 5 displays a three-electrode system for measuring resistance. First, let us consider the measurement of the BR. The classical method is the following [5]. If electrodes 1 and 2 are supplied the same voltage and electrode 3 is grounded and the current is measured in the circuit of the electrode 1 theBRcan be determined. Here, there is no influence of the SR.

	[image: image22.png]



Figure 5. Three-electrode system for resistivity measurements.
[image: image23.emf]
Figure 6. Computer simulation of measurements in the three-electrode system for different BR and SR. The dielectric thickness is 2 mm.
In this device only changing the purposes of the electrodes SR is used to measure. This process is supposed to exclude the BR influence. Measuring electrodes 1 and 2 are at a distance touching the surface of the dielectrics. The voltage feeds them. The first is a potential electrode. The second one is grounded. From below, the shielding electrode 3 touches the dielectric surface. It is grounded. Current in the grounded circuit of electrode 2 is measured.

Electrode 3 is for removing the influence of the bulk conductivity (BC) of the dielectrics on the SC. In reality, investigating the paths of the electric current one can see that some portion of it flows through the bulk of the dielectrics. This BC depends on the ratio of the distance between the measuring electrodes to the thickness of the dielectrics. This factor must change ‘the apparent value of the SR measured’.
This situation is simulated by means of the FEM, the program‘TELMA’. The sample is considered to be of thickness a = 2 mm, distant b = 3mm and unlimited length. The upper electrodes are stripes 1mm wide and of unlimited length. The specific bulk resistivity is ρv and the specific surface resistivity is ρs Calculations are also carried out at a dielectric thickness of a = 0.25 mm. Figures 6 and 7 present the results of the numerical modelling of the measuring process. On the axes there are dimensionless combinations r = 2ρs/(a((v) and R = Rsum/Rs. The value Rsum is the resistance of the sample that includes both SR and ‘excess’ BR. One can see that the measurement error is considerable and can be several orders of magnitude at rather low specific BR. Here, the ‘apparent’ resistance depending on the sample thickness could be both much more and much less than the real value SR (figures 6 and 7). The role of a shield electrode is particularly ‘harmful’ at small thicknesses, as figures 7 and 8 show. The actual value 
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Figure 7. Computer simulation of measurements in the three-electrode system for different BR and SR. The dielectric thickness is 0.25 mm.
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Figure 8. Electric potential distribution along the boundary in the three-electrode system for dielectric thickness 0.25 mm,

ρs = 1013 _ and different BR: 1—ρv = 108 _m, 2—ρv = 109 _m,

3—ρv = 1010 _m, 4—ρv = 1011 _m , 5—ρv = 1012 _m.
of the SR can be obtained only if the potential distribution is linear.
 If the field distribution along the surface is inhomogeneous the value measured is far from the real SR. Other errors could be due to the behaviour of the contacts. In the case of non-Ohmic contact of electrodes with charge carriers moving in the near surface layer, the measured resistance could be either more or less than the actual SR. At the time of ‘barrier contact’ of the electrode with the charge carriers the current must decrease, but at injection contact the current must depend nonlinearly on the voltage. In both cases, the values measured at direct current are not close to the real SR. So, while measuring the value of SR one should check beforehand if the ‘Ohmic’ or ‘non-Ohmic’ contact is realized.
3.2. Measurement method
SR is measured in a cell made of two polished ceramic surfaces with striped foil metal electrodes placed between them (figure 9). Liquid is dropped with a pipette onto the ceramic surface between the electrodes. After pressing tightly, the gap between them is determined by the foil thickness of




	One can see that the SR must be proportional to the square root of the BR. The magnitude of the specific resistance depends on the value of the ζ -potential. Using the proper value of the ζ -potential, one can get a value of SC that is close to the experimental value. Figure 11 shows the graph ρs(ρv) at ζ = 15mV. It corresponds quite well to the experimental data but its behaviour differs from the approximating dependence (11). Besides, this value is approximately twenty times less than the ζ -potential for the AOT in a solution of AOT in cyclohexane that is in contact with polymer films, and 3–4 times less than the ζ -potential for the same components that are in contact with metal electrodes [6].

Thus, the models of SC are not complete. As far as the computations are concerned, the actual ions are not two solid spheres. Actually, the positive ion of sodium can be really considered spherical, while the negative ion has a complex structure with several centres of charge located on the oxygen atoms. Besides, the negative ion has a hydrocarbon ‘tail’, which makes this substance surface active [7] and leads to aggregation and complicates the process of investigation and computer simulation of the problem.

From our point of view the most probable theory of the origin of the SC involves two factors. Increased dissociation causes charge production in the region close to the surface while preferable adsorption of charge carriers forces the formation of a double layer with its movable part corresponding to the ζ -potential. In order to be certain of the details of the mechanism of SR formation one should carry out measurements using other combinations of liquid and solid dielectrics. One should choose weak electrolyte additives without specific adsorption and with equal of radii ions .
5. Conclusion
After computation and experimental analysis we arrived at several results concerning dissociation processes in liquid dielectrics and the SR. The mathematical model permits us to compute dissociation rates for different conditions.

The computed values of dissociation rates are close to the well-known theoretical values in the bulk of liquid dielectrics


	and do not differ very much from physical estimates in the region close to the liquid/solid interface. Computer simulation of surface resistivity measurements permits us to find errors in the traditional three-electrode systems. A new method of SR measurement for the liquid/solid interfaces is proposed.

Measurements of resistivity of the boundary of ceramics and transformer oil demonstrate the fact that the surface resistivity depends on the liquid resistivity. The order of magnitude of experimental data and numerical simulation coincide but the behaviour of the curves ρs(ρv) do not. In order to be certain about the mechanism of SR formation, which is so important for applications, one should carry out measurements using other combinations of liquid/solid dielectrics and weak electrolyte additives without specific adsorption and with ions of equal radii.
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