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Dependence of dissipation factor of magnetic fluids by temperature


Abstract. The article deals about magnetic fluids based on a transformer oil and dependence of dissipation factor tgδ by temperature at different concentrations of these fluids. It also deals about influence of action external magnetic field to the behavior of this parameter.
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Introduction
	Magnetic fluids are colloid solutions based on carrier medium and ferromagnetic nanoparticles, which are coated with surface active substance which is also called surfactant. Ferromagnetic nanoparticles performs role of carrier of magnetic properties in the magnetic fluid. The function of surfactant in these fluids is to set up homogeneously dispersion of nanoparticles in volume of fluid. We can talk about stabile magnetic fluids in case, when concentration neither distribution of magnetic nanoparticles is unchanged. Thus composed magnetic fluids can form equivalent of many conventional fluids used in electric engineering, engineering but also in medicine with added magnetic properties. [1]. 

Physical properties of magnetic fluids
	Particles dispersed in magnetic fluid reaches usually dimension about 3 - 15 nm. Typical content of these particles in fluid is 1023 m3. Following to size of these particles their behavior is like a mono domain, thus every of them behave like a independent dipole with size Md=109µB where µB is Bohr Magneton, therefore the smallest amount of electron magnetic moment. [2].
	When we ignore interaction between nanoparticles, we can predict, that magnetic fluid will behave like a paramagnetic fluid so these behavior we can describe by Langevin function as shown in Figure 1. [3]
[image: ]
	Figure 1. Langevin function [3]

	In case when magnetic moments are bigger than magnetic moments of atoms of usually paramagnetic substances, we can talk about a superparamagnetic behavior. [2].

Magnetic fluid based on inhibited transformer oil
	For production magnetic fluid for usage in high voltage devices it's possible to use mineral oil enriched with inhibitors. The role of surfactant performs oleic acid. These oleic acids are organic acids which are in group of higher olefin-carbon acids. Structural formula is shown in Figure 2. [4]. 
	[image: chem_vzorec_mag_kvap]	Figure 2 Structural formula of oleic acid [5]

	As follows from figure 2, molecules of oleic acid are amphiphile. It means that they have a polar hydrophilic head and nonpolar hydrophobic part. This hydrophobic part is acid formed with long chain in case of this. Polar head will snap this long chain to magnetite nanoparticle, resulting in solvat cover (as shown in Figure 3.). The production of magnetic fluid is possible by process of precipitation, i.e. shrinking of soluble substance from solid dilution [2].
[image: ]
	
	Figure 3. Nanoparticles of magnetite coated by surfactant [6]
 
	For usage in electric engineering is interesting usage of these fluids like replacement conventional inhibited transformer oil. The main advantage should be improved heat conduction, what is caused by effect of thermomagnetic convection and with content of iron oxides. Thermomagnetic convection is based on fact, that magnetization of magnetic fluid rises with decreasing of temperature. Consequently, if the gradient of magnetic field is applied antiparallel to gradient of temperature, the flow of colder fluid is created to places with higher temperature. And there will be the fluid heated and this causes a more effective cooling [2].
[image: ]
Figure 4. Thermomagnetic convection [2]

	Condition for this phenomenon is presence of temperature gradient and magnetic field. For use in power transformer are conditions for thermomagnetic convection satisfied. The source of temperature gradient is heat produced by AC current in windings. Thus heat generated by winding and core of transformer creates in area inhomogeneous magnetic field temperature gradient. The velocity of transmission of heat from inside of power transformer to walls of the vessel and dissipation of heat to surrounding environment determines highest currents in the windings therefore in part determines a size and weight of power  transformer for a given power.. Accordingly more efficient cooling could bring smaller dimensions of power transformers and less amount of cooling fluid. Equally important is decreasing of windings temperature, which can be up to 10% [7]. Limit factor is a viscosity of these used magnetic fluids, because too dense magnetic fluid will not get into every layer of oil - paper insulation system..
	From view of electrical breakdown strength is also possible to think about positive impact magnetic nanoparticles. By degradation transformer oil begins releasing particles of sludge of microscopic size. These sludges get electrical charges what lead into formation of bridges, what cause electric breakdown. Presence of magnetic nanoparticles can partially reduce produce of these bridges, what should cause increasing of electric breakdown strength in partially degraded oils.

Power dissipation factor tgδ
	Dielectric losses in nonpolar fluids are caused only by their conductivity, since in axis structure hasn't dipole moment. These dipole moments may lack also in case, if the dipole moments are canceled by the mutually interaction of these dipole moments. These substances are for example paraffin, benzene, carbon tetrachlorid etc. Mineral transformer oil is otherwise compound of nonpolar hydrocarbons, but in practice used oils includes small amount of polar components, what will be reflected with dielectric losses at low temperatures until with increasing frequency (see Figure 5.) [7].
[image: ]
Figure 5. Dependence of dissipation factor from frequency at two temperatures

	The decrease in first part of these characteristics is caused by conductivity losses. The dissipation factor decreases inversely to rising frequency in these parts. With rising frequency begins indicate losses caused by dipole orientation. Relaxing time is equal to inner viscosity of environment. By low frequencies that corresponded to longer time, the relaxation time of polarization is low and the orientation of dipoles is associated only with small power losses. With increasing frequency of field is also increasing speed of rotation of dipoles and this time is similar to time of relaxation. Losses are increasing and reaches maximum by frequency which is equal to:
(1) 				[7]

	By next increasing of frequency is time necessary for dipole rotation shorter than relaxation time. The result is that rotation of dipoles is delayed. Consequently this dissipation factor is decreasing. For higher temperatures, when the viscosity is lower, is the trace of dissipation factor moved to higher frequency. [7].
	Dependence of dissipation factor can be expressed similarly. By low temperatures is dominant impact of dipole polarization. Influence by viscosity causes that dipoles can't move so the losses and dissipation factor are low. With increasing temperature is viscosity decreasing and dipoles can follow the changes of electric field. Therefore highest losses are at temperature in which relaxation time is equal to:

(2)                          		[7]
 	
With further increasing of temperature, viscosity continues decreasing same like dissipation factor. But the losses will rise caused by rising conductivity. The higher frequency of electric field causes, that temperature must be higher to reach maximum dissipation factor.

Experimental base
	Experiment was performed on sample placed in vessel made from PTFE in which was placed electrode system composite from Rogowski electrode system (see Figure 6.). External applied magnetic field was created by pair of permanent NdFeB magnets with magnetic induction 40 mT, which placement was perpendicular or in axis of electrode system. Distance between electrodes was set for measurement to 0,5 mm.
[image: ]	
Figure 6. Vessel with electrode system and magnets

	The measurement was realized by temperatures in range from 35 degrees Celsius up to approximately 100 degrees Celsius. The concentration of magnetic nanoparticles was between 0,185% and 2%. For comparison we used a sample of pure transformer oil.
	Assignment of dissipation factor was made by parallel RC model. The capacitance and internal resistivity of sample was measured through the LCR meter. Usage of parallel RC model was determined by measuring frequency of LCR meter, which was default 1 kHz. For frequencies above 1 kHz we should use a serial model of RC, because for these frequencies is occurrence of skin effect possible.
(3)                      

 Comparison of the measured characteristics
[image: ]
Figure 7. Thermal dependence of dissipation factor for different concentrations of magnetic fluid without applying external magnetic field
	
Dependence which is displayed in figure 7 points to the fact, that dissipation factor rises with increasing of temperature approximately linear. In general thermal, dependence dependent from contribution of losses from dipole polarization an from losses from conductivity. Conductivity of magnetic fluids rises with temperature and with concentration of magnetic nanoparticles. Higher concentration means higher conductivity, what causes bigger losses from conductivity and thus also higher dissipation factor. For comparison influence of external magnetic field to value of dissipation factor we're compiled graphical dependence for impact of perpendicular magnetic field with induction 40 mT, which is shown on figure 8.[image: ]
Figure 8. Thermal dependence of dissipation factor for different concentrations of magnetic fluid with applying perpendicular external magnetic field

	The increase of dissipation factor is due to orientation of magnetic nanoparticles to direction of external magnetic field, what causes in sufficiently long time of action, formatting a clusters of these nanoparticles, what causes decreasing of mobility of particles between the electrodes. Analogy is applying external magnetic field in direction identical as direction of electrical field. These clusters are orientated in direction of electric field, what causes increasing mobility of particles between electrodes. Due this fact the value of dissipation factor is decreasing.

Conclusion
	Task of these experiments realized on magnetic fluids was to demonstrate possibility of replacement conventional insulation liquids used in electric engineering with new component fluid. Important parameter of these colloidal liquids is a concentration of added magnetic nanoparticles, which considerably influences final properties of fluids. By high concentrations is possible to reach great thermal conductivity, but the result is due to high viscosity and high content of iron oxides not usable in power transformers. Therefore is necessary to find out, how many nanoparticles can increase the thermal conductivity and breakdown strength, without negative impact to dielectric losses. As it is shown in Fig. 7 and 8, the border between applicable and unusable liquid concentration is 0.5%. It should be noted, that impact of external magnetic field applying in two directions causes change of behavior of these fluids due to direction.
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