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Liquid Dielectrics
A liquid can be described as “highly compressed gas” in which

molecules are very closely arranged.

The movement of charged particles, their microscopic streams and 

interface conditions with other materials cause distortion  in the 

undisturbed molecular structures of the liquids

A liquid is characterized by free movement of the constituent molecules 

among themselves but without the tendency to separate.

Phenomenon's such as Impact Ionization, Mean Free Path, Electron Drift 

and so on are therefore also applicable for liquid Dielectrics

They posses a very high Electric Strength and their viscosity and 

permittivity vary in a wide range

Power Apparatus has been gradually declining the use of Liquid 
Dielectrics in the recent past due to the developments of SF6 Gas and 
Vacuum Technology since 1970’s



Functions of Liquid Dielectrics in 
Power Apparatus

Insulation between the parts carrying voltage and grounded container as
in Transformer

Impregnation of Insulation provided in thin layers of paper or other 

materials as used in Transformers, cables & Capacitors

Cooling action by convection in Transformers and Oil Filled Cables 
through circulation

Filling up of voids to form and electrically stronger integral part of a 
composite dielectric

Arc Extinction in Circuit Breakers

High Capacitance with Liquid Dielectrics having high permittivity in Power 
Capacitors



Classification of Liquid Dielectrics

Liquid Dielectrics are divided into two broad classifications: Organic and 
Inorganic Materials with Organic Materials  consisting of Carbon 

Compounds in general.

Inorganic Compounds such as Highly Purified water, N2, O2, Ar, SF6, He 
are used in cryogenic applications



Liquid Dielectrics 
Organic Compounds (Natural)

Main Liquid Dielectric used are Naturally occurring Organic Compounds
such as Mineral Insulation Oils used in Transformers

Mineral Oils are refined mixtures of different hydrocarbons obtained by 

fractional distillation of natural petroleum

These oils mainly consist of saturated hydrocarbons of paraffinic and 

naphthenic (CnH2n) structures besides having unsaturated aromatic 

hydrocarbons (Cn H2n-6) in different proportions

An oil base is said to be naphthenic or paraffinic when the content of 

either of them exceeds the other.

Naphthenic Mineral Oils are more in use as dielectric because they do not 

have a wax type consistency which reduces their fluidity at low 
temperatures



Organic Compounds (Natural) 
Mineral Oil for Transformer etc

Mineral Oils are used in transformers, CT, PTs, Oil filled cables,
condensers and CB.

For Cables and Condensers, high quality and low viscosity oils are 

preferred to achieve smoother circulation and better convection of heat

Transformer Oil is taken from Petroleum Based Mineral Insulating Oil 
specifically refined to meet the requirements of Electrical Insulation and 

Heat transfer for its application in transformers

The amount of oil contained in transformers varies largely and depends 

on the size mainly. E.g. a 25KVA transformer may contain 20 gallons 

whereas a 400MVA may contain 10,000 gallons of oil.

For transformer oils, viscosity and breakdown strength are principal 

parameters for heat transfer and electrical insulation design respectively



Organic Compounds (Natural) 
Vegetable Oil

Some vegetable Oils have also been used in electrical equipments
because of their high dielectric permittivity e.g. Castor, Linseed,
Rapeseed, soya, groundnut, corn, olive, sunflower, mustard, clove,

almond, mango-seed, cotton-seeds oils

Linseed, soya and Castor Oils are important components for the 
production of “Oil Modified Alkaline Resins”

Castor Oil has found wide application as an impregnating agent in Power 

Capacitors and using it reduces the size of capacitors considerably

Some of these oils are often mixed with suitable solvents in order to 

imrove the soaking or impregnating properties



Organic Compounds (Synthetic) 
Chlorinated Diphenyles

Replacing two of five hydrogen atoms of each molecule by chlorine
atoms of hydrocarbons produce Chlorinated Diphenyles

Di, Tri, Tetra or Penta - chlorodiphenyles are produced; for example, 

trichlorodiphenyle (C12 H7 Cl3 ) and pentachlorodiphenyle (C12H5Cl5 )

These compounds have different commercial names in different countries 
e.g. Sowol (Russia), Pyranol (USA), Chlohen or Orophen (Germany)

Because of Electro-negative effect of Chlorine Atoms, The Chloro-

diphenyles  have higher relative permittivity of the order of 5.6 at 20oC

The cholo-diphenyles are highly stable and do not decompose easily 

under normal conditions and are oxidation, flame and fire resistant and 
also do not show forms of aging



Organic Compounds (Synthetic) 
Chlorinated Diphenyles

They do not endanger any explosion and cause no damage to metals

By mixing trichlorobenzol (C6 H 3 Cl3 ) their viscosity can be brought 
down to a level of 0.004 Pa.s at 90 °C, which is desirable for the use in 

transformers as a cooling agent.

They appear to dissolve organic matter. They also get decomposed by 
electric arcs.

By Inhalation or by direct contact, these can cause serious health hazards

Its almost ten times costlier then mineral oils. Because of its hazards it is 
normally kept in sealed units in order to prevent any spillage



Organic Compounds (Synthetic) 
Halogen Free Synthetic Oils

Synthetic liquid dielectrics, poly-isobutane and dodecylbenzole have 
found their application in power cables and condensers.

Polyisobutane is used as a high viscosity impregnating agent for mass 

impregnated power cables and condensers

Dodecylbenzole is a low viscosity insulating material from the series 
Alkalinebenzole. It is used for low - pressure oil filled cables and also for

condensers

The most important halogen free synthetic insulating liquids are pure
polydimethylsiloxane



Organic Compounds (Synthetic) 
Silicone Oils

Silicone oils are very stable liquids and do not show signs of aging 

under the working conditions of electrical equipment

They are stable thermally up to 300 °C and chemically, that is under 
oxidation with air, up to, 180 °C

Their relative permittivity is about 2.6 at 20 °C but reduces to 2.3 at 

temperatures around 200 °C

The dielectric loss tangent (tan δ ) varies only between 10−4 and 2 × 10−4 in 

this wide temperature range of 20 to 200 °C

Silicone oils have a very low surface tension, these are water resistive, 
that is, water collects as separate drops instead of getting mixed with the 

oil



Breakdown in Liquid Dielectrics
A large number of external factors affect the breakdown strength of

liquid dielectrics e.g.

• Electrode Material & Size

• Electrode Configurations

• Electrode Surface Finish

• Type of Voltage

• Period of Application & Magnitude

• Temperature

• Pressure

• Purification of Liquid

• Aging Condition

It is therefore not possible to describe the breakdown mechanism by a 
single theoretical analysis, which could take into account all known 
factors

Breakdown strength of any 

dielectric is classified into 

two broad categories 

known as “INTRINSIC” & 

“PRACTICAL” Breakdown 

Strength



Electric Conduction in Insulating Liquids 

The conduction mechanism is strongly affected by the degree of its

purification

At low voltages, the current is directly proportional to the voltage, 

(Region 1)

On raising the applied voltage, the ionic current gets saturated (Region 2)

At still higher applied voltage, the current increases rapidly until the 
breakdown occurs (Region 3)



Electric Conduction in Insulating Liquids 
Similar behavior is observed for both polar and non-polar liquids

The conduction in region 1 is primarily ionic. The dissociation processes 
of impurities as well as the injection of charge by the electrodes through 

the electrochemical reactions affect ionic conduction

The electrons do not take part in the passage of current as their existence 

is just transitory. They recombine with positive charges, transfer to 

surface of the vessel or become attached to impurity and form negative 

ion

The concentration of charge carriers and the viscosity of insulating 

liquids are strongly affected by the temperature which in turn the 
conductivity of liquid

Van’t Hoffsch Law
where k is the Boltzmann constant
T is the absolute temperature

ĸo & F are material constants

F is known as the material energy



Electric Conduction in Insulating Liquids 

Van’t Hoffsch Law is valid only in region where the current follows the

ohmic behavior

The conduction phenomenon of the liquids can be divided into two 
temperature regions.

In low temperature regions, that is room temperature and lower, the 

conductivity is governed mainly by ionic carrier mobility 

In high temperature region, it is characterized by thermal dissociation of 

impurities as well as carrier mobility which is governed by the viscosity of 

the liquid

Variation of Transformer oil  conductivity for a wide range of temperature 
and different moisture content measured is shown in graph



Electric Conduction in Insulating Liquids 

Direct Current Conductivity of 

Transformer Oil for Different 
Water Contents (ppm)



Electric Conduction in Insulating Liquids 

Conduction Curve for Oil 

(20oC) & Liquid Nitrogen 
(77.3K)



Liquid Dielectrics in Motion
The behavior of transformer oil and other dielectric liquids for insulation

and cooling in power system equipment is significantly influenced by

the motion or circulation of fluid/liquid

The motion in fluids could be natural or forced by the action of 

circulating pumps

The total conduction current has two distinct contributions

• Impurities in Liquid which dissociate to produce free ions

• Ions (charge) injected from the electrodes due to electrochemical 
reaction at the metal-liquid interface

At low electric field / voltage applied, the dissociation current is always 

larger than or equal to the injected current

The charges generated by streaming electrification from the electrode are 
much higher and may therefore not uniformly distribute in the liquid



Liquid Dielectrics in Motion
The charges accumulate at critical parts of the hydraulic circuit having

high velocity or turbulence

Such an accumulation of charge distorts the electric field at location 

where the dielectric integrity is prejudiced

So it is more desirable to have a “Continuous Contaminant Sensing 

Mechanism” in liquid Dielectrics to monitor the condition of the 

equipment

Since the highly purified dielectrics have a very high breakdown strength, 

a peculiar conduction phenomenon  has been observed at very high field 

intensities

At very high field intensities of the order of few hundred KV/cm, the 

conduction current in both polar and nonpolar liquids is augmented 
predominantly by large amount of charge carriers injected into the liquid 

from the electrodes



Liquid Dielectrics in Motion: 
Electro-hydrodynamics (EHD)

For the charge carriers injected from the electrodes, say of density q,

gives rise to a Coulomb’s Force of density qE. Due to the action of this
force hydrodynamic instability is caused developing convection motion

in liquids. These motions are called as Electrohydrodynamic (EHD)
Motions

The EHD Motions augment the passage of current depending upon the 
charge injection intensity, which is determined by the applied voltage, 

nature of liquid and the electrode material



EHD Motion with Unipolar Injection of 
Charge

Considering an extremely non-uniform field configuration between a
knife and a plane

Taking the case of injection of unipolar charge (ions) by the knife

The field at the tip of the knife 

electrode is reduced because of 

the same polarity space charge 
being injected whereas an 

increase in the field intensity is 

caused over the basic field 
towards the plane electrode



EHD Motion with Unipolar Injection of 
Charge

The space charge zone is of finite extent when a moderate voltage is
applied

The liquid relaxation time is lower than the transit time of the ions from 

the knife to the plane

The total current is therefore, 

higher than the ohmic current 

because of the  enhancement of 

field intensity near the plane

Close to the knife, a stream or 

jet of liquid towards the planes  
is induced in this region



EHD Motion with No Injection of Charge

In case of pure conduction with no injection of charge, an opposite
polarity space charge near the knife extends further

Consequently the space charge field at the tip increases and is reduced 

with respect to the basic field towards the plane

This results in lower total 

current than the ohmic current 

(subohmic behavior)

The opposite polarity space 
charge in vicinity of the knife 

gives rise to a liquid motion 
directed towards the knife



Injection of Charge
Experiments conducted with highly purified water over temperature

range of 0 to 30oC using parallel plane electrodes. An average field
intensity up to 160KV/cm was achieved on applying a positive impulse

voltage

That concluded  that for pulse duration times greater than 500us, 

stainless steel and copper electrodes generally injected positive charge, 

although under some conditions with mixed electrodes they injected 

negative charge

Aluminium electrodes injected only negative charge

At extremely high field intensities (1000KV/cm and above) approaching 

the “intrinsic strength” of liquid dielectrics, the field emissions at the 
electrode surfaces affects the conduction phenomenon

Brass Electrodes could inject either positive or negative charge



Breakdown Processes in Liquids
The mean free path of an electron in insulating oils is very short, of the

order of 10− 6 cm

Extremely high field intensity is therefore required to begin the 

elementary process of ionization with free electrons having a very short 
lifetime

The elementary processes through which energy loss into the liquid takes

place, determine the breakdown mechanism which are as follows

• The most likely elementary process in case of hydrocarbon liquids is

by excitation or molecular vibration, which is equivalent to thermal
vibrations. The vibrational modes of a hydrocarbon are determined by

elementary vibration of the C - C and C - H molecular bonds. The

frequencies of such vibrations lie in the infra - red region with
corresponding energy quanta of about 0.2 to 0.4 eV. These may lead to

local growth of vapor phase of microbubbles



Breakdown Processes in Liquids
• The process of dissociation of molecules in neutral, low molecular, 

gaseous particles is due to severe molecular vibrations that requires 
energy levels in the range 1.5 to 7eV.

• Excitation of meta-stables that may lead to ionization in a few stages, 
requiring energy levels of the order of 1.5 to 10 eV.

• Ionization process involving scintillation of electrons accompanied with 

weak luminescence, indicating energy quanta of several eV, which is 
greater than 10 eV in some liquids.

The elementary processes mentioned above depend upon the molecular 
structure of a dielectric. These may occur spatially and timely together. 

However, there is no evidence of ionization by electron collision in liquids 

as in the case of gases



Intrinsic Breakdown Strength
The intrinsic breakdown of liquid and solid dielectrics is defined as the 

highest value of breakdown strength obtained after eliminating all 
known secondary effects

The concept of intrinsic breakdown is ideal

It is, however, extremely difficult to ascertain whether an observed 

breakdown was intrinsic or not.

Intrinsic strength can be suitably interpreted as the field intensity at which

the particles in the material are accelerated without any limit by the direct 

electrostatic action of the field

The peak ac value of electrical breakdown strength of commercially 

available purified insulating oils is about 350 kV/cm. This is highly 

contradictory to the measured intrinsic strengths of the order of 1000 
kV/cm and above

This is because of the secondary effects that influence the breakdown 
strength. If the condition of the liquid is very bad (impure, contaminated, 
etc.) electric strength only as low as 10 kV/cm.



Measurement of Intrinsic Breakdown 
Strength
In order to compare the electric strengths of different insulating liquids 

or the same liquid in its different conditions, the methods of 

measurement of practical breakdown strength have been standardized 
by various standards

The three common standards are IS - 6792 (2003), VDE - 0370 and IEC -

156

AC power frequency voltage is applied to a 2.5 mm gap between two 

identical electrodes, so called “ calottes ” ,

The IS recommends the electrodes to be made of brass having a good 
surface finish, whereas VDE recommends copper as electrode material.

These electrodes are placed in a container of a given size and filled with 
about 300 cc of the sample of oil

The measurement is conducted at room temperature (20 °C) increasing 
the applied sinusoidal waveform alternating voltage at a rate of 2 – 3 kV/s
till up to breakdown.



Measurement of Intrinsic Breakdown 
Strength

The Schwaiger Factor for the given gap 
and electrodes is about 0.97

For each sample of insulating liquid, at 
least 10 minutes after pouring the fluid in 

to the cell six measurements of 
breakdown voltages



Measurement of Intrinsic Breakdown 
Strength

Also to perform stirring  of the liquid 
thoroughly after every breakdown and a 

minimum wait of 2 minutes (VDE), 1 – 5 

minutes (IEC) or 5 minutes (IS) in 
between the measurements

If the mean rms Breakdown voltage is Ub

in KV



CONDUCTION AND BREAKDOWN 
IN COMMERCIAL LIQUIDS

31

The breakdown mechanism in commercial liquids is dependent, as seen above,

on several factors, such as, the nature and condition of the electrodes, the

physical properties of the liquid, and the impurities and gases present in the liquid.

Several theories have been proposed to explain the breakdown in liquids, and

they are classified as follows:

(a) Suspended Particle Mechanism

(b) Cavitation and Bubble Mechanism

(c) Stressed Oil Volume Mechanism



Suspended Particle Theory

In commercial liquids, the presence of solid impurities cannot be avoided. These

impurities will be present as fibers or as dispersed solid particles. The permittivity

of these particles (Ɛ2) will be different from the permittivity of the liquid (Ɛ1). If we

consider these impunities to be spherical particles of radius r, and if the applied

field is E then the particles experience a force F, where



Suspended Particle Theory

33

This force is directed towards areas of maximum stress, if Ɛ2 > Ɛ1

for example, in the case of the presence of solid particles like paper 

in the liquid. On the other hand, if only gas bubbles are present in 

the liquid, i.e. Ɛ2 < Ɛ1, the force will be in the direction of areas of 

lower stress. 

If the voltage is continuously applied (DC) or the duration of the 

voltage is long (AC), then this force drives the particles towards the 

areas of maximum stress. If the number of particles present are 

large, they becomes aligned due to these forces, and thus form a 

stable chain bridging the electrode gap causing a breakdown 

between the electrodes.



Suspended Particle Theory

34

If there is only a single conducting particle between the electrodes,

it will give rise to local field enhancement depending on its shape. If

this field exceeds the breakdown strength of the liquid, local

breakdown will occur near the particle, and this will result in the

formation of gas bubbles which may lead to the breakdown of the

liquid.

The values of the breakdown strength of liquids containing solid

impurities was found to be much less than the values for pure

liquids. The impurity particles reduce the breakdown strength, and it

was also observed that the larger the size of the particles the lower

were the breakdown strengths.



Cavitation and the Bubble Theory

35

It was experimentally observed that in many liquids, the breakdown

strength depends strongly on the applied hydrostatic pressure,

suggesting that a change of phase of the medium is involved in the

breakdown process, which in other words means that a kind of

vapour bubble formed is responsible for breakdown. The following

processes have been suggested to be responsible for the formation

of the vapour bubbles:



Cavitation and the Bubble Theory

(a) Gas pockets at the surfaces of the electrodes;

(b) Electrostatic repulsive forces between space charges

which may be sufficient to overcome the surface tension;

(c) Gaseous products due to the dissociation of liquid

molecules by electron collisions

(d) Vaporization of the liquid by corona type discharge

from sharp points and irregularities on the electrode

surfaces.



Cavitation and the Bubble Theory

37

Once a bubble is formed it will elongate in the direction of the electric field under

the influence of electrostatic forces. The volume of the bubble remains constant

during elongation. Breakdown occurs when the voltage drop along the length of

the bubble becomes equal to the minimum value on the Paschen's curve (see

Chapter 2, Sec. 2.10) for the gas in the bubble. The breakdown field is given as



Cavitation and the Bubble Theory

38

where σ is the surface tension of the liquid, 

Ɛ1 is the permittivity of the liquid, 

Ɛ2 is the permittivity of the gas bubble, 

r is the initial radius of the bubble assumed as a sphere and 

Vb is the voltage drop in the bubble (corresponding to minimum on 

the Paschen's curve). 

From this equation, it can be seen that the breakdown strength 

depends on the initial size of the bubble which in turn is influenced 

by the hydrostatic pressure and temperature of the liquid.

This theory does not take into account the production of the initial

bubble and hence the results given by this theory do not agree well

with the experimental results.



Thermal Mechanism of Breakdown

39

Another mechanism proposed to explain breakdown under pulse

conditions is thermal breakdown. This mechanism is based on

the experimental observations of extremely large currents just

before breakdown. This high current pulses are believed to

originate from the tips of the microscopic projections on the

cathode surface with densities of the order of 1 A/cm3. These

high density current pulses give rise to localised heating of the

oil which may lead to the formation of vapour bubbles. The

vapour bubbles are formed when the energy exceeds 10 W/cm.



Thermal Mechanism of Breakdown

40

When a bubble is formed, breakdown follows, either because of

its elongation to a critical size or when it completely bridges the

gap between the electrodes. In either case, it will result in the

formation of a spark.

According to this mechanism, the breakdown strength depends

on the pressure and the molecular structure of the liquid. For

example, in /i-alkanes the breakdown strength was observed to

depend on the chain length of the molecule. This theory is only

applicable at very small lengths (< 100µm) and does not explain

the reduction in breakdown strength with increased gap lengths.



Stressed Oil Volume Theory

In commercial liquids where minute traces of impurities are present, the

breakdown strength is determined by the "largest possible impurity" or “weak

link”. On a statistical basis it was proposed that the electrical breakdown

strength of the oil is defined by the weakest region in the oil, namely, the

region which is stressed to the maximum and by the volume of oil included in

that region.

In non-uniform fields, the stressed oil volume is taken as the volume which is

contained between the maximum stress (Emax) contour and 0.9 Emax contour.

According to this theory the breakdown strength is inversely proportional to

the stressed oil volume.



Stressed Oil Volume Theory

The breakdown voltage is highly influenced by the gas content in the oil, the

viscosity of the oil, and the presence of other impurities. These being

uniformly distributed, increase in the stressed oil volume consequently results

in a reduction in the breakdown voltage. The variation of the breakdown

voltage stress with the stressed oil volume is shown in Fig. 3.7.



Stressed Oil Volume Theory



Today’s Text Covered up till Chapter 6 end of IEEE 

Press Book  

(Ravindra Book)


