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Abstract

Power transformers are strategically placed components in a energy supply grid

designed to transform the voltage and current levels as per the user requirement. In

case of a premature failure, the total cost of repairing and re-installation exceeds the

actual manufacturing cost. Hence, reliable transformer condition monitoring is of

utmost importance.

Transformer deregulation due to moisture contamination is of particular interest

among manufacturers due to its detrimental a�ect on the insulation components.

Excess moisture can reduce the partial inception voltage level, compromise the

dielectric strength of insulation, accelerate the rate of aging and increase the risk of

bubble evolution in operational transformers. State-of-art techniques for moisture

measurements are restricted by its non-accessibility to the most critical zones of the

transformer thereby widening the scope of its application.

In the present work, an exhaustive twofold model is proposed to correlate the

load-varied temperature pro�les in transformer along with potential moisture movement

schemes. The prime objective of this research is not only to improve the existing models

for moisture measurement in oil and solid insulate respectively but also to suggest any

potential contribution that can help in improving the accuracy of existing technologies.

A CFD based thermal model with respect to transformer geometry and loading

capacities have been proposed to monitor the time-dependent temperature pro�le

within the utility. Such transient pro�les have been applied directly to the an improved

moisture-in-oil model that will provide a resultant distribution of moisture in oil and

paper insulation of transformer without the need for intrusive measurements.

The observations in this study are found more reliable as compared to the available

results due to its realistic approach. Other outcomes from this research include suitable

recommendations in improving the winding design, reliable prediction of average moisture

in various locations of transformer tank based on thermal behavior and suggestions to

improve the sensor locations for on-line moisture sensing.
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Nomenclature 

A Pre-exponential factor in Arrhenius equation 

    Magnetic vector potential, V.s/m 

aw Water activity in oil 

c Temperature coefficient of copper conductors, 1/K 

Bm Maximum magnetic flux density, Tesla 

Cavg Average moisture concentration in paper, % 

Cd Dissolved moisture in oil, ppm 

Ci Initial moisture concentration in paper, % 

Cm Equilibrium moisture concentration in paper, % 

Coil Moisture concentration of oil, ppm 

Cpaper Moisture concentration in paper, % 

Cp,m Measured moisture in paper, % 

Co,ss Saturated moisture in oil, ppm 

Co,i Instantaneous moisture in oil, ppm 

Cs Soluble moisture in oil, ppm 

Deff Effective diffusion coefficient of moisture in paper, m
2
/s 

DP Degree of polymerization 

dV Elemental volume, m
3
 

 Magnetic permeability, H/m 

f Operating frequency, Hz 

 Constant for determining thermal capacity of oil 

j Molar flux of moisture in cellulosic insulation, mol/m
2
.s 

Js Surface current density, A/m
2
 

h Material coefficient of hysteresis losses, W 

e Material coefficient of Eddy losses, W 

l Insulation thickness, mm 

Lexp Expected life of transformer, years 

Ma Mass of untanked assembly, kg 

Mt Mass of tank, kg 

Mw Molecular weight of water 

Mpaper Total mass of dry paper, kg 

Mwater Total mass of moisture (water) in paper or oil, kg 

Moil Total mass of oil, kg 

Pc Core losses, W 

Pw,o Winding losses due to Ohmic currents, W 

Pw,e Winding losses due to Eddy currents, W 

QT Total heat source due to transmission losses, W/m
3
 

QT,0 Heat source at reference temperature, W/m
3
 

RSoil Relative saturation of oil, % 

RHair Relative humidity of air, % 

 Electrical conductivity, S/m 

 Molecular potential per unit mass of oil 

T Absolute operating temperature, K 

Ta Ambient temperature, C 

Tc Critical temperature of air, C 

Thst Hot-spot temperature, C 

Tto Top-oil temperature, C 



Th Temperature rise of hot-spot over windings, C 

Tto,u Ultimate top-oil temperature, C 

Tto,i Initial top-oil temperature, C 

tc Thickness of laminate, m 

p Time constant of moisture change in paper, hours 

o Time constant of moisture change in oil, hours 

corr Corrected time constant, hours 

Vc Critical vapor pressure of moisture in air, atm 

Vp Partial vapor pressure of moisture in air, atm 

Vs Saturated vapor pressure of moisture in air, atm 

Vw Volume of windings, m
3
 

  

Abbreviations 

Sim Simulated values 

Fit Fitted values 

LVW Low voltage windings 

HVW High voltage windings 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 



Chapter 1

INTRODUCTION

With the recent socio-economic upsurge, the demand for uninterrupted power supply has

grown exponentially among various sects of users. Installing high performance electrical

transformer within the supply network not only improves the grid integrity but also caters

to the exhaustive demand and supply of electricity over long distances with minimum

transmission losses and maximum e�ciency.

Over the years, transformation of power industry due to the techno-economic changes

has led to an interesting opportunity for improving the performance of transformers

(both existing and futuristic) by either design or operational modi�cation. An electrical

transformer is a static device that can convert a system of alternating current and voltage

applied over an invariant frequency within two or more windings using electromagnetic

induction as shown in Fig.1.1 [17�19].

These equipments can be broadly classi�ed as "Power" and "Distribution"

transformers on the basis of its feeder voltage rating. Typically, a power transformer is

required to "step-up" or increase the feeder voltage that is obtained directly from the

Generation Substation Unit (GSU) [20] across the transmission network. They operate

at a higher voltage rating (�33 kV), heavy loading conditions, and are expected to

1
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Figure 1.1: Schematic plan of a single phase transformer to show the electromagnetic

induction and transformation of current and voltage levels,

Source:https://www.electrical4u.com/single-phase-transformer

perform at 100% e�ciency. On the other hand, distribution transformer operates at a

relatively lower voltage rating (11 kV-230 V), and is required to "step-down" or

decrease the incoming feeder voltage according as per user requirement.

Due to its high manufacturing and commissioning costs, the power transformers

represent a substantial investment of the energy supply network. In order to maximize

the economical revenue and restrict the operational cost below the capital investment, it

is essential to continuously monitor the condition of a transformer. Typically, the

periodic monitoring of transformer insulation can diagnose an operational e�ciency and

expected service life of the equipment based on various physico-chemical and dielectric

parameters. Although these techniques are reliable enough to predict the risk of an

unexpected fault generation, it may sometimes fails to correlate several electrical,

thermal, physical and chemical phenomenon to foresee the remaining life of transformer
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and its ultimate failure [21�26].

It is a well known fact that the resistive heating of the conducting coils (Cu or Al)

due to an applied current and voltage will cause an internal heat generation within the

transformer. This heat is capable of initiating an unwanted temperature rise within the

active parts of the transformer that is otherwise required to be in thermal equilibrium

with the surroundings of an encapsulated unit for safe operation. In case of improper

heat dissipation, the hence increased temperature initiates a series of irreversible physico-

chemical phenomenon that can eventually cause the equipment to fail.

Modern day transformers are generally �lled with suitable dielectric �uids to

maintain the thermal equilibrium between active and non-active parts of the equipment.

Appropriate circulation of these �uids can restrict the overheating of transformer and

increase the active in-service life. Since windings are the most perilous parts of an

active transformer, a proper electrical and thermal insulation can delay, if not avoid, the

inevitable transformer death due to internal heat generation.

Conventional insulation system containing cellulose based paper is immersed with

mineral-based oil in order to provide thermal and electrical resistance to the active

windings within a transformer. Although this combination has proven to be inexpensive

yet e�ective, one can undoubtedly infer the e�ect of elevated thermal stresses on the

rate of insulation deterioration and its consequence on the transformer

performance [18,19,21,24,27,28].

As the winding temperature rises, the cellulose chains of solid insulation undergoes

an irreversible physico-chemical cleavage that results in generation of free water, oxygen

and other potentially hazardous functional hydrocarbons. The surrounding oil, which

not only absorbs the excess heat from the winding but also dissolves these degradation

by-products, gradually begins to exhibit a retardation in its thermal-dielectric properties

until its reaches a state of complete failure. The collective degradation of insulation

resistance due to temperature rise, water formation and oxygen release is termed as
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relative ageing [21].

Besides the internal heat, moisture presence within transformers is of utmost concern

for both manufacturers and consumers. It is inevitable, unavoidable and very detrimental

to the health of transformer insulation. Existing techniques for moisture determination

within transformers rely heavily on the relative saturation limits of oil under isothermal

conditions that restricted to smaller time periods.

Although partially reliable, these methods are not capable for direct estimation of

moisture within the solid insulation due to its inaccessibility and limited understanding

of moisture interaction behavior within and oil-cellulose-air complex under �uctuating

operating conditions. In the present work, an attempt has been made to di�erentiate this

interaction behavior and provide a holistic understanding of moisture dynamics within

encapsulated power transformers based on insulate properties, temperature and moisture

exposure conditions.

Unlike the previous studies [7, 19, 21, 22, 27�30], the migration behavior is associated

directly with the dynamic thermal modeling of an oil-�lled power transformer to pinpoint

the locations of bulk moisture release, sorption/dissolution and accumulation within the

encapsulated transformer.

Exhaustive studies on thermal modeling to identify the e�ect of operational

parameters using computational �uid dynamics has provided a basis for moisture

interaction mechanisms between oil and cellulose at various locations.

The ultimate objective of this research was not only to contribute towards the

existing moisture dynamics studies in oil-�lled transformers, but also to provide

guidelines for a reliable health assessment scheme that can maintain the grid integrity

by precise anticipation of fault causing factors without disrupting the energy

transmission.
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1.1 Transformer Insulation

Besides the design considerations for maximum performance, the choice of an e�cient

insulation has also become a crucial aspect of the transformer asset management. A

conventional insulate must be an inert and non-interactive material with the capacity

to isolate the active and non-active parts of transformer without interfering in energy

transmission process.

1.1.1 Cellulose-based materials

Conventional wood pulp based cellulosic insulation has been a popular choice among the

transformer manufacturers not just due to its excellent dielectric strength and thermal

stability, but also because of its abundance and lower cost [4]. It is an inhomogeneous

labyrinth of polysaccharide �bers containing anhydrous-1,4 β D-glycopyranose monomers

as shown in Fig.1.2a [31].

Multiple glycopyranose monomers conjoin using glycosidic bonds to form a single

parent cellulosic chain that will eventually determine the mechanical strength of insulate.

The interconnected labyrinth of cellulosic micro�brils that leads to �brous surfaces of

the many layers of paper/pressboard material indirectly decides its mechanical, thermal

and dielectric capacity as shown in Fig.1.2b. The remaining hemicellulose and lignin

components are nothing but binding agents for conjoining these cellulosic monomers.

Cellulose based Kraft/Crépe paper and pre-compressed pressboard are the most

widely used materials in transformer for insulation and isolation respectively as shown

in Fig.1.3 [3]. The cellulosic chains can appear in both amorphous and crystalline form

depending upon the processing technique. Paper and pressboard is naturally

hydrophilic because of the strategic placing of hydroxyl bonds (O-H) within the

polymeric chain that causes weaker molecule-dipole interactions because of the van der

Waal forces thereby allowing a multilayer moisture seepage through the



6

material [1, 2, 8, 32].

On the other hand, strong hydrogen bonds on the surface of a cellulosic chain leads to

single-layer moisture adsorption that is easy to remove by conventional drying techniques,

yet ine�ective while segregating the moisture entrapped within the multi-layers of the

material thereby requiring modi�ed drying operations [1, 4, 8, 28, 33].

A fresh paper contains higher number of glycopyranose units in a single chain and

is referred to as the degree of polymerization (DP) of the insulate [32]. Upon thermal

excitation, bond-cleavage and consequential chain scission decreases the DP value and

ultimately causes the loss of insulate mechanical-life [23]. The increase in oil acidity due

to decomposition of paper/pressboard material is a strong marker of relative ageing and

is described by a dimensionless entity as shown in Eq.1.1.

η =
DPn
DPo

− 1 (1.1)

where, DPo and DPn indicates the DP values for a fresh and aged sample. Normally, a

fresh paper will have a DP value of about 1200-1500 depending upon its preconditioning.

After initial moisture removal, it decreases to about 1000-1300 assuming that 0.5% water

was retained within the paper sample.

Gradually under �uctuating thermal stresses, the glycosidic bonds break to form free

water, oxygen radical, complex furans and other functional hydrocarbons due to the

ageing discussed previously. This causes the inter-�ber forces to diminish and eventually

the material losses its mechanical strength.

As a commonly acceptable standard, a paper sample is believed to be at the end of

its service life, when the tensile strength has reduced to 20% of its original value [23,34].

Such an initial assumption has also helped researchers in correlating the remaining life

of transformer using moisture induced DP values and temperature as given in Eq.1.2.
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Lexp(Y rs) =
( 1

DPn
− 1

DPo

A× 24× 365

)
exp

( 13350

Thst + 273.15

)
(1.2)

where, A is an experimentally determined pre-exponential factor

Thst is the hottest-spot temperature on the winding obtained from thermal modeling of

transformer, K.

Currently, some work is being done on thermal upgrading of paper to delay the

inevitable ageing without compromising its dielectric strength. In order to understand

more about the thermal upgrading of Kraft-paper, one can be redirected to [35] for

further information.

1.1.2 Insulating oil

As discussed previously, insulating oils are the most vital components for ensuring

proper thermal and electrical resistance within the transformer to ensure safer

operations. The conventional hydrocarbon-based mineral insulating oils have enjoyed

immense popularity as electrical insulates in the past six decades. Due to its

petroleum-based origins, these are rich in alkanes, alkenes and aromatic components in

both straight and branch con�gurations as shown in Fig.1.4 [5, 36, 37]. These oils are

processed as per IEC 60296 to posses high breakdown voltage potential, lower dynamic

viscosity, weaker thermal conductivity and slower deterioration rate. The oil quality in

an operational transformer is then monitored as per IEC 60422.

Currently the two types of acceptable mineral insulating oils are namely, naphthenic

and para�nic that is distinguishable by the concentration of para�n content within it.

The omnipresent para�nic content is mainly responsible for the �ow retardation,

especially below -25◦C, thus necessitating careful mixing of naphthenic and para�nic

oils while proposing a suitable insulate for transformer application. Some of the

manufacturers providing a competitive market for insulating oils are Shell, Naynas,
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(a) Molecular con�guration of a typical anhydrous-1,4 β D-

glycopyranose chain as the backbone of cellulose-based

insulating materials [1]

(b) SEM image of the labyrinth of micro�bers within a

single layer of a typical cellulose insulate [2, 3]

Figure 1.2: Molecular and microscopic view of a typical cellulose insulate

Petro Canada, Labrolac etc.

As discussed previously, the by-products obtained from cellulosic decomposition is

dissolved in the surrounding oil hence a�ecting the thermal and electrical resistance of

oil. The end of oil's useful-life due to relative ageing is indicated by various parameters

such as oil acidity, corrosive sulfur, dissolved gases, oxidation stability and moisture

adherence. Despite so many advantages, the non-biodegradability, lower �re point and
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(a) Application of pressboard insulation
(b) Application of paper insulation

Figure 1.3: Various applications of cellulosic insulation in transformers [4]

low moisture adherence of mineral oil is particularly disadvantageous for the transformer

operation and life-management [2, 3, 7, 11, 36,38,39].

At this point, it must be mentioned that the transformer oils are although naturally

hydrophobic, yet very low quantities of water can be found associated (dissolved) within

the oil. It is later discussed in this very chapter as how this moisture increases despite

the initial reluctance and its role in transformer failure.

Figure 1.4: Various molecular arrangements of naphthenic oil based on permutations

between chain con�guration and functional groups obtained from

sophisticated instrumental analysis [5]
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1.2 Transformer Failure Analysis

A typical power transformer is always manufactured in accordance with the grid

requirements.It is also expected that with cautious assessment, a transformer can operate

successfully for about 40-45 years ideally [40]. On the contrary side, �uctuating electrical,

thermal and mechanical stresses encountered during daily operations within the unit can

lead to various internal and external causes that are responsible for the ultimate failure

of a power transformer.

The chances of an external damage due to structural distortion of tank, gasket or

sealing etc., is relatively lower due to the advanced manufacturing strategies [8,19,22,27,

28]. On the other hand, moisture, oxygen and heat induced faults such as overheating,

oil contamination, ageing, arcing etc., contribute more towards the loss of useful life in

transformers and more cautiously diagnosed to improve the operational e�ciency of the

equipment [21,23,34,41,42].

Therefore, one can conclude that the strategic planning of transformer diagnostic

research during manufacturing and commissioning can o�er a reliable remaining life

assessment scheme (RLA) of the equipment. Moreover, in order to obtain such schemes

it is imperative to correlate the underlying factors and propose a cost-e�ective and

energy e�cient solution as given in Fig.1.5.

Figure 1.5: Transformer life assessment methods and signi�cant parameters
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While the internal heat can be regulated by monitoring the thermal performance

of a transformer [24, 29, 40, 43�46], the moisture presence within transformers, partially

regulated by drying, is still bound to increase gradually over the operational life-time of

transformers [1, 2, 7, 8, 11,47,48].

Various sources suggest that an excess moisture within the transformers can

decrease the inception voltage for partial discharge, exacerbate the dielectric strength,

accelerate the insulation aging rate and aggravate the risk of premature transformer

failure. Therefore, a reliable technique for moisture assessment within the utility can be

the key to ensure longer in-service life, improved performance and maximum e�ciency

of the transformer [8, 11, 34,38,39,47,49,50].

1.3 Moisture in Transformers

Previous investigations on prominent moisture sources within the encapsulated units

suggests that there are three zones of moisture contamination within transformers as

discussed below [2,8, 11, 22,25,28,41,51]:

1.3.1 Residual water from insu�cient drying

To isolate the most moisture-prone zone, solid insulation is distinguished into three parts

viz. thick, thin "hot" and thin "cold" structures. The thick parts mainly comprise of

wood-based supports at the bottom and top of the windings, lead supports, load tap

changers, Bakelite cylinders etc. and contribute to almost 50% of the total insulation

mass. Due to its high thickness, the entrapped moisture (2-4%) can take longer drying

durations as compared to conventional paper or pressboard insulation.

Since this moisture is retained within the structural components as a result of

insu�cient drying, it is bound to come out gradually and contribute to the total water

content within the utility.
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Although the thick structure contribute towards half of the total weight of insulation,

most of the active moisture resides within the thin "cold" structure containing pressboard-

based spacers, barriers and end-caps. These materials are strategically placed within the

windings to isolate two consecutive coils and are separated from the electromagnetic core

through barriers. Moreover, since they operate at the bulk oil temperature, the moisture

contributions from pressboard is generally low but not neglected.

On the other hand, the thin "hot" structure comprises of Kraft/Crèpe paper for

insulating and isolating the conductor strands as shown in Fig.1.3(b). Since it operates at

winding temperature, a mechanical deformation along with the physico-chemical changes

in paper is also visible at the hot-spot temperature, where the localized heat raises the

average winding temperature. With proper oil circulation, the thermal ageing can not

only be delayed but also the moisture can be transported away from the bulk source in

to less-active zones where it can be safely measured [24�26,52,53].

1.3.2 Atmospheric ingress through leaky seals/open breathers

Moisture contamination through atmospheric ingress is a three-step process, which

includes sorption from atmosphere due to direct exposure of insulation driven by a

thermal gradient, Knudsen di�usion of moisture within the micro-�brils due to

concentration gradient, and viscous air �ow into the transformer during on-site

repair/re-installation works due to di�erence in water vapor pressure on either

sides [25, 28].

Moisture sorption in transformer insulation can be a twofold process i.e., absorption

of water vapor within multiple layers of insulation, and adsorption of water vapor

molecules to the free surface of cellulose and loose attachment to oil molecules. Unlike

the cellulosic material, where the polar hydroxyl groups along the polysacchride chain

causes hydrophilic nature, the aromatic content within oil controls its water a�nity

that in-turn is temperature dependent.
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On the other hand, molecular or Knudsen di�usion has the least contribution in

moisture ingress from atmosphere due to the low concentration gradients between surface

moisture and capillary condensates. However, vast di�erence in water vapor pressure

between transformer tank and external environment can create an in�ow of moisture into

the insulation thus leading to an ultimate transformer failure.

1.3.3 Accumulation from accelerated ageing

As discussed earlier, accelerated insulation ageing is the irreversible physico-chemical

deterioration of dielectric materials due to the presence of moisture and oxygen under

elevated thermal excitation [23,41,42,54,55]. Unfortunately, paper/pressboard ageing is

concomitant to the internal water generation and subsequent loss of useful-life in electrical

insulates. The cellulosic-bond cleavage leads to the generation of carbon oxides (CO,

CO2), free oxygen radical and complex furans thus resulting in free water formation

[1, 23, 28,56].

Ref. [57] reported an absolute 2% water generation within the transformer through

DP correlations, whereas upon reaching 400 DP, as suggested by [32], shows a much

lower increase of approximately 0.4% in the total water content. More interestingly,

some practical experiences given in [58] reports an increment of 1.5-2.8% in water

concentrations at some particular zones on the winding.

Overall it can be said that ageing will result in chain scission, hence reducing the

DP values and furan formation that are directly related to localized and overall water

contributions within the transformer. Proper quanti�cation of these parameters is still a

challenging task because ageing experiments are most performed within controlled

conditions unlike the actual transformer that su�ers from multiple stresses

simultaneously at all the unknown locations. Moreover, it is neither possible nor

advisable to propose a mathematical model for moisture generation through ageing

based on constant conditions and must contain some experimental basis.
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It was never the intention of this research to propose such models purely on the basis

of theoretical calculations since performing such experiments was beyond the capacity

of this thesis. Instead major contributions were made to trace the moisture migrations

within the oil-�lled power transformers in order to pin-point the location of potential

hazard and hence save the transformer from an abrupt failure. For such an e�ective

conditioning monitoring scheme, suitable life assessment models must be proposed in

accordance with identi�cation and measurement of winding hot-spots through proper

multi-physics models.

1.4 Scope and Objective of Thesis

In order to propose models for understanding the mechanism of moisture drift

within the transformer through on-line or o�-line diagnostic methods, most of the

prevailing literature addresses only one aspect at a time. These techniques either use

relative humidity assessment, dielectric measurements to contemplate the remaining

moisture within an insulate (either paper or oil) at any given time during the course of

transformer operation. Moreover, except for the practical experiences using relative

saturation vs load measurements in operational transformer, not much has been

published about the moisture dynamic mechanisms in either oil or paper/pressboard.

Also, material uniformity and strategically controlled conditions have always led to a

series of assumptions that may or may not be completely accurate.

The relative humidity sensors assume that with load variations, top-oil temperature

changes exponentially and it is su�cient to calculate the actual water concentration in

oil. It also assumes that regardless of the load variations, the winding temperature is

more or less constant and that all calculations for moisture in paper must also be done

on top-oil temperature. After some suggestions were made by [24,59], some reports have

surfaced where all calculations are done on bottom oil temperature [2, 29].

At this conjuncture what should have been an interesting prospect about the e�ect
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of mass-averaged (MA) oil temperature has been completely ignored.

Unfortunately, more sophisticated techniques using dielectric spectroscopy or

voltage-current measurements have ignored the axial winding temperature completely

and assume that they do not play any role in oil-temperature variation. This gives us a

huge window of opportunity to explore, what if the winding temperature is as variable

as the oil temperature? This would mean that rather than considering a constant

heating source within windings, we are assuming that it changes as per the temperature

and load variations.

Now, a transformer consists of several participating parts where some are heat

generating while some are heat dissipating. Thus, in order to pinpoint the location of

fault would mean that our desired area of investigation must be much closer to the

actual winding and not at the far away tank walls. Therefore, in order to propose an

elaborate mechanism of moisture dynamics within the oil-�lled power transformers,

some speci�c objectives were outlaid:

1. Understanding the mechanism of moisture migrations within oil-�lled power

transformer and analyzing the existing techniques for its measurement.

2. Understand the physics behind temperature rise under variable load conditions and

analyze available techniques for temperature assessment.

3. Develop reliable thermal models to trace the e�ect of load variations and convection

patterns on the solid insulate.

4. Locate the most failure-prone zone in transformer windings using thermal model so

that appropriate hottest-spot temperature can be calculated.

5. Use predictive models to determine the e�ect of axial temperature rise in windings

on the overall moisture change in transformer by either moisture-in-oil models or

using non-isothermal di�usion equations.
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6. Propose a quantitative model for moisture migrations in solid insulates with respect

to the various in�uential parameters.

7. Propose a quantitative model for moisture in oil with respect to the axial thermal

variations, loading patterns and ambient temperature.

1.5 Thesis Outline

To provide an enhanced understanding over the proposed topic of research and to

enable and encourage the reader to understand and explore further on the many aspects

of moisture dynamics within transformers, this thesis has been arranged as follows:

Chapter 2 is a survey on the existing moisture measurement techniques and their

correlation with the thermal behavior of transformers. Such an analysis shall be very

helpful in justifying the proposed objectives and observations obtained within the

framework of this thesis.

Chapter 3 is a collection of the proposed models broken into two sub-modules where

one can quantify the temperature rise in transformers and the other one is capable of

assisting the moisture dynamics mechanism within individual insulates and consolidated

transformer tank. Since extensive computational e�orts have been taken to establish these

models, in-depth analytical understanding of the associated software and computation

technique is also presented for assisting the reader. In order to justify the accuracy of

such models over restricted memory servers, some senstivity models are also discusses that

shall enable the reader to extrapolate it over high-capacity computer and over highly-

complex transformer geometries.

Chapter 4 is a collection of results obtained from the detailed thermal modeling

of power transformers. A series of parametric investigations have been carried out in

this section to quantify their in�uence on axial temperature variation. According to the

objectives stated earlier, the expected conclusions from this study are two fold, where
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the reader not only understand the e�ect of variable heat source on oil temperature

behavior, but also becomes aware of the moisture-patterns to be expected while carrying

out a diagnostic research.

Chapter 5 is the �rst-ever attempt of summarizing an entire moisture-dynamic

mechanism based on its respective operation. This chapter not only provides the basis

for understanding moisture migration through solid insulation by the virtue of di�usion,

but also correlates variable temperature pro�les obtained from the dynamic thermal

models thus producing a more reliable and realistic understanding of transformer

condition.

Chapter 6 summarizes the most important observations and explorations made from

the present work in order to provide a holistic approach of the entire moisture dynamics

model in oil-�lled power transformers. It is but the intention of the author to contribute

in a way such that future researchers can adopt the philosophy of moisture migrations

discussed in this work to apply and enhance the existing knowledge on the subject matter.



Chapter 2

LITERATURE REVIEW

The present chapter details an in-depth analysis over the moisture and temperature

measurements techniques within oil-�lled transformers. Section 2.1 presents an overview

of the available techniques for moisture measurement in transformers. Section 2.2 brings

out the basics of internal heat generation within operational transformers and its

association with the oil/winding temperature rise followed by the techniques to

determine the thermal variation. Section 2.3 proposes the methodology to analyze the

temperature rise patterns and further correlate them with moisture movement behavior

in individual insulates. The chapter ends with an explanation on the in�uential

parameters and its relevance through the proposed methodology over a

partially-coupled model for moisture prediction within an oil-�lled power transformer.

2.1 Moisture monitoring in transformers

As discussed earlier, continuous monitoring of moisture concentration within

transformers is an imperative step towards improving the transformer integrity.

Interestingly, transformer "wetness" is a relative component and varies with the

physical rating of the equipment. According to some international standards [60],

18
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allowable moisture within an oil-�lled unit is distinguished below [41]:

1. Rated voltage <69 kV, maximum moisture allowed in oil is 55 ppm and paper is

<3%.

2. Rated voltage between 69-230 kV, maximum moisture allowed in oil is 30 ppm and

paper is within 2-3%.

3. Rated voltage >230 kV, maximum moisture allowed in oil is 15 ppm and paper is

<1.25%.

Typically, there are two direct ways to determine the moisture content in oil directly,

namely o�-line (lab based) and on-line (sensor based). The traditional coulometric Karl

Fischer Titration (KFT) is a lab-based technique that requires an oil sample withdrawal in

order to determine the absolute water content in oil using chemical and electrochemical

reactions. Typically, an ester is formed upon chemically reacting sulfur dioxide (SO2)

with methanol (CH4) under an inert nitrogen (N2) base. An intermediate stage allows

the production of iodine (I2) at the electrode end which is later consumed by the ester

through oxidize thus producing an absolute concentration of inherent moisture (H2O) [61].

Although this technique is widely acceptable, various studies have jointly agreed

that besides sampling and instrumental error a considerable time lag between sample

withdrawal and assessment can introduce unwanted contamination thereby restricting

its application to lab-based investigations only [8, 11,38,41].

The commercially available humidity sensors can assist in predicting the

moisture-in-oil concentrations continuously through on-line measurements. These

modern day sensors are microprocessor-based transmitters containing a very thin

polymeric �lm, which registers a change in its capacitance with moisture variation in

oil. It measures the instantaneous water concentrations in terms of either water activity

or relative saturation.
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Water activity indicates the internal energy of dissolved moisture in oil and depends on

the moisture potential and temperature of oil. Similarly, moisture potential is an indicator

of thermodynamic condition of moisture in oil and can be expressed mathematically by

Eq.2.1 [62].

ψ =
RT

Mw

ln(aw) (2.1)

where, aw is the dimensionless water activity varying within a range of 0-1,

ψ is the moisture potential per unit mass of oil,

R is the universal gas constant, 8.314 J/(mol.K)

Mw is the molecular weight of water in oil, 18(g/mol)

and T is the absolute temperature in K.

On the other hand, relative saturation of oil is the measure of actual moisture

dissolved in oil against its solubility limit over a wide temperature range. One can

expect a correlation between water activity and relative saturation to obtain an

absolute moisture concentration in oil (ppm) using a solubility coe�cient. It was

observed on several occasions that absolute moisture is rather prone to aging e�ects and

may lead to measurement discrepancies. Therefore, one must work on the change in

saturation level within the transformer to obtain an acceptable condition for moisture

measurements in both paper and oil.

Moisture measurements in oil is easy since it is highly accessible from all the prime

locations in a transformer. On the other hand, paper is strictly restricted to windings and

therefore inaccessible throughout the operational duration of transformer. One can have

access to paper or pressboard insulation directly only when the transformer is detached

from the active network and allowed to cool down for a considerable period of time. Such

intrusive measures for moisture-in-paper has insisted many researchers over the years to

propose an indirect yet reliable method of estimation.
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The traditional yet indirect methods for moisture in paper measurements uses either

equilibrium charts or dielectric response measurement in time and frequency domains.

Since moisture in paper is more signi�cant than oil, a detailed discussion in the

following subsections will allow the reader to understand the existing research gaps and

relevance of the proposed solution. Alternatively one can suggest the use of dielectric

response based measurements (return voltage, frequency domain, polarization current,

dielectric dissipation) to correlate the dielectric properties of paper/pressboard with

possible moisture contamination.

Again, all these techniques neglect the prime driving factor responsible for moisture

migration i.e., axial winding temperature [8]. As a result, although oil moisture may

re�ect within permissible limits, there is a continuous risk of overestimating the paper

insulation that is otherwise drier than expected. Since paper-water contamination is

one of the catalysts for insulation degradation, it is imperative to discuss in-detail the

available techniques in order to identify the possible research gaps.

2.1.1 Equilibrium Charts

The equilibrium charts are a set of partition curves that allows relative moisture

measurement in an oil-paper-air complex under isothermal condition. These charts are

based on thermodynamic equilibrium assumption within the insulation complex. It

requires the insulation system to achieve maximum entropy in order to establish the

desired equilibrium. At this stage, the moisture distribution within the insulate

complex will depends upon the water solubility of an individual material.

As the name suggests, an equilibrium condition can only exist within the insulation

complex when individual materials are at similar temperature and any chemical or

thermodynamical change cease to exist. The determining time constant for such a

system will exclusively depend on the material property and exposed temperature.

Creating thermodynamic equilibrium conditions in an operational transformer is
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highly unlikely. Practically, it is only possible when the utility has been detached from

the network and allowed to achieve an equilibrium with the ambient surrounding. A

similar condition can also be reached if the transformer continues to operate at a

constant load for a preferably long period of time.

Practically, such conditions rarely exist for an operational transformer. During its

service time, even within a day, the load pattern varies thereby leading to disruption of

the so-called thermal equilibrium state. These swift temperature movements allows the

moisture to change its direction of migration.

Also since a moisture equilibrium is slower than a thermal equilibrium, it is imperative

that a proper understanding of the transformer condition prevails prior to the use of

equilibrium charts.

Over the years, various researchers have proposed several modi�cations for these

equilibrium charts in order to relate moisture movements with the relevant operation.

In order to obtain the dew point of an inert gas enveloping the core-coil assembly, [63]

published the �rst-ever set of equilibrium curves using cotton �ber and extrapolated its

values to suit Kraft paper insulation as shown by Fig.2.1.

In the same work, moisture migration within a temperature range of 10-110◦C were

studied using heat induced water vapor pressure changes for non-impregnated �bers.

Apart from the conclusive design modi�cations, it also proposed that the same data can

be extrapolated for Kraft paper if the moisture range is increase by 1.7 times irrespective

of its impregnation condition.

Moreover, the data reported in the same work were indistinguishable for the sorption

direction and hence highly debatable.

A summary of the same work performed years later by [33] disapproves of the

moisture absorption factor proposed in [63] by experimental veri�cation. The

exhaustive investigations in this work reported that the factor cannot exceed a value of
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Figure 2.1: Piper charts for vapor pressure measurements. Taken from [6]

1.3 for textile polymers within a veri�ed temperature range of 30-90◦C.

In order to obtain moisture sorption behavior for a typical Kraft paper

insulation, [64] carried out some exhaustive experimental investigations to reproduce

transformer drying operations. In this paper, water absorption for Kraft paper

insulation within a temperature range of 25-100◦C were reported. The data was plotted

in the form linear relationships between water concentration and equilibrium vapor

pressure using Freundlich's isotherms.
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Ref. [7, 11, 65] reported that the equilibrium charts proposed by [64] shows lower

estimates for moisture-in-paper concentration because of the variation in absorption

factor mentioned above. Experimental investigations by [16] suggests that practical

establishment of an equilibrium between water vapor pressure in impregnated media

with the ambient surrounding is relatively challenging and hence restricted.

Ref. [7] have proposed, what is currently known as the universal equilibrium chart for

transformer insulation during drying operations. The primary assumption in this work

suggests a thermal equilibrium between oil and paper due to non-�uctuating temperature

of individual insulates. Fig.2.2 shows the typical drying curves for oil-paper system

assuming equilibrium conditions.

Figure 2.2: Oommen's curve for moisture equilibrium in oil-paper insulation complex [7]

In this case, partial water vapor pressure data can be obtained for paper using relative

humidity measurements. Simultaneously, moisture concentration in oil is obtained using

relative saturation data and converted as a function of relative humidity. Upon combining

humidity and saturation data, one is expected to obtain absolute moisture in oil-paper

systems under thermal equilibrium conditions similar to a typical drying operation.

In the above context, relative saturation is de�ned as the ratio of absolute moisture

dissolved in oil to its solubility as shown by Eq.2.2.
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RSoil(%) =

(
Cd
Cs

)
× 100 (2.2)

where Cd and Cs represents dissolved and soluble moisture in oil (ppm) and RSoil is

the relative saturation of oil (%).

At this point, its must be noted that though hydrophobic initially, the moisture

solubility in oil increases exponentially with temperature using an Arrhenius form

according to Eq.2.3 [11,26,38].

logCs =

(
A

T

)
+B (2.3)

where constants A and B depends on the aromatic content of oil at an absolute

temperature, T(K). Di�erent coe�cients have been proposed by various researchers as

given in Table 2.1. The e�ect of these coe�cients have been shown by Fig.2.3.

Table 2.1: Experimentally estimated constants for the water solubility in mineral oils as

shown by Eq.2.3

Constants Oommen [7] Gri�n [25] Cigre [58]

A 7.42 7.09 7.3

B 1670 1567 1630

The relative humidity (RH) for oil is similar to its relative saturation (RS), and a

strong indicator of the moisture mixing ability in oils. However, in case of air, it is

de�ned as the ratio of partial water vapor pressure to saturated water vapor pressure

under isothermal conditions as shown by Eq.2.4 respectively [7, 8].

RHair(%) =

(
Vp
Vs

)
× 100 (2.4)

where Vp and Vs represents the partial and saturation water vapor pressure
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Figure 2.3: Estimation of water solubility in mineral oils using Eq.2.3 with coe�cients

proposed in Table 2.1

respectively, and RHair is the relative humidity of air(%). It is a well known fact that

the saturated vapor pressure of water in air is a strong function of temperature. There

are various empirical correlations available to assist with the estimation of saturated

vapor pressure values. Using a known RHair, [8] suggested that the saturation vapor

pressure of water in air is a strong function of temperature and can be determined using

Magnus-Tete formula as shown by Eq.2.5.

Vs = 6.107× 10
aT
b+T (2.5)

where, temperature (T) is in ◦C and the constants, a and b are reported as 1.5 and 235

at zero temperature. The saturated vapor pressure is calculated in hPa and requires to be

converted into mmHg for further use. Moreover, the constants reported for this particular

equation are highly debatable for a non-zero temperature using extrapolation. Ref. [12]

suggested that the partial vapor pressure of water in air should be calculated using

Keenan-Keyes correlation as shown by Eq.2.6. This formulation �nds more application

while modeling of vacuum drying of transformer insulation prior to oil impregnation.
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log10
Vp
Vc

=
−Tc

T + 273.16

[
a+ b× Tc + c× Tc3

1 + d× Tc

]
(2.6)

where, Tc is the critical temperature of water vapor, 374◦C, Vc is the critical pressure

of water vapor, 1.65807×105 mmHg, a,b c and d are dimensionless constants with reported

values of 3.2438, 5.868×10−3, 1.1703×10−8 and 2.1878462×10−3 respectively.

For a typical drying operation, when the moisture in paper and surrounding air is in

equilibrium with each other, the moisture content within paper can be calculated by the

empirical correlation given in [66] as shown by Eq.2.7.

Cm = 2.173× 10−7 × Vp0.6685 × exp
[

4725.6

T + 273.15

]
(2.7)

where,Cm is the local equilibrium moisture concentration in paper on percentage dry

weight basis. If one can directly calculate the moisture concentration in paper using

equilibrium charts assuming all conditions were satis�ed, they can actually use Eq.2.7

to calculate the partial vapor pressure of water in paper using an algebraic inversion as

given in Eq.2.8.

Vp = 9.2683× 109 × C1.4959
m × exp

[
−7069

T + 273.15

]
(2.8)

In the above set of equations, moisture in oil and paper can be de�ned as per Eq.2.9

and 2.10 respectively.

Coil =
MH2O

Moil

(2.9)

Cpaper =
MH2O

Mpaper

(2.10)

The moisture concentration in oil is given by µg/g through KFT and in PPM while

using on-line sensors. Similarly, moisture in paper is reported mostly in % (gH2O/gpaper)



28

and extensively converted into mol/m3 for computational purposes.

During drying, when the temperature of external air (or oil) is higher than that of

paper (or pressboard), the thermal gradient causes variable vapor pressure zones in paper

and air. As soon as a temperature homogeneity is achieved, similar saturation conditions

prevail within paper and air. On the other hand, when the transformer is operational,

water solubility changes instantaneously because of the transient temperature series. In

this case the moisture determination within transformers not only depends on the hotter

material but also on the concentration gradients.

It is evident so far that although isothermal conditions are strictly required for some

moisture concentration prediction, yet a realistic model will prevail only when

instantaneous temperature can be monitored. One of the biggest drawbacks of moisture

measurement using Eq.2.7 is its ine�ciency to retain accuracy under extreme humidity

levels. Although it can evaluate the equilibrium moisture in paper/pressboard, its

precision is debatable due to di�erent sorption behavior of Kraft paper and pressboard

materials. Moreover, choice of surrounding media (i.e.,air or vacuum) plays a signi�cant

role in establishing sorption isotherms, thereby restricting the use of above equations

only to oil-paper-air complex [28]. The proposed charts are also restricted by the desire

to establish an ultimate thermal equilibrium condition prior to its use. It has already

been proved that such conditions are rarely attainable in transformers, except during

shutdowns.

In order to overcome this challenge, moisture sorption has been studied as a mass

transfer problem rather than a thermodynamic condition by various researchers. The

migration of moisture from paper to oil during drying operations is a classic example of

Fick's laws assuming that the thermal transients signi�cantly shift the so-called moisture

equilibrium.

Early experiments by [67] shows that moisture content in paper can be modeled using

Fick's �rst law in order to calculate the molar �ux (j) across the insulation thickness
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using a one-dimension form as per Eq.2.11.

−j = D

(
∂Cm
∂x

)
(2.11)

where, x is the thickness of insulation, m

Cm is the local moisture distribution across the insulation, mol/m3

D is the constant di�usion coe�cient of moisture in paper, m2/s

There are two major limitations of this theory. Firstly, the experiments were based

on permeation of water within the multi-layers of Kraft paper. These experiments

assume localized distribution of water across the insulate thickness instead of average

distributions [68]. Secondly, it was performed under tightly controlled conditions, where

the di�usion coe�cient (D) was more or less a constant.

As soon as these limitations were realized, transient moisture di�usion was modeled

according to Fick's second law as per Eq.2.12, where di�usion coe�cient depends on both

the concentration and temperature of the process.

∂C(x,t)

∂t
=

∂

∂x

[
D(C, T )

∂C(x,t)

∂x

]
(2.12)

where, C(x,t) is the spatial-temporal moisture discretization across normalized

thickness (x) and a non-dimensional time (t).

If a constant di�usion coe�cient is assumed, Eq.2.12 can be solved using Fourier series

solution. Although the number of di�using sides must be known in order to obtain an

acceptable convergence. Eq.2.13 and 2.14 shows the two proposed schemes for moisture

discretization assuming single and double sided exposure respectively [69].

Single-sided di�usion:

C(x,t) = cm −
4(ci − cm)

π

∞∑
n=0

[
(−1)n

2n+ 1
e−t×D×B

2
ncos(Bnx)

]
(2.13)
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Double-sided di�usion:

C(x,t) = cm −
4(ci − cm)

π

∞∑
n=0

[
(−1)n

2n+ 1
e−t×D×B

2
ncos

(
Bn

(
x− 1

2l

))]
(2.14)

where, ci and cm are the initial and equilibrium moisture in paper, mol/m3

n is the number of interactive layers (n=1 for single sided, n=2 for double sided)

x is the thickness of insulate, m

t is the discretization time, s

Bn is the reciprocal constant of thickness [13,69,70].

The constant Bn can be de�ned as by Eq.2.15 and 2.16 for single and double sided

di�usion respectively as follows [69,70]:

Single-sided di�usion:

Bn =
n+ 0.5

l
(2.15)

Double-sided di�usion:

Bn =
π(2n+ 1)

l
(2.16)

The series solution along with its suitable coe�cients given by Eq.2.13 and 2.14 with

respect to the exposure sided will provide an inverse bath-tub type graph for local

concentration over a localized thickness. It may be enough for single layer-homogeneous

samples but certainly not su�cient to decide the intra-layer moisture within multilayerd

components as Kraft paper and pressboard. Also, it is not possible to apply Fick's

second law of di�usion in a continuous manner with continuously changing di�usion

coe�cients.
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Most of the scienti�c literature available for moisture-in-paper models using Fick's

second law proposes an experimentally derived di�usion coe�cient [11,16,67]. Apart from

the conventional techniques reported in [2,12,66], some authors have also used dielectric

measurements to determine the di�usion coe�cient of various impregnated and non-

impregnated insulates [8,11]. An excellent review of various experimental and theoretical

techniques to obtain di�usion coe�cient for oil-impregnated and non-impregnated paper

is available in [71,72].

There are two vital informations available by pursuing the existing scienti�c literature

on determination of di�usion coe�cients. Firstly, that the di�usion coe�cients vary with

the nature of material and most importantly its impregnated condition. And secondly,

that there is absolutely no way to propose a theoretical di�usion coe�cient for paper or

pressboard material without experimental validations.

More explicitly, a lot of these available coe�cients are for oil-impregnated paper and

none have been proposed so far for an impregnated pressboard. Now interestingly, when

the transformer insulation is immersed in oil after the initial drying, the paper does

actually absorbs most of the oil which justi�es the oil-impregnated di�usion coe�cients.

But so does the pressboard, which is still believed to be behaving like a non-impregnated

insulate despite coming in contact with oil.

This leads one to wonder what could possibly be the e�ect of such assumption on the

overall moisture performance within transformers and especially on drying operations?

In order to �nd the solution to this problem, exhaustive studies were conducted using the

available di�usion coe�cients in complex drying conditions that shall be discussed later.

In conclusion, one can say that moisture equilibrium charts are strictly con�ned to

drying operations only. Although much about its parametric in�uence is yet to be

discovered. In case of operational transformers the fast moving transients of

temperature and moisture makes it impossible to use the conventional Fick's second law

continuously.
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Most of the moisture distribution in an operational transformer must therefore be

studied according to the conventional mass conservation equations where solubility

becomes the dominant parameter. Unlike the existing dielectric response techniques

that ignore the axial winding temperature, new methods must be developed to isolate

the thermal gradients in paper, winding and oil. New mass conservation equations must

be developed based on such improved models. Moreover, these models should be strictly

in alignment with the �uctuating load patterns and transformer cooling conditions in

order to realize the hot-spot temperature and average temperature rise for further

application.

The axial temperature primarily changes with transformer loading and oil �ow

patterns. The choice of external(air or water) and internal coolant(oil, air or gas)

depends on the physical size and rating of the transformer. Additional parameters such

as loading pattern, winding con�guration, internal heat generation etc., also a�ects the

cooling scheme of transformers.

Nevertheless, a complete description is available in the upcoming section on the various

aspects of heat generation and dissipation in transformers. Such an analysis can enable

the reader to correlate winding and oil temperature rise with various thermal performance

aspects and hence propose reliable models for moisture measurements in transformers at

the crucial locations.

2.2 Transformer Thermal Performance

In order to evaluate the thermal performance of transformers, it is imperative to

understand the source and magnitude of internal heat generation. It is a well known

fact that the internal heat is a strong function of the total transmission losses. These

losses can be originating from either the electromagnetic core or conductor windings.

Traditionally, the factors such as hysteresis losses, joule heating and eddy current losses

contribute signi�cantly towards the internal heat generation [10,17�19,73,74].
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The core of a transformer is essentially a ferromagnetic material capable of generating

an electromagnetic �eld. Present day transformer cores are made of soft iron to minimize

the operational losses and restrict the magnetic �ux leakage though strategic lamination.

It is possible to correlate the total power losses with structural integrity of the core

material using Eq.2.17 [75].

Pc = κhBm
2f + κeKh

2Bm
2f 2tc

2n (2.17)

where, Pc is the total core loss, W

κh is the material coe�cient of hysteresis losses

κe is the material coe�cient of eddy losses

Bm is the maximum magnetic �ux density, Tesla

f is operating frequency of transformer, Hz

tc is the thickness of each laminate, m

and n is the number of laminates in a typical core.

The core losses contributes to less than 5% losses in new transformer thereby making

them neglected during thermal assessments. This is because of its strong ability to restrict

the magnetic �ux leakage. On the other hand, winding or load-losses are the primary

source of temperature rise due to resistive heating of winding and magnetic �ux leakage

due to Foucault (eddy) currents [10,18,19,29,40,52,73,74,76�78].

The Ohmic or Joule losses occurs due to the resistive heating of the winding and

depends on the current density normal to the conductor surface as shown below:

Pw,o =
1

2σ

∫
Js

2dV (2.18)

where,σe is the electrical conductivity, S/m

Js is the surface current density, A/m2 dV is the elemental volume, m3
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In a quasi-static electromagnetic �eld, the Maxwell equations can estimate this current

density within the functional domain as per Eq.2.19.

∇× 1

ε
(∇× ~A) = ~Js − σe

∂A

∂t
(2.19)

where,ε is the magnetic permeability, H/m

A is the transient magnetic vector potential, V.s/m

Furthermore, Eq.2.20 can calculate the anisotropic eddy current losses in windings as

follows [17,18,29,74,75]:

Pw,e =
f 2π2Bm

2td
2

3ω
(2.20)

where td is the thickness of conductor normal to the applied magnetic �eld,m

ω is the electrical resistivity, Ω.m

Pw, Pe are the winding losses due to Ohmic and eddy current respectively, W.

The total losses from the electromagnetic analysis can be converted into equivalent

volumetric heat using a thermal-electrical analogy.

Eq.2.21 assumes that the total volumetric heat generated within a winding is a strong

function of the transmission losses and structural integrity. It is the ultimate equation

that will interpret the total internal heat generated within the solid windings due to

various transmission conditions. This volumetric heat source estimation is a signi�cant

parameter in thermal modeling due to its linear temperature dependency is given in

Eq.2.22 [18,29,44].

QT =
PT
Vw

(2.21)
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Qs(T ) = QT,0[1− αc(T − T0)] (2.22)

where, where, PT is the summation of total winding losses,W

Vw is the winding volume, m3

QT is the total heat source due to transmission losses, W/m3

QT,0 is heat source at reference temperature, W/m3

α is the temperature coe�cient of copper conductors, 1/K

T0 is the reference temperature obtained from heat-run tests, 348K

T is the operational temperature, K

In order to obtain the transmission losses from an operational transformer,

electromagnetic analysis of the core-coil assembly can provide very satisfactory results.

The only limitation in this approach is prior knowledge about the intricate structural

details about the transformer to reciprocate the e�ect of selected geometrical

con�guration on heat distribution.

Since this data is also available with the manufacturer from their earlier experience,

an exhaustive electromagnetic analysis of the transformer has been exempted from this

research.

As mentioned earlier, the hot-spot temperature can determine both the remaining life

of a transformer and its operational ability [10, 24,43,44,52,73,79].

While electromagnetic analysis will ascertain the resultant heat generation within

transformers, a coupled thermal-hydraulic model is su�cient to determine the axial

oil-winding thermal behavior. The prime objective of such a model will be two-fold.

Primarily, it should be capable of evaluating the oil and winding temperature rise

during various conditions. Secondarily, it must also be capable of pin-pointing the exact

location and magnitude of hot-spot temperature in order to estimate the remaining life

of transformers.
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Accuracy of hot-spot prediction is in�uenced by the axial temperature distribution in

an oil-immersed winding. The �ow determining parameters such as inlet �ow rate, oil

temperature, inlet channel width and contact area can cause a shift in the aforementioned

thermal distribution. Therefore, prior to proposing an additional temperature rise of oil

and windings, it is imperative to optimize the stationary model and isolate the e�ect of

these parameters.

Conventionally there are several technique to determine the thermal performance of

transformers using direct and indirect measurements. A summary of these techniques is

available in Fig.2.4. The primary objective in the present work requires a CFD-based

thermal model to predict the temperature behavior in accordance with the load pattern.

In order to achieve the same, one must understand the direct measurements techniques

so as to propose a future comparison to obtain the accuracy of the prposed CFD model.

2.2.1 Direct Measurements

Fiber-optic sensors provide a direct measurement of the temperature rise in the oil-

immersed winding by inserting sensors probes at strategic locations while it is operational

under variable loading conditions [54,80�82].

It is also useful in monitoring various thermal, electrical and mechanical properties

within the transformer by temperature-dependent loss estimation. The recent

technological developments have made increased the applicability of theses sensors

towards extra-high voltage exposure without getting damaged from internal stresses.

Although it is the most accurate and easiest technique, yet the high embedding cost

and risk of probe interference with the normal transformer cooling process can restrict

its usage.

Alternative direct methods requires experimentally obtained temperature rise values

at various locations by operating the transformer under variable load conditions. This

is by far the most accurate method to determine the temperature rise and load bearing
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Figure 2.4: Summary of available methods for transformer thermal performance

assessment

capacity of the transformer at any given instant within a load cycle.

Despite its appeal, heat-run tests are highly restricted to factory testing of

transformer at the time of manufacture. This is because of the high cost of operation

which makes the method un�t for use during on-site commissioning and continuous
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temperature assessment.

Alternatively, some empirical equation based on ANSI/IEEE and IEC methods

propose simple one-dimensional ordinary di�erential equations to estimate the

temperature rise in oil. According to these methods, the hot-spot temperature is

represented as the summation of oil and winding temperature rise above the ambient as

given in Eq.??-2.28 [24,43,44].

Thst = Ta + ∆Tto + ∆Th (2.23)

where, Thst is the hot-spot temperature, ◦C

Ta is the ambient temperature, ◦C

Tto is the rise in top-oil temperature over ambient,◦C

Th is the rise in hot-spot temperature over winding, ◦C

The top-oil temperature rise in Eq.2.23 examines the total temperature change in

transformer during loading by measuring the top-oil temperature at various stages. Such

models to deliver the thermal performance of transformers are based on simple one-

dimensional ordinary di�erential equations, where the transient response can be modeled

using an exponential rise in the physical temperature values as depicted in Eq.?? [83].

∆Tto(t) =

[
∆Tto,u −∆Tto,i

]
[1− exp(−t/τto)] + ∆Tto,i (2.24)

where, Tto,u is the ultimate rise in oil temperature, ◦C

Tto,i is the initial rise in oil temperature, ◦C

τto is the thermal time constant of top-oil temperature, ◦C

Interestingly, Eq.2.24 also suggests that the top-oil temperature rise is also a function
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of loading pattern such that the ultimate temperature rise can be obtained when the

transformer is at full-load. Mathematically, it is expressed as below:

∆Tto,u = ∆Tf

[
K2R + 1

R + 1

]n
(2.25)

where, ∆ Tf is the temperature rise in top-oil at full loading conditions,◦C

K is the ratio of speci�ed load to rated load and is better expressed as speci�ed to rated

current ratio.

R is the ratio of load loss at rated conditions to no-load losses.

This equation also suggests that the temperature rise in transformer changes

exponentially with respect to time. The thermal time constant of oil is a relatively

small value that explains the large temperature rise in oil and windings over the total

loading time. It depends on the speci�c heat capacity of oil, physical mass ratio of tank

components and rated power as given below.

τto =
Γ×∆Tto,av

PT
(2.26)

where, PT is the total winding losses, W

Tto,av is the average oil temperature rise above ambient, ◦C.

The constant Γ in Eq.2.26 is the cooling capacity of the transformer with respect to

the mass ratio of participating media as shown below. The constants a, b and c de�ned

in Eq.2.27 depends on the physical rating of the transformer.

Γ = a×Ma + b×Mt + c×Mo (2.27)

where, Ma is the mass of core-coil assembly, kg
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Mt is the mass of transformer tank with �ttings, kg

Mo is the equivalent mass of oil, kg.

Similarly, the resultant rise in hot-spot temperature during transient loading

conditions can be evaluated using Eq.2.28 as shown below.

∆Th(t) =
(
∆Th,u −∆Th,i)

[(
1− exp(−t

τw

))]
+ ∆Th,i (2.28)

where, ∆Th,U is the ultimate rise in hot-spot temperature at full loading, ◦C

∆Th,I is the initial hot-spot temperature rise,◦C

τw is the winding time constant, hours.

The improved IEC techniques introduces a linear gradient in the form of hot-spot

factor to evaluate winding and oil temperature rise as shown in Fig.2.5.

One of the biggest drawbacks in the aforementioned techniques is the determination

of thermal times constants for oil. In a sensor-based method, these values are reported

as at sensor response to the temperature rise of oil under variable loading conditions. In

absence of any sensor or probe based measurement, some generic components are used to

mimic the transformer thermal pro�le based on cooling and load pattern. However, such

an assumption can certainly lead to erroneous temperature predictions without proper

attention to the transformer age.

Unfortunately with such exhaustive advancements in the sensor-quality, its location

in an operational transformer is still debatable. Therefore, alternative methods are being

suggested using advanced computational techniques that are capable for determining the

transformer thermal capacity with higher precision and reliability.

Such solutions are extensively based on mathematical modeling of coupled multi-

physics governing the temperature rise phenomenon within transformers. These alternate

solutions enhance the present understanding on transformer thermal performance for
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Figure 2.5: IEC model for transformer thermal analysis containing a winding to oil-

temperature gradient ratio (g) and a hot-spot factor (Hg)

design optimization and improved operation e�ciency without exceeding the capital cost

of investment. A brief understanding of such methods is given in the subsequent section

to assist the reader with modeling aspects and its relevance to the proposed work.

2.2.2 Modeling-Based Measurements

The main ideology to imply a model-based evaluation of temperature and �ow �elds

depends on visualization of the speci�c sub-operations occurring at the same instant

within transformers. Besides the non-uniform loss distribution as discussed in the

previous section, oil circulation pattern also regulates the temperature rise limits within

transformers.

The choice of an appropriate circulation technique depends on the physical size and
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rating of a transformer. For example, forced cooling is better suited for larger power

transformers with high heat dissipation requirements despite the additional noise

(vibration) disrupting temperature rise measurements.

Similarly, natural cooling is the most e�cient method for small and medium power

transformers. It is capable of naturally removing the internal heat generated within the

active windings of transformers. Although, it may not be always su�cient to use, one can

suggest �ow guiders to assist the velocity distribution and in return improve the thermal

performance [40,46,52,76,77,84�87].

Nevertheless, few combinations are discussed in Fig.2.6 that are common for small

and medium power transformers [17�19,74]

Figure 2.6: Various cooling methods in transformers (a) Oil natural air natural (b) Oil

natural air forced (c) Oil forced air forced

One of the primary objectives of this research was to evaluate the winding and oil

temperature rise during variable loading conditions. In order to achieve this, a medium

voltage core-type power transformer with disc-type windings has been considered.

In the prescribed utility, the low-voltage winding (LVW) is placed near the core with

extended conducting strands to accept the current and voltage input, whereas the high

voltage winding (HVW) is placed away from it, thus justifying the mutual induction.

Naturally, the temperature in LVW of the transformer will be higher than the HVW.

As a result, one can expect the formation of hot-spot temperature on the LVW itself
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[10, 88]. Moreover, the oil far-away from the windings is expected to be relatively cold

and hence irrelevant to the moisture dynamics prediction/participation.

It should also be noted that the moisture sensors mounted at various locations of the

transformer are generally placed through a bypass line where the oil-�eld is ideally zero.

It is obvious that all these factors will contribute to an approximate error in the moisture

measurements, and therefore the prime objective should be on estimating the incipient

error in moisture measurements of operational transformers due to these �ow �elds.

With the recent technological advancements, computational �uid dynamics (CFD)

based thermal assessment of transformers can produce more reliable and relevant results

without increasing the capital cost of the equipment. In this context, the thermal models

are classi�ed broadly into two categories namely, the lumped-parameter and distributed-

parameter model.

The lumped parameter model (LPM) is based on a circuit method employing thermal-

electric analogy to simulate the exponential temperature rise during transient analysis

as given in [29, 74, 89�92]. Despite various advantages, it is evident from above that

the LPM based solutions may not consider operational and geometrical complexities,

thus failing to notice the thermal streaking and heat-pool formations within windings

[29,40,46,84,87,91,93,94].

Dynamic hot-spot modeling using bottom-oil temperature to avoid overshoots

beyond the permissible limit is available in [90, 95]. Similarly, modeling of variable

hot-spot temperature rise in power transformer (with external cooling) to accommodate

the exponential changes in bottom-oil temperature is available in [96]. Ref. [74]

mentions that despite the regular usage of top-oil temperature for hot-spot calculations,

the modi�ed expression using bottom-oil temperature [2] can be more reliable in

transformer thermal evaluation. An excellent review and in-depth analysis of such

models are given in [2, 29, 89, 91], but due to its non-relevance from the proposed

method in this thesis, the same has been exempted from this study.
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Previous works on the application of network methods to represent the temperature

distribution in oil during stationary analysis is given in [46, 97, 98]. Ref. [45, 99�102]

provides a more relevant transient model capable of accommodating the load variation-

induced thermal changes around the conducting discs under variable cooling conditions

and validated against the data available in [84, 101�103]. Another signi�cant aspect

of these methods is the heat source estimation by calculation of the total transmission

losses [29,40,74]. Although, most of the authors accept that, the Ohmic losses are mainly

responsible for winding temperature rise [10, 52, 77, 84, 95], few have actually simulated

the combined e�ect of Ohmic and eddy current losses on internal heat generation in

transformers [40, 73,103].

A detailed critical review on LPM based techniques is available in [29], and therefore

exempted from this work. Since the present work is largely in�uenced by the

CFD-based methods, therefore, it is imperative to analyze the applicability of these

techniques for satisfactory transformer thermal assessment. Conventionally, the

CFD-based methods employ higher-order discretization techniques (i.e.,�nite

element,di�erence and volume methods) to evaluate the visually-aided coupled

thermal-hydraulic behavior of oil in transformers.

Besides, variable winding geometry also plays a critical role in temperature

distribution within transformers which are considered insigni�cant in LPM based

measurements. In order to justify this, the apparent di�erence in temperature

distribution of a naturally cooled power transformer with layer and disc windings is

given in [79,101] and [78,104] using various CFD methods.

Similar studies shows the e�ect of buoyancy and thermal streaking has obtained a lot

of interest due to its in�uence on the temperature distribution pattern in natural and

forced cooled transformers [52, 77,78,94,103,104].

Similarly, other aspects viz., the e�ect of winding con�guration, variable �ow rates,

and internal temperature gradients have been addressed on several occasions throughout
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the literature that has been largely neglected in thermal-electric or thermal-hydraulic

methods [10, 52, 73, 78]. On the contrary, it is imperative to determine the temperature

evolution in critical hot and cold zones of transformer insulation to predict the exact

moisture content in these zones.

Hence it can be understood that in order to obtain a reliable moisture dynamic model

for transformers, one has to look �rst into the precise thermal behavior of transformers.

The temperature pro�les thus obtained can be later fed to the moisture models to obtain

a dynamic two-fold moisture distribution as discussed earlier. To allow the reader to

navigate through such complex multi-physical modeling of the proposed problem, the

next section proposes a simple �ow chart to identify the mechanism and conjunction

paths of prime importance.

2.3 Methodology

In order to proposed objectives, a detailed methodology is prepared and presented

by Fig.2.7. Major aspects of this methodology including the mathematical modeling and

simulation prospects shall be discussed in the upcoming chapters in this thesis.

The methodology primarily consists of four di�erent physics combined together to

obtain the dynamic moisture distribution in transformers. The electromagnetic analysis

of core-coil assembly using the AC/DC module can provide insights to the winding and

core losses encountered by the transformer during operation. These losses are converted

into equivalent volumetric heat that is assumed constant and evenly distributed. Thus

the winding losses act as the necessary heat source to identify the conjugate heat transfer

and analyze the �uid �ow patterns around complex winding geometries.

The evaluation of electromagnetic and thermal analysis along with associated �ow

�eld is carried out using fundamentals of computational �uid dynamics (CFD). A

commercially available software COMSOL Multiphysics (v4.3b:2012) is used to evaluate
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the thermal performance of transformers. Other mathematical operations and curve

�ttings to obtain several aspects during the transient measurements is carried out using

MATLAB programming.

COMSOL Multiphysics is a commercially available CFD software based on the

�nite-element method for numerical approximation of higher-order and non-linear

partial di�erential equations using various interactive tools to compute complex

scienti�c and engineering problems [105,106].

Unlike �nite-volume or �nite-di�erence techniques, the governing equations are

approximated over a domain using Galerkin's residual-function technique. In this

method, a shape (residual) function is automatically generated by simplifying the grid

structure of the investigated surface or body. The residual thus generated is then

multiplied with the dependent variable to achieve a converging solution of the proposed

problem [107].

Although such an auxiliary approach may seem disadvantageous at �rst due to the

excess mathematical computation, but while dealing with complex constraints �nite

element method does not require any back-of-envelope calculations for solving the

PDE(s) thereby saving both computation time and e�ort.

On the other hand, MATLAB is a programming based language that �nds immense

physical importance during solution of ordinary di�erential equations and data

interpretations using regression analysis.

The temperature pro�les obtained during this analysis are incorporated into simple

mass transfer equations to obtain the overall moisture distribution in transformers. These

models primary consist of di�usion models operating on equilibrium temperature and

overall mass balance equations to provide stationary and transient temperature-moisture

patterns on the dominating oil-paper interface. Such results are extremely signi�cant

in determining the dominant aspects of inter-facial mass transfer and its role in overall

temperature distribution in transformers.
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Figure 2.7: A typical methodology for multi-physics moisture dynamic studies in power

transformers to correlate electrical-thermal-�ow-moisture distribution using

computational �uid dynamics approach

2.4 Summary

Moisture measurements and mitigation of moisture-related faults is an important

aspect of transformer health management. In this regard, the temperature dependency

of moisture increment, accumulation and subsequent dynamics is an inevitable aspect

and can not be ignored. This chapter not only introduces the temperature dependency

of moisture dynamics and signi�cant aspects that predominates the overall moisture

distribution in transformers. A simple methodology is introduced to estimate the

multiphysics aspects of transformer health management and moisture analysis using
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advanced computational tools and fundamentals of mathematical modeling. These

results can signi�cantly improve the present understanding of moisture dynamics in

oil-�lled power transformers.



Chapter 3

NUMERICAL MODELING AND

ANALYSIS

The present chapter discusses multiple aspects of numerical modeling of moisture

dynamics in oil-�lled transformers using multiphysics approach. Section 3.1 discusses

the basics of a moisture transport model for paper and oil separately thus allowing the

reader to understand overall moisture distribution in the transformer. Section 3.2

provides the dynamic model for temperature variations in transformers in accordance

with varying load pro�les and ambient conditions. Section 3.3 discusses the various

boundary conditions that will e�ect the thermal model of transformer windings. Section

3.4 proposes a set of boundary conditions as base settings for the desired model.

Section 3.5 gives a brief description about the transformer geometry followed by its

meshing scheme and grid analysis in Section 3.6. The chapter ends with an explanation

for chosen boundary conditions for evaluating the moisture and temperature �elds in

transformer using the on-site information made available during the �eld survey in this

project.

49
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3.1 Dynamic Moisture Models

Dynamic moisture migration within an insulation complex is concomitant to the

entailing dynamic temperature pro�le of oil and paper.

As the load increases, winding temperature becomes higher than the surrounding

oil (Tpaper>Toil), hence resulting the moisture to migrate from paper to oil [7, 26, 41].

During this condition, the two mechanisms a�ecting the time taken to reach equilibrium

are namely, di�usion and desorption. During di�usion, the moisture travels through

the multi-layers of paper to reach the insulation surface, where a constant source of

moisture-in-oil concentration can be located. Upon reaching the surface, desorption of

moisture begins, which in turn depends on solubility of water in oil [108]. Since the

moisture solubility in oil increases exponentially with temperature [7, 26, 36, 108], it is

essential to calculate the instantaneous moisture-in-oil concentration over a �uctuating

range of temperature to mimic the actual water distribution in an operational transformer.

This procedure will stop when either the load is being removed or the oil has reached a

saturation level whereupon free water formation is apparent [109].

A conditional reverse occurs when the temperature of winding drops

abruptly(Toil>Tpaper). At this stage, oil is still hotter than paper and therefore,

moisture is supposed to be absorbed back into the insulation to maintain the moisture

conservation. Interestingly, the oil impregnation of otherwise dry insulation will retard

the resorption phenomena thus delaying the moisture conservation. At this stage the

moisture uptake by insulation is by sorption isotherm (for surface moisture) and

di�usion (average distribution) [7, 11, 64]. This condition is largely regulated due to the

steady temperature of oil. One can alternatively propose the use of equilibrium curves

to determine the equivalent concentration of moisture-in-paper under these

circumstance. However, in the present work, separate models were proposed to

determine the behavior of moisture up-take under di�erent condition and veri�ed

against the available equilibrium data.
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Therefore to propose a dynamic model for moisture interactions in transformer, one

must create sub-models to interpret the behavior of such interactions separately for

individual media and consolidate insulation complex. In this context, two simultaneous

models have been proposed for moisture predictions in paper and oil respectively.

3.1.1 Moisture-in-paper Model

A moisture-in-paper model is an extremely handy technique to ascertain the condition

of a damp transformer insulation and improving the applied drying models. For an

inhomogeneous substance, heat moves faster than the accompanying moisture and hence,

Fick's second law can be considered to express the water movement depending on its

physical state [2, 3, 110].

Ref. [111,112] assumed that moisture transport must be more dominant radially than

axially due to higher aspect ratio of transformer windings, and thus suggested the use of

one-dimensional partial di�erential equations to obtain local moisture distribution while

avoiding structural complexity and added computation cost. Ref. [113] suggested that

moisture distribution through the micro-pores and micro-�brils is a strong function of

the physical state of the associated water, assuming an analogous heat-mass conservation

as shown by Eq.3.1- 3.3 [2].

∂Cv
∂t

=
∂

∂x

(
Dv

∂Cv
∂x

)
+ I (3.1)

∂Cw
∂t

=
∂

∂x

(
Dw

∂Cw
∂x

)
− I (3.2)

ρCp
∂T

∂t
=

∂

∂x

(
k
∂T

∂x

)
− λI (3.3)

where, Cv and Cw are the local moisture concentration in vapor and liquid state
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respectively, mol/m3

Dv and Dw are the vapor and capillary di�usivity within a cellulose matrix, m2/s

ρ is the density of cellulosic material, W/(m.K)

Cp is the speci�c heat capacity of insulate, J/(kg.K)

T is the operating temperature of the insulate, K

λ is the latent heat of vaporization, J/kg

I is the rate of evaporation within the solid insulate during phase change, kg/(m3.s)

Although Eq.3.1 and 3.2 provides an accurate representation of phase-oriented

transport mechanism, yet it is quite challenging to continuously monitor the respective

di�usion coe�cients and physical mass of water during phase change. Therefore, a total

(local) moisture is assumed by combining Eq.3.1 and 3.2 thereby neglecting the rate of

change due to vaporization as shown below.

∂Cv
∂t

+
∂Cw
∂t

=
∂

∂x

(
Dv

∂Cv
∂x

)
+

∂

∂x

(
Dw

∂Cw
∂x

)
(3.4)

In Eq.3.4, the local moisture concentration is de�ned as the total mass of water present

within a known mass of dry cellulose as shown below.

Cloc =
Cw + Cv

ρd
(3.5)

Upon substituting, Eq.3.5 in 3.4, we can obtain the modi�ed Fick's second law of

di�usion for local moisture discretization over spatial-temporal scale as shown by Eq.3.6

∂Cloc
∂t

=
∂

∂x

(
Deff

∂Cloc
∂x

)
(3.6)

where, Deff is the e�ective di�usion coe�cient of moisture within the insulate, m2/s

Cloc is the local moisture concentration, mol/m3.
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Logically, the e�ective di�usion coe�cient mentioned in Eq.3.6 is the combination of

water and vapor di�usivity with an assumption that the mass transfer resistance is

independent of cellulose inhomogeneity and a strong function of the local moisture

concentration and temperature. Eq.3.7 shows an Eulerian approximation of Fick's

second law with constant di�usion coe�cient.

Ci,j+1 = Ci,j +Deff

(
Ci+1,j − 2Ci,j + Ci−1,j

∆x2

)
(3.7)

In practice, the e�ective di�usion coe�cient in Eq.3.7 is not a constant value and

varies with concentration and temperature over a local thermal equilibrium condition.

According to the Arrhenius form of di�usion coe�cient suggested by [16], a simple forward

discretization can be enabled as shown by Eq.3.8.

Deff = D0 exp

[
k′
Ci+1,j − Ci,j

∆x
+ Ea

(
1

T0
− 1

T

)]
(3.8)

Upon combining Eq.3.7 and 3.8 one can obtain a holistic solution to the proposed

model as shown below:

Ci,j+1 = Ci,j +D0 e
Ea

(
1
T0
− 1

T

)
×
[
ek
′ Ci+1,j−Ci,j

∆x (Ci+1,j − ci,j)+

ek
′Ci,j

Ci+1,j − 2Ci,j + Ci−1,j
∆x2

]
+ ∆Ei,j

(3.9)

where, (i×j) represents the discretization grid of moisture over spatial and temporal

scales respectively and ∆Ei,j is the truncation error of the discretization scheme.

In order to solve the above set of equations, one must be aware of the applied operation

to ascertain the initial and �nal boundary condition. Moisture di�usion models are

applicable for both uptake and removal of moisture from paper/pressboard during oil-

paper interactions.



54

In a typical drying operation, the paper/pressboard is rich in inherent water and

assumes a homogeneous distribution of the initial state across the insulate thickness.

Eq.3.10 shows the mathematical representation of this phenomena using constant surface

moisture across all layers of insulate.

Cx|t=0 = Cs (3.10)

As the moisture is desired to be drawn out of the insulate, a stream of dry oil or

air is exposed to the winding surface consisting of the wet insulation. At this stage, a

minimum moisture retention of 0.5% is advised within the insulation in order to retain its

mechanical and dielectric properties. Therefore, at the interface boundary, one can expect

that the dry oil or air contains this desired equilibrium condition as shown by Eq.3.11. In

order to initiate a consistency and convergence of solution, zero concentration gradient

condition is applied at the other end of the insulate as shown by Eq.3.12.

Ct|x=0 = C0 (3.11)

∂Cx,t
∂x
|x=l = 0 (3.12)

In case of factory drying, the choice of such boundary condition exhibits that the

other end of the insulation is in contact with copper conducting strands and hence non-

participatory. A reversal of this boundary is evident in almost all of the literature available

describing the moisture interaction at oil-paper boundary. In these studies it is assumed

that the paper initially contains about 0.5% of moisture and starts to absorb water from

oil as soon as the winding temperature drops.

To assist the reader in understanding the di�usion mechanism, Fig.3.1 presents the

rudimentary model of paper/pressboard interaction with surrounding oil, both near and
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away from the winding within an encapsulated unit. Interestingly, local moisture

discretization changes with density and thickness of material and therefore is not

practically homogeneous.

Figure 3.1: Moisture dynamic model of oil-paper-air insulation complex of transformers

In this case an average instantaneous moisture must be obtained using Eq.3.13 to

isolate the nature of material type and more signi�cantly its thickness of moisture-in-

paper models.

Cavg(t) =
1

d

∫ x=d

x=0

Cloc(x, t) dx (3.13)

During numerical approximations, minimization of the residual error between

simulated data and analytical solution is imperative to reduce the redundancy error and

increase accuracy of the �tted model. As per Eq.3.14 the root-mean-square-deviation

(RMSD) is the di�erence between simulated and analytical (or in some cases

experimental) data to calculate the probable error and convergence of the �tted model.

RMSD =

√√√√[ 1

n

( k∑
i=1

Cavg,sim(ti)− Cavg,fit(ti)
)2]

(3.14)

where, n is the number of simulation (or experimental) observations
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Cavg,sim is the simulated average concentration,(mol/m3)

Cavg,fit is the �tted average concentration,(mol/m3)

Since fewer information is available for moisture dynamics in pressboard it is

imperative to check the proposed model with analytical solutions in order to estimate

the resolution error in the proposed model.

Fig.3.2 shows the error generated between simulated data and �tted curve for 1.5mm

oil-impregnated pressboard with 2.2% surface moisture at 70◦C. Similarly, Fig.3.3 shows

the error generation between simulated and �tted data curve for 1.5mm non-impregnated

pressboard with 2.2% surface moisture at 70◦C.

Figure 3.2: Error estimation in (a) average concentration distribution of 1.5mm oil

impregnated pressboard in comparison with (b) the residual error

There are two most prominent observations made from these �gures i.e., di�usion

coe�cients dominate the moisture interaction behavior for paper/pressboard; and that
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Figure 3.3: Error estimation in (a) average concentration distribution of 1.5mm non-

impregnated pressboard in comparison with (b) the residual error

the sigmoidal shape of the residual suggests that the exponential curve is well-�tted to

this data according to Eq.3.15, hence suggesting the accuracy of our proposed model.

Cavg,e(t) = a exp(bt) + c exp(dt) (3.15)

where, constants a, b, c and d are obtained by �tting a curve of 95% con�dence to

achieve the most realistic expressions.

It is also evident that the average moisture concentration increases exponentially

during temporal discretization of the insulation material. Therefore, it can be represented

as a classical �rst-order system whose response time must be 63.2% of the change in

physical values.
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In conclusion, with reference to the dominance of di�usion coe�cients reported by

[11,12,16,16,68] one can safely distinguish the moisture transport across di�erent insulates

in transformers. Moreover, the following assumptions were made to accommodate Fick's

second law of di�usion to evaluate the moisture-in-paper model:

1. Di�usion coe�cient dominates the Fick's 2nd law, and is a strong function of local

concentration, temperature and water vapor pressure.

2. Moisture transport is slower than conduction-convection thus neglecting the role of

thermal time constants in di�usion studies.

3. A thermal equilibrium is partially attainable during an uninterrupted load cycle

unlike moisture equilibrium, which shifts with small variables in temperature pro�le

and hence unachievable especially in an operating transformer.

4. The aspect ratio (length to diameter) is greater than 1, thus suggesting a dominance

of transversal di�usion over a longitudinal one.

While the afore mentioned assumptions help in simplifying the problem to a greater

extent, following limitations restricts the use of such models to tightly controlled

environments:

1. The model assumes an e�ective di�usion coe�cient based on homogeneity of the

material whereas in reality the insulate can contain variable fractions of cellulose,

hemicellulose and lignin compounds.

2. Although Fick's law is incapable to modeling the physical deformation of insulate

during drying, an added equation to model the decrease in tensile strength during

drying might increase the complexity of the problem without a guaranteed solution.

3. Truthfully aging of solid insulation is not a parameter to be concerned about during

factory drying due to higher physico-chemical strength of the material, whereas
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it certainly is inevitable while �eld drying of relatively old transformers that are

constantly facing elevated thermal and electrical stresses.

Another complex aspect of this model is that when the moisture is migrating from

the paper to oil, a continuous sorption takes place which is concomitant with the

shifting thermal transients. In this case, a suitable model is required to accommodate

the transient moisture sorption in oil and paper with regard to the temperature, load

and �ow variations. The next section explores more about such a model that shall be

helpful in understanding the moisture migrations within oil-�lled transformers.

3.1.2 Moisture-in-oil Model

As mentioned earlier, the moisture changes exponentially with respect to temperature

and the relative saturation shift. Fig.3.4 can be used as a based to estimate the dissolved

(Cdiss) and soluble moisture within a transformer with RS. 20% across a temperature

range of 0-100◦C. The choice of relative saturation limit is in order to avoid the detrimental

e�ects of excess water on dielectric strength of oil [38].

Similarly, the moisture sorption in paper depends heavily on temperature and water

vapor pressure as reported throughout the literature [2, 7, 12, 16, 39, 47, 66]. Therefore,

using the discussion given in the previous chapter, one can plot a co-dependent relation

between relative humidities and moisture content in paper as shown by Fig.3.5.

It is understood that despite the uneven distribution of moisture within transformers,

the total weight of water is essentially conserved [2, 11]. In this case, a simple mass

balance equation can predict the water partition in individual insulate as per Eq.3.16.

Mt,w = (Mp +Mb)×
Ceq,ss
100

+Mo ×
Co,ss
106

(3.16)

where
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Mt,w is the total conserved mass of water in transformers, kg

Mo is the mass of oil in tank, kg

Mp is the mass of paper in tank,kg

Mb is the mass of pressboard in tank,kg

Co,ss is the steady state moisture in oil, ppm

Ceq,ss is the steady state equilibrium moisture in paper,%.

Figure 3.4: Typical water rise in naphthenic oil with variable temperature and RS<20%.

The solubility coe�cients are A=7.09, B=1570

It must be noted that to formulate an initial basis, Eq.3.16 may be adapted. However,

in an operational transformer, the temperature transients will cause a shift in the relative

saturation thereby a�ect the saturated concentration. Therefore, for a typical transient

system it is more relevant to estimate the shift in equilibrium with respect to temperature

variations as shown by Eq.3.17.

Ceq(t) =
Mt

Mp +Mb

− Mo

Mp +Mb

× Co,ss(t)

106
(3.17)

where, all concentration coe�cients have been adjusted according to the transient
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Figure 3.5: Typical water rise in cellulose based paper insulation with variable

temperature and wide humidity range. The constants for pressure

calculations are A=1.5, B=235 as per Magnus-Teten relation [8]

temperature variations. In order to formulate transient relationships, the moisture-in-oil

model is again divided into two sub-sections as shown below:

Transient interactions at interface boundary

The interface boundary is where moisture from paper is interacting with the �rst layer

of oil upon thermal excitation. In this case, the moisture transfer from paper to oil is

similar to that reported in [13,114].

dCp,m
dt

=
Co,ss − Cp,m

τp
(3.18)

where, Cp,m is the measured moisture in paper using equilibrium charts,%

Co,ss is the saturated moisture in oil measured using KFT, ppm

τp is the equilibrium time response of paper, hours.

Ref. [108] also proposed that this time response is constant through out the
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operation for paper but may change for oil. This hypothesis was challenged by [13] who

suggested that it will change with insulate thickness, moisture concentration and

temperature. In their research, the e�ect of oil-impregnation and initial boundary

condition was completely ignored.

Our investigations on the e�ect of various parameters on equilibrium time response

of moisture in paper yields an empirical expression as shown below. The methodology

and detailed discussions on the e�ect of these parameters on time response have been

exhaustively shown in Chapter 5 later in this work.

lnτcorr = γ + a0 × T + a1 × Cp (3.19)

where,

γ is a constant coe�cient obtained a ratio of thickness and exposure sides

Cp is the constant moisture in paper at the interface boundary in percentage (%),

τcorr is the corrected time constant, hours.

The values of coe�cient a0 and a1 were obtained from curve �tting of simulated graphs.

In this particular case, the constants a0 and a1 are -5.8×10−2 and 3.805 respectively. The

correction coe�cient γ is estimated to be -6.2 through curve �tting. As we will proceed

towards the instantaneous moisture modeling in power transformers, Eq.3.19 can be used

as a reference. These values have been exclusively used for moisture-in-oil modeling

discussed later in the present thesis.

Transient interactions within oil

During transient migrations, the intensity of moisture solubility in oil not only depends

on temperature but also on the response time required by the oil to adjust itself against

shifting thermal transients. The time response of oil to self-adjust with respect to the

shifting thermal transients can be experimentally determined. Since that was beyond
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the scope of this thesis, an alternative method can be adopted as per the discussion

of [108]. One may suggest that the increase in oil moisture will signify the decreasing

concentration in paper and therefore, a removal model may as well be used to record the

time constant. However, our investigations report that despite the universality imposed

on moisture removal and uptake models, the time response will change with respect to

various parameters. Although applicable, the use of such a technique will require utmost

caution and shall be highly restricted.

Assuming that the oil-moisture rise is an ordinary �rst-order di�erential equation, the

change in moisture-in-oil concentration at un-steady state shall is as shown by Eq.3.20.

These equations assumed that the moisture was recorded near the winding, where some

measurements were made using equilibrium charts. Since the time response of moisture

dissolution in oil is also a function of temperature, a homogeneity in thermal distribution

may predict this entity. It is mentioned in [108], that temperature is largely non-uniform

for naturally cooled transformers especially at the location away from the winding.

dCo,i
dt

=
Co,ss − Co,i

τp
(3.20)

where Co,ss is the saturated moisture in oil at known temperature, ppm

Co,i is the instantaneous moisture in oil with variable temperature measurable by KFT,

ppm

Co,m is the instantaneous moisture in oil measured by the sensor, ppm

τp is the equilibrium time response of paper, hours.

Traditionally saturated values are obtained at steady state i.e., when temperature

variations cease to exist. In case of operational transformers, this condition is practically

never achieved. Therefore, during moving transients, we assume a Dirac delta function

that will be the representation of this time dependent temperature overshoot as given by

Eq.3.21.



64

dCo,i
dt

=
Co,ss − Co,i

τp
+
δt

τp

dCo,ss
dt

(3.21)

where, δt is time instant of temperature overshoot, hours.

In order to obtain the mathematical value of this Dirac delta function one must be

able to obtain the exact solution of Eq.3.21 using integration and re substitution. In case

of operational transformers, moisture sensors are almost always mounted at the bottom

of transformer tank. Specially in case of naturally cooled transformers, one can expect

that the oil temperature shall be fairly low thus suggesting lower moisture levels near the

sensor area. If it is to be assumed that the instantaneous moisture in oil is now what the

sensor measures, one can assume the following.

Co,i(t) = Co,m(t) (3.22)

Ref. [115] suggests that in case of probe sensors, the location is usually inside a duct

which is more of a bypass line, hence suggesting Eq.3.23 for instantaneous moisture

measurement.

dCo,i
dt

=
Co,a − Co,i

τo
(3.23)

Now, substituting Eq.3.22 in 3.23, one can obtain the exact equation for moisture

read by sensor during daily transformer operation.

dCo,m
dt

=
Co,a − Co,m

τo
(3.24)

where,

Co,a is the average moisture concentration near the probe location away from the winding,
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ppm

τo is the time response of oil during shifting transients, hours.

To obtain the moisture dissolved within the remaining tank oil (all-locations) and

especially near our sensor (not-bypass), one can obtain the following correlation.

Co,i = τm
dCo,m
dt

+ Co,ss (3.25)

where,

Co,ss is the average moisture in oil at steady state, ppm

Co,i is the instantaneous moisture measurable by a sensor, ppm

τm,i is the equilibrium time response of when the oil sensor was closer to the winding,

hours.

In Eq.3.23, theoretical determination of τo is not possible, thus it has been assumed

similar to the τm. Moreover, the saturated moisture in steady state is nothing but a

hypothetical baseline. In order to model the transient moisture migration with reference

to the e�ect of sensor measurement an by substituting Eq.3.21 into 3.20, one can obtain

the following re-adjusted expression, with an assumption that the instantaneous moisture

is same as measured moisture.

τpτm
d2Co,m
dt2

+ (τp + τm)
dCo,m
dt

+ Co,m = Co,ss + δt
dCo,ss
dt

(3.26)

Eq.3.26 proposes that the instantaneous change in oil moisture (Co,m)is a�ected by

the sensor location and temperature indirectly. This second order formulation is very

much similar to the one proposed in [108]. Except in the present work, time response

for moisture migrating from paper to oil is not a constant value. Therefore, a revised

equation can be obtained by substituting Eq.3.19 into 3.26 as shown below.
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τcorrτm
d2Co,m
dt2

+ (τcorr + τm)
dCo,m
dt

+ Co,m = Co,ss + δt
dCo,ss
dt

(3.27)

Again, re-substituting the expression of corrected time constant, one can modify the

Eq.3.27 as follows:

τm(exp
(
γ + aoT + a1C

)
)
d2Co,m
dt2

+ ((exp
(
γ + aoT + a1C

)
) + τm)

dCo,m
dt

+ Co,m =

Co,ss + δt
dCo,ss
dt

(3.28)

In the present work, an exhaustive CFD-based thermal model is employed over a

control volume using �nite-element scheme to understand the transient temperature

behavior in oil and windings that shall be correlated to moisture migrations as

proposed. Moreover, since the oil temperature immediately next to winding is a major

in�uence on moisture-in-oil models, the obtained CFD results were more satisfactory as

compared to the conventional IEEE/IEC methods.

3.2 Dynamic Thermal Models

In this section, a numerical model has been proposed to determine the temperature

rise in oil and windings using computational �uid dynamics (CFD). The purpose of this

model was twofold ie., obtaining an initial, steady state analysis of the temperature rise,

and obtaining the load-varied rise to replicate the conditions of an actual transformer. All

simulations were carried out on COMSOL Multiphysics with data extraction and curve

�tting using the MATLAB.

In typical oil-�lled transformers, oil enters near the bottom of winding with a known

mass �ow rate. As it comes in contact with the hot conductors, oil density changes

thereby causing a viscous motion. This allows oil to circulate freely across the available
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ducts/channels and hence absorb the excess heat from the windings through advection.

3.2.1 Governing Equations

A classical approach to transformer thermal modeling is by postulating the problem in

terms of advection heat transfer through coupling of Navier-Stoke and general energy

conservation equations [10, 15,40,52,74,77�79,94].

Proposing a 3-d solution is no doubt the best approach, however such an e�ort will

require excessive back-of-envelope calculations, intricate transformer construction data

and of course higher computational e�ort. A smarter alternate is to propose the same

problem using 2-d axisymmetric approach with an assumption that all the signi�cant

properties are showing an axial periodicity. This will not only save excess computational

time and e�ort, but also produce reliable results without compromising the accuracy of

model.

Navier-Stokes Equations

The Navier-Stokes equations governs the �ow �eld of a weakly-compressible �uid by

conservation of mass and momentum within the functional boundaries. In order to

represent this, continuity equations within Eulerian frame of reference proposes that the

rate of oil in�ow is equal to out�ow thus suggesting the conservation of total mass as

shown in Eq.3.29.

∂ρ

∂t
+ ρ

[
∂u

∂x
+
∂v

∂y

]
= 0 (3.29)

Similarly, Newton's second law of motion can be used to express the momentum

conservation in oil �eld, where the total forces applicable on a body i.e.,hydrostatic

pressure, viscous force, and buoyancy forces are equal to the total mass of �uid element.

The oil viscosity appears to change exponentially with temperature rise and therefore, a
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Lagrangian frame of reference is desired to solve the momentum conservation equations.

Since the problem is postulated in two-dimensions, the respective equations for

momentum conservation are:

x-direction:

∂(ρu)

∂t
+ ρ

[
u
∂u

∂x
+ u

∂v

∂y

]
= −∂P

∂x
+

∂

∂x

(
µ
∂u

∂x

)
+

∂

∂y

(
µ
∂u

∂x

)
(3.30)

y-direction:

∂(ρv)

∂t
+ ρ

[
v
∂u

∂x
+ v

∂v

∂y

]
= −∂P

∂y
+

∂

∂x

(
µ
∂v

∂x

)
+

∂

∂y

(
µ
∂v

∂x

)
+ Fy (3.31)

where,
∂ρ
∂t

is the average mass change in oil, kg/m2.s

u, v are radial and axial �ow velocity, m/s

ρ is the density of oil, kg/m3

In the Eq.3.30 and 3.31, the �rst term on the right hand side is the radial and axial

gradient of hydrostatic pressure respectively. The last two terms on the right side of

Eq.3.30 and 3.31 are nothing but the component of viscous force in radial and axial

direction respectively. The last term, Fy, is the buoyancy forces due to density variation.

As it changes with temperature, an additional e�ort is required to model the temperature-

induced density change in oil using Boussinesq approximation.

Boussinesq approximation

Ref. [116] suggested that kinematic viscosity and volumetric expansion coe�cient of oil

dominates the winding-oil temperature rise phenomena. The e�ect of buoyancy on

winding temperature model was then considered by [14, 94, 117], who strongly

recommended the use of Boussinesq approximation to ascertain the temperature rise in

critical and inaccessible zones.
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In the present study, it is used within the functional domain as shown by Eq.3.32 and

3.33 to replicate temperature-dependent density variations.

Fy = (ρ− ρ∞)g (3.32)

ρ∞ =
ρ

β(T − T∞)
(3.33)

Conventionally, such an assumption is applicable when despite in�nitesimally small

variations in �uid density, the buoyancy is strong enough to drive the �ow. In this

case, the density variation is not neglected while calculating buoyancy forces where the

temperature moderation in density is very in�nitesimal i.e., β(T-T∞)�1.

where,

ρ∞ is the density of oil at bottom �uid temperature, kg/m3

µ is the dynamic viscosity of oil, Pa.s

Fy is the buoyancy force in axial direction, N/m3

β is the volumetric expansion coe�cient of oil, g/g.K

g is the gravitational acceleration, 9.81 m/s2

T∞ is the bottom �uid temperature, K

Energy Equation

Since winding losses are the main culprit for internal heat generation, the inherent

temperature travels across the winding in axial and radial direction due to conduction.

As transformer windings are made by wrapping of Cu-strands with insulation paper,

the thermal conductivities are bound to change with insulation thickness in the

resultant direction thus incorporating the need for spatial corrections [55,118].

Practical experiences suggest that axial thermal conductivity of Cu was far higher than

the radial one. Moreover, due to high aspect (height to diameter) ratio, the temperature
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traveled faster in the axial direction as compared to radial one [118].

Within a bounded region, such that a≤x≤b, 0≤y≤H and t≥0, Eq.3.34 can be used to

determine the heat conduction within windings in two dimensions as shown below, where

(a,b) and (0,H) are the radial and axial limits.

∂T

∂t
= kx

∂2T

∂x2
+ ky

∂2T

∂y2
+Qc (3.34)

In order to dissipate this heat accumulation and consequentially avoid the unwanted

temperature rise, e�cient oil cooling is required. The oil circulating within the windings

removes this excess heat by advection and dissipates it to the non-active components

of the transformer by either convection (natural/forced cooling) or radiation (natural

cooling).

In this regard, the Newton's law of cooling is imposed to determine the convective

heat transfer coe�cients responsible for heat dissipation through participating surface

during the thermal-�uid analysis of transformers as shown by Eq.3.35.

Qa = h∞A(T − T∞) (3.35)

Similarly, the overall heat dissipation from radiation heat transfer can be given by

Eq.3.36 based on Stefan-Boltzmann's law as shown below to replicate the dissipation of

heat from non-participating tank walls towards the ambient surrounding:

Qr = κe(T 4 − T 4
amb) (3.36)

Therefore, while the total heat dissipation, (Qt) from transformer is a combination of

convection and radiation heat transfer, and a conservation equation must mean that this

total heat dissipation is equal to the total heat generation, (Qc) from windings as shown

by Eq.3.37.
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Qt = Qa +Qr, Qt = Qc (3.37)

Upon extrapolating this fundamental idea over winding thermal performance, it can

be assumed that the total energy consumed by oil during heat dissipation is equal to the

amount of energy generated within the windings.

Based on the aforementioned assumption, Eq.3.38 gives the total energy conservation

equation, where the summation of heat storage and temperature �ow is equal to the

di�usion and generation of heat within oil-immersed transformer windings.

ρCp

(
∂T

∂t

)
+ ρCp

[
u∂T

∂x
+
v∂T

∂y

]
=

∂

∂x

[
kx
∂T

∂x

]
+

∂

∂x

[
ky
∂T

∂y

]
+Qs (3.38)

where,

Cp is the speci�c heat capacity of oil, J/(kg-K)

kx, ky is the thermal conductivity of copper, W/(m-K)

Qs is the internal heat generated from losses, W

Qc,x, Qc,y is the conduction heat transfer in x- and y- directions respectively, W

Qa is the advection heat transfer due to oil circulation, W

Qr is the radiation heat transfer at the wall-ambient surface, W

κ is the Stefan-Boltzmann constant, 5.670367× 10−8 W/(m2-K4)

e is the emissivity coe�cient

A is the interactive surface area for heat conduction/convection, m2

T is the operating temperature of oil/copper, K

Tamb is the ambient air temperature, K

At this point, it must be mentioned that since windings are the sole component of

interest with proper relevancy to the proposed idea, an entire transformer tank modeling

was found unnecessary. Moreover, since the low voltage windings were found closer to the
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core, it was only logical that solely this part was modeled in order to �nd the temperature

rise limits under extreme conditions.

3.3 Boundary Conditions

The coupled set of equations i.e., Eq.3.29-3.31 and 3.38 represents a well-poised

conjugate heat transfer problem with four dominating equations and four unknowns. A

combination of Dirichlet, Neumann and Robin boundary conditions are required to

obtain the desired function or value that will be later imposed on functional boundaries.

Dirichlet boundary conditions are used when speci�ed values or functions are

available for both the inlet and outlet boundaries. In order to postulate an appropriate

boundary formation, Eq.3.39-3.41 can be used for velocity-temperature conditions

during a stationary analysis as shown below.

uin = U |in, vin = V |in (3.39)

uout = U |out, vout = V |out (3.40)

Tin = T |in, Tout = T |out (3.41)

Similarly, for a transient analysis, the oil/winding temperature rise can be simulated

as per IEEE/IEC recommendation as shown in Eq.3.42 [24,43,44].

Tin = T |in, Tout = Tin + ∆T

[
1− exp

(
−t
τoil

)]
(3.42)

where, ∆T is the constant temperature di�erence between top and bottom oil, and

τoil is the time constant required to achieve a thermal equilibrium, as given by Eq.3.43.

τoil =
(0.132mA + 0.0882mT + 0.400mO)×∆T∞ × 60

PT
(3.43)
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where,

Tin,Tout is the �uid temperature at inlet and outlet respectively, K

Ma is the mass of un-tanked assembly without oil, kg

Mt is the mass of tanked assembly without oil, kg

Mo is the mass of oil, kg

∆T∞ is the average temperature rise of oil above ambient at stationary state, K

PT is the total load losses, W.

Similarly, Neumann conditions are used in absence of speci�c values or function over

participating boundary, where a gradient or �ux can be imposed on either sides of the

functional domain instead of these constant values to solve the velocity-temperature

formulations within the regime while identifying the symmetrical boundaries, if any.

Eq.3.44 and 3.45 shows Neumann based inlet and outlet velocity-boundary formations

for a fully-developed hydrodynamic pro�le within the circulation region.

uin =
du

dt
|in, vin =

dv

dt
|in (3.44)

uout =
du

dt
|out, vout =

dv

dt
|out (3.45)

Similarly, Eq.3.46 shows the heat �ux condition at the solid boundaries in x- and y-

direction respectively. This is highly desired when a non-conjugate heat transfer analysis

is required to simply estimate the winding temperature rise in absence of insulating oil

in transformers.

qx = −kx
dT

dx
|x, qy = −ky

dT

dy
|y (3.46)

A typical Robin boundary condition is a combination of Dirichlet and Neumann

formulation thereby producing a correlation between constant value and gradient. In
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other words, Robin boundary conditions are applicable on radiator banks and tank

walls, such that the resultant convective heat transfer coe�cients at the appropriate

temperature gradients can be imposed, as shown in Eq.3.47.

q′ =
Q

A
= k

dT

dx
= h∞(T − T∞) (3.47)

where,

q' is the heat �ux, W/m2

Q is the total heat generated within the conducting coils, W

A is the total surface area of conductors, m2

h∞ is the convective heat transfer coe�cient at reference temperature, W/m2.K

T∞ is the reference temperature, K

T is the operating �uid temperature, K

It is not easy to �nd an analytical solution to Navier-Stokes equation, given the obvious

complexities, therefore, following dimensionless numbers have been promptly used.

• Reynolds number (Re): It indicates the �ow pattern of oil by asserting the

dominance of either inertia over viscous force (i.e.,turbulent �ow) or vice-versa

(i.e.,laminar �ow) within the �ow regime. It is also used to approximate the bulk

oil velocity (ub) within transformers and windings as given by Eq.3.48

Re =
ρubL

µ
(3.48)

where, L is the characteristic length of �ow regime. In case of disc-type windings,

the hydraulic diameter (dh) replaces L in order to suit the small channel/duct �ow

area. Whereas in case of transformer tanks, the total height of oil �ow (H) replaces

L to suit the large �ow interaction are.

For disc-type windings, usually, the characteristic length is replaced by hydraulic
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diameter (dh) of the �ow duct under analysis, whereas for the transformer tank, it

is equivalent to the circulation height of oil(including radiators).

• Prandtl number (Pr): It is an indicator of the thermal di�usivity within the

system due to �uid conductivity, and is given by the ratio of momentum to thermal

di�usivity of oil and expressed as shown in Eq.3.49.

Pr =
Cpµ

kf
(3.49)

Generally, for mineral insulating oils, where Pr & 70, a fully-developed

hydrodynamic pro�le is more likely to build up along the �ow channel/duct

boundary, hence rejecting the a�ect of thermal boundary layer thickness on

temperature-velocity formulations.

• Nusselt number (Nu): It is a signi�cant parameter in determining the extent of

cooling and is de�ned by a ratio of convective to conductive heat transfer at the

interaction boundary as per Eq.3.50.

Nuloc =
hlocL

kf
(3.50)

where, Nuloc is the local Nusselt number due to the local heat transfer coe�cient,

hloc in a �ow regime. However, for large regime area, an average Nu is highly desired

that can be obtained by surface integration of the localized as given below:

Nuloc =
1

L

∫ L

0

NulocdS (3.51)

Previous experience on modeling of disc windings using these parameters express a

passive convection (i.e. Nuloc61) suitable for simulating natural convection within

thin winding ducts.

• Grashof number (Gr): It is one of the most prominent parameter pertaining to

the conduction-convection studies in oil cooled transformers. Mathematically, it is

the ratio of buoyancy to viscous forces in a �ow regime as shown in Eq.3.52, and

has the ability to indicate the strength of applied convection mode.
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Gr =
gβ∆TL3ρ2

µ2
(3.52)

A relative ratio of Re and Gr (i.e.,Re/Gr1/2), also known as Robinson number, is one

of the most widely used parameters in determining type of convection (i.e.,natural

or forced) within transformers.

• Rayleigh number (Ra): It quanti�es the �uid motion as a ratio of conduction

to convection heat transfer encountered by the body within the �ow regime. It is

imperative to obtain a constant heat �ux condition in order to impose Ra on wall

boundaries.

Ra = Gr × Pr (3.53)

Since the initial mass �ow rate of oil was unknown, an approximation was used on

the basis of available winding geometry and the known cooling mode of transformer. As

the investigations were solely based on naturally cooled oil-�lled power transformer,

laminar �ow regime (Re<2000) was logically acceptable. Moreover, applying a �ux

boundary condition will require an additional mathematical e�ort, some of which are

purely hypothetical. Therefore, the base settings were done in a logical manner to

overcome this shortcoming as discussed in the forthcoming section.

3.4 Base settings

In order to obtain the �ow-temperature visualization, a disc-type geometry was

studied. The investigated transformer was attached to a 225/26.4 kV feeder line with

natural cooling of windings with detailed geometrical description available in [9, 10, 15].

Table 3.1 summarizes the geometrical con�guration a particular segment of low-voltage

winding that is investigated in the present work.

In order to establish a base model for stationary analysis information about some

speci�c parameters is required that can be later modi�ed to suit a time-dependent
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Table 3.1: Geometrical con�gurations of a slice of LV winding proposed over thermal

modeling in oil-�lled power transformers [9, 10, 14,15]

Speci�cation value

Total discs 78

Turn per disc 232

Disc width (mm) 50.8

Disc height (mm) 15

Width of axial channel (mm) 8.9 (inner),6.4(outer)

Height of radial channel (mm) 4.1

Inner distance from core (mm) 316.2

Total washers 4

Total Cu-strands 18

Total stick 18

analysis. The following subsections estimates these parameters based on the available

transformer data.

3.4.1 Area and Volume Calculations

As oil enters from the bottom of winding, the inlet location and channel width de�nes

the initial oil �ow velocity. The oil �ow velocity or mass �aw rate is a strong function

of the inlet channel area, which is otherwise known as the e�ective cross-sectional area.

With reference to Fig.3.6, the e�ective area and volume can be calculated using Eq.3.54

and 3.55.

In the same �gure, Rinc is the inner distance from core, R1,2,3 are the distances from the

core including inner channel, slice of winding and outer channel respectively. Moreover, to

apply �nite element methods, all interactive nodes in a channel are indicated by numbers.

It must be noted at this stage that in order to avoid complexity a simpler model is

represented, whereas in actual modeling, the channels and ducts have themselves been
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divided in to �nite number of nodes.

Alvw = π (R3
2 −R2

2) = π (0.382332 − 0.37592) = 0.015316m2 (3.54)

Vlvw = nlvw π (R2
2 −R1

2) hd = 78× 0.007× π (0.37582 − 0.3252) = 0.06107m3 (3.55)

Figure 3.6: Interactive radii of the particular section of transformer geometry studied in

the present work. Representation of 1◦C in slice model [9]

3.4.2 Material Properties

One of the prime factors contributing towards the winding thermal performance are the

thermodynamic properties of materials involved that are listed in Table 3.3 and 3.2.



79

Table 3.2: Thermodynamic properties of insulates and conductors [10, 15]

Property Copper Kraft paper pressboard

Density (kg/m3) 8933 930 1200

Thermal conductivity(W/m.K) 383 0.04 0.19

Speci�c heat(J/kg.K) 385 1340 1340

Table 3.3: Various thermodynamic properties of naphthenic-base transformer oil [10]

Property Function

Density(kg/m3) 1098.72-0.712T

Dynamic viscosity (Pa.s) 0.08467-4×10−4T+5.0×10−4T2

Thermal conductivity (W/m.K) 0.1509-7.101×10−5T

Speci�c heat(J/kg.K) 807.163+3.58T

Volumetric expansion (1/K) 7.5×104

3.4.3 Oil-�ow Rate

As per our previous assumption, Reynolds number (Re) can be used to calculate the inlet

�ow velocity of oil as shown below.

Re =
ρudh
µ

(3.56)

where dh is the hydraulic diameter and equivalent to the inlet diameter assumed 6.4

mm in this particular case. This would mean that the inlet of oil was located on opposite

side from the exit hence allowing a zig-zag �ow pattern. An acceptable Re of 42 was

adopted after several hit and trail methods to obtain a resultant velocity of 0.00612 m/s.

Using the Prandtl number (Pr) correlation, one can evaluate that at oil inlet

temperature with respect to the oil properties, it is higher than 70 and thus �ow is fully

developed hydro-dynamically.
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Similarly, by using Grashof number (Gr) one can estimate that in case of a single pass

with dimensions speci�ed as above, the limit is well within 1.51×108 and hence natural

convection prevails.

Rayleigh's number (Ra) will agree to this base settings in order to prove that

convection dominates the proposed temperature rise mechanisms.

3.4.4 Volumetric heat density

Usually, for stationary state analysis, a constant heat source is mentioned as per the power

losses and volume of winding. In this case, two separate heat source can be identi�ed as

follows:

Qlvw =
n× Pw
Vlvw

(3.57)

The aforementioned equation is valid in case of stationary analysis, however when a

loading pattern is to be simulated, the winding losses becomes a time dependent function.

In this case, since the power losses at variable loads were calculated using the following

correlation:

Pw(t) = L2(t)× Pw,hrt (3.58)

where, L is the time dependent loading pattern and Pw,hrt is the winding loss obtained

from heat-run test at reference temperature of 75◦C. The loading was varied in accordance

with IEC 60354 and the initial winding losses was kept at 676.9 W/disc as reported

in [9, 10].
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3.5 Transformer description

The internal construction of this transformer is shown by Fig.3.7 and consists of disc-

type winding representing the high and low-voltage windings respectively. The geometry

of insulated windings is similar to that reported in [10]. The reader can refer to the

published works by [10,15,29] to study more about the transformer speci�cations.

Figure 3.7: Schematic representation of the transformer tank, winding and disc geometry

3.6 Meshing and Grid Analysis

COMSOL Multiphysics has some in-built features that allows the user to adopt either

automatic or manual meshing of the functional domain based on the governing physics

or structural complexity. In case of any 2D-axisymmetric geometries, discretization of a

functional domain can be achieved by applying either triangular or quadrilateral elements.
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In the present work, �rst a comparison of the in-built triangular and quadrilateral

meshes is done to achieve a benchmark for the future simulations. Later on, the

observations from user-controlled meshes are compared with an automatic

physics-controlled mesh to obtain a satisfactory discretization scheme. Fig.3.8 shows the

proposed meshing schemes near the winding inlet with and without re�nements

respectively. To isolate the e�ect of residual function and unnecessarily dense meshing

of the output variable, comparative observations have been also summarized in

Table.3.4.

Figure 3.8: Proposed grids to study output variables on (a) non-re�ned triangular, (b)

re�ned triangular, (c) non-re�ned quadrilateral, (d) re�ned quadrilateral

mesh schemes

Grid analysis of any meshing scheme de�nes the independence of output variables on

the nature of grid [107]. It also requires one to obtain an optimum number of elements

to achieve the desired solution and relies on convergence ability of the applied solver. In

order to analyze the grid acceptability , mesh resolution and element quality are the two

most important parameters in COMSOL Multiphysics. The mesh resolution can directly

in�uence the accuracy of a proposed solution by justifying the shape of nodal element.

Since nodal elements (triangle, quadrilateral, tetrahedral etc.) in�uences the solver

technique, highly dense meshing with low resolution in areas of signi�cance can

predominantly reduce the accuracy of solution. Moreover, it is an indirect
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Table 3.4: Mesh sensitivity analysis on input and out variables

Free triangular Free quadrilateral

Parameter Mesh1 Mesh2 Mesh3 Mesh1 Mesh2 Mesh3

Nelem 8284 27740 35708 8554 24310 34982

Thst(◦C) 92.97 78.813 82.4 92.4 80.749 86.598

Umax(m/s) 0.0592 0.0726 0.0728 0.062 0.0731 0.0733

representation of element quality as a ratio of its volume to edge length that varies

within [0,1], where 0 represents low resolution (lower accuracy) and 1 represent highest

resolution.

On the other hand, the element quality of a mesh represents the extent of

irregularities in the element shape and must be avoided at all costs to preclude solver

convergence. Fig.3.9 shows the mesh quality plots obtained by automatic and manual

meshing respectively of the disc winding in COMSOL(V4.3) [107].

(a) Automatic meshing of disc windings with

higher resolution around corners

(b) Manual meshing of disc windings with lower

resolution around corners

Figure 3.9: Comparisons on mesh quality ans resolution using automatic and manual

meshing

In the present work, the inlet temperature of oil was known previously, however that

at the exit was unknown. Similarly, although it is assumed that the Cu-strands are

operating at a higher temperature, the actual speci�c value is unknown, and is presumably
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changing with oil �ow behavior. It is also observed that with improvements in the mesh

resolution, the accuracy of solution can be increased. This is more evident from Table.3.4,

which suggests that besides the obvious bulk oil temperature, signi�cant changes in hot-

spot temperature has been recorded. Whereas, the velocity variations are however very

minimal.

Thus in conclusion, it can be said that temperature variations are the driving aspects

for dynamic moisture migrations. In order to estimate reliable temperature pro�les one

must look into the various sub-parameters that are a�ecting the accuracy of this model

simultaneously. A reliable moisture dynamics model can therefore be proposed only when

one has the understanding of the dynamic temperature variations in transformers.

Fig.3.10 shows the e�ect of structured re�ned and non-re�ned meshes on oil exit

temperature that has been obtained by numerical approximation of the governing

equations at the channel outlet.

(a) Non-re�ned structured meshing with low

resolution around corners

(b) Re�ned structured meshing with high

resolution around corners

Figure 3.10: Comparisons on oil temperature at exit with various meshing schemes

3.7 Summary

This chapter discusses the numerical models fr moisture di�usion and desorption

with respect to thermal performance assessment of oil-�lled transformer windings. The
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models also discusses the coupling of multiple physics and thereby assisting the reader

to understand the multiphysics models for moisture measurement in oil-�lled power

transformers. In the upcoming chapters theses models are analyzed using on-site data

available from operating transformers.



Chapter 4

RESULTS OF THERMAL

MODELING

This chapter is a discussion on the CFD-based thermal modeling of transformers with

respect to variable operating conditions. Section 4.1 discusses the preliminary model of

an insulated disc subjected to resistive heating. Section 4.2 is the discussion on a winding

model under stationary conditions to isolate the e�ect of geometry on oil temperature

rise. Section 4.3 documents the time-dependent load contributions towards temperature

rise models for oil and winding. The chapter ends with summarizing the major �ndings

from thermal modeling of disc-type transformer under stationary and transient operating

conditions.

4.1 Disc heating model

As discussed previously, resistive heating of Copper (Cu) conductors leads to an

increase in winding temperature, which in turn increases insulation temperature.

Ref. [10, 73] are the only sources where e�ect of insulating domain is identi�ed as a

potential contributor towards average disc temperature. Incidentally these models use

86
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the presence of paper to pin-point the location of hot-spot but disregarded any

possibility of a thermal gradient between insulating paper and Cu-strand.

A disc-conductor is generally a consolidated set of Cu-strands woven together in

multiple turns and insulated by Kraft paper of known thickness. A 2-d heat conduction

model can be proposed for a simple conductor geometry as shown in Fig.4.1.

Figure 4.1: Simulated conductor geometry [10]

A simple heat transfer model for the aforementioned geometry can be proposed by

applying a known velocity �eld across the heated component. In this case, a known

velocity of oil �ow was introduced from the bottom of disc to replicate the actual oil-disc

interaction. A known disc-heat source was employed to calculate the temperature rise in

insulator and conductor by interactions with external �ow �eld.

Fig.4.2(a) and (b) shows the thermal gradient between paper and conductor on left

and right side of the disc and proposes that this gradient is indeed very small thus rejecting

the additional mathematical e�ort to represent paper as a participating media.

This observation is very signi�cant for the future simulations because it clearly

suggests that paper indeed works on bulk conductor surface temperature and therefore

further simulations on moisture di�usion from cellulose and the distribution between oil
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and paper near winding must be done on average winding temperature.

(a) Cu-Paper inner temperature gradient (b) Cu-Paper outer temperature gradient

Figure 4.2: Temperature gradient between Kraft paper and Cu conducting strands

Although the insulation thickness is a deciding parameter in determining the thermal

gradient between paper and Cu-strand, it is highly unlike to exceed more than 2◦C. As

seen from the aforementioned model, the temperature of paper is relatively closer to that

of Cu-strands hence, the discs can be considered as a consolidated Cu block thus reducing

an additional computational e�ort. Moreover, only the average temperatures obtained

within the disc windings during stationary state is of prime signi�cance due to its e�ect

on moisture di�usion studies that will be discussed later in Chapter 5.

As the oil temperature is more active upon load variation, a thorough winding model

can suggest the instantaneous moisture in oil obtained under aforesaid conditions. The

oil temperature thus obtained can be used further to determine the instantaneous water

solubility and equilibrium shifts respectively.

4.2 Winding Model: Stationary Mode

During transformer cooling, oil enters at the bottom and exits from the top of the

windings. In case of natural cooling transformer, oil-guides are installed strategically to

increase the rate of heat transfer by introducing a zig-zag �ow pattern. Assuming the

proposed windings behaves in a similar way, a stationary model is proposed to estimate
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the e�ect of oil �ow circulation on temperature distribution within a winding.

As a benchmark, Fig.4.3 exhibits the pattern of oil and temperature rise in disc-type

windings at various locations. In order to obtain this, the base settings discussed in

Chapter 3 have been applied to the in-built CFD module of COMSOL Multiphysics.

The heat transfers from one disc to another and eventually throughout the winding

by conduction. As an oil circulation is introduced, the heat transfer from the winding

to oil by convection. Therefore the overall temperature distribution in transformers is a

strong function of the oil �ow distribution. The aspect ratio of a conventional disc type

winding is generally more than 1.

This would mean that the heat will transport rapidly in the axial direction as

compared to the radial direction. If we consider a slice model, the heat transport in

axial channels would be much faster than radial ducts.

(a) Simulated surface disc temperature. The

maximum surface temperature is obtained

at the 15th disc (hot-spot location)

(b) Simulated centerline temperature within

the entrance and exit axial channels of the

second pass from the bottom of a winding

Figure 4.3: Simulated disc and oil temperature of the second pass of the low-voltage

winding containing total 78 discs. The base velocity is 0.061 m/s and the

base temperature is 46.7◦C applied to the inlet located in the outer channel

The stationary state CFD analysis of single pass of this winding reveals a reference
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maximum temperature of 84.39 ◦C at the 15th disc surface. A centerline tracing in the exit

channel produces a maximum velocity of 0.0627 m/s. The step-type graph showing the

surface temperature of discs in Fig.4.3(a) is essentially the surface temperature calculated

across a centerline trace which intersects both oil and conductors. The depression in this

graph is the indicator of oil �eld presence within two conductors. Similarly, a sigmoidal

graphs showing the centerline oil temperature in entrance and exit �eld is the indicator

of zig-zag �ow due to opposite positioning of the inlet and outlet channels.

A single pass model may not be su�cient to obtain the top-oil temperature variation

even during the stationary stage. However a consolidate winding temperature rise model

suggested in [15] shows that the proposed section is where one can expect the transient

time response rather than towards the top. Hence, this particular section has been

subjected to obtain a benchmark of load-induced temperature variations that will be

used for justifying moisture distribution in operational transformers.

Now that we have our desired benchmark, it is possible to apply load variations to

the proposed thermal model in order to obtain the desired transient temperature rise

pro�les. A series of case studies have been performed in this regard that have been

discussed below.

4.3 E�ect of Daily Operations

The daily operating cycle of a transformer �uctuates heavily. This is primarily because

of the load behavior and daily ambient variations. Although it is not easy to simulate

the exact behavior of transformer windings during load variation, an attempt has been

made. It is assumed that since loading directs a�ects the power losses in winding, the

resultant heat source becomes a transient term. Based on this hypothesis, following case

studies have been explored.
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4.3.1 No-load variation

The no-load condition in transformer indicate the absence of a applied current and

voltage to the primary winding. In this case, due to the absence of winding losses,

core-losses leads to whatever minimum heat that is generated. Naturally, the

temperature di�erence at the top and bottom of the winding will be negligible thus

suggesting a total thermal equilibrium condition. Simulating a no-load condition does

not provide an appreciable distinction between oil and winding temperature and hence,

restricted for moisture dynamic predictions only.

4.3.2 Daily load variation

In this case, a typical load pattern was modeled, �rst assuming a step rise and them

assuming a combination of load patterns on the transformer windings.Fig.4.4 is presents

a perfect quanti�cation of temperature rise assuming a the proposed steps.

It can be seen from the same �gure that an initial step is introduced as soon as

the transformer was charged. It was assumed that the transformer was rated at its full

capacity. The change in winding losses was measured as per our discussion in Chapter

3. The temperature variations during step loading shows that the time taken by the

oil-immersed winding to respond and achieve a thermal equilibrium is must faster (<1

hour). Thus it can be established that the temperature moves faster than moisture and

hence, time response for thermal transients would be much smaller (within few minutes).

Further more, the e�ect of these loading on the maximum surface temperature per

disc was also studied as shown in Fig.4.5.

Similarly, the oil temperature variation immediately near the winding due to a typical

daily loading condition is given by Fig.4.6, where it is observed that despite the fast

�uctuations, the exit temperature kept on increasing. It means that not only the �ow

guides are allowing a proper mixing of oil within axial and radial channels but also causing
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Figure 4.4: Comparisons on the loading behavior of windings using constant (step) and

combination variation

.

a uniform mixing.

A comparison with Fig.4.7 can tell the reader a lot about the e�ect of a hydro-

dynamically developed pro�le on oil temperature rise. The sigmoidal shape at the top

suggests that due to the presence of another barricade near the exit, the oil direction was

modi�ed again hence leaving the top-most less hotter.

In order to create a sustainable model to co-simulate temperature and moisture

distribution in transformers, a two step process needs to be implemented. The �rst step

determines the temperature distribution in consolidated windings and at various
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(a) Maximum surface temperature per disc

recorded after the �rst step introduction

(b) Maximum surface temperature per disc

recorded with a combination of loads to

replicate the daily loading cycle

Figure 4.5: Comparative analysis of transformer winding temperature rise according to

load pattern variation

locations of the transformer tank. The second step utilizes this temperature variation as

a reference to calculate the moisture concentration in oil and paper thus considering the

a�ect of load and ambient temperature.

Another signi�cant contribution was to establish that the paper insulation not only

insulates but also provides a reluctance to temperature rise in oil-immersed windings.

In this case, although the hot-spot location may not vary so much, but the magnitude

varies largely shown in Table 4.1. Moreover these results are obtained while applying a

combination of loads that have been formulated according to the logic mentioned earlier.

In conclusion, one can say that the predicted temperature was in agreement with the

prescribed value. A shift in hot-spot magnitude was very evident with inclusion of paper

insulate in thermal model. Since these values are much below the IEEE prescription, it is

safe to assume that aging is non-existent, at least at this stage. The oil and winding values

have been utilized further to quantify moisture migrations under di�erent conditions.
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Figure 4.6: Rise in oil temperature immediately near each disc in the exit channel, when

the inlet was speci�ed at 46.7◦C and 0.0612m/s

Table 4.1: E�ect of paper insulation on winding temperature rise

Model Tex Tavg Thst HST-location

CHT with paper 62.5 60.5 64.2 5th from top

CHT without paper 56.71 70.95 81.3 5th from top

4.4 Summary

This chapter discusses the numerical modeling results of the thermal performance

of oil-�lled power transformers using fundamentals of CFD. It was observed that the
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Figure 4.7: Rise in oil temperature immediately near each disc in the exit channel, when

the inlet was speci�ed at 46.7◦C and 0.0612m/s

convection pattern and structural complexities plays a signi�cant role in determining the

thermal performance of transformers. It was also observed that disposition of hot-spot

temperature can signi�cant change the thermal pro�le thereby in�uencing the oil and

winding temperatures. These results suggests that the temperature rise in operating

transformers during daily loading cycles changes swiftly thereby indicating a continuous

disposition in the so-called equilibrium stage of moisture and temperature interactions.

These results hence become a benchmark to observe the temperature in�uenced transient

moisture dynamics in oil-�lled power transformers.



Chapter 5

RESULTS OF MOISTURE

MODELING

This chapter summarizes the investigations on moisture dynamics in power transformers

through mathematical modeling. Section 5.1 deals with the e�ect of various physical

parameters on moisture sorption using drying models. With the help of various operating

modes, the elaborate discussion in the respective subsections correlates these parameters

with average moisture discretization and its in�uence on response-time during transient

analysis. Section 5.2 provides a closer look at the moisture interactions on the oil-paper

interface during variable operating conditions. The �uctuating temperature pro�le in oil

and winding obtained from Chapter 4 has been associated with the moisture changes

through relative saturation and shifting equilibrium. These results are the most realistic

representation of moisture measurements within a functional transformer without the

need for disembarking or intrusive testing and hence are cost-e�ective and time-e�cient.

96
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5.1 Moisture-in-Paper Model

During transformer drying or on-load conditions, the winding temperature is higher

than that of the surrounding media and bulk moisture migrates from paper or pressboard

to the nearby media contained within the encapsulated unit. While this media is oil in case

of an operational transformer, it may be hot air/oil, nitrogen (N2) or vacuum depending

upon the drying requirement.

Generally, water transport through the solid insulation is a slow process, but a

transient condition may exist when there is a shift in thermal equilibrium between bulk

source and surrounding media. All moisture-in-model results are obtained by solving

Eq.3.6 with appropriate boundary conditions as discussed in Chapter 3.

Determination of response time during transient equilibrium condition signi�es the

time instant whereupon the �rst change is apparent. Theoretically, it depends on the

e�ective di�usion coe�cient, thickness of insulation and exposure sides as given by Eq.5.1

and 5.2 respectively. But various permutations in this study shows that it also depends

on initial and equilibrium moisture concentration, surface temperature and impregnation

condition of the insulate.

Single sided di�usion (ss):

τss =
4d2

π2Deff

(5.1)

Double sided di�usion (ds):

τds =
d2

π2Deff

(5.2)

where,τ is the equilibrium time constant (h), d is the thickness of paper/pressboard

(m) and Deff is the e�ective di�usivity (m2/s).
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Table 5.1 summarizes the available di�usion coe�cients from previous studies.These

coe�cients are obtained by experimental investigations on insulation paper/pressboard

of known material properties (i.e.porosity, density, thickness and impregnation state).

Table 5.1: Di�usion coe�cients of oil-impregnated (OI), and non oil-impregnated (NOI)

Kraft paper (KP), and pressboard (PB) insulation as reported in various

literature sources

Author Insulation condition D0(m
2/s) k' Ea(K)

Ast [67] NOIKP 2.25×10−11 0.1955 8834

Guidi [16] OIKP 6.44×10−14 0.5 7700

Foss [12] OIKP 1.34×10−13 0.5 8074

Foss [12] NOIKP 2.62×10−12 0.5 8140

Du [11] NOIPB 0.67×10−12 0.45 7646

Besides, some previously published data suggests that the total di�usion time for

moisture migration between paper to oil depends on its thickness, concentration and

temperature of operation as shown in Table5.2.

Table 5.2: Reported di�usion time constants for oil-impregnated pressboard insulation of

1mm thickness under various temperature

Temperature(◦C) Di�usion time (days)

1mm 2mm 4mm

20 93 373 1493

40 20 79 317

60 4.2 17 67

80 0.9 3.6 14

Table 5.3 provides a basis for future calculations through on-site transformer data,

and Table 5.4 shows the various parameters investigated in this work to isolate their e�ect

on moisture-in-paper models.
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Figure 5.1: E�ect of variable temperature on di�usion time constant for 1mm thick oil-

impregnated Kraft paper sample with 3% moisture

(a) (b)

Figure 5.2: Simulated e�ect of a)variable concentration in paper on equilibrium time

constant, b)variable paper thickness on equilibrium time constant

5.1.1 E�ect of di�usion coe�cient:

Furthermore, Fig.5.3 shows the e�ect of di�usion coe�cients on moisture determination

in 1mm thick oil-impregnated Kraft paper samples at the actual average winding
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Table 5.3: On-site data recorded for 132/33 kV 50 MVA oil-�lled power transformer at

Jaipur, India

Oil Support Spacers Kraft paper

Mass 22500kg 1125kg 450kg 675kg

Moisture 16 ppm 2.2% 2.2% 1.8%

Temperature 52◦C - - 48◦C

Table 5.4: Investigated parameters for moisture dynamics in oil-�lled power transformer

Thickness

(mm)

Temperature

(◦C)

Density

(g/cm3)

Initial

Moisture

(%)

Pressboard 1,1.5,3 30,50,70,90 0.95-1.2 0.5

Paper 1,2,3 40,60,80,100,120 0.93 0.5

temperature.

It can be seen from the same �gure that the di�usion coe�cients proposed by Asem

[48] using vacuum drying experiments produce a contradictory picture of saturation time

as compared to the other conventional coe�cients by [12, 16]. This must because of

the presumption that di�usion coe�cient is dependent on moisture concentration and

independent of temperature.

Despite the allowed tolerance reported in their respective work, an estimated error

of 7.14% with Foss's data and 16.57% with Guidi's data was observed upon comparison

with Asem's experiments. Although it can be observed that universality on di�usion

coe�cients does not exist due to variation in experimental techniques, yet Foss' data can

be considered more realistic due to lower error and higher extrapolation accuracy.

Similarly, Fig.5.4 shows the comparative average moisture distribution analysis in non-

impregnated Kraft paper samples of 1mm thickness at 75◦C with 2.2% surface moisture
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Figure 5.3: Simulated results on e�ect of di�usion coe�cient over average moisture distribution

in oil-impregnated Kraft paper sample of thickness 1mm

concentration using coe�cient proposed by [11,12,111].

It must be noted that the di�usion coe�cients reported by Asem [48] and Ast [67]

can not be used in this study due to the vast di�erence in densities of the investigated

materials. Also, due to complex nature of pressboards very few sources have reported

coe�cients for non-impregnated pressboard samples, where acceptable coe�cients for

oil-impregnated pressboards are yet to be proposed.

This leads to a conclusive proof that although di�usion coe�cient can not be universal

value, yet its determination will require exhaustive experimental investigations that are

currently beyond the scope of this thesis. In the present work, extrapolation of the data

published by various authors have lead to the required di�usion coe�cients applicable to

solve the proposed model.
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Figure 5.4: Simulated results on e�ect of di�usion coe�cient over average moisture distribution

in oil-impregnated Kraft paper sample of thickness 1mm

5.1.2 E�ect of material type

To isolate the e�ect of material type on moisture removal, Fig.5.5 discusses a classic

example of a hot-oil drying operation during on-site water removal. Oil-impregnated

paper and non-impregnated pressboard sample of variable densities are subjected to

moisture removal such that, the equilibrium condition formulated at the boundary of

oil-paper interface depends on the partial water vapor pressure and oil temperature.

Fig.5.5a and 5.5b shows the drying curve for oil-impregnated Kraft paper and non-

impregnated pressboard samples in accordance with previously published experimental

data [11,12,48,111] at a uniform time-stepping of 2 hours.

A conditional reverse is employed when an already dried winding comes in contact with

moist oil/air and tries to achieve an equilibrium while adhering to the strictly isothermal
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(a) Simulated drying time for oil-impregnated Kraft paper

(b) Simulated drying time for non-impregnated pressboard

Figure 5.5: Simulated drying curves for various insulating materials of 1mm thickness

using coe�cients suggested by [11,12]

conditions. Fig.5.6, shows this reversal in the form of moisture uptake by oil-impregnated

paper and non-impregnated pressboards at 75◦C using coe�cients described in Table.5.5.

The resultant observations from Fig.5.5 suggests that the oil-impregnated Kraft paper

sample needs longer exposure periods as compared to the non-impregnated pressboard
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Table 5.5: E�ective di�usion coe�cients obtained from [11,16] for various insulates

D0 (m
2/s) k' Ea (K)

Oil-impregnated paper 6.44×10−14 0.5 7700

Non-impregnated pressboard 0.67×10−12 0.45 7646

sample for complete moisture removal. In case of a conditional reverse shown by Fig.5.6,

the moisture uptake time is also higher for kraft paper as compared to pressboard.

The disparity in removal/up-take time by the investigated insulates is found to be

a strong function of material density and intra-layer proximity of paper and pressboard

samples. Kraft paper samples are thinner and posses lower density. The loosely bound

multi-layers of paper are much thinner as compared to those in pressboard.

This causes an uneven distribution of moisture within the complex labyrinth of multi-

layers thereby requiring higher thermal exposure for moisture removal depending upon

the proximity of an active layer from the surface.

The conventional pressboards are pre-compressed insulates with higher density and

closely bound multi-layers despite having same thickness. The proximity of active layers

to the exposed surface justi�es smaller excitation period, ergo the lesser saturation time.

In case of a transient analysis, Fig.5.7 shows the e�ect of material type on response

time for moisture removal by insulate samples as discussed before. It is evident from the

same �gure that moisture removal is non-zero decay process whose time response should

be 37% of the initial value.

Similarly, Fig.5.8 shows the e�ect of material type on response time for moisture

uptake by insulate samples such that the exponential increase in concentration values

corresponds to a �rst-order system whose time response must be 63.2% of the �nal value.

Furthermore, upon comparing the uptake and removal time of similar insulate

materials through Fig.5.9, one can observe that the moisture interaction changes with
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(a) 1mm oil-impregnated Kraft paper sample during drying

(b) 1mm oil-impregnated pressboard during drying

Figure 5.6: Spatial variation in oil impregnated paper and pressboard samples of 1mm

thickness at 75◦C and 2.2% surface moisture

impregnation condition of the material. A thorough discussion on the e�ect of such a

conditioning is followed up in the next subsection.
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Figure 5.7: E�ect of material on moisture removal time response

Figure 5.8: E�ect of material on moisture uptake time response

5.1.3 E�ect of oil impregnation

Based on the previous experiments by [11, 12, 16, 67] and simulated observations from

subsection 5.1.1, it is evident that oil impregnation of an insulate can dramatically e�ect

the moisture uptake or removal rate.

Since theses process are regulated by the e�ective di�usion coe�cients, Fig.5.10 shows

the behavior of 1mm thick Kraft paper during moisture uptake and removal with variable

impregnation condition. Simultaneously, it should be noted that due to the unavailability

of acceptable di�usion coe�cients for oil-impregnated pressboard, relevant comparisons

can not be made.

There are previously available comparisons where the oil-impregnated pressboard is
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Figure 5.9: Simulated moisture discretization during uptake (u) and removal (r) from

1mm thick samples at 75◦C with variable preconditioning

assumed to be behaving in the same manner as that of impregnated paper, but the initial

�ndings in this work clearly indicates that such an assumption can dramatically increase

the risk of error during moisture measurement studies.

It is understood that upon drying the hydroxyl groups released from within the

cellulose chain causes vacant sites. The consolidate thermal energy now required to

break the cellulose bonds is lower and paper/pressboard is more susceptible to

physico-chemical damage.

Upon impregnation, the oil molecules are expected to take up the vacant sites available

within the cellulose molecule after an initial drying. This doping causes a weaker dipole-

dipole interaction between the water molecule and the otherwise hydrophilic cellulose

matrix. Therefore, a reluctance is evidently visible during both moisture uptake and

removal from oil-impregnated materials.

More interesting results can be obtained upon comparison of the impregnated paper

di�usivity during uptake and removal stages. A rough calculation can suggest that the

time response for moisture removal using impregnated paper is approximately 3 times
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(a) Average moisture distribution in 1mm Kraft paper

with and without impregnation during uptake

(b) Average moisture distribution in 1mm Kraft paper

with and without impregnation during removal

Figure 5.10: Simulated results on average moisture concentration against e�ects of oil

impregnation in paper and pressboard samples

than the uptake time using Foss' data [12]. Similar trends can be obtained for non-

impregnated samples as well, except these responses are much smaller and extend up-to

few minutes.
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Although a perfect trend is di�cult to obtain, yet it can be seen that insulation

thickness dominates the experimentally obtained di�usion coe�cients. This suggests

that material thickness is certainly an important physiological parameter a�ecting the

moisture dynamics within oil-�lled transformers. Hence the next subsection will explore

the e�ect of insulation thickness on various moisture distribution methods and their

respective time response.

5.1.4 E�ect of insulation thickness

The transformer solid insulation can consist of pressboard and paper material of variable

thickness at the same time within the same unit. It has been discussed previously that

the experimental di�usion coe�cients proposed by [12] are one order of magnitude higher

than the ones proposed by [16] with the knowledge of insulation thickness unlike the latter.

Therefore, to isolate the e�ect of insulate thickness on average moisture distribution,

Fig.5.11 shows the comparative uptake time by oil-impregnated Kraft paper of variable

thickness parameterized in Table5.4.

There is a prominent observation available from Fig.5.11, regarding the saturation

time of oil-impregnated kraft paper and non-impregnated pressboard. It can be seen

that the time shift for saturation of oil-impregnated paper increases by approximately 3

times when the thickness is less than 2mm. Similarly, for non-impregnated pressboards

the saturation time increases by approximately 4 times when the thickness is doubled.

This observation is restricted, but not limited, to thicker materials. This is because

the original experimentation by Foss & Savio [12] were carried out on 2.5mm thick,

impregnated Kraft paper under strictly controlled laboratory conditions. Similarly those

done by Du [11] were carried out on 1 and 1.5mm non-impregnated pressboards.

As discussed earlier, upon thermal excitation the interactive forces between an active

layer and surface is already weaker for Kraft paper samples. Now with increasing number
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(a) Average moisture in impregnated Kraft paper with variable

thickness

(b) Average moisture in non-impregnated pressboard with variable

thickness

Figure 5.11: E�ect of variable thickness on moisture uptake capacity of oil-impregnated

paper and non-impregnated pressboard samples

of layers the moisture movement through intra-layers of paper becomes more reluctant

and hence the saturation time increases.

Similar observations can be made for non-impregnated pressboard samples, where



111

despite a relatively higher interactive force than Kraft paper, the thermal excitation

dampens with constant surface resistance and increasing number of layers, thereby leading

to larger saturation times.

This observation is well supported by the di�erence in equilibrium time constant

measurement obtained by comparing Eq.5.1 and Fig.5.12 for impregnated Kraft paper

samples of varying thickness. The time response from the proposed �gure is obtained by

assuming that the moisture uptake is a �rst-order system whose response can be obtained

when the �nal values reaches its limit by 63.2%.

Figure 5.12: Simulated response time for average moisture distribution in impregnated paper

samples with variable thickness at 75◦C and 2.2% surface concentration

Upon direct substitution in the aforementioned equation, one can observe that there is

absolutely no trend to be followed between equilibrium time constant of an impregnated

paper sample with consecutive thickness, despite maintaining similar conditions.
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τ2
τ1
= 4.002, τ3

τ2
= 2.5, τ4

τ3
= 1.78

where τ1,2,3,4 represents the equilibrium time constant for moisture uptake by paper

sample with 1, 2, 3, 4mm thickness at 75◦C.

A comparative analysis from these sources suggest that a simulated time response

for moisture uptake through curve �tting shows 1.36 times higher values for equilibrium

response as compared to the theoretically acquired values.

Similar observations can be reported for non-impregnated pressboard materials, where

the ratio of theoretical time constant obtained for insulates of variable thickness is shown

below and simulated responses are obtained from curve �tting data in Fig.5.13.

τ2
τ1
= 3.36, τ3

τ2
= 2.25, τ4

τ3
= 1.78

A similarity in trends of theoretical time constants between oil-impregnated paper

and non-impregnated pressboards have been obtained upon comparing the respective

geometric progressions. More interestingly, a progression factor of 1.3-1.4 exists upon

small (0.5mm) depth increments in pressboards.

Similarly, in order to isolate the e�ect of insulate thickness on moisture removal rates,

Fig.5.14 shows the comparison of simulated response time for non-impregnated pressboard

and impregnated paper samples with variable thickness.

It can hence be inferred that not only the density and impregnation of material, its

interaction depth also plays a dominating role in moisture removal or uptake during

various transformer operations. This inference also points to an interesting question

pertaining to moisture interaction behavior i.e. what is the role of exposure sides on

moisture release/uptake?

The next subsection shall explore more about such interactions using uptake and

removal examples for oil-impregnated paper and non-impregnated pressboard.
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Figure 5.13: Simulated response time for average moisture distribution in impregnated

pressboard sample with variable thickness at 75◦C and 2.2% surface concentration

5.1.5 E�ect of exposure sides

Fig.5.15 and 5.16 shows the e�ect of variable exposure sides on local moisture distribution

in impregnated paper and non-impregnated pressboard sample that is exposed to 75◦C.

It can be seen from the same �gure that upon dual exposure, the rate of saturation

in oil-impregnated kraft paper is 2.5 times faster than single-sided exposure. Similar

trends can be obtained for non-impregnated pressboards, where the rate of saturation is

approximately 2.8 times faster for dual-sided cases as compared to single-sided

interactions.

This also brings us to our previous hypothesis that the time response of any process
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(a) Time response for average moisture removed by non-impregnated

pressboards

(b) Time response for average moisture removed by oil-impregnated

Kraft paper

Figure 5.14: E�ect of insulate thickness with variable impregnation condition on time

response of moisture removal process
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(uptake or removal) must depend on the number of exposure sides along with other

physiological aspects of the insulating material. In order to obtain the time response for

an average moisture distribution during removal and uptake process, Fig.5.17 can provide

several interesting insights.

(a) Simulated spatial moisture discretization

during single-sided di�usion

(b) Simulated spatial moisture discretization

during double-sided di�usion

Figure 5.15: Simulated spatial distribution of surface moisture within 1mm oil-impregnated

Kraft paper at 75◦C during single (ss) and double-sided (ds) exposure

(a) Simulated spatial moisture discretization

during single-sided exposure

(b) Simulated spatial moisture discretization

during double-sided exposure

Figure 5.16: Simulated spatial distribution of surface moisture within 1mm non-impregnated

pressboard at 75◦C during single (ss) and double-sided (ds) exposure

It can be seen from the same �gure that the moisture uptake time for oil-impregnated

Kraft paper and pressboard increases by approximately three times when the thermal
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(a) Comparative average distribution in

pressboard through variable exposure

pattern

(b) Comparative average distribution in Kraft

paper through variable exposure pattern

Figure 5.17: E�ect of exposure sides on average moisture distribution with 1mm thick

impreganted Kraft paper and non-impregnated pressboard sample at 75◦C

during uptake and removal processes

exposure is restricted to single side only. Similarly, moisture removal rates increase by

almost four time upon such restrictions.

Although, clear trends are di�cult to obtain within particularly for non-impregnated

pressboard samples due to smaller response time (. 4 hours), it still understandable that

the moisture interaction can behave di�erently if the surface(equilibrium) concentration

and temperature is changed. The next subsection discusses in detail about the e�ect of

such parameters on response time for moisture distribution in various insulating materials.

5.1.6 E�ect of surface moisture

In order to isolate the e�ect of surface(equilibrium) moisture concentration on the water

interaction, Fig.5.18 shows the change in average distribution of moisture in

non-impregnated pressboard material with variable concentration conditions during

uptake processes. Similar trends can be obtained for moisture removal rates for the

same material under equivalent conditions as shown in Fig.5.19.
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Figure 5.18: Average moisture distribution within non-impregnated pressboards with

variable surface concentration during moisture uptake process

From observing Fig.5.18, one can interpret that despite the constantly increasing

surface concentration, the theoretical equilibrium time constant varies within 4.04-4.20

hours. Such a small variation is justi�ed by the fact that e�ective di�usivity varies within

a much smaller range of 2.68 - 2.78×10−11 m2/s. Contrary to this evaluation, simulated

response time of non-impregnated pressboard samples will vary within a much broader

range of 2.8-4.2 hours.

Obviously, similar comparisons can be drawn from the moisture removal process where

the simulated time-responses will vary within a range of 0.8 - 4.02 hours, unlike the

theoretical time-constant that is �xed at 4.20 hours over a constant di�usivity.

At this stage, rather than a comparative analysis for paper and pressboard material,

it is imperative that a proper reasoning must be provided to justify the relevance of

di�usion time-constants with increasing surface moisture during any interactive process.



118

Figure 5.19: Average moisture distribution within non-impregnated pressboards with

variable surface concentration during moisture uptake process

This is because the removal processes are a direct representation of the factory

drying of wet insulation materials. Whereas, moisture uptake represents the critical and

often less-discussed stage of insulation exposure after primary drying but before

impregnation/installation.

During factory drying (removal) of extremely wet samples, the saturation time

becomes independent of the surface moisture especially at higher concentration level

provided the thickness and temperature is maintained. Such a behavior is expected only

when a super saturation is achieved by all the active multi-layers of the component (i.e.

pressboard or paper) during di�usion through the insulate. Therefore, once this limit is

attained, the surface concentration hardly matters.

Hence an inference can be drawn that not just the surface concentration but also the

temperature variations shall in�uence the inherent time responses of the various process
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that can provide a reliable moisture-in-paper model.

5.1.7 E�ect of temperature

At this point one must understand that in order to isolate the e�ect of insulation

properties including initial water retention, all studies were strictly restricted to an

average winding temperature that was obtained from the stationary thermal modeling

of the relevant transformer. However, as seen in the previous section, an unwanted

super saturation will occur within the multi-layers of pressboard (and paper) material

with very high concentration exposures that is independent of its impregnation

behavior. When such a case exists, it becomes imperative that the operation

temperature is changed accordingly suitably to accommodate the moisture removal or

uptake process along with relevant material property, surface moisture concentration

and available exposure sides.

Fig.5.20 shows change in moisture uptake behavior of oil-impregnated paper and non-

impregnated pressboard of 1mm thickness when the surface concentration is relatively

high (say 6%) against a temperature range of 30-110◦C. Similar results can be obtained

for moisture removal from paper and pressboard materials under high humidity level and

variable temperature. The boundary conditions are modi�ed to suit the classic hot-oil

drying method

The rate of moisture uptake or removal is a strong function of temperature. The

dissociation energy of a single bond hydrocarbon (C-H) is much lower than the hydroxyl

(O-H) bonds. This causes the initiation of bond cleavage at those prime locations where

hydrocarbon bonds are followed by hydroxyl bonds. As the operation proceeds, a constant

thermal exposure will allow maximum bond cleavage thus resulting in both complete

removal as well as a decrease in mechanical strength of the material. It is therefore

imperative that the material is not bone dried and some moisture is allowed within the

insulate to maintain the dielectric and mechanical strength without compromising its
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(a) Average moisture distribution in oil-

impregnated Kraft paper during uptake

(b) Average moisture distribution in non-

impregnated pressboard during uptake

Figure 5.20: E�ect of temperature on average moisture distribution in paper and

pressboard samples during moisture uptake process under varying isotherms

(a) Average moisture distribution in oil-

impregnated Kraft paper during uptake

(b) Average moisture distribution in non-

impregnated pressboard during uptake

Figure 5.21: E�ect of temperature on average moisture distribution in paper and

pressboard samples during moisture removal process under varying

isotherms

insulating properties.

On the hand, during a moisture uptake process, the surrounding air is allowed to

posses higher relative humidity as compared to the original insulating material. For a
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non-impregnated material, the high concentration di�erence allows the moisture to easily

seep through the multi-layers of the insulate.

However, for an impregnated sample a moisture resistance can be expected within the

insulate multi-layers due to an uneven (practical) oil impregnation. The resistance will

cause a slower rate of moisture uptake without completely depriving of the unavoidable

interaction.

Hence, it can be assumed safely that a moisture-in-paper model will depend on the

operating condition including the insulate properties and a universality is utmost

challenging since manufacturers can prefer any permissible permutation. The

equilibrium time constant for moisture-in-paper models will change exponentially with

material type, thickness, exposure sides, temperature and concentration.

For the sake of providing a de�nite solution, an empirically �tted data has been

obtained to calculate the equilibrium time constant correlation as shown in Eq.3.19 as

discussed in Chapter 3. It is generated by curve �tting of equilibrium time constant data

against variable parameters discussed above. This corrected time response (τcorr) has

been used in the further studies.

The following analysis on oil moisture determination with the help of a CFD-based

thermal model is capable of estimating the moisture distribution in oil, paper,

pressboard and at the interactive surface. More importantly, unlike the previous

attempts of moisture predictions using top or bottom oil temperature, our thermal

model is capable of determining the active temperature ranges for paper and pressboard

material separately, thus increasing the degree of accuracy for future use.

5.2 Moisture-in-oil Model

In order to create reliable models for moisture migrations through oil, it is imperative

that the load variations and water vapor pressure changes are properly tracked. The
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temperature rise in oil has been studied by the proposed thermal model in the present

work. Since all calculations in the previous chapter were con�ned to natural cooling

pattern, few assumptions have been made prior to proposing the necessary moisture-in-

oil model.

1. Upon transfer of moisture from paper to oil, instantaneous solubility is following

the applied temperature trend.

2. In accordance with �eld information, the sensor is either located at the bottom or

separately in a bypass line which is far away from the winding.

3. Since natural cooling prevails, moisture in oil that is closer to the windings will

respond faster as compared to other locations.

4. Since the thermal responses were found smaller than the moisture responses, small

investigations periods are applied to estimate the moisture-in-oil response with

variable condition.

With reference to the aforementioned assumptions, there are two most important cases

that one must be looking into. Firstly, the classic no load case and secondly an average

daily loading cycle. The �rst case shows a classic no-load condition to show the absence

of heating source on temperature distribution. The second case shows a combination of

conditions that are actually endured by the transformer daily over shorted period of time.

5.2.1 No-Loading

A classic no-loading condition is very common in transformers. In this case, no heat was

supplied to the transformer and by the virtue of natural cooling, only �ow �elds were

detected. The oil dissolved in this oil moves slower than it is anticipated thereby creating

perfectly equilibrium conditions for an oil-paper insulation complex.
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(a) Simulated no-load temperature conditions where

K=0 and Tamb is constant

(b) Simulated no-load moisture conditions where K=0

and Tamb is constant. This is an ideal case of

equilibrium moisture in oil-paper insulation system

Figure 5.22: Simulated temperature and moisture predictions in oil-paper insulation

complex under no-load conditions
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5.2.2 Daily-Loading

As mentioned earlier, since transformer thermal transients are achieved quite early,

smaller investigation periods are applied herein to replicate the typical daily load

pattern with mixed loading conditions. Moreover, it is extremely di�cult to replicate

such conditions purely based on simulated assumptions. Therefore, the reported pattern

in [13,108] has been taken as a reference.

Fig.5.23 shows an average loading cycle applicable in a 225/26.4 kV feeder line on a

daily basis. The data for average loading and top-oil temperature has been extracted

using an open source digitizer to convert into a usable form.

Figure 5.23: A typical daily loading pattern with expected top-oil temperature in oil �lled

transformers with natural cooling [13]

Similarly, Fig.5.24 shows the average temperature in oil with respect to top and
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bottom locations. Since the transformer investigated was relatively new, a lower relative

saturation of around 18-20% was expected. Hence, the dissolved moisture is calculated

at the average oil temperature reported in this data.

Figure 5.24: Measured moisture obtained against average temperature data obtained

from [13]

In order to evaluate the measured dissolved water in oil at average temperature, the

equation obtained from moisture-in-oil model discussed in Chapter 3 has been applied

with appropriate constants.

It can be seen from Fig.5.25 that deviation in actual moisture when the time

response of moisture-equilibrium in paper is assumed as an exponentially changing

value as discussed previously. It is perhaps because when the time constant of paper

(source) was changing continuously with temperature, there was a signi�cant a�ect on

the total dissolved moisture which was ignored as an initial lag by the sensor. This
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Figure 5.25: Instantaneous moisture measurement in transformer oil with respect of the

daily load pattern, compared against the measured moisture to obtain the

e�ect of moisture-in-paper time response

suggests that the moisture measured by sensor at the bottom of the tank can

signi�cantly improve its value if its location can be changed.

Based on the above observation, a single model for water distribution in transformer

is proposed using the mass balance equation discussed in Chapter 3. Fig.5.26 is the �nal

rated moisture in paper with respect to the rated moisture in oil at every time instant

with regard to the changing load pattern.

It must be noted form the above �gure that, when a combined load is applied to the

transformer, the oil temperature rises in a pattern similar to that of the loading behavior.

It is logical because loading is nothing but the variation of harmonics to interpret variable

current and voltage combinations. These combinations in-turn acts as the heating source
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Figure 5.26: Instanteneous change in moisture concentration of oil and paper with respect

to the rated (r) temperature

of the winding thus imparting the change in instantaneous oil and winding temperature.

In case of a moisture-in-oil model, the winding temperature is neglected, because at

this point the oil has to be hotter than the winding in order to allow reverse moisture

di�usion. Naturally, by the laws of mass conservation, the total water in the system needs

to be conserved despite its uneven distribution.

In this particular case, the expected mass of water in the tank was known from the

�eld-survey of the electrical unit and manufacturer information. It became easier now to

implant the proposed model of moisture balance as per the changing oil-moisture values.

In essence, it can be said that the Fig.5.26 is the �nal pattern of moisture migration and

distribution that one can expect within transformer when the load is tripped o�.
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Another aspect of this �nding was to evaluate the accuracy of sensor location in

transformers. Since conventionally they are installed at the bottom and far away from

the winding, Fig.5.23 proved signi�cant in ascertaining the same. It was visible from this

assessment that in case of naturally-cooled transformer, a homogeneity of oil-temperature

does not exist everywhere within a tank. This explanation is logical and in agreement

with our proposed thermal models. Due to lower temperature in sensor line and non-

homogeneity, this lag in measurement is obtained.

By manipulating the sensor temperature to replicate conditions near the winding,

a comparative graph was obtained to ascertain the accuracy in measurements of oil-

moisture in power transformer as shown in �g.5.27. Here, an unwanted deviation occurs

at the beginning of loading cycle later leading to time lag. Since the load pattern suggests

that at the beginning of cycle the temperature rise was minimum and oil was almost

passive, it is highly probable that the actual (dissolved) moisture remained stagnant.

Practically speaking the oil �ow is never zero in transformers and therefore this non-

zero velocity �eld identi�ed in the bypass line shows an in�ated value because of the

previously traveled oil. Therefore, an error is easily identi�ed despite such precision in

sensor mounting and transformer step loading.

This hypothesis is strictly theoretical and is not recommended without prior

information about the transformer thermal pro�le and geometrical speci�cation.

Unfortunately, there is no way to test the accuracy of this hypothesis without

continuous �eld measurements, that can be opted for future work.

Hence it can be said that, unlike the previous claims this is by far the most complete

model for moisture dynamics in oil-�lled power transformers with respect to the thermal

behavior near winding as a virtue of load change.
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Figure 5.27: Error estimation in sensor location during step rise in moisture and

temperature of oil

5.3 Summary

This chapter indicates the coupling of temperature induced moisture distribution

pro�les in oil-�lled transformer insulating materials. There are two critical observations

in insulation management. Firstly, even during the so-called equilibrium stage, moisture

distribution on the oil-paper interface is dominated by the nature of material, thickness,

initial moisture concentration, operating temperature. These factors in�uence the

moisture uptake and removal rate and thus in�uences the time response of these

phenomena during transient interactions. Secondly, the time response thus obtained is

an important parameter for obtaining the moisture dissolution in oil and retained

concentrations in paper insulation (along with interface distribution) during on-load

conditions in operational equipments. These results also discusses the apparent error in

moisture concentration measurement using sensor and traditional equations and their

potential reasons. These results are extremely important in improving the existing

understanding of moisture distribution in oil-�lled transformers under various

conditions.



Chapter 6

CONCLUSIONS

This chapter presents the general conclusion of the proposed research. It can be observed

as the keystone towards understanding the moisture migrations in oil-�lled transformers.

In the present chapter, major contributions from this work has been summarized that

can be later used guidelines as future improvements in moisture evaluations.

6.1 Model Discussions

Although moisture dynamics in power transformers has been reported several times

in the available literature, a complete mathematical model to evaluate the dynamics

within individual media and interactive interface has been reported for the �rst time.To

determine the dynamics of moisture in prominent zones within the transformer, proper

understanding of the temperature is crucial. Existing technologies for moisture

measurement in transformers are mostly based on equilibrium assumptions which leads

to a considerable research gap.

In the present work, moisture migration behavior in oil-�lled power transformers is

studied with reference to the dynamic thermal migrations. The regulating parameter in

a thermal model besides oil �ow and geometrical constraints, is the internal heat

130
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generation. Since the heat is generated by the virtue of power losses within windings, it

was possible to introduce various function to isolate the e�ect of loading pattern on

oil-winding temperature rise. The temperature statistics obtained from this model was

very helpful in predicting the moisture migration behavior in oil-paper complex by

distinguishing the direction of water transfer.

In case of a moisture-in-paper model, exhaustive studies on the e�ect of various

parameters on the time response of migration has been studied. This observation was

necessary to prove that the time response for moisture sorption in paper is not constant

as reported by various resources [2, 7, 11, 68, 95, 108]. The typical equilibrium moisture

prediction was also challenged in the present by proposing its co-dependency on the

rated oil-moisture and temperature.

It is indeed possible to create a thermal equilibrium condition within the insulation

complex if the transformer is maintained at a constant temperature for a fairly long period

of time. Despite being theoretically correct, it is not possible to achieve this condition

within an active transformer that is facing �uctuating loads during an uninterrupted

operational cycle. Therefore, the moisture-in-paper model strictly works under isothermal

conditions to mimic the drying operations (i.e., factory and on-line) with regard to the

consecutive non-equilibrium conditions created between each steady state. In order to

simulate the moisture-in-paper model in accordance with the drying conditions, it is

imperative to isolate the e�ect of the parameters that will in�uence this model.

It was observed that various factors such as, density, orientation, degree of

polymerization and crystalline structure of glucopyranose, dominates the moisture

saturation time and response to uptake or removal processes. It was possible to obtain a

rudimentary correlation between the e�ective parameters and equilibrium time

response.

Another aspect of the thermal modeling was to obtain the hot-spot temperature that

is an indicator of the transformer life. Since the data available to simulate the proposed
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model was that for a new transformer, an ageing limit could not be found. It will be

however, interesting to see the e�ect of such variations on relative insulation ageing. It

was therefore proposed that the hot-spot temperature obtained from the thermal model

is nothing but the indicator of temperature rise limits and cooling capacity of the applied

oil. In an essence, it was observed that there is limited scope for the paper to achieve

an equilibrium during �uctuating load conditions. It was however possible to model this

hypothesis based on the assumption that the transformer has not been disturbed for a

very long time. At this stage, it is noteworthy that such a condition will rarely exist in

an operational transformer.

Besides, moisture migration from oil to paper and vice-versa is highly a�ected by

the winding axial temperature distribution. Due to the non-uniform temperature

distribution pro�le in oil and within windings, it was possible to obtain the

instantaneous moisture dissolved in oil as a strong function of this temperature. Two

separate cases were discussed where not only the equilibrium condition was established

successfully for no-load conditions, but also the average moisture distribution was

obtained for a typical daily loading cycle.

Some interesting results were obtained from moisture-in-oil models during typical

cycles. In this case, it was obtained that besides the temperature distribution, sensor

location is the most dominating aspect. The tested bottom-location for sensors was

challenged in this study from the prospect of naturally cooled transformers. With regard

to the loading behavior and temperature obtained, it was visible that an evident error

will occur between the measured and simulated values. It is however still unclear as to

where this sensor must be located without interfering with the daily operations of the

equipment.

In the end, it is necessary to address the previously posted objectives and explore the

applicability of the proposed solutions:

• Mechanism of moisture migrations was understood through thorough
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investigations of the various transformer operations. Additionally, a parametric

investigation on drying operations was done to segregate the moisture-uptake and

removal processes to prove that all correlations are not universal.

• Physics behing thermal pro�les was thoroughly investigated with the help of

cfd-based thermal analysis models. Since low-voltage windings are closer to the

core and posses higher heat density, the results were restricted, but not limited to

low-voltage windings only.

• Reliable thermal models were developed using the proposed thermal model. The

e�ect of a moving heat source was introduced for the �rst-time and its in�uence

on the temperature distribution scheme was discusses. Simultaneously, it was also

found that oil moisture near the winding will always be higher than the sensor

location by the virtue of these thermal models.

• Failure prone-zones were identi�ed with the help of this thermal model. The

hottest-spot was identi�ed mostly near the top of the winding.

• Predictive models were used to determine the e�ect of axial temperature rise on

overall moisture changes in transformers. It was observed that although they do

not in�uence the moisture-in-paper models, yet their in�uence on the oil moisture

distribution near and away from the windings can not be ignored.

• Quantitative models were proposed for moisture in paper distribution by the

virtue of changing time response during uptake or removal processes. These models

are highly material speci�c and may not be universal, yet their applicability is not

restricted.

• Quantitative models were proposed for moisture in oil distribution with respect to

the variable loading pattern and temperature rise. It was observed that the average

oil temperature near the winding will be higher as compared to that away from it,

just justifying the e�ect of axial winding temperature.
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6.2 Future Work

It is expected that the framework designed in this study can help in improving the

basic understanding of moisture distribution in transformer. Future work may include

re�ning of this model to improve the sensor location for oil-moisture measurements and

identify probe-based techniques to determine the paper-moisture directly.

This completes the basic proposal about moisture dynamics on oil-�lled power

transformers and its related features.
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1. Introduction

The economic reliability of power trans-
former changes dramatically with its ther-
mal performance. Renewed interests in 
improving the heat-induced failure mod
els have steered the manufacturers and re-
searchers towards application of advanced 
thermal modelling techniques that use 
highly efficient numerical approximation 
and visually-aided simulation-based so-
lution approach. Two widely acclaimed 
methods for transformer thermal assess-

ment are Thermal-Hydraulic Network 
Modelling (THNM) and Computational 
Fluid Dynamics (CFD). Their sole objec-
tive is to predict the oil-winding temper
ature rise and improve the winding-HST 
displacement predictions without com-
promising the capital cost.

These methods are realistic, cost-effec-
tive, scientifically accurate, and efficient 
in improving transformer performance 
through real-time simulations of multi-
ple interdependent physical phenomena, 

Simulation-based 
fluid-thermal 
analysis of power 
transformers
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thermal assessment
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ABSTRACT 
The transformer life and performance 
strongly depend on winding hot-spot 
temperature (HST). Various alterna-
tive techniques for HST prediction 
are gaining popularity over the con-
ventional direct-measurement meth-
ods. In this context, the application of 
Computational Fluid Dynamics (CFD) 
based thermal models is particularly 
interesting because of their accurate 
assessment, higher precision and low 
cost. Besides, it can remarkably evalu-
ate and improve the design efficiency 
of transformer without overshooting 
the capital cost. In the present work, 
a comprehensive understanding of 
CFD-based fluid-thermal assessment 
is attempted to encourage the readers 
to review transformer thermal models. 
It is also expected that these attempts 
will progressively assist in correlating 
various economical and operational 
parameters of transformer manufac-
turing and asset management.
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which ultimately affects the temperature 
rise and HST evaluation. The attractive 
aspects of such methods include reli
able estimation of the magnitude of in-
ternal heat, effect of coolant oil pattern 
and transformer configuration, and most 
significantly, its solution technique. Fig
ure 1 is a representation of key aspects 
in CFD-based thermal modelling of any 
transformer.

The upcoming sections of this article will 
assist the reader to gain a comprehensive 
understanding about CFD-based ther-
mal modelling of an oil-filled transformer 
through an in-depth analysis of the conco-
mitant multiphysics, application and limi-
tations.

2. CFD-based thermal 
modelling: Key aspects
The accuracy of any CFD-based assess-
ment improves inherently with proper 
understanding of governing physics and 
a potential solution technique. Therefore, 
pertinent information about the key as-
pects propelling a CFD-based assessment 
includes: calculation domain, governing 
physics and meshing scheme [1]. As we 
move forward, we will understand the 
physical significance of each of these as-
pects in detail.

2.1 Calculation domain

A 3D investigation of the equipment’s 
thermal behaviour is undoubtedly the 
best incentive to assess, optimize and im-
prove its functionality and in-service life. 
However, such an assessment not only 
requires pertinent information about 

The transformer life and performance 
strongly depend on winding hot-spot tem-
perature

Thermal simulations  
are a step forward in 
comprehensive un
derstanding of temper
ature rise phenomena 
within transformers 
with respect to lo-
calized heating and 
buoyancy-driv­en flows

Simulation-based 
fluid-thermal 
analysis of power 
transformers

Figure 1. Representation of key aspects of CFD-based thermal modelling of transformers

a)	 Precise meshing of interactive area;
b)	 Analyzing the governing physics;
c)	 Evaluating the effect of winding configuration;
d)	 Proposing the temperature in 2D or 3D design

a)

b)

d)

c)
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*The equations are in vector representation, where the dot “.” represents multiplication of a scalar with a vector having spatially changing values.

c) 

a) 

b) 

transformer construction, but also be
comes tiresome if one is solely interested 
in examining the winding thermal per-
formance as shown in Figure 2. 

In the present work, exclusive discussions 
are presented on the CFD applications in 
improving the design of core-type trans-
formers containing disc windings. Previ-
ous CFD-based attempts on estimating 
the impact of winding geometry on flow 
distribution reveals that the complex la-
byrinth of radial and axial channels in 
disc windings is responsible for mixed 
convection, thermal streaking and HST 
disposition with respect to buoyancy 
changes [1, 2, 5, 6, 8, 9]. This clearly in-
dicates that apart from the transformer 
construction and operating conditions, 
interactive winding geometry strongly 
influences the transformer thermal be-
haviour.

2.2 Governing equations and bound-
ary conditions

Classical combination of Navier-Stokes 
with energy conservation equations 
governs the fluid-thermal assessment of 
transformers by conservation of mass, 
momentum and energy, as shown below:

[∂ρ/∂t+((u.∇ ).ρ)]+ρ.(∇.u) = 0	      (1)

ρ.[∂u/∂t+((u.∇ ).u)]- ∇.σ = Fv	      (2)

ρ.[∂E/∂t+((u.∇ E)]- ∇.(ks∙ΔTs)+p.∇u –Qs= 0*   (3)

Since oil is weakly-compressible, despite 
an infinitesimally small density variation 
(β∙∆Tf «1), the viscous flow will become 
strong enough to allow desired fluid-
thermal interactions. This is known 
as the Boussinesq approximation and 
expressed mathematically as follows [4]: 

Fv = ρ(T)∙g	                                           (4)

ρ(T) = ρ0∙[1-β∙∆Tf]	                        (5)

These governing equations require an in-
let flow rate and hydrostatic pressure of oil 
as primary boundary conditions. In this 
context, oil inlet velocity can be obtained 
from an energy balance equation, where-
as the inlet pressure of oil can be obtained 
by evaluating the hydrostatic pressure dif
ference between the top and bottom of 
windings as shown below [7]: 

u0  = Qs/(Ac∙Cp∙ρ∙∆Tf)	                      (6)

p0  = ρ(T)∙g∙H∙∆Tf	                                         (7)

Where:
∂ρ/∂t	=	rate of mass change (kg/m3∙s)
∂u/∂t	=	rate of momentum change (m/s2)
∂E/∂t	=	rate of energy change (W/s)
u	 =	vector representing velocity (m/s)
ρ	 =	temperature dependent oil density (kg/m3)
ρ0	 =	temperature dependent oil density at 	
		  average ambient (kg/m3)
σ	 =	viscosity tensor (Pa∙s)
Fv 	 =	viscous body force (N/m3)
E	 =	internal energy (W)
ks	 =	thermal conductivity of winding 
		  material (W/m∙K)
Ts	 =	winding thermal gradient (K)
Qs	 =	volumetric heat source (W/m3)
p	 =	hydrostatic pressure (Pa)
Tf	 =	oil temperature (K)
g	 =	gravitational acceleration (m/s2)
u0	 =	inlet oil velocity (m/s)
p0	 =	inlet pressure (Pa)
Ac	 =	cross sectional area of inlet channel (m2)
H	 =	height of winding (m)

2.3 Meshing and grid analysis

The accuracy of any CFD-based assess-
ment depends on its meshing precision. 
Meshing is the spatial discretization of 
the investigated domain into smaller 
blocks or cells of definite shapes (e.g. 
triangular or quadrilateral for 2D geo-
metries, and tetrahedral, hexahedral, 
pyramids, or prisms for 3D geometries). 
Figure 3 shows a meshing scheme using 
2D triangular elements of the investi
gated winding domain.

Previously, Finite Difference Method 
(FDM) based assessment produces false-
time stepping over structured meshes, 
whereas FDM-based iterative approaches 

Apart from the transformer construction 
and operating conditions, interactive wind-
ing geometry strongly influences the trans-
former thermal behaviour

Figure 2. Simplification of the winding domain for CFD applications by schematic representa-
tion of 3D winding, 2D axisymmetric model, and 2D slice model

a) 3D winding;
b) 2D axisymmetric model;
c) 2D slice model
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show divergent patterns while analyzing 
buoyancy-driven flows. Unlike such loose 
and oversimplified grids, Finite Volume 
Method (FVM) not only incorporates a 
tighter grid, but also refines it continuously 
to ascertain the independence of physical 
properties over mesh complexities thereby 
increasing the solution accuracy, otherwise 
known as grid analysis [1]. Similar 
approaches exist within the Finite Element 
Method (FEM) based CFD environments, 
namely, COMSOL Multiphysics, Code_
Saturne, etc. Both FVM and FEM apply 
various iterative solvers with suitable 
algorithms to analyze the proposed 
problems. Therefore, the solver continues 
to operate until the solution converges 
and the truncation error minimizes. The 
relative tolerance and convergence of FDM 
and FVM/FEM is approximately 10-3 and 
10-6, respectively, thus suggesting relatively 
tightly-controlled grid.

3. CFD analysis: Parametric 
investigations
The CFD-based fluid-thermal assessment 
of transformers, especially windings, de-
pends on winding configuration and flow 
parameters besides the obvious transform
er operating conditions. In this context, we 
investigate the effects of various parameters 
on oil-winding temperature rise and HST 
disposition on a 2D slice model of disc wind
ings. Torriano et al. [9] provide the config
uration details for a potential case-study 
on disc windings with various boundary 
conditions.

3.1 Effect of inflow: Location, 
magnitude, and pattern

Winding thermal performance strongly 
depends on flow distribution behaviour 
within the immediate vicinity of 
conducting discs. In fact, IEC 60076-2 
(1993) suggests that the temperature 
rise limits and HST can be significantly 
improved through suitable analysis of 
oil-flow patterns [10]. In this context, 
analysis of oil inlet location, width of 
inlet, inflow velocity and flow pattern are 
prominent. 
Figure 4(a) shows that upon changing 
the inlet location, the temperature rise 
limits can vary significantly. The effect 
of location is proposed by observing the 
inlet at inner (Chin) and outer (Chout) 
channels respectively, such that oil enters 
from bottom and exits from top of the 
winding. If the inlet channel width is 

small, then there is a homogeneous 
mixing of oil near the entrance of winding 
which decays with increasing entry 
length, thereby accumulating excess heat 
near the centre of the winding. This is 
also why HST exists somewhere in the 
middle or near the top, if not on the top 
most disc on the winding. 
Figure 4(b) shows a sort of a parabolic 
temperature profile over a finite number 
of conducting discs, which is due to 
the parabolic velocity profile and fully 
developed hydrodynamic boundary 
layers near the conducting surfaces. The 
blue line depicts the surface temperature 
behaviour of conductors when the oil 
inlet is positioned at the outer channel 
given by the bottom contour of Figure 
4(a). Similarly, the green curve depicts the 
surface temperature rise behaviour when 
inlet is located within the inner channel 
of winding as given by top contour of 
Figure 4(a). Hence, a complete “bath-
tub” temperature curve can be expected 
from such simulations. 
Moreover, while a wider inlet channel  

(Chin = 8.9 mm) allows lower temp
erature rise limits (HST at 89.92 °C) 
unlike narrow channels (Chin = 6.4 mm, 
HST at 92.702 °C), its application is also 
dominated by the flow calculations. In 
this particular case, the inner channel 
is 1.4 times the width of the outer 
channel as reported elsewhere [9]. At 
this point, one can easily observe that 
suitability of the inlet channel width and 
location depends entirely on the inflow 
conditions.
It is understood that if upstream 
oil circulation is extremely slow, 
then buoyancy decreases due to the 
overwhelming conduction. The resultant 
low oil velocities are rendered useless and 
winding heat dissipation fails. Hence, 
minimum oil velocity must be known to 
optimize and improve the transformer 
thermal design. The parametric 
investigation shown in Figure 5(a) 
reveals that average oil temperature rises 
rapidly beyond a certain value. Similar 
results can be expected to portray average 
conductor temperature.

The application of CFD-based thermal mod-
els is particularly interesting because of 
their accurate assessment, higher precision 
and low cost

Figure 3. Various meshing aspects of simulation-based fluid-thermal assessment of windings

a) 2D and 3D mesh elements in FVM and FEM packages;
b) Structured meshing near washer;
c) Unstructured meshing near washer;
d) Free meshing of solid-fluid domain in FEM

a) 

b) 

c) 

d) 
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Figure 5. Effect of variable oil velocity on temperature rise behaviour

a) Rise in average oil temperature over outlet length;
b) Rise in average winding surface temperature

a) 

a) 

b) 

b) 

the 6th and 12th disc from the bottom, 
the magnitude of HST decreases by 
almost 5.8 °C when compared to two-
pass structure. Washers alter the oil 
interaction pattern, thereby causing 
sudden change in temperature of 
conductor and the oil surrounding it. It 
is also obvious that despite better cooling 
efficiency, application of directed cooling 
is restricted by winding configuration 
and thus requires further improvement 
during the thermal assessment.

3.2 Effect of winding design: disc and 
layer

Figure 6 suggests that the transformers 
are not only distinguished on the 
basis of core configuration, but also 
by winding construction. Therefore, 
accurate information pertaining to 
winding configuration can influence the 
accuracy of any simulated assessment. 
Although a comparison between the 
disc and layer winding thermal profile is 
not possible because of obvious reasons, 
we still will try to objectify some of the 
critical outcomes that may support our 
hypothesis.

The thermal conductivity of copper and 
insulates is highly anisotropic [9], which 
varies for disc and layer arrangement 
even within the same transformer. This 
not only affects the heat source and re-
sultant temperature calculations, but 
also affects the magnitude and location 
of HST formation on the assembly. Spe-
cific simulations reveal that while a hot-
spot is expected somewhere near the 
top in case of disc windings, it is always 
encountered at the top in case of layer 
windings [12, 13]. However, the accuracy 
of this observation is yet to be established 
by further investigations using CFD-
based techniques.

Although the scientific literature is abun-
dant with various aspects of simulation-
based thermal assessment of disc and 
layer type windings, suitable CFD cali-
brations to improve such models using 
modern day FVM and FEM solvers re-
main to be seen.

3.3 Effect of approximation approach

Any discussion on CFD-based assess-
ment will remain incomplete without 
analysing the competency of the nume-

assisted oil flow is referred to as directed 
cooling, where washer location depends 
largely on radial duct height, number of 
discs, oil inlet velocity and transformer 
cooling pattern.
Figure 6(a) shows the application of 
various blocks and stick washers for 
improving transformer thermal design. 
Figure 6(b) shows the effect of stick 
spacers on winding thermal behaviour 
using 2D contour plots.
The strategic placement of these washers 
can dramatically reduce the HST 
magnitude. For example, when three 
passes are created within the single slice 
of winding by introducing washers near 

It is evident from Figure 5 that without 
attaining the desired minimum velocity, 
efficient heat dissipation cannot be 
achieved. For example, if we apply very 
high velocity (u >0.059 m/s) to a relatively 
thinner inlet channel, the average surface 
temperature will increase due to non-
uniform mixing throughout the entry 
length. Maintaining uniform oil velocity 
across the winding height is equally 
significant, without which local heat 
accumulation and “heat-pool” formation 
can occur. To overcome this, pressboard 
washers (in the form of sticks and blocks) 
are strategically placed within the axial 
and radial channels of windings. Washer 

Figure 4. Effect of inlet location and inlet channel width on temperature rise limits and HST

a) 2D plots depicting the effect of inlet location;
b) 1D plots depicting the effect of inlet location

If upstream oil circulation is extremely slow, 
then buoyancy decreases due to the over
whelming conduction
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Figure 6. Effect of washers on winding temperature rise and HST behaviour

a) Type of washers in disc windings;
b) Effect of stick washer on winding temperature rise

a) 

a) b) 

b) 

rical approximation technique. A CFD 
software package comprises three com-
ponents: pre-processor, post-processor 
and solver. Basically, this solver acts as 
the brain of applied software package and 
hence one can navigate between packages 
based on solver operation. There are two 
basic solvers commercially available on 
the market: direct solvers and iterative 
solvers for analysing stationary, non-li-
near partial differential equations. As the 
name suggests, direct solvers apply ma-
trix solution techniques such as Lower-
Upper (LU) decomposition or Gauss 
elimination method, whereas iterative 
solvers apply numerical iteration tech-
niques until the solution converges and 
the truncation error is minimized. This is 
also known as the convergence of applied 
solver as discussed earlier.

Since solvers apply a wide variety of al-
gorithms to analyse and solve the posed 
problem, robustness and accuracy be
comes intertwined. Over the years, 
FVM-based packages have acquired 
more than three quarters of the CFD 
market due to their easy implementation 
and wide range of applicability. Various 
researchers have implemented popular 
FVM packages such as ANSYS Fluent, 
Gambit, etc. to analyse the thermal be-
haviour of transformers. However, struc-
tured meshing and need for an alternate 
meshing interface adds to the overall 
computation cost of such packages.

On the other hand, FEM-based software 
packages are slowly gaining popularity 
among CFD users due to the high 
precision and ease of handling complex 
problems [12]. It is true that both FVM 
and FEM provide more-or-less the 
same geometric flexibility, unlike FDM 
packages which are strictly restricted to 
structured girds despite any curvature. 
However, FEM packages are exceptional 
due to their peculiar use of continuous 
Galerkin methods to generate weighed 
residual functions within the partial 
differential equations. Such an approach 
not only helps in reducing the domain 
complexity, but also simplifies the applied 
boundary conditions, thereby increasing 
the accuracy of solutions. This particular 
feature makes FEM superior to FVM 
despite its somewhat disadvantageous 
feature – domain dependence. Currently 
researchers are feverishly trying to 
improve such pitfalls of FEM-based 
packages and improved versions; 

namely, COMSOL Multiphysics, Code_
Saturne, etc. are beginning to float in the 
commercial market.

4. Result verification

One of the persistent questions with simu-
lation-based assessments is verification of 
the CFD results. Currently, the simulated 
results are either compared against on-site 
heat-run tests, verified by gas analysis or 
applying continuously evolving standards 

such as IEC60354, IEC60076-2, etc. [10, 
11]. At this point, one has to understand 
that the essence of simulation-based as-
sessments is to inform the researcher/
manufacturer about several manifolds 
of coupled multiphysics that ultimately 
govern the fluid-thermal behaviour of 
transformer under variable conditions. 
We hope to reach a point in the future 
where more advanced technologies could 
assist the researcher in analysing and verify-
ing the CFD analysis without overshooting 
the recurring experimental costs.

Minimum oil velocity must be known to op-
timize and improve the transformer thermal 
design

Figure 7. Various core and winding constructions in transformers: a) layer winding; b) disc winding
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in disc type transformer windings in an 
OD-cooling mode, IEEE Transactions on 
Power Delivery, TPWRD-01247-2015, 
pp. 1-9, 2016

[9] F Torriano, M Chaaban, P Picher, 
Numerical study of parameters affecting 
the temperature distribution in disc-
type transformer winding, Applied 
Thermal Engineering, Vol. 30, no.1, pp. 
2034-2044, 2010

[10] IEC Standard Publications, Tempe-
rature rise in oil-filled transformers, IEC 
60076-7, 2005

[11] IEC Standard Publications, Tempe-
rature rise in oil-filled transformers, IEC 
60076-2, 2011

[12] E. Dick, Computational Fluid Dy-
namics: An Introduction, 3rd edition, 
Springer, 1995

[13] M K Pradhan, T S Ramu, Estima-
tion of hottest spot temperature in po-
wer transformers considering thermal 
inhomegeniety of windings, IEEE Tran-
sactions on Power Delivery, Vol. 19, no.4, 
pp.1704-1712, 2004

[5] P H G Allen, O Szpiro, E Campero, 
Thermal analysis of power transformer 
windings, Electrical Machines and Power 
Systems, Vol. 6, no.1, pp. 6- 11, 1981

[6] A Skillen, A Revell, H Iacovides, 
W Wu, Numerical prediction of local 
hot-spot phenomena in transformer 
windings, Applied Thermal Engineering, 
Vol. 36, no.1, pp. 96-105, 2012

[7] J Wijaya, W Guo, T Czaszejko, D. Susa, 
Temperature distribution of disc type 
windings in transformers, 7th IEEE Con-
ferece on Industrial Electronics and Ap-
plications, Singapore, 2012

[8] X Zhang, Z Wang, Q Liu, Prediction 
of pressure drop and flow distribution 

Conclusion

The accuracy of any CFD-based trans-
former thermal assessment depends on 
accurate information on winding de-
sign, operational parameters and loading 
behaviour. It is a unique step forward 
towards comprehensive understanding 
of temperature rise phenomena within 
transformers with respect to localized 
heating and buoyancy driven flows. Such 
methods are immensely popular for 
determining design efficiency of trans-
formers regardless of their operational 
stage. However, the sole limitation of this 
alternative is its accuracy restriction on 
oversimplified 2D models. In case of 3D 
systems, the computational time signifi-
cantly increases, thereby increasing the 
cost of assessment. This suggests future 
scope of method improvement whether 
by software upgrading or mathematical 
simplification.
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Abstract. Moisture measurement in transformer pressboard is an integral part of monitoring mechanical and dielectric 
strength of insulation. The existing correlations for pressboard moisture mostly considers non-impregnated and steady 
state (equilibrium) conditions at oil and pressboard interface. In this paper, we discuss the transient moisture migration in 
oil impregnated pressboard insulation between two consecutive equilibrium conditions with due emphasis on insulation 
properties. This  study is helpful in determining the insulation drying time and moisture retention in impregnated 
pressboards without conducting extensive experimentation. 

INTRODUCTION 

Cellulosic insulation (paper, pressboard, wood etc.) plays a significant role in providing structural and dielectric 
support to an electrical transformer for its safe operation under fluctuating loading cycles (Prevost and Oommen, 
2006 ). It is economic and highly accepted way to insulate windings of oil filled electrical transformers operating at 
high and extra high voltage levels. It contains multiple layers of anhydrous-beta-D-Glucose links with high tensile 
strength, dielectric stability and moisture adherence. The minimum moisture retention within the microfibrils of 
thick and thin insulation can be up to 0.5-1% (dry basis) in new transformer and 2-4% (dry basis) in old transformers 
(>20years).  

Due to difficult accessibility, Oommen (1984) suggested an indirect method to calculate moisture in 
paper/pressboard by moisture in oil assuming a so-called equilibrium between moisture in oil and paper. The 
moisture in pressboard is a ration of mass of moisture in pressboard to mass of pressboard (on dry-basis).In simpler 
terms, it is the ration of partial vapor pressure (Pv) of moisture to saturated water vapor pressure (Psat)  for known 
temperature (otherwise known as relative humidity) : 
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v
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P
HRHR  ..  (1) 

During equilibrium conditions in an air-pressboard system, the relative humidity pf (RHair) is equal to that of 
pressboard (RHPB). Saturated moisture vapor pressure is easily estimated using Magnus correlation, where Psat is 
expressed in hPa and air temperature is expressed in 0C:  
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 The constants in Magnus formulae i.e. A1 and B1 are 1.5 and 235 respectively and are experimentally 
determined. Further, the moisture in pressboard sample on achieving equilibrium is calculated from Fessler’s 
formulae correlating Pv (mmHg) and equilibrium moisture content (Ceq) during a local thermal equilibrium: 
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All these equations strongly suggest equilibrium between pressboard, air and surrounding oil so-as to determine 

the moisture concentration in one system or the other. Most of these equations are empirical correlations with little 
to no information about the actual experimentation. Some common correlations as discussed in forthcoming sections 
allow the usage of these equations for oil impregnated Kraft paper and non-impregnated pressboards of variable 
thickness. However, information on moisture migration from oil-impregnated pressboard is still scarce.  

 

MATHEMATICAL MODEL  

During temperature transients between pressboard and oil, moisture migrates from cellulosic insulation into oil 
through a coupled heat and moisture transport process. Equations (1-3) are applicable during isothermal conditions 
only when the temperature of pressboard is higher than that of oil. With sudden drop in pressboard temperature the 
migration may change direction and thus move from oil to pressboard. It is evident by now that small temperature 
transients can change the direction of moisture migration and therefore Fick’s second law of diffusion in one 
dimension can explain moisture migration from pressboard to oil in an insulation system during unsteady “transient” 
state: 
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Where C(x,t) is the local moisture concentration in pressboard sample of thickness, x and at any given time, t and 
D is the diffusion coefficient of moisture in pressboard that depends on the local moisture concentration (C) and 
temperature (T). Du et al.(1999) reported some experimentally determined diffusion coefficients (D) using 
Arrhenius analogy for impregnated and non-impregnated paper: 
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The constants D0, k and Ea depend on the nature of material and can be experimentally determined; T0 is a 
reference temperature (298 K) and T is absolute temperature. For this research the values of coefficients, D0, k and 
Ea are 0.67E-12 (m2/s), 0.5 and 7046 (K) respectively. Equation (5) is a one-dimensional partial differential 
equation (PDE) and Fourier series shows the general solution on the interface boundary: 
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 Analytical solution is tough to obtain when the number of oil-pressboard interfaces increases and therefore, the 
exact solution of equation (5) using Finite Element Method (FEM) that requires discretization of moisture in 
pressboard C(x,t) over spatial and temporal scales as shown below [3]: 
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Where, ij is shows the moisture concentration matrix over space (i) and time (j) separated by small space (x) 
and time steps (t) respectively. The boundary conditions to solve equation (7) are: 
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RESULTS 

Fig. 1 and 2 shows single-sided diffusion from 1.5 and 3 mm oil impregnated pressboard at different 
temperatures.  

 

(a) (b) 

FIGURE 1. Single-sided diffusion of moisture in pressboard of (a) 1.5mm, (b) 3mm at 3% equilibrium moisture under 800C 
 

(a) (b) 

FIGURE 2. Single-sided diffusion of moisture in pressboard of (a) 1.5mm, (b) 3mm at 3% equilibrium moisture under 600C 
 
 
 
 
 
 
 
 
Table 1 shows interesting data on equilibrium time constant for moisture diffusion in pressboard insulation based 

on simulated diffusion data. It emphasizes that as the thickness of insulation doubles, the equilibrium time constant 
quadruples at same temperature and initial moisture concentration.  
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TABLE 1. Calculated equilibrium time constants for oil impregnated pressboards  

PB thickness (mm) Temperature (0C) 
Equilibrium time 

constant (h) 
1.5 60 1.74 

80 0.527 
3 60 6.97 

80 2.110 

CONCLUSIONS 

This paper discusses a simple method to develop moisture in oil-pressboard insulation system of transformers 
using finite element approach. Diffusion coefficient of moisture in pressboard is an influential parameter in 
determining moisture at oil-pressboard interface, which is of utmost importance during transformer monitoring. The 
general solution of moisture diffusion equation using Fick’s second law is similar to Fourier series solution of 1-
dimensional PDE. In this work, separate solution for moisture in oil-pressboard interface of insulation system with 
variable insulation thickness suggests strong correlation of moisture thickness on equilibrium time constant for oil-
impregnated pressboards. Due to scarcity of diffusion coefficients for oil-impregnated pressboards, the applicability 
of these solutions is still under consideration. Future work involves developing strong empirical relations to fit the 
simulated curves for moisture behavior in oil-impregnated pressboards for non-isothermal cases.  
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