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Abstract 

The infrastructure of every power system includes a large number of transformers. 

Therefore, the reliability of the entire system depends heavily on the well operation of 

each transformer and, more specifically, on its dielectric insulation capabilities which 

rely mainly on its high thermal and dielectric properties. Another parameter, 

contributing significantly to system reliability by preventing unwanted power loss and 

transformer failure events, is the detection and diagnosis of their initial fault. 

The recent focus of the international industry in environment friendly solutions has 

also affected, as part of a stricter environmental framework, the construction and 

insulation material technologies. Towards this effort, the substitution of mineral oils 

with natural, ―green‖, insulating oils can potentially be a step of significant 

importance, drawing therefore the attention of the relevant research community. 

Another main field of interests for researches of the field is the utilization of 

nanoparticles, dispersed in insulating oil, forming nanofluids for improving its 

insulation performance. 

In this thesis, nanofluids were prepared using the prepared pentyl‑graphene 

nanosheets with different concentrations mainly to investigate the thermal properties 

of nanofluids compared to pure oils. These properties were examined based on the 

measured thermal diffusivity and specific heat values by LFA (Laser Flash analysis) 

and DSC (Differential Scanning Calorimetry), respectively, for a range of temperature 

values. Most importantly, the hybrid nanofluid maintains its dielectric properties, such 

as relative permittivity and electrical conductivity measured by means of broadband 

dielectric spectroscopy for a range of frequencies through heating and cooling 

processes. The optimal concentration value regarding the performance in terms of 

thermal and dielectric properties is obtained. Additionally, UV-Visible absorbance is 

used for the properties’ behavior for different graphene concentration values. 

Furthermore, another type of natural ester oil based nanofluids was prepared by 

employing magnesium oxide nanoparticles with different concentrations to investigate 

their electrical properties under the effect of lightning impulse voltage of 1.2/50μs by 

utilizing a one-stage impulse generator. The impulse voltage and the transient current 

were measured, while the breakdown time was recorded, in order to investigate the 
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nanofluid performance for various concentration values under these effects. The 

prepared natural ester oil based nanofluids displayed better performance, by means of 

increased U50% than the base oil. 

For fault diagnosis and monitoring of dielectric liquid filled transformers, different 

graphical diagnostic methods, which are based on dissolved gas analysis (DGA) are 

widely used. The aforementioned graphical diagnostic methods mainly focus on three, 

four, five or seven gases. In this thesis, an alternative approach is proposed by means 

of a two-shapes graphical method in order to discriminate between different fault 

types guided from the acetylene percentage derived from the DGA analysis. Low 

thermal faults are studied through the first shape (square), while electrical discharge 

faults are depicted in the second shape (pentagon). The accuracy of the proposed 

method is calculated based on 375 DGA data; the overall obtained accuracy is 

78.93%. 

 

Keywords: Thermal diffusivity, Specific heat, Thermal conductivity, Graphene, 

Magnesium oxide nanoparticles, Natural ester oil, Nanofluid, Lightning impulse 

voltage, Electrical breakdown, Dissolved gas analysis, Dielectric liquids, Power 

transformer, Fault diagnosis, Partial discharges 
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1 Chapter 1 Introduction 

Generation, transmission and distribution are the stages of the electric networks 

through which electric power is delivered to consumers. Transmission stage is a 

critical stage as it uses high voltages to limit the amount of power losses. Power 

transformer is considered one of the main components of a power system that is used 

in order to achieve different voltage levels and maintain its power flow. Transformers 

are applied at power plants, switching stations, distribution substations and service 

transformers. Therefore, it is very important to reduce their failure rate to ensure 

power system reliability and reduce their reparation cost. The main cause for 

transformer failures is failure of its insulation either this is solid or liquid [1, 2]. 

Generally, power equipment needs a huge amount of insulating liquids to dissipate 

the heat generated due to energy losses [3]. In this chapter, a short review about 

transformer categories, its main components, tests applied on transformers, insulating 

oil types and their properties is presented. In addition, a short review of the initiation 

of nanotechnology and its applications is clarified focusing on the definition, 

applications and challenges of nanofluids. Finally, the thesis outline is presented in 

the final section. 

1.1 Transformer categories 

1.1.1 According to their usage in electrical power systems 

I. Power transformers are used to raise the output voltage of the power 

generators up to transmission level voltages (step-up transformers).  

II. Distribution transformers are used in the distribution stations to decrease the 

voltage to the distribution limits to be suitable for the consumers.  

III. Voltage transformers are used to be able to measure the high voltage in power 

lines. They are connected in parallel to be transformed into low voltage. This 

conversion helps in using low rate voltmeters to measure high voltages and low 

voltage protection relays. 

IV. Current transformers are used to be able to measure the high current in power 

lines. Current transformers are connected in series to be transformed into low current. 
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This conversion helps in using low rate ammeters to measure high currents and low 

current protection relays.  

1.1.2 According to the cooling system 

I. Oil Natural Air Natural (ONAN): the generated heat in the inner parts is 

removed by the natural circulation of oil and the external air circulation. 

II. Oil Natural Air Forced (ONAF): the heat generated is removed by the natural 

circulation of oil but with forced circulation of cooling air using mainly fans for 

transformers. The power of the transformers in this type exceeds 10 MVA. 

III. Oil Forced Air Forced (OFAF): the heated generated is removed by forced 

circulated oil using pumps and piping and by forced circulated air by fans. The power 

of the transformers in this type exceeds 50 MVA. 

IV. Dry type with natural cooling: the power for such transformers doesn’t exceed 

25 kVA as the cooling process mainly depends on only natural ambient air. 

V. Dry type with forced cooling: the cooling process mainly depends on using 

forced air with aid of fans. 

1.1.3 According to the insulation system 

I. Oil-immersed transformers are the most common type of power transformers 

due to economic considerations. 

II. Gas-insulated transformers use sealed tank filled with SF6 gas. 

III. Dry-type transformers use neither oil nor SF6, they use only natural air or 

forced cooled air through special ducts [4]. 

1.2 The main components of a power transformer  

According to the rated power of the transformer, there are several additional 

components. In this paragraph, the main components of each power transformer will 

be mentioned. The main tank is the main active part of the power transformer that 

contains its winding, core and the insulating oil as shown in Figure 1.1. On the top of 

the main tank, there are medium and high voltage insulators. Throughout the 

operation of power transformer, an expansion tank is used to receive the expanded oil 

volume due to its overheating through power transformer. A Buchholz device is 
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placed between the main tank and the expansion tank which has the ability to give a 

warning sign or a disconnection command, depending on the collected gas bubbles. To 

dissipate the overheating, a special cooling system (radiator, fan, cooling oil) exists 

(marked 6 and 7 in Figure 1.1). As the high voltage level has the lower current values, 

an on-load tap changer (OLTC) is usually placed on the high voltage side to help in 

the power transformer operation on the desired voltage level [5]. In addition, 

dissolved gas analyzer is one of the main components of the power transformer as it 

helps in detecting the fault occurrence as will be described in Chapter 5. 

 

Figure 1.1 Main components of the power transformer (300 MVA& 15.27/220 kV) 

1.3 Tests in power transformers and insulation oils 

The subjected tests on power transformers are divided into three main categories 

according to the standard IEC 60076-1 [6]. The first category is known as routine 

tests or series tests that are subjected to all the transformers. Series tests include the 

measurements of winding resistance, voltage ration, short circuit impedance, load 

losses, open circuit to measure no-load losses and current, magnetization current and 

the losses at 90%, 100% and at 110% of the rated voltage, loss factor, frequency 

response and insulation frequency. Also, series tests include dielectric routine tests 

(switching impulse tests, lightning impulse tests, separate source withstand voltage 

tests, induced voltage tests and partial discharge measurements) IEC 60076-3 [7] and 

transformer oil tests. For the transformer oil test, there are some basic tests according 
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to the standard for each rate such as breakdown voltage test, dielectric loss and 

dissolved gas analysis before starting any test and at the end of all tests. 

The second category is called type tests that are applied only on one transformer 

sample such as temperature rise test IEC 60076-2 [8] and dielectric type tests IEC 

60076-3 [7]. The third category is called special tests which are applied to the 

transformer after the approval of both customer and manufacturer. Special tests 

include the measurements of harmonics of the no-load current, zero sequence 

impedance, winding insulation resistance to earth, dissipation factor of the insulation 

systems, temperature rise at the hottest point of the winding. Besides, the capacitance 

determination between the winding and between the winding and earth and the 

transient voltage characteristics determination are related to special tests category. In 

addition, it includes dielectric special tests IEC 60076-3 [7]. 

1.4 Insulating materials 

Insulation means inside a transformer can be classified to solid and liquid 

insulations. There are different solid insulation types in power transformers such as 

cellulose materials, wood, porcelain and synthetic insulation material. The liquid 

insulation is mainly used for cooling and insulation. In addition, it can be used as an 

indication about active parts inside the transformer [5]. The used insulating liquids are 

such as: 

1.4.1 Mineral oils 

Since the 1900s, mineral oils have been the main insulating liquid in power systems. 

Also, they are known as petroleum-based oil as they are mainly hydrocarbons and 

made from petroleum byproducts. The first produced type of mineral oil was based on 

paraffin but it had high pour point, high viscosity and contained waxes. So, after 

1925, naphthenic oils were used as a replacer for paraffin oils due to their lower 

waxes and lower viscosity for different temperatures. The third form of mineral oils is 

mixed between paraffin and naphthenic [3, 9]. 

1.4.2 Synthetic Esters 

Esters are considered one of the less flammable insulating liquids and have good 

biodegradability compared to mineral oil as they are produced from organic acids and 

alcohols. They have a good moisture tolerance resulting in a good moisture content 
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absorption with no effect on their dielectric properties. Therefore, these oils play a 

good role in combination with insulating paper as it is still dried ensuring its slow 

aging rate. Several types of esters are used in electro-technology but their usage is still 

limited to special applications due to their higher cost [10, 11]. 

1.4.3 Silicone oils 

Silicone oils were introduced in the 1970s as one of the less flammable insulating 

liquids [11]. Their usages are limited to locations with significant fire risk as they 

have high fire point. In addition, they are self-extinguishing after every ignition due to 

their forming of a white oxide film (SiO2). This layer prevents the oxygen from the 

fire therefore the fire gradually disappears after several minutes helping in protecting 

the silicon oil from damage [3, 12]. 

1.4.4 Vegetable oils 

Vegetable oils are also known as natural ester oils as their sources are natural 

products such as plants and animal tissues. Parallel with mineral oil initiation in the 

1900s, experimental investigation of vegetable oils started as dielectric coolants [13, 

14]. Table 1-1 summarizes applications, advantages, disadvantages, dielectric 

breakdown voltages and flash point for different insulating oils [3, 9, 10, 12-17]. 

1.4.5 Mixed oils 

In recent years, many researchers have taken the different properties of mineral oil 

and natural ester oil into account to make mixed oils with better performance [18-22]. 

The degassing tendency under local thermal stresses is decreased by adding ester oil 

to mineral oil [22]. Also, this mixed oil helps in the safety side as it provides high 

flash and fire points [21].  In [20], they found that using a mixed oil of corn oil and 

mineral oil has higher values of the dielectric strength either before or after aging.   
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Table 1-1 Comparision between different insulating oils 

 Mineral oils Synthetic 
ester oils 

Silicone oils Vegetable 
oils 

Types Naphthenic, 
paraffinic, Mixed 

Monoesters, 
Dicarboxylic 
esters 
(Diesters), 
Glycerinesters, 
Polyolesters, 
Complexesters 

Chemical structure 
based on silicone 

Castor, 
soybean, 
cotton, palm, 
sunflower, 
coconut, soy, 
bean oil etc. 

Applications Transformers, 
circuit breakers, 
load tap changer, 
etc. 

Traction 
transformers in 
railways and 
modulators 

Traction and 
distribution 

transformers 

Capacitors, 
transformers 

Advantages ● Low cost 
● Good resistance 

to oxidation 
● Good viscosity 

index 
● Relatively low 

fire point 
 

● Environmenta
lly friendly 

● No sludge 
formation 

● high fire point 
● Good 

lubrication 
properties 

● Good 
moisture 
tolerance 

● Superior 
oxygen 
stability 

● Environmentally 
friendly 

● Good viscosity 
index 

● Age well 
● High flash point 
● Low pour point 
● Gas absorbing 

under partial 
discharges 

● Good resistant 
to sludge 
formation 

● High oxidation 
stability 
 

● Low cost 
● Low dielectric 

losses at 
frequency 
higher that 

● 1 kHz 
● Readily 

biodegradable 
● Slow aging 

rate 

Disadvantages ● It is a product for   
a nonrenewable 
resource  

● Low flash point 
● Low 

biodegradability 
● Low moisture 

tolerance 
● High cost to 

remove oil spills 

● High cost ● Low 
biodegradability 

● High cost 
● Poor lubrication 

properties 

● High viscosity 
● Poor oxidative 

stability 
● Poor dielectric 

constants at 
high 
temperature 

Dielectric 
breakdown (IEC 
60156) (kV) 

30-85 45-70 35-60 82-97 

Flash point (ISO 
2592 (1) (°C) 

100-170 250-270 300-310 315-328 
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1.5 Nanotechnology and nanofluids 

Based on material size, solid materials can be classified into different types such as 

bulk scale, molecular level and nano scale. Nano means a very small size (10
-9

) based 

on a Greek prefix. Dealing with such sizes refers to nanotechnology. In 1974, Norio 

Taniguchi introduced the term nanotechnology to describe a specific process in a 

nanometric level. Nanomaterials can be found in different sizes, types and shapes with 

different physical, chemical and mechanical properties. Their types can be metals, 

ceramics, polymers or composites with different shapes [23]. 

Publishing in nanotechnology started with the first paper in 1981 [24] and the first 

book in 1986 [25]. Nanotechnology applications expanded to different fields such as; 

chemistry, physics, biology and engineering fields as the nanomaterials exhibited 

unexpected modified properties. Based on the idea of alloys which is combining the 

benefits of different materials in one material, nanocomposites were developed 

depending on the purpose of the application [26, 27]. In 2001, the term 

―nanodielectric‖ was introduced based on a nanocomposite concept by using 

nanotechnology with dielectrics resulting at least in changing one of their dielectric 

properties [28]. Thus, the term ―Dielectric nanofluid‖ describes nanoparticles material 

with a fluid as the base material. 

The added nanoparticles in dielectric nanofluids can be classified into three groups; 

conducting nanoparticles (Fe2O3, Fe3O4, ZnO, SiC), semiconductive nanoparticles 

(TiO2, CuO, Cu2O) and dielectric nanoparticles (Al2O3, SiO2, BN) [29]. The base 

liquid can be water, ethylene glycol and insulating oil. Regarding insulating oil, it is 

very important to enhance their dielectric and thermal properties to give a good 

performance through their usage in power system components. 

V. Segal et al. [24], started their research in 1998 by using nanoparticles with 

mineral oil and proved an enhancement in its dielectric properties. They proved an 

enhancement in AC breakdown voltage and partial discharge inception voltage 

(PDIV). Following V. Segal, many researchers have studied dielectric properties for 

different types of nanoparticles for different insulating oils (mineral oil [24, 30-34], 

silicone oil [35], vegetable oil [14, 36-41]). Also, many efforts have been extended to 

improve thermal conductivity for insulating oils [42-48]. 
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1.6 Nanofluid challenges 

 To use insulating oil-based nanofluids in practical application, more challenges 

have to be solved. These challenges include their stability for long duration for 

different temperatures. Also, the best selection between nanoparticles to have better 

thermal conductivity with better dielectric properties is considered another challenge 

[39]. In this thesis, it is studied how the use of nanoparticles can provide a good 

performance with respect to both of the above key properties. 

1.7 Thesis outline 

This thesis aims to obtain high performance insulating oil by using different 

nanofillers to be dispersed in natural ester oil. In addition, this thesis aims to present a 

new technique based on dissolved gas analysis (DGA) for the initial fault detection 

and diagnosis to prevent sudden power loss and transformer failures and how this can 

be extrapolated to nanofluids as a future research work. Thus, power system reliability 

can be satisfied by ensuring the normal operation of power transformer. 

To maintain the first objective, oil-based nanofluid is prepared by the dispersion of 

nanoparticles in natural ester oil. Then, the samples are applied to some evaluation 

measurements. Each test gives special data to be studied and analyzed. Moreover, to 

maintain the second objective, DGA methods will be described in details to help in 

presenting the new method. 

Regarding to the organization of the work in this thesis, Chapter 2, Chapter 3, Chapter 

4, Chapter 5 and Chapter 6 describe the details of dielectric and thermal properties, 

experimental setup, the results and discussion, dissolved gas analysis (DGA) and 

conclusions of this thesis and the future work, respectively. 
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2 Chapter 2 Dielectric and Thermal 

Properties 

2.1 Dielectric properties 

According to standards such as IEC 60156, IEC 60897 and IEC 61294, to judge on 

oil condition, there are different numbers of dielectric properties that has been taken. 

Dielectric properties include AC breakdown voltage, DC breakdown voltage, 

lightning impulse voltage and partial discharge. Breakdown voltage indicates the 

capability of a sample to withstand abnormal electrical stresses. Higher values of 

breakdown voltage give a performance indication of oil acceptability to be used as an 

insulator, based on the limiting values according to the mentioned standards. In 1998 

[1], V. Segal et al. was the first one who proved an enhancement in AC breakdown 

voltage under the effect of using nanoparticles in mineral oil. After that many 

researchers studied dielectric properties of nanofluid depending on nanoparticle type, 

shape and size. For nanofluids based on mineral oil, the enhancement in AC 

breakdown voltage is summarized in [1-8]. Also, nanofluids based ester oil proved an 

enhancement in AC Breakdown voltage [8-17]. 

Semiconductive nanofluids exhibit a better performance under negative DC 

voltage than mineral oil as in this voltage type the electron emission is violent that 

could be trapped by the added nanoparticles [2]. Also, magnetic fluids prove better 

values than pure oil [18-20]. Furthermore, others used nanoparticles to show their 

effect on transformer oil and ester oil and found that they give good values of DC 

breakdown voltage [20, 21]. For large power transformers, lightning impulse strength 

is very important for their dielectric insulation design. In addition, lightning impulse 

test is one of the required tests for factory routine tests for high voltage rated 

transformers (>170 kV) according to IEC standard 60076-3 [22]. Using nanoparticles 

gave an enhancement not only in lightning impulse breakdown voltage, but also on 

the time to breakdown than base mineral, natural ester or synthetic ester oils [2, 4, 23-

25]. 

Partial discharge is very important measurement for the design, quality assurance 

and diagnostic tests [26, 27]. . Partial discharge doesn't occur without exceeding the 
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value of partial discharge inception voltage. V. Segal et al. is the first one who proved 

an enhancement in partial discharge inception voltage in nanofluid as compared with 

their base mineral oil [1]. Also, there are many researchers who found a good 

enhancement in partial discharge inception voltage by using nanoparticles in mineral 

oil [2, 7, 28, 29]. In addition, ester oil is used as a base oil of nanofluids and gave a 

good enhancement in partial discharge inception voltage with many researchers [15, 

30, 31]. Phase-resolved partial discharge (PRPD) pattern and Pulse Sequential 

analysis (PSA) are the most widely used techniques to measure and analyze partial 

discharge activities [27]. 

2.1.1 Factors affecting on the dielectric strength of nanofluid 

2.1.1.1 The effect of water content 

There are three forms of water within the dielectric fluid such as dissolved water 

molecules, free water molecules and drop of water at which the water is less, higher 

and extremely higher than the saturation level of dielectric fluid, respectively. The 

water content has a strong effect on the dielectric strength of the oil as their increasing 

decreases the dielectric strength of the oil [32]. In contrast, moisture content plays a 

good role with oil-based nanofluid samples as a higher enhancement in dielectric 

strength was obtained for the samples with higher moisture content values [1, 3, 33]. 

2.1.1.2 The effect of nanoparticle type 

Many researchers proved an enhancement in the dielectric strength of oil-based 

nanofluid samples based on different nanoparticles such as conducting (Fe2O3, Fe3O4, 

ZnO, SiC) [1, 34-37], semiconducting (TiO2, CuO, Cu2O) [2, 4, 35, 38, 39] and 

insulating nanoparticles (Al2O3, SiO2, BN) [7, 34, 40, 41]. The best obtained 

enhancement is based on conducting nanoparticles as will be mentioned in section 

2.1.2 [1, 34-37].  

2.1.1.3 The effect of nanofluid concentration 

Any increment in the weight fraction of the nanofluid results in increasing the 

obtained enhancement until reaching the optimum concentration. After that, the 

dielectric strength decreases again due to the effect of the agglomeration of the used 

nanoparticles inside the insulating oil [5, 42]. 
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2.1.2 Mechanisms of Breakdown in nanofluids 

To describe the main reason of the obtained enhancement under the effect of using 

nanoparticles, many researchers proposed some possible mechanisms [2-4, 19, 37, 

43].  

2.1.2.1 Electron shallow trap mechanism 

As the electrical breakdown occurs when short circuit occurs by the transported 

electrons under the effect of the electric field. Thus, this mechanism describes the 

reason for the obtained enhancement in breakdown for the nanofuids as part of the 

produced electrons under the effect of electric field are captured in electron shallow 

traps of the nanoparticles. Trapping and de-trapping could convert electron speed 

from fast to slow resulting in enhancement the breakdown values [2, 43].  

2.1.2.2 Hydrophilicity (moisture binding) mechanism 

Moisture content plays a high effect on the breakdown voltage of insulating liquid 

[44]. The hydrophlicity of the nanoparticle surface results in attracting the moisture in 

the insulating liquid to their surface [3]. Hence, the obtained enhancement is due to 

the less impact of the lower moisture content through the insulating liquid as proposed 

in [1, 3]. 

2.1.2.3 Electron scavenging mechanism  

The electrodynamics of a nanoparticle that is stressed with an externally applied 

electric field must be well known to understand their effect on the streamer inception 

and development process. Charge relaxation process occurs when any nanoparticle 

polarizes and their free electrons drift to its surface under a suddenly applied electric 

field. The charge relaxation time (  ) is the required time to reach for equilibrium as 

defined from the following equation for a nanoparticle inside a dielectric liquid [45].   

   
       
       

 (2.1) 

where        are the permittivity and electrical conductivity of dielectric liquid and 

       are the permittivity and electrical conductivity for the used dispersed 

nanoparticles, respectively.  

Under the effect of the electric field lines, the free electrons in the dielectric liquid 

move in the opposite direction of these lines towards the nanoparticle surface. At the 

moment that the nanoparticle becomes fully negatively charged under the effect of 
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scavenging of the free electrons from the dielectric liquid, no additional electrons can 

be scavenged to the surface of the nanoparticle.  Therefore, there will be a delay in the 

breakdown process under the effect of the scavenged electrons [37]. For different 

nanoparticle types that may be used for the nanofluid preparation, the nanofluid with 

lower relaxation time constant has a higher effect on enhancing the breakdown 

voltage due to their higher ability to scavenge electrons to their surface. In fact, this 

mechanism fails in some cases such as short relaxation time for SiC that fails to give 

higher performance [36] and semiconductors that have large relaxation time and 

proves high performance [2, 4]. 

2.1.2.4 Electron captured by polarized nanoparticles 

Sima et al. tried to describe the enhancement on the breakdown of mineral oil with 

dielectric nanoparticles (Al2O3 & TiO2) [46]. There is no time for the free charges to 

be attracted on the nanoparticle surface under the effect of an external applied field. 

The surface potential distribution around a nanoparticle is modified by the formed 

charges due to the polarization effect that will help in capturing electrons [47]. 

2.1.2.5 Electronegativity  

Mansour et al. proposed a mechanism to describe the enhancement in breakdown 

based on electronegativity as the ability of an element to attract electrons in a 

chemical bond can be measured by electronegativity [38]. The materials with higher 

values of electronegativity that can be found in the upper right of the periodic table 

give an enhancement in breakdown voltage.   

2.1.3 Dielectric relaxation spectroscopy properties 

Dielectric properties include also dielectric relaxation spectroscopy properties. 

Dielectric relaxation spectroscopy measurements include relative permittivity, 

dielectric loss, dissipation factor and electrical conductivity through big band 

frequencies and at different temperatures as will be described in details in Chapter 4. 

2.1.3.1 Temperature effect 

In fact increasing temperature results in a decrement in dielectric constant and 

resistivity. In contrast, dielectric loss, dissipation factor and electrical conductivity are 

increased under the effect of increasing the temperature [48, 49]. 
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2.1.3.2 Frequency effect 

Under low and high range of frequencies, there is a different phenomenon. 

Nowadays, the most researchers use the range of 0.1 Hz up to 1 MHz. The following 

table summarizes the main effects of frequency on the different properties for low-

frequency and high-frequency ranges [39, 41].   

Table 2-1 The effect of different frequency levels on the dielectric properties 

Property At low frequencies At high frequencies 

Relative 

permittivity 

frequency-dependent, inverse 

proportion  
frequency-independent 

Electrical 

conductivity 
frequency-independent 

frequency-dependent, direct 

proportion 

Dissipation factor 
frequency-dependent, inverse 

proportion 

frequency-dependent, direct 

proportion 

 

The following table summarizes the percentage enhancement (+) or the decrement 

(-) in the different properties under the effect of different nanoparticles with different 

natural oils.  



 

34 Chapter 2 Dielectric and Thermal Properties 

 

Table 2-2 The percentage change in different properties based on different oil-based 
nanofluids 

Property Oil type Nanoparticle type 
Percentage 

change (%) 
Ref. 

Relative 

permittivity 

Rapeseed Fe3O4 +9 [50] 

Vegetable BN +2.6 [51, 52] 

Cottonseed h-BN +1.3 [49] 

Dissipation 

factor 

Rapeseed Fe3O4 +24 [50] 

FR3 h-BN -28 [53] 

Vegetable Al2O3 -36 [54] 

Vegetable TiO2 -42 [54] 

Rice bran TiO2 -42.11 [55] 

Synthetic ester CaCu3Ti4O12 (CCTO) -72.88 [56] 

Resistivity 

Rapeseed Fe3O4 +22 [50] 

FR3 h-BN +63  [53] 

RDB rapeseed C60 +23.3 [57] 

Rice bran TiO2 +91 [55] 

Synthetic ester CaCu3Ti4O12 (CCTO) -86.64 [56] 

 

2.1.4 Factors affecting on electrical conductivity of nanofluids 

Electrical conductivity of liquids depends on the migration ions’ number either 

positive ions (cations) or negative ions (anions) and their velocity [58, 59]. In fact the 

type of the liquids plays a specific role in the formation of the charge carriers. There 

are many factors affecting on the electrical conductivity value of nanofluid. These 

factors include temperature, nanoparticle type, nanoparticle size and nanofluid 

concentration. Many researchers found that electrical conductivity increases by 

increasing temperature for many reasons. In [60], they described the enhancement 

based on the availability of the electron transfer for the used nanoparticles from the 
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valence band to the conduction band as this transfer participate in the conductance. In 

[61], they mentioned that the reason for this enhancement may be due to the 

increment in the kinetic energy under the effect of the high rate of nanoparticles 

collisions. 

Regarding to the nanofluid concentration, the most of researchers found that 

electrical conductivity increases by increasing the concentration [56, 57, 61, 62]. 

Many researchers described the reason for this enhancement based on the increment 

of interaction between nanoparticles, the improvement of electrostatic repulsive forces 

and the rise in the chain of intermolecular interaction between the nanoparticles and 

the base fluid [60]. In contrary, some researchers found that the electrical conductivity 

decreases under the effect of increasing the concentration for different type of oils 

[50, 53, 55, 57]. To explain the reason for such decrement, a short survey about 

electrical conductivity compared to the results of breakdown for different oil-based 

nanofluids is summarized in the following table. 

Table 2-3 The percentage change in electrical conductivity and breakdown voltage 
for different oil-based nanofluid 

Oil type Nanoparticle type 

Percentage change 

of Resistivity 

(Inverse of 

conductivity) (%) 

Percentage 

change of 

Breakdown 

voltage (%) 

Ref. 

Rapeseed Fe3O4 +22 +19.8 (AC) [50] 

FR3 h-BN +63  +18 (AC) 

+19 (DC) 

[53] 

RDB rapeseed C60 +23.3 +8.6 (AC) [57] 

Mineral oil C60 -30 +21.7 (AC) [57] 

Rice bran TiO2 +91 +118.8 (AC)  [55] 

Synthetic ester CaCu3Ti4O12 (CCTO) -77.39 +41.6 (AC) [56] 

 

2.1.5 Electrical conductivity models of nanofluids 

The first theoretical approach for calculating the effective electrical conductivity of 

solid particles in liquid was Maxwell correlation [63]. But this model gives much 
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lower values than the measured values for oil-based nanofluids due to the big 

difference between the electrical conductivity values of oil and the dispersed 

nanoparticles [64]. So, many researchers tried to present different correlation to 

expect the electrical conductivity values for oil-based nanofluid samples. 

Electrophoresis conductivity model was presented based on electric double layer 

due to the surface charge of the nanoparticle and the trapped charges due to their 

existence inside the fluid as shown in Figure 2.1. There are many factors that have an 

effect on the formation of the double layer such as, nanoparticle (type, shape, size) 

and base fluid (type, moisture content, acidity, viscosity …).  

In electrophoresis conductivity model, the relation is based on the temperature, zeta 

potential, dynamic viscosity, relative permittivity and the volume concentration. Also, 

there is a combined model between Maxwell model and electrophoresis model. The 

new models prove a good results compared to the measured [64].  

So, the conductivity through the diffuse layer is raised based on the ions 

distribution. Also, the distribution of electric field near the surface of the charged 

nanoparticles and the electro-kinetic behavior will be affected by their surface 

conductance under the effect of the double layer [65]. 

 

Figure 2.1 Electrical double layer on the nanoparticle surface in the fluid medium 
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2.2 Thermal properties 

Thermal conductivity is considered one of the basic properties of a material that 

must be studied especially in the case of an insulating oil to check its cooling ability 

for the desired equipment.  

2.2.1 Thermal conductivity definition 

The amount of transferred heat (Q) between different temperatures per unit time is 

known as heat flow. Based on thermodynamics and taking into account mass size, 

specific heat capacity (Cp) is well defined as the amount of heat per unit mass that is 

required to a system to increase its temperature by 1   C. The way and speed of heat 

dissipation through a material can be studied by thermal diffusivity (α) and its unit is 

mm
2
/s.  In addition each material has its density (ρ). Based on these three properties, 

thermal conductivity (λ) for each material can be calculated as shown in the next 

equation and its unit is (W/m.K). 

         (2.2) 

Thermal conductivity is a transport phenomenon based on each material. Each 

material has a different way of heat transfer up to balance state. In general, heat can 

be dissipated by three modes; conduction, convection and radiation. Conduction mode 

refers to the direct heat transfer between surfaces due to molecular vibration as shown 

in Figure 2.2 (touch between hand and the bottle). When the heated fluid has to move 

due to the change of heat, this refers to the convection mode as described with parts of 

a liquid moving in a bottle due to the upper cooled surface and the lower heated one. 

Regardless of the medium, there is an emission or an absorption of waves or energetic 

particles that refers to radiation mode. 
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Figure 2.2 Heat transfer modes  

Solid materials have higher values of thermal conductivity than liquid materials 

[66]. Maxwell began the process of using solid materials with liquid materials to get 

good values of thermal conductivity. After that, scientists and researchers keep on 

research to use different size and different type of materials [66]. By the initiation of 

nanotechnology, researchers found that nanomaterials have better properties than bulk 

materials [67, 68]. Also, many efforts have been extended to improve thermal 

conductivity for insulating oils [69-75]. 

2.2.2 Factors affecting thermal conductivity of nanofluids: 

Based on many published papers, researchers found that there are a number of 

factors affecting the thermal conductivity values of nanofluids. The main factors that 

have a direct effect on the thermal conductivity of nanofluids are nanoparticle type, 

shape, size and the volume concentration of nanofluid. In addition, temperature, base 

fluid material, base fluid viscosity, acidity, surfactant type and external field that has 

an effect on magnetic nanoparticles [76]. 

Regarding the volume concentration factor, a lot of publications found that 

increasing volume concentration up to limits leads to an increment in thermal 

conductivity. After that limit, there will be a weakness in the enhancement due to 

several phenomena. The value of thermal conductivity is improved for low particle 

size due to the increase of specific surface area. Also, this trend has limitations due to 

Heat source

Radiation

ConductionConvection
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agglomeration. The increase of temperature is found to increase thermal conductivity 

values in some studies [76, 77]. However, others show a decrement in thermal 

conductivity with increasing temperature [52, 56, 70, 74, 78-80]. 

Many researchers used different types of oil to prepare transformer oil based 

nanofluid. They studied the effect of different types of nanoparticles on their 

properties. S. Aberoumand and A. Jafarimoghaddam obtained 41% as an increment in 

thermal conductivity values by using Tungsten (III) oxide (WO3) [78]. Also, M. 

Bhunia et al. used Amorphous Graphene sheets and found that thermal conductivity 

values increased by 34% [81]. Others used Aluminum Nitride, Boron Nitride, Fe3O4 

and Al2O3. They obtained a maximum enhancement of 8% [71, 72, 79, 80]. 

Paraffin oil based on TiO2 nanoparticles gave a percentage improvement of 20% in 

thermal conductivity values [82]. Additionally, functionalized nanodiamonds were 

used to obtain good properties for naphthenic oil. They obtained about 14.5% as an 

increment in thermal conductivity values [83]. Others used hybrid SiO2-Graphene 

nanoparticles and pure Graphene nanoparticles. They achieved higher values that 

reached up to 80% [84]. Also, Fontes et al. used  carbon nanotube and diamonds with 

mineral oil and achieved increasing by 27% and 23%, respectively [85]. On the other 

hand, other researchers used Graphene nanoplatelets, carbon nanotubes and Al2O3 

with Diesel oil and engine oil [70, 86]. They got maximum enhancements of 87% and 

37% for diesel oil and engine oil, respectively. 

Natural oils will be the main target in the future. So, researchers tried to develop 

their properties depending on nanotechnology. Based on silicon oil, W. Ma et al. 

observed 18.9% as an increase in thermal conductivity values by dispersing Graphene 

nanosheets [75]. Also, S. Daviran et al. proved an enhancement using Carbon 

Nanotube (CNT) by 12% [87]. But only 3% as an enhancement in thermal 

conductivity values was observed by using Boron Nitride (BN) with vegetable oil 

[52]. P. Thomas et al. used CaCu3Ti4O12 to prepare high permittivity nanofluid based 

on synthetic ester oil. The maximum enhancement they obtained was 9.65% with a 

volume fraction of 0.05% [56]. 
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2.2.3 Mechanisms of thermal conductivity for nanofluids 

The proposed mechanisms to explain thermal conductivity of nanofluids can be 

classified into microscopic and macroscopic mechanisms based on using various 

assumptions. 

2.2.3.1 Microscopic mechanisms 

2.2.3.1.1 Static mechanisms 

To explain the enhancement of thermal conductivity of nanofluids, Keblinski et al. 

[88] and Yu and Choi [89] introduced the first static mechanism based on a nanolayer 

of ordered liquid molecules at the nanoparticle-liquid interface. Keblinski et al. [88] 

assumed that the thermal conductivity of the nano-layer has the same value with that 

of the solid nanoparticle. But the concept that nano-layer acts as a thermal bridge 

between the nanoparticle and the fluid medium was proposed by Yu and Choi [89]. 

So, they developed a renovated Maxwell model for spherical nanoparticles and a 

Hamilton-Crosser model for nonspherical nanoparticles [89, 90].  

Even in liquid or dry powder form, nanoparticles tend to cluster or aggregate due to 

van der Waals forces. Based on the aggregation concept, Keblinski et al. [88] describe 

the enhancement of thermal conductivity of a nanofluid as they assume that the 

clustered nanoparticles form paths resulting in higher thermal conductivity. Also, a 

fractal model was developed by Wang et al. [91] to predict the thermal conductivity 

of a nanofluid with clustered nanoparticles. Prasher et al. [92, 93] described thermal 

conductivity enhancement of nanofluids by increasing the level of aggregation. They 

found that decreasing nanoparticle size helps in decreasing aggregation time constant 

up to reaching to the optimum level. On the other hand, Xuan et al. [94] showed that 

nanoparticle aggregation reduces thermal conductivity of nanofluid because they also 

simulated Brownian motion and found that the random motion of aggregated 

nanoparticles is slower than that of a single nanoparticle. 

2.2.3.1.2 Dynamic mechanisms 

In fact, nanoparticles are always in a random motion. So, heat transport in 

nanofluids will have a different mechanism due to dynamic effects of nanoparticles. 

The first dynamic mechanism to describe thermal conductivity enhancement was the 

collision between nanoparticles under the effect of Brownian motion. But this effect 

can be negligible due to the big difference between thermal diffusion and Brownian 
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nanoparticle diffusion as proposed by Wang et al. [95] and Keblinski et al. [88]. 

Generally, the effect of particle motion on thermal conductivity cannot be exactly 

estimated under the influences of several forces on particle such as Brownian, van der 

Waals and electrostatic forces [95]. 

Jang and Choi [96] supposed that heat transfer via convection through Brownian 

nanoparticles as known as nanoconvection. In the Jang and Choi model [96], 

temperature, nanofluid concentration and nanoparticle size dependent thermal 

conductivity can be captured. After that, many researchers extended the concept of 

nanoconvection by considering multiple nanoparticles, specific surface area or the 

dragged fluid by a pair of two nanoparticles [97-99]. Nanoconvection effect is shown 

to be negligible as described by Evans et al. and Vladkov et al.  [100, 101]. However, 

Sarkar and Selvam described the enhancement of the thermal conductivity of a 

nanofluid by increasing the movement of liquid atoms under the presence of 

nanoparticles [102]. 

2.2.3.2 Macroscopic mechanisms 

Dual- phase- lagging heat conduction model was proposed as a macroscopic 

mechanism by Wang’s group to describe thermal conductivity enhancement of 

nanofluids [103, 104]. They suggest a possible of thermal waves and resonances for 

thus enhancement. 

2.2.4 Mathematical models of thermal conductivity for nanofluids 

Based on heat conduction mechanisms in nanofluids, mathematical models were 

proposed to predict the thermal conductivity values. Such models can only detect the 

magnitude and the trend of thermal conductivity. But the experimental data cannot be 

predicted by such models. The proposed mechanisms remain to be validated due to 

the lack of understanding of the enhancement of thermal conductivity mechanisms 

and there is a controversy regarding these mechanisms [105, 106]. 

Motionless particle is one of many assumptions in classical models. Only 

suspensions of particles in micrometer size or larger can be predicted by classical 

effective medium theory (EMT) based models. However, a number of EMT-based 

models have been used to compare thermal conductivity of nanofluids. Maxwell [107] 

was the first one who developed EMT-based models in a simple mathematical model 

that is known as Maxwell equation that is represented by equation 2.3. 
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 (2.3) 

where      and    are the effective thermal conductivity of the mixture and 

thermal conductivity of the base fluid, respectively. The symbol ―α‖ represents the 

ratio of thermal conductivities of particle and base fluid and Ф is particle volume 

fraction. Maxwell model is valid only as a theoretical model because it is based on a 

lot of assumptions. These assumptions are that the fluid must be homogenous with 

low volume fraction and particles randomly dispersed with uniform size, spherical 

shape and non-interacting particles [107]. The thermal conductivity of solid-liquid 

mixture with particles in large size (micrometer or millimeter) can be well predicted 

by the Maxwell model [107] and the Maxwell-Garnett model [108]. 

After Maxwell’s model was introduced, a lot of modifications have been carried 

out to solve its assumptions. Hamilton and Crosser [109] modified Maxwell’s model 

by considering particle geometrics as they introduced a shape factor. Also, Davis 

[110] gave another expression for spherical particles. For the thermal barrier 

resistance at the interface between the materials, Hesselman and Johnson [111] 

developed another expression for different shapes. 

Also, Yu and Choi [89] modified Maxwell’s model and assumed that there is a 

thermal bridge in the nanofluid between a solid nanoparticle and bulk liquid with a 

defined thickness around a particle. After that they extended their model for spherical 

particles to non-spherical particles by modifying the Hamilton-Crosser model. To be 

able to represent different geometrics, Yu and Choi chose ellipsoid for a particle [89, 

90]. 

Ren et al. [97] considered both effects of interfacial nanolayer and microconvection 

in their model. They assumed that the heat transfer occurs in four modes as the heat 

can be transferred by base fluid, nanoparticles, nanolayer and microconvection. The 

first model that takes into account Brownian motion was introduced by Jang and Choi 

[112]. These models are not the only ones but many models were introduced [113-

117]. 

2.2.5 Measurement methods of thermal conductivity 

In fact, measuring the heat lost from a specific material compared to the received 

heat is a quite difficult process. So, several methods to measure thermal conductivity 
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coefficient have been developed. In 1822, Joseph Fourier completed and published a 

book that gave a complete mathematical formula of heat conduction [66]. Fourier's 

law for heating flow through a specific solid volume can be expressed with aid of 

equation 2.4.  

   
  

 
   

  

  
 (2.4) 

where qx refers to heat flux that produce heat Qx in x direction, A is the perpendicular 

area on the heat flow direction and k is a proportionality constant that is known as 

thermal conductivity of any medium. The negative sign is due to the decrement of 

temperature through x direction (heat flow direction). Generally, thermal conductivity 

measurements can be divided into two categories.   

2.2.5.1 Stable state methods: 

In such methods, the temperature of the sample does not change with time. These 

methods include absolute, comparative, axial heat flow and parallel conductivity for 

bulk samples and cross-plane and in-plane methods for thin film samples as shown in 

Figure 2.3 [118]. 

 

Figure 2.3 Stable state methods 

2.2.5.2 Non-stable state or transient methods 

The heat source in these methods is with pulsating signals or periodic resulting in 

temperature change of the sample. These methods include pulse electricity, 

transitional (transient plane) source, transient thermo-reflectance and 3Ω methods. In 

addition, non-stable methods also include the thermal wire (hot wire) method and the 
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flash techniques that are discussed in details in the following points. The most used 

methods for nanofluids will be described in details as in the following subsections. 

2.2.5.2.1 Transient hot-wire method 

This method is considered the main, old and most used method to measure thermal 

conductivity of solids and powders as it was proposed in 1931 by Stalhane and Pyk. 

Also, it has been used for liquid samples. It depends on using a thin metallic wire that 

acts as heat source with an applied current of fixed intensity and a temperature sensor 

at a specific distance. The increment in the temperature of the liquid refers to the 

thermal conductivity [66, 118]. Many researchers proved an enhancement in thermal 

conductivity for nanofluids using this method [52, 69, 73, 79, 80, 86, 119]    

2.2.5.2.2 Flash technique 

Solving heat flux equation is difficult with classic methods due to the surface heat 

losses of the sample. Such losses are minimized in flash technique due to the short 

time of measurements that avoids lowering its temperature. In 1961, Paker was the 

first to introduce flash technique by applying radiation for a short time in one side for 

the measured sample and detecting the heat radiated from its other side by infrared 

sensor [120]. 

As mentioned before, thermal diffusivity is a thermal conductivity coefficient that 

reflects the speed for heat dissipated in the material. Let us consider a homogenous 

sample that will be measured with a thickness (L). According to the sample 

absorption, the temperature takes a specific time to reach the maximum temperature 

in the opposite side as shown in Figure 2.4. Based on the half time (t1/2) that is 

required to obtain the maximum temperature in the opposite side, thermal diffusivity 

can be found as shown in equation 2.5. This method proved a good performance for 

nanofluids [121]. 

  
        

       
  (2.5) 
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Figure 2.4 Temperature change versus time  
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3 Chapter 3 Experimental setup 

In this chapter, a detailed description of the materials and the devices used for the 

experimental measurements is presented. 

3.1 Materials 

3.1.1 Natural ester oil (FR3) 

Table 3-1 shows the different measured parameters of the used oil samples 

according to the standard specifications. 

Table 3-1 Certificate of analysis of FR3 

Parameter Unit Result Specification Test method 

Appearance - Confirm Clear, light green, 

free from 

particulates 

Visual 

Acid value mg KOH/g 0.03 Max. 0.06 IEC 62021-1 

Water content Ppm 15 Max. 200 IEC 60814 

Viscosity @ 40ᵒC mm
2
/s 34 Max. 50 ISO 3104 

Viscosity @ 100ᵒC mm
2
/s 8 Max. 15 ISO 3104 

Density @ 20ᵒC g/ml 0.92 Max. 1.00 ISO 12185 

Flash point, PMCC ᵒC 278 Min. 250 ISO 2719 

Fire Point, COC ᵒC 352 Min. 300 ISO 2592 

Dielectric dissipation 

factor @ 90ᵒC 

- 0.0024 Max. 0.05 IEC 61620/ 

IEC 60247 

Breakdown voltage 

(2.5 mm gap) 

kV 75 Min. 35 IEC 60156 

Pour point ᵒC -18 Max. -10 ISO 3016 

 

3.1.1.1 Oil samples treatment 

Before reaching to the nanofluid preparation step, oil samples have been treated to 

satisfy a specific level of moisture and particle level. This treatment is only done for 

the group A. Natural ester oil (FR3) was used as a matrix oil, prefiltered with a 30 μm 

filter paper (under vacuum with Buchner funnel as shown in Figure 3.1) and poured 

through a Whatman® glass microfiber filters Multigrade GMF 150 (1 μm) in a glass 

filter holder assembly as shown in Figure 3.2. Matrix oil was de-humidified 
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accordingly by means of a rotary evaporator while heated in a water bath at 80 ºC 

with a moisture content of 40 ppm, after the treatment. 

 

Figure 3.1 Buchner funnel for first filtering level 

 

 

Figure 3.2 Whatman® glass microfiber filters Multigrade GMF 

3.1.2 Used nanoparticles 

3.1.2.1 Group A 

Pentyl-graphene derivative was prepared in cooperation with RCPTM with Prof. 

Aristides Bakandritsos according to the literature [1] (Figure 3.3). 60 mg of exfoliated 

fluorographene, obtained by ultrasonic exfoliation of the commercial graphite 

fluoride, was suspended in 20 ml of dry THF with the aid of sonication for 4 h. 

Buchner 

funnel

Filter 

paper

Rubber 

bung

Oil after 

first stage

Rubber tube (for the 

vacuum  creation 

inside flask)

Fritted glass funnel 

Vacuum pump
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Afterwards, pentylmagnesium bromide (10 mmol) was added dropwise to the above 

suspension and the reaction mixture was stirred under nitrogen for 5 h. In order to 

quench the unreacted Grignard reagent (pentylmagnesium bromide), 30 ml of the 

saturated aqueous solution of NH4Cl was added to the mixture. Subsequently, the 

organic layer, containing the graphene material, was collected and filtrated on a 

Whatman Nylon membrane filter (0.2 µm). In order to remove any magnesium salt 

residues, the material was resuspended in solution 5% HCl. Finally, pentyl-graphene 

was obtained after consecutive suspensions in water, ethanol and dichloromethane 

and separation by centrifugations. According to the previous detailed structural 

characterization [1], the pentyl chain is covalently linked to the graphene backbone, 

with a degree of functionalization calculated about 8.5%, suggesting a high loading of 

aliphatic pentyl‑ groups, also explaining its excellent dispersibility in 

dichloromethane. 

 

Figure 3.3 The reaction of fluorographene with magnesim bromide to form 

functionalized pentyl-graphene 

3.1.2.2 Group B 

Magnesium Oxide (MgO) nanoparticles (≤50 nm) that were obtained from Sigma-

Aldrich (549649) are used for preparing the nanofluid samples of group B. 

Fluorographene

Pentyl Graphene

Magnesium bromide
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3.2 Nanofluid preparation 

3.2.1 Group A 

Mainly, this group will be divided into two categories: group A_1 and group A_2. 

The main difference between the groups is the construction of the preparation of the 

Pentyl-graphene. Nanofluids of group A_1 were prepared using pentyl graphene 

(PeG) and FR3 natural ester dielectric oil with two concentrations 0.002% and 

0.004% as shown in Figure 3.4. Nanofluids of group A_2 were prepared using other 

construction of pentyl graphene (PeG) and FR3 natural ester dielectric oil with the 

concentrations of 0.001 %w/w, 0.004 %w/w, 0.006 %w/w, 0.008 %w/w, 0.01 %w/w 

and 0.012 %w/w and 0.004 %w/w as shown in Figure 3.5. 

 

Figure 3.4 Prepared samples of group A_1 
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Figure 3.5 Prepared samples of group A_2 

3.2.2 Group B  

Magnesium Oxide (MgO) nanoparticles (≤50 nm) that were obtained from Sigma-

Aldrich (549649) are used for preparing the nanofluid samples. Different 

concentrations were prepared based on ester oil (FR3) according to the procedures 

described in Figure 3.6. For this group, the used samples are the net oil (0 %w/w), 

0.006 %w/w and 0.01 %w/w. 

For each concentration, the desired amount of nanopowder is carefully weighed 

with aid of a scale (KERN EWJ) as shown in Figure 3.7 (a) to be added for the 

specific volume of oil. Then, a magnetic stirrer (MS-H280-Pro) is used for their 

mixing with a rotation speed, 700 rpm for 15 minutes as shown in Figure 3.7 (b). For 

full dispersion of the nanoparticles inside the oil, an ultrasonic homogenizer (BK-

1200) was used for two hours as shown in Figure 3.7 (c). To limit the temperature 

increase inside the ultrasonic, the water inside the device was changed each half hour. 
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Figure 3.6 Nanofluid preparation of group 2 

 

 

Figure 3.7 (a) Scale, (b) magnetic stirrer and (c) ultrasonic homogenizer 

3.3 Thermal properties 

As mentioned before in equation 2.2, thermal conductivity for a sample depends on 

three coefficients; thermal diffusivity, specific heat and density that will be measured 

as following. 

3.3.1 Thermal diffusivity 

Based on the laser flash technique, thermal diffusivity is measured with the 

NETZSCH LFA 467 laser flash analyzer as shown in Figure 3.8. Figure 3.9 shows the 

actual and simulated components for the test cell. The test cell was coated with a layer 

of graphite on the top and the bottom to enable the transmission of the radiation 
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through the sample. All the samples were measured at temperature range of 30
o
C-

90
o
C with a step of 10

o
C. Thermal diffusivity for each of the above steps was 

measured from 3 light pulse shots of heat transmission. 

 

Figure 3.8 NETZSCH LFA 467 laser flash analyzer 

 

 

Figure 3.9 Test cell; simulated (Left) actual (Right) 
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The measured shots are recalculated based on one of the three following models 

which use equation 2.5 to calculate thermal diffusivity. Adiabatic model calculation is 

based on Parker's theoretical model considering ideal conditions. 3L heat loss model 

corrects the experimental measurements taking into account heat losses. 3L heat loss+ 

pulse correction model corrects the experimental measurements considering heat loss 

and making pulse corrections. The last model is the best model for the fluid cell. Such 

calculations are based on specific heat and density values.  

The accuracy of the LFA device reaches ±1%. Liquid and gas Nitrogen are 

important through test procedures. The atmosphere around samples is Nitrogen with 

high purity that reaches to 99.9995%. The control of the surrounding atmosphere is 

very important as it prevents interactions not only around the sample but also, 

between the sample and the surrounding atmosphere. Additionally, liquid Nitrogen is 

used for cooling. 

3.3.2 Specific heat 

To complete the investigation of the thermal properties of nanofluid samples, 

specific heat was measured with the Differential Scanning Calorimetry (DSC TA 

Q200) instrument as shown in Figure 3.10. Each oil sample was sealed inside a 

specific pan type of Tzero Aluminum Hermetic (Figure 3.11 (b)) by a Tzero press 

(Figure 3.11 (a)). The mass of our samples is measured via Mettler Toledo (Figure 

3.11 (c)). 

The difference in heat flow as a function of temperature between the sample inside 

its pan and an empty pan used as a reference is measured by DSC for the same 

controlled environment of time, temperature and pressure. Both cells are subjected to 

a fixed ramp rate of 2
o
C/min starting from 10

o
C up to 100

o
C as a final temperature. 

Finally, specific heat value (Cp) as a function of the temperature was obtained by 

dividing the reverse heat rate by each sample weight with error of ± 0.02. 
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Figure 3.10 Differential Scanning Calorimetry (DSC TA Q200) instrument 

 

Figure 3.11 Tzero press, sealed pan and Mettler Toledo   
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3.4 Dielectric measurements 

3.4.1 Dielectric relaxation spectroscopy 

Electromagnetic properties can be divided into two scales: microscopic and 

macroscopic scale. Material structure, the energy bands of charge carriers and 

magnetic moment of atoms and molecules are topics related to microscopic scale. But 

the overall behavior of any material under the effect of external electric field is 

considered to fall within the macroscopic scale. To study such properties dielectric 

relaxation spectroscopy is used as it is a very important tool to measure different 

electrical properties of a material under the effect of alternating electric field. There 

are two categories of measurements, frequency domain and time domain 

measurements. Frequency domain measurements give the relations between the 

different properties and frequency. Time domain measurements give the response of a 

material as a function of time under a sudden change of electric field. 

Each dipole in a dielectric material tends to align with the applied electric field. But 

removing the applied electric field leads to a random alignment of the dipoles and the 

net polarization is equal zero. Dielectric relaxation describes this randomization 

process. Also, the required time of this process to reach the equilibrium state is known 

as dielectric relaxation time (η). Molecular structure, temperature, pressure, viscosity 

and inertia of the dipoles are the main factors that have an effect on relaxation 

process. 

There are numbers of individual polarization in a dielectric material. The overall 

polarizations have their effect on the different dielectric properties of a material. For 

higher values of frequencies, there will be dipole moment in the atom. This dipole 

comes from the distortion of the electron cloud of a neutral atom in an electric field. 

Dipole moment has a small value. This polarization is known as electronic 

polarization. Shifting free ions (cations and anions) in a material under the effect of 

external electric field towards the opposite polarity leads to the creation of a dipole 

moment. This shift is known as ionic polarization [2]. 

A permanent dipole moment can be found through some molecules due to their 

internal structure -like the water molecule- even if having zero net charge. So, these 

materials have their own dipoles. Without any electric field, these dipoles are oriented 

in random form. Applying an external electric field on such materials, their 
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equilibrium dipoles are oriented to be in the field direction. So, there are shifts 

between the equilibrium position and new position which induce a dipole moment. 

These processes result in what is called dielectric polarization [2]. 

Under the overall polarization, a dielectric material can be in charging or 

discharging states under the effect of external electric field. On charging, the 

dielectric material stores energy and on discharging, it releases its stored energy. 

When dielectric polarization has an opposite effect on pulling charges in the direction 

of electrodes under the effect of an applied electric field, this case is considered a 

charging state. The degree of charge that can be stored in the dielectric material can 

be greatly influenced by the material ability to own polarizable charges. The relative 

dielectric permittivity of a material is defined as the proportional increase in storage 

ability of the material with respect to a vacuum. Relative permittivity    has a 

complex form given by the following equation [2]: 

          (3.1) 

The real part in this equation is known as the dielectric constant. Dielectric constant 

of a dielectric medium is a dimensionless parameter.  It is represented by the ratio of 

the absolute permittivity of such material and the vacuum permittivity [2]. The 

dielectric constant has a common varying range for transformer oil. This range is 

between 2.0 and 2.6 for mineral oil [2]. But ester oil has higher values of permittivity 

as it can be higher than 5 at 20°C [3]. The imaginary part of the relative permittivity 

in equation 3.1 indicates the dielectric loss contributed by two reasons. The first 

reason is the leakage current. The second reason is the polarization as it increases by 

the increase of frequency. Consequently, the produced heat increases leading to an 

increase of the dielectric loss. 

For the ideal dielectric material, there is an angle of 90
◦
 between the applied voltage 

and the current. But this angle decreases with angle δ in the presence of dielectric 

losses. Increasing the losses leads to increase the value of dielectric dissipation factor 

(DDF) [2]. Dielectric dissipation factor equals to the tangent of the angle between 

resistive current (IR) and capacitive current (Ic) as shown in Figure 3.12.  
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Figure 3.12 DDF as a function of resistive current and capacitive current 

Also, DDF can be measured with the help of real and imaginary part of relative 

permittivity by the following equation [4]: 

          
  
  

 
 

(3.2) 

To perform dielectric spectroscopy measurements, Novocontrol Alpha Analyzer 

and Quatro Cryosystem with range of frequencies from 0.1 Hz up to 1 MHz is used 

(Figure 3.13). This device can be used to measure the following characteristics:  

1- Dielectric constant (real part in equation 3.1) 

2-  Dielectric losses (imaginary part in equation 3.1) 

3- Dissipation factor 

4-  Electrical conductivity 

 Also, the experiments were performed for a range of temperatures of 10 ºC up to 

100 ºC, with a step of 10 ºC. 
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Figure 3.13 Novocontrol Alpha Analyzer and Quatro Cryosystem 

3.4.1.1 First test cell 

Figure 3.14 shows the used test cell for dielectric spectroscopy measurements. One 

drop of oil is placed on the lower electrode and covered by the upper electrode to 

form the capacitor. 
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Figure 3.14 First test cell for dielectric spectroscopy 

For testing insulating materials, the equivalent circuit is considered a parallel 

connection of the parallel capacitance ―Cp‖ and the parallel resistance ―Rp‖ as shown 

in Figure 3.12. Under the effect of each frequency, the values Cp and Rp are measured. 

All the used equations depend on the parameters of this circuit as follows: depending 

on the measured capacitance Cp, the dielectric constant can be calculated from the 

following equation: 

   
    

    
 

 

(3.3) 

where ―t‖ is the thickness of the test cell, ―A‖ is the electrode area and ―  ‖ is the 

permittivity of vacuum. The imaginary part of the relative permittivity in equation 3.1 

indicates the dielectric loss which depends on the operating frequency ― ‖. It can be 

calculated based on the measured    as follows:  

   
 

             
 

(3.4) 

After obtaining the real and imaginary parts of the relative permittivity, the DDF is 

calculated as described in equation 3.5. Also, dielectric dissipation factor can be 

calculated from the following equation [5]: 

         
  
  

 
 

     
 

 

(3.5) 
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where ω is angular frequency. The final obtained characteristic from dielectric 

spectroscopy is the conductivity. For insulating materials, it should have very low 

levels. It can be calculated from the measured    of the dielectric spectroscopy 

according to equation 3.6. There are various values of conductivity for the entire 

range of frequencies [5]. 

  
 

    
 

 

(3.6) 

Also, the conductivity (ζ) can be calculated from the dielectric loss (ε") according 

to the following equation [5]: 

        (3.7) 

where ω is the angular frequency and εo is the vacuum permittivity. 

3.4.1.2 Second test cell 

Figure 3.15 and Figure 3.16 show the actual and the simulation description of the 

used test cell, respectively. It consists of two cylinders that represent the two 

electrodes. There is a separation distance between the inner and outer cylinders which 

is filled with the insulating liquid. 

 

Figure 3.15 Actual second test cell for Dielectric relaxation spectroscopy 
measurements 
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Figure 3.16 Simulation for the second test cell for dielectric relaxation 

spectroscopy measurements 

In this new geometric arrangement, the capacitance between the two cylinders is 

calculated based on the following equation [6]. 

   
           

  
  

  

       
 

(3.8) 

where L is the cylinder length (active length related to charging). The radiuses of 

the outer and inner cylinders are R2 and R1, respectively. 

For nanofluids, increasing magnetic nanoparticle concentration leads to an increase 

of the loss factor of the nanofluid. But the low change in the concentration has no 

effect on dielectric constant. Dielectric constant of nanofluid remains steady unless 

the concentration of nanoparticles reaches to a very high value [7]. Also, 

semiconductive nanoparticles give higher values of dielectric constant and lower 
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values of DC resistivity [8]. But natural ester oil based nanofluid has lower values of 

DDF and higher values of resistivity than pure ester oil [9]. 

3.4.2 Lighting impulse breakdown voltage 

Figure 3.17 shows the experimental test setup. A needle-plane electrode 

configuration inside a custom-made test cell was used as shown in Figure 3.18. The 

curve radius of the brass point and the diameter of the brass plane are 50 μm and 2 

cm, respectively. The brass plane is directly grounded through a current monitor 

(PEARSON 8260). The gap is adjusted at 2.5 mm and stressed by lightning impulse 

voltages of 1.2/50μs produced from a one-stage impulse generator. 

 

Figure 3.17 Experimental setup of lightning impulse breakdown voltage 
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Figure 3.18 Needle-plane electrode configuration inside a custom-made test cell 

A typical waveform of the produced voltages shape is shown in Figure 3.19. A 

capacitive voltage divider and the current monitor are used for monitoring the gap 

voltage and the discharge current, which are both connected on a digital recorder (DR 

STRAUSS- TR-AS 100-12) as shown in Figure 3.17. 

 

Figure 3.19 Typical lightning impulse waveform 
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3.5 Evaluation measurements 

3.5.1 UV- Visible absorbance 

Visible spectra were collected on an Analytik Jena SPECORD S600 

spectrophotometer (Figure 3.20), in the form of solutions/dispersions in DMF. The 

measurements of light scattering of graphene sheets dispersed in the oil were 

performed with a ZetaSizer Nano series Nano-ZS (Malvern Instruments Ltd., 

Malvern, U.K.) equipped with a He−Ne laser beam at a wavelength of 633 nm and a 

fixed backscattering angle of 173°. 

 

Figure 3.20 Analytik Jena SPECORD S600 spectrophotometer 

3.5.2 Transmission electron microscopy (TEM) 

Figure 3.21 shows the Transmission Electron Microscopy (TEM) JEOL Ltd JEM-

2100F) that are mainly used for the characterization of nanoparticles synthesized. 
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Figure 3.21 Transmission electron microscopy (TEM) 
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4 Chapter 4 Experimental results and 

discussion 

4.1 Thermal and Dielectric Performance of Ester Oil Based 

Graphene Nanofluids 

In this study, thermal diffusivity, specific heat and thermal conductivity values were 

studied at a temperature range 30ºC- 90ºC  for the base natural ester oil (FR3) and the 

prepared nanofluids based on different structure of pentyl graphene (PeG) and FR3 

natural ester dielectric oil with two concentrations 0.002 %w/w and 0.004 %w/w for 

the group A_1 and with concentrations of 0.001 %w/w, 0.004 %w/w, 0.006 %w/w, 

0.008 %w/w, 0.01 %w/w and 0.012 %w/w for group A_2 as described in more details 

in the experimental set up (Chapter 3). In addition, dielectric properties were studied 

based on dielectric relaxation spectroscopy measurements. Also, the homogeneity of the 

prepared nanofluid was further examined by means of UV-Visible absorbance. 

4.1.1 TEM microscopy 

TEM microscopy from a dichloromethane dispersion showed that pentyl‑graphene 

was composed of exfoliated few‑layered graphene sheets, with a lateral size smaller 

than ca. 1000 nm (Figure 4.1). The inset in the top left corner of Figure 4.1 shows the 

structure of the pentyl-chain covalently attached to the graphene backbone. 
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Figure 4.1 TEM image of the pentyl‑graphene sheets 

4.1.2 Thermal diffusivity 

4.1.2.1 Group A_1 

The produced thermal conductance due to temperature rise results in a temporal 

change in 3D distribution of temperature means by thermal diffusivity. Figure 4.2 

shows the average and standard deviation values of thermal diffusivity for three shots 

for each temperature. It shows a decrement under increasing the applied temperature 

due to decrease of the association between oil molecular by increasing the 

temperature [1]. Moreover, it shows an increment under increasing nanofluid 

concentration under the effect of good nanoparticle distribution. 
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Figure 4.2 Thermal Diffusivity of group A_1 

4.1.2.2 Group A_2 

For the recalculations step of thermal diffusivity values, the average specific heat 

values of the three measured times for the matrix oil and a constant value of density 

value were used. Figure 4.3 shows the effect of nanofluid concentration and the 

applied temperature on the thermal diffusivity values. Any increment in the 

temperature results in decreasing the thermal diffusivity values for the matrix oil and 

nanofluid samples. This fact is due to the decrement in the association between oil 

molecules under the effect of the temperature increment due to the effect of the 

thermal vibration and the density of the molecule [7, 8]. 
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Figure 4.3 Thermal diffusivity for nanofluid samples of group A_2 

Thermal diffusivity gradually increases up to the saturation limit of 0.008% w/w. 

Above the latter concentration (0.008% w/w) the enhancement decreases due to the 

agglomeration of part of nanoparticles that will be discussed and further supported by 

UV and DRS experimental results (sections 4.1.5 & 4.1.6). Nevertheless, nanofluids 

with 0.01% w/w and 0.012% w/w nanoparticles concentration had higher 

enhancement of the thermal diffusivity with respect to the pure oil matrix (FR3) with 

values reaching up to 40.51% and 22.78% at 50ºC, respectively. The highest obtained 

enhancement of thermal diffusivity was 43.04% for the nanofluid concentration of 

0.008% w/w at 50ºC. Based on equation 2.5, higher thermal diffusivity values 

translate into faster heat dissipation of the cooling medium. The latter thermal 

diffusivity enhancement may attribute to the fast heat dissipation thus also 

temperature reduction within HV equipment [9]. 
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4.1.3 Specific heat 

4.1.3.1 Group A_1 

The required amount of heat per unit mass to raise the temperature increased by 

increasing temperature. Similarly, specific heat values increased by increasing 

nanofluid concentration as shown in Figure 4.4. 

 

Figure 4.4 Specific heat values of group A_1 

4.1.3.2 Group A_2 

As shown in Table 4-1, the calculated average and standard deviation values show 

that increasing the temperature results in increasing the specific heat. Moreover, the 

standard deviation value reaches up to 3.16% at 40ºC. 
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Table 4-1 Specific heat for various temperatures for the matrix oil 

Temperature (°C) 30 40 50 60 70 80 90 

Average (J/g.k) 1.62 1.63 1.65 1.66 1.68 1.70 1.72 

Standard deviation (%) 2.70 3.16 3.04 2.67 2.15 1.54 0.88 

 

Figure 4.5 shows the specific heat values under the effect of changing temperature 

and different nanofluid concentrations. It demonstrates that the specific heat for any 

sample increases by increasing the temperature with approximately the same rate for 

the matrix oil and the nanofluid samples. As depicted in Figure 4.5, the specific heat 

of the investigated nanofluids exhibited similar values compared with the matrix oil.  

 

Figure 4.5 Specific heat values for all samples of group A_2 
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4.1.4 Thermal conductivity 

4.1.4.1 Group A_1 

The decrement in thermal diffusivity and the increment in specific heat values by 

increasing temperature resulted in an overall decrease in the thermal conductivity 

values. Furthermore, increasing nanofluid concentrations reflected an increment in 

thermal conductivity values as shown in Figure 4.6.  

 

Figure 4.6 Thermal conductivity of group A_1 

The enhancement percentage in thermal conductivity (λ%) values was calculated by 

(1). 

   
                  

         
 

(4.1) 

Figure 4.7 shows the enhancement percentage for different concentrations at 

changed temperatures. The highest enhancement percentages occurred at higher 

temperature for higher concentration. Thus, increasing temperature has a good effect 
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on nanoparticle distribution [2]. For nanofluid concentration of 0.004%, about 39% 

and 35% were the thermal conductivity enhancements at 80ºC and 90ºC, respectively.  

 

Figure 4.7 Enhancement of thermal conductivity of group A_1 

4.1.4.2 Group A_2 

Figure 4.8 shows the calculated thermal conductivity based on the measured thermal 

diffusivity and the specific heat values for each sample based on Equation 2.2. It 

shows that thermal conductivity for all the samples is higher than its value of matrix 

oil while it decreases by increasing temperature. Besides, there is no apparent trend 

observed in the thermal conductivity based on the nanofluid concentration due to the 

relatively small change in their specific heat as shown in Figure 4.5. 
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Figure 4.8 Calculated thermal conductivity of group A_2 

4.1.5 Dielectric relaxation spectroscopy 

As described in the experimental setup, there are two cells for such measurements, 

the First test cell and the second test cell. Group A_1 was mainly measured based on 

the first test cell and group A_2 was mainly measured based on the second test cell. 

So, only electrical conductivity results for group A_1 and both measurements of 

relative permittivity and electrical conductivity for group A_2 will be introduced in 

this section.  

4.1.5.1 Electrical conductivity of group A_1 

At a certain temperature, Figure 4.9 and Figure 4.10 show a constant value of 

electrical conductivity for a certain frequency range (less than 1 kHz) and a ramp rate 

for higher frequencies as described by (4). The ramp rate at higher frequencies is due 

to the increment of dielectric losses as a result of increasing the mobility of charge 

carriers for dielectric materials under higher frequencies [3, 4]. Interestingly, for the 

nanofluid with the highest concentration of inclusions (0.004%) a polarization process 
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is discerned at low frequencies in the whole temperature range (Figure 4.10). This 

polarization process is linked with the long range charge mobility and may indicate 

the existence of interfaces where charge carriers can be accumulated. 

 

Figure 4.9 Electrical conductivity (0.002% of group A_1) 
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Figure 4.10 Electrical conductivity (0.004% of group A_1) 

Figure 4.11 shows the effect of temperature and nanofluid concentration on 

electrical dc conductivity values. Electrical conductivity increased by increasing 

temperature indicating the thermally activated character of the charge transport 

processes [5, 6]. Worth noticing that the opposite trend of temperature dependence for 

charge carrier mobility (dc electrical conductivity in Figure 4.11) and heat transfer 

(thermal diffusivity in Figure 4.2) may imply the decoupling of the two processes at 

the molecular level. 
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Figure 4.11 Electrical dc conductivity for heating and cooling at 100 Hz of group A_1 

 

4.1.5.2 Real part of relative dielectric permittivity (Group A_2)  

The real part of dielectric permittivity results were studied with respect to its 

dependence on frequency, temperature and nanofluid concentration as described in 

the following points based on Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15 and 

Figure 4.16 and through heating and cooling process. 
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Figure 4.12 Real part of relative dielectric permittivity (matrix oil) 

 

Figure 4.13 Real part of relative permittivity (0.001% w/w of group A_2) 
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Figure 4.14 Real part of relative permittivity (0.006% w/w of group A_2) 

 

Figure 4.15 Real part of relative permittivity (0.008% w/w of group A_2) 
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Figure 4.16 Real part of relative permittivity (0.01% w/w of group A_2)  

4.1.5.2.1 Frequency dependence of    

For all samples,    has a practically constant value (frequency-independent) at the 

kHz region and exhibits enhanced values at low frequencies (nearly less than 1 kHz). 

This polarization process is more pronounced in the nanofluid samples. Taking into 

account that all samples exhibit long range charge mobility (dc conductivity) this 

polarization process may be attributed to interfacial polarization of Maxwell – 

Wagner – Sillars type and to electrode polarization [10]. The increase of  at the 

MHz region may be an artifact due to resonance effects in the measuring cell. 

Of interest here is the origin of the high-frequency constant value of     (electrical 

polarizability). The value around 3 at 40ºC for the matrix oil is much higher than the 

values 2.1 – 2.4 usually recorded for mineral oils. This finding suggests that the 

matrix possesses an additional dipole moment that can be oriented contributing to 

electrical polarization. The origin of these dipole moments could be water traces. In 

the previous literature [8, 11-13], the measured dielectric constant was around 3 by 

using virgin ester oil, cottonseed oil and natural ester oil, respectively. 
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4.1.5.2.2 Temperature dependence of    

For all nanofluid samples, like in matrix oil,    decreases with increasing 

temperature. Assuming that the main contribution in the polarizability arises from 

dipolar orientation processes, this temperature dependence of    can be fully 

explained since dipole orientation polarizability scales with 1/T.  For other 

polarization processes, different interpretations shall be given. 

Measurements during heating and subsequent cooling reveal remarkable hysteresis 

effects. The values of    for all the samples during cooling remain lower than those 

recorded during heating with the hysteresis effect being more pronounced at room 

temperature. This effect occurs also in the matrix oil as shown in Figure 4.12, 

probably more intense than in the nanofluid samples. Therefore, the interpretation of 

the effect shall be based, mainly, on the properties of the matrix. In the literature of 

liquids, and especially of insulating liquids, such hysteresis effects have already been 

described, however, their origin has not been fully explored yet. It can be outgassing 

of water, dissolution of gasses, aging effects at elevated temperatures [14]. 

4.1.5.2.3 Nanofluid concentration dependence of    

The dependence of    on the concentration of the inclusions is quite interesting. 

Figure 4.17 shows the    (f) curves obtained on all samples at T = 40C. It is obvious 

that the low-frequency polarization processes are more pronounced in the nanofluid 

samples becoming rather stronger by increasing graphene loading (a similar obtained 

trend with the dc conductivity of the nanofluid samples that will be described in the 

next section). The highest obtained enhancement in dielectric constant was 6.18% at 

0.008% w/w. 
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Figure 4.17 Real part of dielectric permittivity of all the studied samples of group A_2 

For the nanofluid sample with the high concentration (0.01% w/w), the    decreases 

exhibiting thus a maximum at lower concentration. This composition dependence is 

clearly shown in Figure 4.25 and its result is similar to that obtained for thermal 

diffusivity (Figure 4.3) and UV- visible absorbance (Figure 4.26) and may be 

associated with agglomeration of nanosheets. The interpretation of this behavior is not 

a trivial task. In the literature [15], the polarizability of the oil-based nanofluid has 

been discussed using various concepts like effective medium theories, e.g. Maxwell-

Garnett formula, double-layer polarization processes in the nanoparticles or 

electrophoretic transactions, to name some of the models invoked. 

4.1.5.3 Electrical conductivity () (Group A_2) 

Electrical conductivity dependence on frequency, temperature and nanofluid 

concentration were studied in the following paragraphs based on Figure 4.18, Figure 

4.19, Figure 4.20, Figure 4.21 and Figure 4.22. 
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Figure 4.18 Electrical conductivity (matrix oil) 

 

Figure 4.19 Electrical conductivity (0.001% w/w of group A_2) 
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Figure 4.20 Electrical conductivity (0.006% w/w of group A_2) 

 

Figure 4.21 Electrical conductivity (0.008% w/w of group A_2) 
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Figure 4.22 Electrical conductivity (0.01% w/w of group A_2) 

4.1.5.4 Frequency dependence of  

As shown in all the previous figures, electrical conductivity is frequency-

independent in the low-frequency region indicating the activation of dc conductivity 

in the samples, though of very low value. At relatively high frequencies the recorded 

charge motions are of shorter length scales and the conductivity is higher and 

becomes frequency-dependent. 

4.1.5.4.1 Temperature dependence of  

The data in (Figure 4.18, Figure 4.19, Figure 4.20, Figure 4.21and Figure 4.22) 

show that the dc conductivity increases with increasing temperature indicating that the 

process is thermally activated. This temperature dependence holds for all the samples 

studied. Aiming at studying further the charge transport mechanism, the so-called 

activation map or Arrhenius plot for the dc conductivity was constructed as shown in 

Figure 4.23. 
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Figure 4.23 The Arrhenius diagram of the dc conductivity of all the studied samples 
of group A_2 

In Figure 4.23, the dc conductivity was plotted versus the reciprocal of temperature 

in a semi-logarithmic plot so that the slope of each curve is directly related to the 

activation energy of the charge transport process. The data in Figure 4.23 reveals that 

the conduction process does not change significantly in the oils of this work (matrix 

oil and nanofluid samples), since the activation energy, Eact is similar in the matrix oil 

and the nanofluid samples (Eact = 0.33 eV). Interestingly, the values of dc in the 

nanofluid samples at temperatures above 70ºC seem to deviate from the Arrhenius 

behavior at lower temperatures. This finding may imply that the conduction process in 

the nanofluid samples changes slightly in this specific temperature range. 

4.1.5.4.2 Nanofluid concentration dependence of  

Figure 4.24 shows electrical conductivity values based on the frequency range for all 

the samples at T = 40ºC. Obviously, the dc electrical conductivity values increase 

with increasing nanofluid concentration exhibiting saturation at the high 

concentrations as described in Figure 4.25. This conclusion is similar to that obtained 

for thermal diffusivity (Figure 4.3) and UV- visible absorbance (Figure 4.26). 
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Figure 4.24 Electrical conductivity of all the samples of group A_2 

4.1.5.4.3 Nanofluid concentration dependence of    and  

Figure 4.25 shows the dependence of the real part of relative dielectric permittivity 

and electrical conductivity on nanofluid concentration at 40ºC. It is clear that    

reaches a maximum value at around 0.008% w/w while the dc conductivity increases 

constantly with increasing graphene concentration tending to saturation for higher 

concentration (> 0.008% w/w). 



 

Chapter 4 Experimental results and discussion 99 

 

 

Figure 4.25 The concentration dependence of    (at 1 kHz) and dc conductivity, dc, 
at 40ºC of group A_2 

4.1.6 UV-Visible absorbance 

The absorbance spectra of the oil-based nanofluid samples in Figure 4.26 clearly 

showed the presence of a band at 330 nm attributed to the graphene derivative (π-π*) 

electronic transitions within long-ranged aromatic domains [16], which varied in 

intensity with changing nanofluid concentration. The intensity increased going from 

0.004% w/w to 0.008% w/w, but upon further increase to 0.012% w/w, the intensity 

of the electronic absorption band remained the same. This clearly indicates the onset 

of agglomeration of the graphene sheets at the concentration of 0.012% w/w, 

inhibiting the electronic absorption at 330 nm. However, the scattering of light 

leading to the increased background absorption in the UV-Vis spectra, consistently 

increased (linear part of the spectra in the inset of Figure 4.26 for wavelengths> 350 

nm) unequivocally associated with the increased concentration in graphene sheets in 

the three samples. This was further confirmed from light scattering measurements 

(Figure 4.27), whereby the increasing values of the intensity of the scattered light (i.e. 

the mean count rate) clearly designate the increasing concentration of nanoparticles 

(scatterers). 
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Figure 4.26 UV-Visible absorbance spectra of three mixtures of oil/pentyl-graphene at 

increasing concentrations in pentyl‑graphene of group A_2 

 

Figure 4.27 Light scattering measurements of oil/pentyl-graphene mixtures at 

increasing concentrations (n=3) of group A_2 
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4.2 Lightning Impulse Performance and thermal properties 

of Natural Ester Oil Based Nanofluid with Magnesium 

Oxide Nanoparticles 

This study presents the effect of using magnesium oxide nanoparticles on the 

electrical properties of natural ester oil, with emphasis given on the dielectric strength 

under lightning impulse voltages. In addition, thermal properties are presented with 

aid of thermal diffusivity measurements. The used samples are the net oil (0 %w/w), 

0.006 %w/w and 0.01 %w/w. 

4.2.1 Lightning Impulse Performance 

Figure 4.28 and Figure 4.29 show the typical recording voltage and current waves 

under normal conditions and breakdown conditions, respectively. In both waveforms, 

there is a primary current signal associated with the trigatron operation of the Marx 

generator. 

 

Figure 4.28 Voltage and current waveforms under normal withstand case 
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Figure 4.29 Voltage and current waveforms in case of breakdown 

Figure 4.29 shows the breakdown occurrence; wherein the breakdown time of 

samples for different voltage levels is shown in Figure 4.30 indicating that in most 

cases breakdown occurs at less than 10 µs at the wavetail of the applied impulse 

voltage. Through the breakdown occurrence, there is a sudden drop in the voltage 

value but it reaches the steady state at 0 V in the form of underdamped oscillations. 

Regarding the current waveform, the primary current is followed by a secondary 

current of a range of 2000 A at the instance of the breakdown as shown in Figure 

4.31. Also, the current has similar behaviour with the underdamping oscillations of 

the voltage, directly associated with the electrical parameters of the MARX generator.  
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Figure 4.30 Lightning impulse breakdown voltage shots 

 

Figure 4.31 Peak current in case of breakdown 
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Table 4-2 summarizes the lightning impulse breakdown voltage and their 

descriptive statistics for the matrix oil and the nanofluid samples. Based on the curve 

fitting for each sample in Figure 4.32, the breakdown voltage at 50 % probability was 

calculated and presented in Table 4-3. In addition, Table 4-3 also presents the 

percentages of the dielectric strength enhancement due to the effect of magnesium 

oxide nanoparticles. The maximum obtained enhancement is 15.15 % with 0.01 

%w/w, while the sample was not affected by the lightning impulse voltage, by means 

of visual sedimentation. The presence of nanoparticles helps in attracting the electrons 

resulting in obtaining higher lightning impulse withstand voltage for the nanofluid 

samples [17]. 

Table 4-2 Lightning impulse breakdown voltage and their descriptive statistics 

Concentration (% w/w) Voltage (kV) Standard 

deviation (kV) 

Breakdown 

probability (%) 

0 

60.946 1.103 15 

65.424 0.749 20 

69.506 1.790 35 

73.162 0.493 55 

75.519 1.022 75 

0.006 

68.233 0.820 5 

70.552 1.031 10 

73.338 0.912 20 

76.657 0.921 40 

79.528 0.738 45 

82.785 1.616 55 

0.01 

73.318 0.827 15 

76.227 1.426 30 

79.369 0.422 40 

82.824 0.727 45 

86.354 1.055 70 
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Figure 4.32 Curve fitting lines for the different lightning impulse voltage levels and 

their breakdown probability 

Table 4-3 50 % breakdown voltage for different samples 

Concentration (% w/w) U50% (kV) Enhancement (%) 

0 71.43 - 

0.006 80.89 13.24 

0.01 82.25 15.15 

 

4.2.2 Thermal properties 

The average and standard deviation values of thermal diffusivity for seven shots for 

each temperature are shown in Figure 4.33. It shows a decrement under increasing the 

applied temperature due to decrease of the association between oil molecular by 

increasing the temperature [1]. Moreover, it shows an increment under increasing 

nanofluid concentration under the effect of good nanoparticle distribution. The results 
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show a 12.63 % improvement for the thermal diffusivity for concentration of 0.01 

%w/w.  

 

Figure 4.33 Thermal diffusivity for nanofluid samples of group B
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5 Chapter 5 Dissolved Gas Analysis 

In power systems, power transformers are considered one of the most important and 

critical equipment for the power grid stability. To ensure power system reliability, power 

transformers are monitored, since several operating problems may result in different types 

of failures. Such stresses may influence the performance of insulating materials of the 

power transformer, resulting in various failure modes. Thus, the detection and diagnosis 

of the root fault is very important in order to prevent sudden power loss and transformer 

failures [1-4]. 

Each internal fault type may produce different types and quantities of gases; each fault 

produces an energy that has a different way of destroying the molecular bonds of the 

dielectric liquid. Furthermore, cellulosic and pressboard paper, that represent the solid 

insulation, degrade in various ways. Such ways have an effect on the formed and 

dissolved gases in the dielectric liquid such as; H2, CH4, C2H4, C2H6, C2H2, CO and CO2. 

Dissolved gas analysis (DGA) is one of the most frequently used techniques which 

monitor and identify faults inside high voltage electrical equipment such as transformers 

[2-11]. 

As the main used insulating oil since 1900s is mineral oil, the most available DGA 

data and the experience is for equipment filled with mineral oil. So, it was very 

important to discuss and revise such data to be able to justify, evaluate and detect the 

initial faults in the equipment that will be filled with different oil types.  

5.1 Fault types 

According to IEEE standard C57104 [12], IEC 60599 [13], faults are divided into 

thermal and electrical faults.  

5.1.1 Thermal faults 

Thermal faults mainly occur due to overheating either for liquid or solid insulations. 

According to the heating level they are divided into three levels. Below 300 ºC is 

known as low thermal fault (LT or T1) and the insulating paper may turn brownish. 

Above 700 ºC, carbonization of the mineral oil, metal discoloration (800 ºC) or metal 

fusion (>1000 ºC) are the main marks for high thermal fault (HT or T3). The fault 
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between low and high thermal fault is known as medium thermal fault (MT or T2) 

with paper carbonization [12].  

5.1.2 Electrical fault 

Localized excessive field causes electrical faults that mainly depend on the intensity 

of energy dissipated per unit time per unit volume by the fault. Depending on the 

energy level, these faults can be divided into three types. 

 Partial discharge fault (PD) or corona 

Partial discharge occurs at low energy level as the main reason is the existence of 

voids inside insulating oil. Resulting X-wax deposition on paper insulation is the main 

form for this fault type. Hydrogen is the major produced gas under partial discharge 

faults [12]. 

 Low energy discharge (LED or D1) 

At low energy level, an evidence of carbon particles through mineral oil occurs. 

Also, it leads to form large punctures and tracking through paper surface due to the 

large carbonization of the paper [12]. 

 High energy discharge (HED or D2) 

At high energy level, arcing fault occurs resulting in an increase of the temperature 

to over 3000˚C and carbonization for paper and mineral oil. In such cases, it is very 

important to make suitable maintenance for transformers to be retained in the service. 

Sometimes, this fault leads to tripping of the equipment with large current. In this 

fault, the major produced gas is Acetylene [12]. 

5.2 DGA methods 

Based on the guidelines from IEC 60599 [13] and IEEE C57.104 [12] for the 

interpretation of DGA technique, several methods are proposed to detect faults.  

5.2.1 Key gas method 

In this method there are predominant gas/gases and secondary gases to define the 

fault type. The selection for predominant gas and secondary important gas is difficult due 

to the existence of other gas traces [5, 14]. If this method is applied automatically, 

typically 50% is wrong fault identification due to the failure to specify the 
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predominant gas. In addition the predominant gas may be another gas that is not used 

in the key gas method. Only experienced DGA users can obtain lower wrong faults. 

5.2.2 Ratio methods 

Gas ratio methods [12, 13] such as, Doernenburg ratio, Rogers ratio and IEC ratio have 

some undiagnosed zones under undefined ranges [5, 14]. 

5.2.2.1 Rogers Ratios Method 

Based on three gas ratios, fault indication can belong to one of the five cases shown 

in Table 5-1. Typically 35% cannot be identified for a relative large numbers of DGA 

results as they don’t match to any of the mentioned cases [12, 13]. 

Table 5-1 Rogers ratios method 

Case 

No. 

    

    
 

   

  
 

    

    
 

Suggested 

Fault 

0 < 0.1 0.1-1 < 0.1 Normal 

1 < 0.1 < 0.1 < 0.1 PD 

2 0.1-3 0.1-1 > 3 HED 

3 < 0.1 0.1-1 1-3 LT 

4 < 0.1 > 0.1 1-3 MT 

5 < 0.1 > 0.1 > 3 HT 

5.2.2.2 Doernenburg Ratio Method 

This method uses four gas ratios to define fault type as shown in Table 5-2 and 

Table 5-3 for gases extracted from mineral oil and from gas space, respectively. 

Nowadays, this method is less used due to the same limitation for Roger Ratio 

method.  

Table 5-2 Doernenburg ratios method for gases extracted from mineral oil 

Suggested 

fault 

Ratios extracted from mineral oil 

   

  
 

    

    
 

    

   
 

    

    
 

Thermal > 1 < 0.75 < 0.3 > 0.4 

PD < 0.1 - < 0.3 > 0.4 

HED 0.1-1 > 0.75 > 0.3 < 0.4 
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Table 5-3 Doernenburg ratios method for gasses extracted from gas space 

Suggested 

fault 

Ratios extracted from gas space 

   

  
 

    

    
 

    

   
 

    

    
 

Thermal > 0.1 < 1 < 0.1 > 0.2 

PD < 0.01 - < 0.1 > 0.2 

HED 0.01-0.1 > 1 > 0.1 < 0.2 

 

5.2.3 Graphical (percentage gas) methods 

The percentage gas method was proposed by Duval [8] and it is considered the first 

graphical method well known as Duval triangle. It is simple, widely used and leads to a 

decision for each case. After that, four and five percentage gas ratios were proposed.  

5.2.3.1 Duval triangle method 

Duval uses the percentage of three gas concentrations with respect to their sum [8]. In 

the classical Duval triangle, the three gases are C2H4, C2H2 and CH4. Six basic faults 

are indicated in Duval triangle and the seventh is called DT that represents the 

mixtures of electrical and thermal fault. Each fault case can be identified by only one 

point inside the triangle under the crossing of the three percentages as shown in Figure 

5.1. The location of the final point identifies the fault type according to the identified 

fault zones. Figure 5.2 shows the seven defined areas in the classical Duval triangle. 
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Figure 5.1 Final point in Duval triangles 

 

Figure 5.2 Fault identification areas in Duval triangle 1 

The classical Duval triangle has a decision for each case, it is a well-established and 

widely used method [14]. In case of partial discharge, low thermal and medium thermal 
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faults in mineral oil, Duval triangles 4 and 5 were proposed in order to potentiate the  

outcome from the Duval triangle 1 [15]. Stray gassing (S), possible paper carbonization 

(C) over heating (O) and not detected (ND) zones were defined in Duval triangle 4 

and 5. In Duval triangle 4, the three gases are CH4, C2H6 and H2. But in Duval 

triangle 5, the three gases are C2H4, C2H6 and CH4. Figure 5.3 and Figure 5.4 show 

the defined areas by Duval triangle 4 and Duval triangle 5, respectively. Still, the new 

versions of triangles are based on the classical Duval triangle 1, which is based only 

on the percentage of the three gases [5, 12, 15]. 

 

Figure 5.3 Duval triangle 4 
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Figure 5.4 Duval Triangle 5 

5.2.3.2 Four-gas method 

There are four axes for each gas percentage with range 0% to 100%. The start point 

of each axis is the end point for the other axis forming a square shape with this 

sequence: C2H2, H2, CH4 and C2H4. The center of each line represents one head of the 

final desired shape with defined fault zones. For each fault case, each percentage is 

represented by one line, the central point of the intersection is between the four lines 

as shown in Figure 5.5. Using IEC TC 10 [16], 95.4% accuracy was observed with this 

method without using C2H6 which is the main produced gas under low thermal faults [12, 

17]. 
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Figure 5.5 Fault diagnoses and fault identification zones in Four-gas method   

5.2.3.3 Duval pentagon method 

Duval pentagon shape was proposed to take all the five formed hydrocarbon gases 

[18] into consideration. The center of the shape represents the zero percentage for 

each gas. There are five lines from the center point to the five heads of pentagon 

shape represented by (xi, yi) for each gas percentage shown in Table 5-4. 

Table 5-4 Representation of five percentages in the Duval pentagon 

Gas i xi yi 

H2 1 0 %Pi 

C2H2 2 %Pi× cos (18) %Pi× sin (18) 

C2H4 3 %Pi× cos (54) -%Pi× sin (54) 

CH4 4 -%Pi× cos (54) -%Pi× sin (54) 

C2H6 5 -%Pi× cos (18) %Pi× sin (18) 

H2 6=1 0 %Pi 
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Increasing gas percentage leads to point moving towards its desired head. The 

center of the formed polygon shape by those five points will be the final point (Cx, Cy) 

as shown in Figure 5.6 and equations 5.1-5.3. 

 

Figure 5.6 Final point in Duval pentagon 
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where A represents the polygon surface. 

Anyway, the final point inside the polygon shape will be inside the pentagon shape 

represented by 40% of each gas [18]. Also, Duval proposed Pentagon 1 and 2 to 

distinguish between lesser concern thermal faults as shown in Figure 5.7. This method 
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proved a good performance. But it still has lower accuracy for each type of fault and 

the overall accuracy for the method remains low. 

 

Figure 5.7 Fault diagnoses and fault identification zones in Duval pentagon 1   

5.2.3.4 Pentagon method 

Another pentagon shape was proposed by Mansour using the percentage of five 

gases [5]. Each head indicates the percentage of one gas for a certain case. By using 

the center mass of five pentagon heads, the final point coordinate inside the pentagon 

shape can be identified as shown in Figure 5.8. 
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Figure 5.8 Fault diagnoses and fault identification zones in pentagon 

5.3 Fundamentals of the proposed two-shapes graphical 

method 

Faults inside transformers are classified in electrical faults and thermal faults according 

to IEC 60599 [13] and IEEE C57.104 [12] standards. Electrical faults are Partial 

discharge (PD), low energy discharge (LED) and high energy discharge (HED). Thermal 

faults are low thermal (LT), medium thermal (MT) and high thermal (HT) categorized by 

means of temperature in the range of TLT<300 °C, 300 °C<TMT<700 °C and THT>700 °C, 

respectively [12, 13]. The minimum temperature required in order to form small amounts 

of C2H2 is between 500 °C and 700 °C [12, 17]. The values for C2H2 are small enough to 

be neglected in the case of low thermal faults. As a result, low thermal faults can be 

estimated by only four gases, in fact the other fault types such as: partial discharge, 

medium thermal and high thermal faults have low quantities of C2H2. Therefore, the 

square shape is especially used to define the low thermal fault cases, correlated with the 

partial discharge faults, part of the medium thermal and part of high thermal fault cases. 
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On the contrary, C2H2 is mainly produced under the effect of discharge faults [4, 12], thus 

the pentagon shape is used to define low and high energy discharge fault cases. 

Moreover, the pentagon shape is used to define the remaining cases of the partial 

discharge, medium and high thermal fault cases. 

Based on equation 5.4 and equation 5.5, the percentage of each hydrocarbon gas can be 

obtained.  

  ∑    

 

   

 (5.4) 

     
  

 
     (5.5) 

where, S and P%i refer to the sum of five gases in ppm and each gas percentage, 

respectively. 

Figure 5.9 shows the shape heads for the corresponding gas percentages of H2, CH4, 

C2H4, C2H6 and C2H2. The five gases are for the pentagon shape and only the first four 

percentages are for the square shape. The decision point (xm, ym), for a certain 

understudied fault case, can be found by the center of the mass for the four or five heads 

by equation 5.6 and equation 5.7 [5]. 
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∑       
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 (5.7) 

where, n and    ,     refer to the number of heads and its coordinates for the desired 

shape, respectively. 
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Figure 5.9 Square and pentagon shape with defined head points 

5.3.1 Fault areas definition 

5.3.1.1 Square shape 

Various DGA pattern analysis [16, 19, 20] and literature [4, 5, 12, 14] are used to 

define each fault area. Partial discharge fault cases are represented on the left lower 

corner of the square shape. Hydrogen (H2) is the most commonly produced gas under 

partial discharge faults. For thermal faults, increased temperature mainly leads to 

increased concentration of Ethylene (C2H4); the right upper corner represents medium 

and high thermal faults. Ethane (C2H6) is mainly produced under low thermal fault, 

thus the center of the square shape includes low thermal faults. All DGA data are used 

in order to define the exact boundaries between fault types [16, 19, 20]. Figure 5.10 

and Table 5-5 includes fault areas with their exact coordinates, the final defined areas 

for DGA data are A1, A2, A3 and A4 for PD, LT, MT and HT, respectively. 
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Figure 5.10 Defined fault areas for cases with C2H2(%)≤1 

Table 5-5 Exact coordinates for each point (square shape) 

Point A B C D E F G 

Coordinates 

(unit) 

x 0 0 10 10 1.5 0 2.5 

y 0 10 10 0 1.5 5.5 10 

Point H I J K L M N 

Coordinates 

(unit) 

x 4 5.5 10 10 7.5 6 4.5 

y 6 4.5 4.5 8.5 6 6 10 

 

5.3.1.2 Pentagon shape 

The final boundaries between each fault were defined based on various DGA 

pattern analysis [16, 19, 20] and literature [4, 5, 12, 14]. The rest samples of PD, MT 

and HT fault cases are simulated by A5, A6 and A7, respectively, while C2H2 is 

mainly produced under electrical discharge faults [4]. Also, any increment of the 

discharge energy level leads to increased amounts of C2H4. LED and HED cases are 
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defined by A8 and A9, respectively. All fault types with their specific areas are 

defined by Figure 5.11 and Table 5-6. 

 

Figure 5.11 Defined fault areas for cases with C2H2(%)>1 

Table 5-6 Exact coordinates for each point (pentagon shape) 

Point A B C D E F 

Coordinates 

(unit) 

x 8.09 16.18 13.09 3.09 0 7.22 

y 15.39 9.51 0 0 9.51 14.76 

Point G H I J K L 

Coordinates 

(unit) 

x 9.63 10.5 10.5 10.5 0.923 16.14 

y 13 13.38 5.28 0 6.67 9.37 

 

5.3.2 Final proposed two-shapes graphical method 

Diagnosis process for all the DGA datasets is summarized through a flow chart 

shown in Figure 5.12. Firstly, five hydrocarbon gas percentages are calculated, 

thereafter the desired shape is defined, either square or pentagon shape based on the 
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percentage of C2H2. Finally, the proposed fault type is defined based on the location 

area of the final (decision) point. 

 

Figure 5.12 Flow chart for the proposed two-shapes graphical method 

5.3.3 Results 

5.3.3.1 Pattern analysis for actual DGA data 

DGA data are collected from Egyptian Electricity Network (120), published paper 

(109) [16], IEEE dataset (103) [19], IEEE DGA dataset (43) [20, 21] after removing 

duplicated samples. Visual inspection and examination [16, 22, 23] of different fault cases 

for transformers filled with mineral oil was used for fault type identification [21, 22, 24]. 

Each set of gas percentages, from the DGA datasets, was plotted for each fault type as 

shown in Figure 5.13. Also, statistical analysis was performed for each gas with 

respect to all fault types. The upper and lower edge of each box refers to the standard 

deviation value from their average value, which is depicted with a solid circle in the 
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center of the box. Two triangles refer to the minimum and maximum value for each 

fault. Figure 5.13 shows the percentage of the H2 which is produced with higher 

amount under PD fault, as well as from other electrical faults (LED, HED). It is 

shown that the average percentage value of the produced H2 decreases by increasing 

the energy level of electrical faults. Moreover, Figure 5.13 shows the C2H4 which is 

produced under all fault types. Any increment of the temperature or energy level leads 

to an increase on the percentage of the produced C2H4 amount; this is evidential both 

for thermal and electrical faults. Production of C2H6 and C2H2 mostly occurs under 

low thermal faults and electrical energy faults, respectively. 

 

Figure 5.13 Pattern analysis for 375 DGA data 
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Figure 5.14 shows the percentage values of the aforementioned data for each fault type 

wherein C2H2 (%) is less than or equals to 1%. It is shown that most of the low thermal 

fault cases have low concentration values of C2H2. In addition, 73.68% of partial 

discharge fault cases have lower percentage values of C2H2 due to the higher production 

of Hydrogen gas [12]. 50.6% of the high thermal fault cases have lower values of C2H2 

due to the higher production of Ethylene gas (C2H4) [5, 14]. Also, most of the low energy 

discharge and high energy discharge faults have higher percentage values of C2H2 as 

described in [4, 12]. It seems that the proposed square shape and pentagon shape can 

properly identify low thermal faults and discharge faults, while for other types of faults, 

there will be regions to be defined in both graphical shapes. To discriminate between 

these shapes, the percentage of C2H2 is used. 

 

Figure 5.14 DGA data with percentage of C2H2 ≤1 at various faults 

5.3.3.2 Two-shapes graphical method results 

The proposed two-shape graphical method is represented by 375 actual DGA cases 

in Figure 5.15and Figure 5.16 [16, 19, 20]. Table 5-7 shows the detailed results with 

respect to the accuracy of the proposed method. Based on the obtained results, 85.7% 

94.64

86.67

33.33

73.68

50.6

1.79 1.1

LT MT LT or MT PD HT LED HED
0

10

20

30

40

50

60

70

80

90

100

  
S

a
m

p
le

s 
p

er
ce

n
ta

g
e 

(%
)

Fault Type

 

 

C
2
H

2
(%)<=1%



 

Chapter 5 Dissolved Gas Analysis 127 

 

of low thermal faults are clearly defined in the area (DEFBGHIJ) in Figure 5.15. 

Also, 89.47% of partial discharge faults are in the defined areas (AFED) of Figure 

5.15 and (AHGF) in Figure 5.16, while 92.3% of high energy discharge faults are well 

defined in the area (HJDK) of Figure 5.16. Most of fault cases place on the correct 

area resulting in minor overlapping. 

 

Figure 5.15 All DGA cases placed in the square shape of the proposed two-shapes 
graphical method with C2H2(%)≤1 
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Figure 5.16 All DGA cases placed in the pentagon shape of the proposed two-shapes 
graphical method with C2H2(%)>1 

Table 5-7 The obtained accuracy with the proposed two-shapes graphical method 

Actual 

fault 

No. of 

samples 

PD HT LT MT HED LED Accuracy 

(%) 

PD 38 34 0 1 0 3 0 89.47 

HT 83 0 57 2 20 4 0 68.67 

LT 56 5 0 48 1 2 0 85.71 

MT 15 0 2 1 12 0 0 80 

HED 91 0 0 1 3 84 3 92.31 

LED 56 4 0 0 0 22 30 53.57 

LT or MT 36 2 0 6 25 3 0 86.11 

Total 375 296 78.93 

 

Furthermore, in Table 5-7 and Figure 5.17, the percentages of the proposed faults 

versus the total actual faults are presented in order to clarify the overlapping of the 

remaining fault areas. It is shown that a good performance is achieved with minor 

overlapping for the cases of partial discharge, high energy discharge, low thermal and 

medium thermal faults. However, diagnoses of low energy discharge faults and high 
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thermal faults have low performance due to their overlapping in HED defined area 

(A8) and MT (A3), respectively. 

 

Figure 5.17 Proposed fault percentage of actual fault diagnoses 

5.4 Discussion 

The published graphical methods such as; Duval triangle 1, four-gas method, Duval 

pentagon and pentagon are represented by 375 actual DGA data as shown in Figure 

5.18 [5, 8, 14, 15, 18]. Thus, the overall accuracy for the proposed two-shapes 

graphical method is advantageous. 
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Figure 5.18 All DGA cases for (a) Duval triangle1 (b) four gas method (c) Duval 
pentagon (d) pentagon(1) PD (2) LT (3) MT (4) HT (5) LED (6) HED 

As shown in Table 5-8 and Figure 5.19, the overall obtained accuracy is 78.93% 

compared to 53.33%, 65.33%, 70.9%, 60.26%, 58.4% and 57.33% for Duval 

Pentagon, pentagon, four-gas, Duval triangle 1, Duval triangle 1+4 and Duval triangle 

1+5 methods, respectively. However, an overall decreased accuracy was evidential for 

all the understudied methods which can be associated with the visual inspection 

during the fault identification [1, 6, 14, 16-18]; still, the same case studies were used 

for both the proposed and the comparative methods. 
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Table 5-8 Overall Accuracy calculations for the proposed two-shapes graphical 
method and other published graphical methods 

Total 

Cases 

(375) 

Proposed 

two-

shapes 

graphical 

method 

Published graphical methods 

Duval 

pentagon 

[18] 

Pentagon 

[5] 

Four-

gas 

[14] 

Duval 

triangle 

1 [8] 

Duval 

triangle 

1+4 

[15, 13 

] 

Duval 

triangle 

1+5 [15, 

13] 

Correct 

cases 

296 200 245 266 226 219 215 

Accuracy 

(%) 

78.93 53.33 65.33 70.9 60.26 58.4 57.33 

  

 

Figure 5.19 Comparison between proposed two-shape graphical method (P2-SM) 
with other published graphical methods (DPM: Duval pentagon, PM: Pentagon, 4-

GM: four-gas, DT: Duval Triangle) 
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5.5 DGA for non-mineral oils 

A short brief about DGA of different oil types will be introduced in this section due 

to their increasing usage as mentioned in Chapter 1. In 2008, Duval modified his 

classical triangle to Duval triangle 3 for non-mineral oils [15]. Due to the few 

available fault cases in equipment filled with non-mineral oils, he used simulating 

faults parallel with mineral oil and some published results [25, 26]. Then, he made an 

adjustment for the classical triangle boundaries. Based on the oil type, the only 

differences are in the three boundaries as shown in Figure 5.20 and Table 5-9[15]. 

 

Figure 5.20 Duval triangle 3 for different oil types 
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Table 5-9 Duval triangle 3 boundaries of %C2H4 for different oil types  

Triangle Duval Triangle 1 Duval Triangle 3 

Oil type Mineral Silicone Midel FR3 BioTemp 

LED/HED 23 9 26 25 20 

LT/MT 20 16 39 43 52 

MT/HT 50 46 68 63 82 

 

The different chemical structure of different oil types that is shown in Table 5-10 

results in different amount of gas generations and zone boundaries [15, 26, 27]. In the 

future, our proposed method can be modified to be suitable for non-mineral oils.  
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Table 5-10 Chemical structure of different oil types 

Oil Type Chemical structure 

Mineral oil 

(Hydrocarbon 

structure) 

Naphthenic 

 

Paraffinic 
 

Aromatic 

 

Synthetic 

esters 

 

Silicone oils 

 

Vegetable 

oils (natural 

ester oil) 

 

 

CH2 
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C O C R 
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Si O O 
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5.6 DGA for nanofluids 

There are many challenges for oil-based nanofluids to be used in real applications as 

mentioned before in Chapter 1. So, dissolved gas analysis on the nanofluids studied in 

this thesis is considered to be evaluated in future research studies. As the chemical 

structure for the different nanoparticles and the produced gases for the oil-based 

nanofluid under the different fault types are still complicated. 

Dissolved gas analysis of aged oils such as mineral oil, vegetable oil and vegetable 

oil-based nanofluids were studied based on simulation on the laboratory. They found 

that the gas generation tendency of vegetable oil-based nanofluid is decelerated [28, 

29]. 
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6 Chapter 6 Conclusion and Future Work 

6.1 Conclusion 

The main purpose of this thesis is to ensure power system reliability by means of 

ensuring the normal operation of the power transformers. This was satisfied in two 

different ways. The first objective is to ensure high performance of insulating oils 

based on using different type of suspended nanoparticles. The second objective is to 

have high accuracy of the detection and diagnosis of the initial fault in order to 

prevent sudden power loss and transformer failures. 

To satisfy the first objective, two different groups of nanofluids were prepared. The 

first group mainly based on Pentyl‑graphene nanosheets. Pentyl‑graphene nanosheets 

were suspended in FR3 natural ester dielectric oil, enhancing the thermal properties of 

the obtained nanofluid, while maintaining stable dielectric properties. Thermal 

diffusivity, specific heat, relative permittivity and electrical conductivity studies in the 

range of 30ºC-90ºC, showed a clear dependence of the final properties on graphene’s 

concentration. In addition, UV-Visible absorbance was used for better explain the 

properties variation versus graphene’s concentration. 

- The optimum concentration that satisfied the best performance in thermal and 

dielectric properties was 0.008% w/w. 

- The highest obtained enhancement in thermal diffusivity was 43.04% at 50ºC. 

- The highest obtained enhancement in dielectric constant was 6.18% at 40ºC. 

- The used nanoparticles demonstrated high dispersibility in absence of 

agglomeration in the nanofluid state at the optimum concentration. 

The lightning impulse behaviour of natural ester oil based nanofluids with 

magnesium oxide (MgO) nanoparticles has been studied by means of a 1.2/50μs 

generator. The experimental results show that MgO nanoparticles enhanced the 

impulse dielectric strength of the liquid matrix.  

To satisfy the second objective, a two-shapes graphical method is proposed in order 

to discriminate between fault types in transformers using the percentage value of 

Acetylene. The first shape (square shape) is mainly used for low thermal faults and 
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the other one (pentagon shape) is for electrical discharge faults. The other type of 

faults can be diagnosed from both shapes through specific defined areas. The 

proposed method was verified using 375 actual DGA data, the same input data were 

used for comparative analysis with other published graphical methods such as such as 

Duval triangle 1, four-gas method, Duval pentagon and pentagon. The overall 

obtained accuracy is 78.93% compared to 60.26 %, 70.9 %, 53.33 % and 65.33 %. 

It should be also noted, that dielectric liquids are of paramount importance for the 

performance pulsed power capacitors from 5kV up to 1MV for high current pulses 

applications and EMP/NEMP simulation fast transient impulse current generators, 

wherein the explosion of such a capacitor results into kJ-MJ explosions. 

6.2 Contribution 

The originality of this thesis are summarized as follows points: 

 The chemical structure of the prepared nanoparticle Pentyl‑graphene 

nanosheets in natural oil (FR3) with suitable concentrations proved high 

performance nanofluid with the following properties through a different 

range of temperatures: 

 Thermal diffusivity 

 Specific heat 

 Thermal conductivity  

 Electrical conductivity 

 Dielectric constant  

 Under lightning impulse behavior, MgO proved a good performance. 

 The prepared nanofluid samples based on MgO proved better thermal 

performance than the pure oil. 

 A novel graphical method was proposed to discriminate between different 

fault types and it proves higher accuracy compared to the standard methods. 

6.3 Future work 

 Functionalization for the used nanoparticle surface (MgO) to ensure its 

stability will be studied.  

 Optimization for the best selection between the different types of nanoparticle 

to have better dielectric and thermal properties will be studied.  
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 Future work could be obtained by the proposed two-shapes graphical method 

by fully discriminating between the medium/high thermal faults and the 

low/high energy discharge faults. Additional datasets could be considered in 

future work in order to validate the proposed method by means of failure 

identification accuracy. 

 The proposed two-shapes graphical method can be modified for different oil 

types. 

 DGA analysis on nanofluids and new failure identification models by 

considering the nanoparticles influence on the failure mode mechanism. 
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