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Abstract 

 

The use of plate heat exchangers, heat extruders and blowing fans is identified as a 

best technology to perform the cooling duties in transformers. The use of this 

technology is found to have limitations because it does not directly improve the thermal 

properties of the cooling fluids. Moreover, the use of base fluid that has limited thermal 

properties cannot add value to the installed cooling equipment. The investigation of 

enhancing the fluid's thermal characteristics by including nanoparticles was presented 

as a solution to this problem. This investigation will employ Al2O3 nanoparticles since 

they have demonstrated a noteworthy effect on enhancing the fluid's thermal 

characteristics. The Al2O3/nano-transformer oil is regarded as one of the most 

compatible nanofluids that can function well in transformers. Reason being 

Al2O3/nanofluids are rich in insulation properties, heat resistance and possess high 

thermal characteristics. The information gathered for this study outlines the 

contribution made by Al2O3/nanoparticles in improving the thermophysical properties 

of the pure transformer oil (mineral). To understand the effect of nanoparticle volume 

concentration in Reynolds and Prandtl numbers, a comparison study was conducted 

using nanofluids from low to a higher volume concentration. The investigation is 

conducted at the spectrum of increasing in nanoparticles volume concentration as 

discussed below. The measured scale of increment is set to be 0.004, 0.006, 0.008, 

0.01 and 0.015% by volume. The Al2O3/nanoparticle used is 50nm in size. The amount 

of pure transformer oil used to produce nanofluids is 15 litres as restricted by capacity 

of the oil reservoir. The experimental setup was validated with the percentage error of 

3.6% that pumps the nanofluid at the increasing volume flow rate of 0.2, 0.3, 0.4, 0.5 

and 0.6L/min. The safe operating temperature range starting from 35, 40, 45, 50, 55, 

60, 65 to 70oC is used in the experiment.  

The addition of Al2O3/nanoparticles has improved the viscosity of the transformer oil 

by 0.017kgm-s at 0.015vol. % at a consistent notation. The maximum percentage 

increase in density and thermal conductivity is calculated to be 0.5% and 0.44% 

respectively. When compared to transformer oil, the specific heat capacity of 

nanofluids requires 3.3% less energy to heat up. The nanofluid heat transfer coefficient 

improved to a maximum of 6901.7W/m2 K at 35oC, 0.6L/min and 0.01vol. %. The 

overall heat transfer coefficient increased with the increase in volume concentration 
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and volume flow rate in all temperatures. The highest increase recorded is 

91.855W/m2 K at 0.6L/min and 0.01vol. %. The percentage increase in average heat 

transfer rate for a temperature of 35 and 60oC is 9% and 8% at 0.6L/min and 0.015vol. 

% respectively. The volume concentration of 0.006vol. % is found to be the most 

employable particle load in high temperatures of 60 to 70oC. This volume 

concentration maintained the constant increase in Nusselt number resulting with the 

maximum percentage increase of 33%. 

The increase in Nusselt number is triggered by the increase in Reynolds number and 

nanofluid volume flow rate. The Reynolds number of 33.67 increased the Nusselt 

number to a value of 326.2 when the operating temperature is 35oC and 0.01vol %. 

The study outlines that low particle volume concentration can significantly enhance 

the Reynolds number whereases high concentration is the best in improving the 

Prandtl number. In this study the volume concentration of the nanoparticles is kept low 

to avoid slurry fluid or increase in viscosity. In this regard the Prandtl number of the 

transformer oil decreased with the increase in volume concentration. However, some 

base fluid like water displayed an increase in Prandtl when the volume concentration 

is increased. From the results it can be concluded that the most influential nanoparticle 

volume concentration in thermophysical properties of the transformer oil is 0.01vol. % 

with the varied volume flow rate of 0.2 to 0.6L/min. However, the volume concentration 

of 0.01vol. % is seen to lose its performance when the temperature is increased from 

60 to 70oC. The volume concentration of 0.006vol. % resulted with nanofluids that are 

more stable in high temperatures. In this regard Al2O3/nanoparticles can be counted 

amongst those nanoparticles that have an effect in thermal applications where 

transformer oil is treated as a base fluid. 
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1. Introduction 

 

Different types of cooling methods are one of the primary requirements in 

manufacturing and production industries, electricity generation and transportation. The 

use of heat exchangers, heat extruders and blowing fans is identified as a best 

technology to perform the cooling duties (Jamshidmofid and Bahiraei, 2021). The use 

of this technology is found to have limitations because it does not directly improve the 

thermal properties of the cooling fluids. Moreover, the use of base fluid that has limited 

thermal properties cannot add value to the installed cooling equipment. In electrical 

application the transformer oil determines how long a transformer will last. The use of 

the transformer oil with good electrical, mechanical, and thermal properties can result 

in a long-life span of the transformer.  The transformer oil is a cooling medium that is 

made from highly refined mineral oil. The main functions of the transformer oil is to 

remove heat from the transformer parts, to offer insulation, and to prevent arcing 

(Martin et al., 2011). In the process of electricity transfer a rise in temperature is 

noticeable. The heat produced by the transformer components is absorbed by the 

transformer oil. However, mineral oil is augured to have limited thermal performance 

when exposed to heat stress (Babu, Chandra and Babu, 2020). Heat stress lessen the 

dielectric strength and thermal properties of the oil due to dissolved sulphur gases and 

water accumulation (Dondapati et al., 2015). Choi (2009) insight regarding the benefits 

http://dx.doi.org/10.1615/TFEC2022.nma.040892
https://doi.org/10.1016/j.matpr.2023.05.486
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of employing nanofluids was appreciated by the researchers. The author created 

nanofluid by incorporating nanomaterials with sizes ranging from 1 to 50 nm in size 

into regular fluid, which significantly enhanced the base fluid’s thermal and electrical 

properties. The use of aluminium oxide (Al2O3) nanoparticle is reported to be the most 

suitable material due to its high thermal characteristics, insulation properties and heat 

resistance. The thermal properties namely viscosity and thermal conductivity was 

studied. The Al2O3/nanofluids produced was found to increase the transformer oil 

thermal conductivity by 4% when the nanoparticle volume concentration was  between 

0.1 and 0.3vol. % (Singh and Kundan, 2013). In the study Al2O3 nanoparticle is tested 

using marula and mineral oil. The non-ester insulating oil was made with high qualities 

of 80% survival rate and 20% survival rate for marula oil and 50% for both in mineral 

oil (Raj et al., 2021). Highlighting the benefits of the Al2O3/nanofluids the lifespan of 

the transformer components can extend with reduction in maintenance cost. The use 

of Al2O3 nanoparticles has a significant impact in various base fluids such as water 

and ethylene glycol.  In this study the transformer oil will be treated as the base fluid 

with the intention to see contribution made by Al2O3 nanoparticles in improving the 

thermophysical properties of the oil. The main objectives are to produce nanofluids 

with acceptable density by balancing the ratio of nanoparticles and transformer oil. To 

maintain good viscosity of the nanofluids by adding the acceptable volume 

concentration of nanoparticles. To improve the thermophysical properties of the 

nanofluids by applying the suitable preparation method. To results in nanofluids that 

possess high thermal conductivity by monitoring the change in oil thermal conductivity 

during preparation. To produce nano oil that can dissipate within a short period of time 

by following the correct preparation steps. 

 

 

IUPAC Name 

Al2O3                          Aluminium Oxide. 

C-Tab                Cetyltrimethylammonium bromide. 

 

Symbols 

ρ                        Density (kg/m3) 
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Cp                     Specific Heat Capacity (kj/kg K) 

µ                        Viscosity (Pa.s) 

K                       Thermal Conductivity (W/m K) 

V                       Volume (m3)  

m                       Mass (g) 

v                        Velocity (m/s) 

W                      Weight (g) 

U                       Overall Heat transfer coefficient (W/m2 K) 

h                        heat transfer coefficient (W/m2 K) 

Q                       Heat transfer rate (W) 

M                      Mass flow rate (kg/s) 

Ts                     Surface temperature (K) 

Re                     Reynolds number 

Nu                     Nusselt number 

Pr                      Prandtl number 

 

Subscripts 

nf                        Nanofluids 

np                       Nanoparticles 

bf                        Base Fluid 

 

 

 

2. Research question, Research objectives and expectations. 

 

2.1 Research questions. 

• Will Al2O3/nano-transformer oil dissipate heat at the expected time? 

• How will the density of the nanofluids be affected? 

• How best is the viscosity of the nanofluids? 

• Are nanofluids capable to improve the thermophysical properties of the base 

fluid? 
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• What will be the result of the dimensionless parameters, such as Prandtl, 

Nusselt and Reynolds numbers? 

• What will happen to the specific heat capacity of the nanofluids? 

• The presence of nanofluids will automatically increase the thermal 

conductivity of the base fluid? 

• Will the overall heat transfer coefficient of the nanofluid differ from that one of 

the pure transformer oils? 

• Is the heat transfer coefficient of the transformer oil going to improve? 

2.2 Research objectives 

• To produce Al2O3 nano-transformer oil that can dissipate within a short period 

of time by following the correct preparation steps. 

• To produce nanofluids with acceptable density by balancing the ratio of 

nanoparticles and transformer oil 

• To maintain good viscosity of the nanofluids by adding the acceptable volume 

concentration of nanoparticles. 

• To improve the thermophysical properties of the nanofluids by applying the 

suitable preparation method. 

2.3 Expectations.  

• The nanofluids should be stable when subjected to heat stress. 

• Nanofluids must display a better heat transfer characteristics than the pure 

transformer oil.  

• The nanofluid's viscosity will be suitable for heat transfer application. 

• Nanofluids performance should increase with the increase in particle volume 

concentration. 

• The oil outlet temperature of the nanofluid should be cooler than the oil of the 

transformer.  

• The heat required to rise the temperature of the nanofluids drop.  
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3. Literature Review 

 

The life span of the transformer can be prolonged by the cooling medium that possess 

high quality heat resistance. According to the  literature, overloading, poor insulation 

fluids or materials, improper lubrications, operating temperature and lighting are 

primary causes of transformer failure (Suhaimi et al., 2020). The main carrier of these 

causes is the transformer oil. It is strongly advised that more research be done to 

enhance the transformer oil's characteristics (RaAmin et al., 2019). The use of 

nanofluids is one of the strategies that has built interest and attracted numerous 

researchers and is identified as a potential solution to heat transfer challenges. When 

base fluid and nanoparticles are combined, nanofluids are created (Saidur, Leong and 

Mohammed, 2011). 

3.1. Base fluid 

The commonly used base fluids in transformers are mineral oil and synthetic-ester oil. 

The basic materials needed to create the synthetic-ester oil are a mixture of acids and 

alcohol, while the transformer oil (mineral) is manufactured from a highly refined 

mineral oil (Khan, Khan and Tariq, 2021). The primary function of the transformer oil 

is to provide insulation, dissipate heat and arc suppression. The difference between 

the mineral oil and synthetic-ester oil is that ester oil has a higher viscosity than the 

mineral oil. In this regard ester oil has limited cooling capabilities when compared to 

the mineral oil (Martin et al., 2011). The performance of the transformer is affected by 

the gases that develops from electrical discharge which dissolves into the transformer 

oil. The discharge released affects the heat resistance and insulation properties of the 

transformer oil (Yang and Hu, 2013). When making a purchase, it is crucial to select 

a transformer oil with qualities that are mentioned in the study. The transformer oil 

should maintain its dielectric stability when exposed to high temperatures, good 

insulating properties and be able to dissipate heat within a short period of time 

(Suhaimi et al., 2022). 
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3.2. Nanoparticles 

Semiconductive nanoparticles, nonconductive nanoparticles, and conductive 

magnetic nanoparticles are the three main phylum group into which nanoparticles 

belong. When conductive nanoparticles are mixed with transformer oil, the oil's 

breakdown strength increases (Hwang et al., 2008). The magnetic nanoparticles 

displayed good dielectric characteristics when suspended in transformer oil (Wang et 

al., 2016). In the study by Nam et al (2013) nonconductive nanoparticles caused a 

positive change in thermo-mechanical properties of the base fluid. The classification 

and the effect of nanoparticles is discussed in table 1. The literature emphasizes that 

the volume concentration of nanoparticles should be kept low at all costs. At higher 

concentration of 0.15 vol%, nanoparticles form a slurry resulting in the increase in 

viscosity and reduction in thermal conductivity. Nanofluids with high viscosity and low 

thermal conductivity are undesirable for heat transfer applications (Selvam et al., 

2016), (Tijani and Sudirman, 2018). The volume of the base fluid is taken into 

consideration when determining the necessary weight of the nanoparticles. The weight 

of the nanoparticles (Wnp) can be calculated using Eq. (1) (Babu, Chandra and Babu, 

2020). 

 
Wnp =

φWbfρnp

ρbf(1 − φ)
 

      (1) 

 

Were 𝜑 is the nanoparticle volume concentration, Wbf is the weight of the base fluid, 

ρnp  and ρbf  are the density of the nanoparticles and base fluid respectively. 

 

Table 1: The description, classification, and effect of nanoparticles 

Nanoparticles Description Classification Effect 

Fe2NiO4 oxo nickel  Conductive 

Nanoparticles 

The conductive nanoparticles reduce 

the dielectric strength of the 

insulation oil at higher nanoparticle 

volume concentration (Ibrahim, Abd-

Elhady and Izzularab, 2016), (Segal 

et al., 2000) and (Makmud, Illias and 

Chee, 2017) 

Fe2O3 ferric oxide  

Cu  copper 
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ZnO zinc oxide semiconductive 

nanoparticles. 

They play a significant role in 

improving the performance of the 

transformer oil (Saenkhumwong and 

Suksri, 2015) and (Mergos et al., 

2012). 

CuO Copper 

oxide 

Al2O3 alumina nonconductive 

nanoparticles 

The nonconductive nanoparticles 

are reported to be the best in 

improving the dielectric strength of 

transformer oil (Raj et al., 2021), 

(Raj, Moskowitz and Tsuda, 2004) 

and(Du et al., 2011). 

FF ferrofluid 

TiO2 titania  

 

When nanoparticles are magnified, they are seen to have different shape (Elias et al., 

2014). In a study on the recuperation of heat from a car radiator, a mixture of ethylene 

glycol (EG) and titanium oxide (TiO2) with a platelet-shaped showed a significant rise 

in velocity and temperature with a maximum Nusselt number (Hatami et al., 2017).  

The dimethicone/copper oxide (CuO) nanofluids with the nanowire particle volume 

concentration of 0.75% shown in Fig. 1, enhanced the thermal conductivity by 60.78% 

which is higher than those with spherical CuO nanoparticles (Zhu et al., 2018). In the 

study to determine the relationship between particle size and shapes that is 18 nm 

and spherical shape of zinc oxide (ZnO) shown in Fig. 2 is taken to be 0.25 and 5% in 

volume fraction. The nanoparticles were mixed with ethylene glycol (EC) to produce 

the nanofluids. The nanofluid dynamic viscosity increased with the increase in 

nanoparticle volume fraction and with no decrease when the nanofluid temperature is 

adjusted to the maximum when analysing the results of the experiment (Hemmat Esfe 

and Saedodin, 2014). Shape features and sizes have a vital influence in improving the 

thermophysical properties of the transformer oil when nanoparticle shapes and sizes 

are considered. 
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Figure 1: Image of CuO with a nanowire shape (Zhu et., 2018) 

 

 

Figure 2: Image of ZnO with a spherical shape (O’Hanley et al., 2012) 

 

 

3.3. The effect of nanoparticles volume concentration  

When a suitable volume concentration is suspended into the base fluid, the nanofluid's 

thermal properties will enhance to their utmost extent (Beheshti, Shanbedi and Heris, 

2014). In the study to determine the effect of aluminium oxide (Al2O3). The nanoparticle 

volume concentration was selected to be 0.1vol. %, 0.3vol. % and 0.5vol. %. The 

thermal conductivity was seen to increase linearly between the temperature 20 to 40oC 

in all volume concentrations and gradually decreased as the temperature increased 

from 45°C to 50°C (Singh and Kundan, 2013). Using an electrical block, an experiment 

was conducted in a closed system to study the behaviour and enhancement of heat 
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transmission of an Al2O3/water nanofluid. The nanoparticle volume concentration of 

6.8% significantly enhanced the heat transfer coefficient by 40% from that one of the 

base fluids and decrease with the increase in volume concentration (Nguyen et al., 

2007). At higher concentrations, the increase in viscosity and the reduction in thermal 

conductivity becomes more significant, such nanofluids are not ideal for applications 

involving heat transfer. When nanoparticle loading overlaps beyond the climax point, 

particles agglomerates and reduce the quality and performance of the nanofluid (Wang 

et al., 2016). See other effect caused by volume concentration and particle size in 

table. 2 below.  

Table 2: The effect of nanoparticle volume concentration and particle size. 

Nanoparticle  Particle 

Size 

Base fluid Volume 

concentration 

Comments Ref. 

Silver 

nanoparticles 

(Ag) 

100 nm Water-

ethylene 

glycol 

0.45 vol% Heat transfer 

coefficient went 

up by 94% 

(Selvam, 

Mohan Lal and 

Harish, 2018) 

Diamond (C) 4-6nm Transform

er 

insulating 

oil 

0.6 vol% Thermal 

conductivity 

raised by 73% at 

the temperature 

of 30°C 

(Asefi et al., 

2016) 

Multi-walled 

carbon 

nanotubes 

(MWCNT) 

10-

20nm 

Transform

er oil 

0.001 vol% Heat distribution 

increased. 

Igniting point also 

increased by 

4.6% 

(Beheshti, 

Shanbedi and 

Heris, 2014) 

Titanium Oxide 

(TiO2) 

20nm Transform

er oil (25# 

Karamay) 

Proper 

concentration 

Volume 

Concentration 

extremely 

increased 

electron trap 

(Du et al., 

2011) 
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density at shallow 

trap level 

 

3.4. Nanofluid preparations  

Nanoparticles are observed to develop attractive forces that position them together 

when dispersed into the based fluid (Umer et al., 2017). The solution to this, is to 

select the best method during the preparations of nanofluids. The commonly used 

methods are one-step method and two-step method. These two methods are 

discussed in detail below. 

3.4.1. One-step method  

In one-step method, nanoparticle production and nanofluid preparation is carried out 

concurrently. Nanoparticles synthesis and their suspension into the base liquids is 

completed at the same time. This is the most suitable method for high thermal 

conductive metals to avoid oxidation. High stability and uniform dispersion can be 

attained by this method. The major drawback of this method is producing the 

nanofluids at the commercial scale is not possible and is not cost effective at mass 

production (Kumar et al., 2022). 

 

3.4.2. Two-step method  

In the two-step method, the volume concentration of nanoparticles is slowly added into 

the base fluid. The magnetic stirring is applied for 5-8 hours as recommended by the 

researchers than followed by homogenization and ultra-sonication. The notable 

interest with this method is that the nanoparticles can be produced economically at 

large scale. However, the prime complexity is unavoidable. Because of the particle 

agglomeration by virtue of cohesive and Vander Waal forces among independent 

nanoparticles (Bhunia et al., 2018).  

The use of a magnetic stirrer forcefully disperses the nanoparticles evenly into the 

base fluid. The  magnetic stirrer have limited strength to completely break 

nanoparticles agglomeration or cluster, however, Ultrasonication is applied (Sidik et 

al., 2014). To further assist with nanoparticles separation, the 



20 
 

Cetyltrimethylammonium bromide (C-Tab) is applied. The C-Tab powder should be 

10% for each volume concentration. This powder increases the repulsion forces 

amongst the nanoparticles which leads to low viscosity and high properties of heat 

transfer in nanofluids (Timofeeva, Moravek and Singh, 2011). The disadvantage of 

using surfactants with low thermal conductivity compared to base fluid, restricts the 

improvement in nanofluid thermal conductivity (Asefi et al., 2016).  In a free surfactant 

experimental, two-step method is applied to prepare the aluminium oxide (Al2O3)/multi-

walled carbon nanotubes (MWCNTs) (85-15)/oil hybrid nanofluid using different solid 

volume concentration of 0.125%, 0.25%, 0.5%, 0.75%, 1% and 1.5%. Nanofluids 

showed high improvement on the thermal properties and possessed long term stability 

with low clogging and agglomeration when two-step method is followed (Asadi et al., 

2018). It is required that more research must carried out about the use and importance 

of surfactants.  

3.5. The advances of nanofluids in thermo-physical properties  

The thermophysical properties of the nanofluids, such as thermal conductivity, specific 

heat capacity, viscosity, and density are evaluated and verified using the established 

testing procedures. The commonly used standards are international organization for 

standardization (ISO) and American society for testing and materials (ASTM). Testing 

methods that are commonly followed to test each thermophysical properties are shown 

in table 3. The advances of nanofluids in thermophysical properties are calculated 

using Eq. (2-5) (Moghaieb et al., 2017). 

 

Table 3: Fluid testing standards (Ahmad, Member and Khan, 2019) ,(O’Hanley et al., 2012) 

Characteristics Kinematic 

viscosity 

Thermal 

conductivity 

Density Specific heat 

Testing Standard ISO3104 ASTMD2717-

95 

ISO3675 ASTME1269-05 

 

 

 𝜇𝑛𝑓  = 𝜇𝑏𝑓(1 + 2.5𝜑)         (2) 
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 ρ
nf

 = φρ
np

+  (1 −  𝜑)𝜌𝑏𝑓        (3) 

 

 ρ
nf

C
p,nf

 =φ(ρ
np

Cp,np)+(1-φ)(ρ
bf 

Cp,bf)        (4) 

 

 
knf =kbf (

knp+ 2kbf+2φ(knp- kbf)

knp+2kbf - φ(knp- kbf)
) 

       (5) 

   

Where k is the thermal conductivity, Cp is the specific heat capacity, ρ is the density, µ is the 

viscosity and 𝛗 is the viscosity of the fluid.  

3.5.1 Thermal conductivity 

Lee et al (2013) mentioned that there is a high degree of confidence that base fluids 

containing suspended solid nanoparticles will considerably increase the thermal 

conductivity of transformer oil. This increment in thermal conductivity is attainable 

when the nanoparticle size, morphological shape and volume concentration is taken 

into consideration. The increase in nanofluids thermal conductivity is caused by non-

metallic and metallic nanoparticles, which have a higher thermal conductivity than the 

transformer oil. Synthesis of nanofluids with high thermal conductivity can be the result 

of employing nanoparticles that carries a superior properties of thermal transfer  

(Selvam, Mohan Lal and Harish, 2018).  Borne nitride (BN), silver (Ag), and graphite 

are some discovered nanoparticles that possess high thermal conductivity (Du, Li and 

Xiao, 2015). Researchers who channelled their studies in improving the fluid thermal 

conductivity might think about using these nanoparticles. 

In the study, the thermal conductivity of the mineral oil and polyalphaolefin (PAO) is 

tested using Al2O3 and silicon carbide (SiC) colloids. Based on the prepared solutions, 

the results for thermal conductivity turn out to be higher than anticipated (Chiesa and 

Das, 2009).  The test rig to remove heat from the heat exchanger was built and used 

in a study. The sodium oleate surfactant Al2O3/nanofluids are made using a two-step 

method. The Al2O3 nanoparticles used was 2 nm in diameter size with the volume 

concentration of 0.10, 0.20, and 0.30% vol. According to the findings, the thermal 

conductivity rose by a factor of 2 to 5 times better compared to the base fluids 
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(Vimalanathan, Karthick and Kannan, 2016). In the study, a mesophase pitch based 

on coal tar is used to create high strength, high thermal conductivity carbon foam 

reinforced with graphite nanoparticles. The two-dimensional turbostratic structure of 

carbon foam is created as a result of the high thermal conductivity of laminar graphite 

structure, which also causes the thermal conductivity of carbon foam to go up from 80 

W/m.K to 195 W/m.K (Wang et al., 2007). 

3.5.2 Viscosity  

The viscosity is described as a factor that prevents a fluid from flowing or causing 

particle collisions in fluids of various velocities (Hemmat et al., 2017). When 

nanoparticles are dispersed into the base fluid, the resistance forms between the fluid 

layers while improving viscosity of the fluid (Sundar et al., 2014). The most recent 

methods for increasing the viscosity of nanofluid were investigated by researchers. It 

is stated that an acceptable viscosity can be produced by taking into account the 

properties of the base fluid, particle volume fraction, particle size, particle shape, 

temperature, shear rate, pH value, surfactants, and particle aggregation (Mishra et al., 

2014). According to what is presented in the report, the volume concentration of 

nanoparticles and a change in temperature, have a significant impact on viscosity 

variation  (Yang et al., 2012). Referring to the study outcomes, as the temperature 

rises, the nanofluid viscosity drops. This is related to the decline in attractive or 

adhesion forces between solid and liquid molecules. It was discovered that adding 

diamond nanoparticles increased the viscosity of pure transformer oil (Asefi et al., 

2016). This significant boost in viscosity is caused by the increase in the intermolecular 

forces at a temperature of 40°C and a volume concentration of diamond nanoparticles 

of 0.15weight. %, the experiment showed that the viscosity of the transformer oil 

increased from 8.539mm2/s to 9.25mm2/s, which is 8.3% rise. The dynamic viscosity 

evaluation is further conducted using four different types of conventional transformer 

oil. The nanofluid samples are prepared out of 80% oxide particles, primarily Al2O3, 

TiO2, and SiO2, and 20% MWCNTs. The range of particle volume concentration was 

taken to be 0.001, 0.002, 0.005, 0.01, 0.025, and 0.1vol%. The volume concentration 

of solids increased along with the  increase in dynamic viscosity (Ghaffarkhah et al., 

2020). The effect of SiO2/nanoparticles was also studied using different types of base 

fluids. the viscosity of all selected base fluids was found to increase with the increase 

in nanoparticles volume concentration (Jamshidi et al., 2012).  



23 
 

3.5.3 Density  

A nanofluid 60:40 EG/water mixture was used in the experiment to measure the 

density of Al2O3. The test rig is validated with the error of 1.7%. The Al2O3 volume 

concentration was fixed to 1, 2,4,6,8 and 10vol%. The density increased diagonally 

with concentration as the nanoparticles were added (Vajjha and Das, 2008). In 

refrigeration studies Al2O3 particle of 0.4vol% and R141b refrigerant gas is processed 

to produce nano/refrigerant. The nano/refrigerant density at the temperature of 5 to 

20oC decreased as the temperature increases (Mahbubul, Saidur and Amalina, 2013). 

A similar trend is observed at high temperatures, the density is more sensitive to 

increase in volume fraction when ZnO-EG/water plus two surfactants namely Gum 

Arabic and DI ammonium hydrogen citrate were used (Mahian, Kianifar and 

Wongwises, 2013). In study, a stable coolant is produced out of a transformer oil-base 

and amine-treated graphene quantum dots (AGQD) nanoparticles. The nano-coolant 

and the pure transformer oil were taken to a density and temperature test. The two 

fluids were heated to a temperature of 30-90oC. The densities of the pure transformer 

oil and AGQD/nano-transformer oil decreased with the increase in temperature. The 

decrease in density is the results of the oil expansion that is caused by the heat stress 

(Amiri et al., 2017).   

3.5.4 Specific heat  

The existence of nanofluids with sufficient specific heat can be viewed as one of the 

ways to reduce energy consumption. This can be further explained that the energy 

required to rise the temperature of the nanofluids decreases with the increase in 

nanoparticles volume concentration (Singh et al., 2020). The nanofluid is prepared by 

using Al2O3 and 60:40EG/water to measure its specific heat. The Al2O3 particle volume 

concentration used was 2%, 4%, 6%, 8% and 10%. It is reported that nanofluid specific 

heat capacity decreases when the nanoparticle volume concentration is  increases 

and increases with the increase with temperature (Vajjha and Das, 2009). When 

measuring the specific heat of water-based Al2O3/nanofluid, The results presented, 

showed a decrease in specific heat capacity whenever the volume fraction is 

increased (Zhou and Ni, 2008). Similar results were presented in the study. The 

explanation of a decreases in specific heat capacity when the nanoparticle volume 

concentration is increased is because, the nanoparticles added have a lower specific 
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heat capacity when compared to the base fluid. Moreover, the use of base fluid with 

higher specific heat capacity results in nanofluids that has higher specific heat capacity 

more than the nanoparticles (Elias, Mahbubul, et al., 2014).   

3.6 Overall heat transfer coefficient 

The primary variables that affect the heat transfer coefficient of nanofluids are 

thermophysical properties. These thermophysical properties are thermal conductivity, 

viscosity, specific heat capacity and density. The overall heat transfer coefficient is 

calculated based on the average heat transfer rate of each inner tube area and the log 

mean temperature (Pendyala et al., 2016). Eq. (6) is used to calculate the overall heat 

transfer coefficient.  

 
U =

Qav

A∆Tlm
 

 

      (6) 

Where U is the overall heat transfer coefficient, Qav is the average heat transfer rate 

A is the inner tube area and ∆Tlm is the log mean temperature between nanofluids and 

air. 

The overall heat transfer coefficient of nanofluids is reported to be sensitive at high 

volume concentration of nanoparticles. At high nanoparticle volume concentration, the 

nanofluid density increases and that reduces the natural convection to take place 

(Selvam et al., 2016). The aluminium nitrate (AIN) with a low volume concentration of 

0.5 vol.% and transformer oil was used to produce nanofluids.  The overall heat 

transfer coefficient of the nanofluids resulted in a 20%  improvement (Choi, Yoo and 

Oh, 2008). The water base medium is merged with 0.4vol vol% of copper oxide (CuO) 

to investigate the heat transfer coefficient in a car radiator. The heat transfer coefficient 

was reported to decrease with the increase in the inlet temperature of CuO/water 

nanofluids. Furthermore, it mentioned that when the volumetric flow rate of nanofluids 

and air is adjusted higher it results in an increase in overall heat transfer coefficient of 

the nanofluids (Naraki et al., 2013). 

3.7 Nusselt Number 

The Nusselt number of the fluid is regarded as the ratio of convective and conduction 

heat transfer across the boundary layer. Nanoparticles are reported to play a vital role 
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in improving the Nusselt number of the base fluid. The acceptable increase in volume 

concentration of the nanoparticles results in a significant enhancement in the Nusselt 

number. However, when particles are added beyond the limit leads to an increase in 

the viscosity of the fluid. This phenomenon causes the fluid to be thick at the boundary 

layers leading to a reduction in Nusselt number (Zarringhalam, Karimipour and 

Toghraie, 2016). The effect of the Nusselt number is determined from the heat transfer 

coefficient (h), hydraulic diameter of the heat exchanger (Dh) and the thermal 

conductivity of the fluid (k) (Bakar, Kadirgama and Sharma, 2014). See Eq. (7) below. 

 
Nu =

hDh

𝑘
 

 

        (7) 

The Nusselt number is not affected by the morphological change in diameter size of 

the nanoparticles. It is observed that all nanoparticles diameters sizes that ranges from 

10 to 50nm displayed a higher Nusselt number when compared to the base fluid (Arani 

and Amani, 2013). The CuO and Al2O3 was compered to determine the coolant that 

can be used for a car radiator. The Nusselt number of the base fluid increased from 

164. to 173.9 for Al2O3 and 208.71 for CuO at the fixed volume concentration of 0.3%. 

The compered result showed that CuO recorded the highest Nusselt number (Tijani 

and Sudirman, 2018).  

3.8. Prandtl number 

When analysing the thermophysical properties of the fluid, it is highly recommended 

to consider the momentum possessed by the fluid to transport heat and the capacity 

of the fluid to conduct heat. The relationship between the two can be determined by 

the value of the Prandtl number. Prandtl number is a dimensionless parameter that 

determines the relationship between a viscosity and the thermal conductivity of the 

fluid. It is calculated based on Eq. 3 (Sundar, Abebaw and Singh, 2020).   

 
Pr =

μCp

K
 

Eq. (8) 

   

Where Pr is the Prandtl number, μ is the dynamic viscosity, Cp is the specific heat 

capacity and k is the thermal conductivity. 
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The application of nanofluids benefits the Prandtl number, reason being that the 

dynamic viscosity and thermal conductivity increases with the increase in particle 

volume concentration while specific heat capacity decreases with the increase in 

particle volume concentration. However, the increase in temperature of the nanofluids 

is reported to have a negative impact in the Prandtl number. The CuO/60% ethylene 

glycol nanofluids is presented over the increasing temperature and nanoparticle 

volume concentration. Reading from the results it is shown that the Prandtl number of 

the nanofluids increases when the nanoparticle volume concentration is increased and 

decrease with the increase in temperature (Strandberg and Das, 2010). During the 

comparison, pure water and nanofluids Prandtl number were compared at a fixed 

temperature. When the temperature of the two fluid is kept low, the Prandtl number of 

the nanofluids exceeds the Prandtl number of the pure water. When the nanoparticle 

volume concentration is kept at the lower scale, the Prandtl number of the nanofluids 

can be less or equal to the Prandtl number of the water. It is also mentioned that when 

selecting a suitable nanoparticle size for a specific operating temperature can results 

with the acceptable nanofluids that are good for heat transfer application (Azmi et al., 

2010).      

3.9 Reynolds number 

The Reynolds number controls the velocities or the flow patterns of the fluid. When 

the Reynolds number is high the interaction between particle and particle to liquid in 

this regard the conviction of the nanofluids significantly enhances (Yu et al., 2012). 

When the fluid is flowing in a radiator, the value of the Reynolds can be calculated by 

following the step shown in Eq. (9) (Said et al., 2019).  

 
Re =

2𝑚̇

μ(Wt + Ht)
 

 

    (9) 

 

Where 𝑚̇ is the nanofluid mass flow rate, μ is the dynamic viscosity, Wt width of the 

tube and Ht is the height of the tube. 

Reynolds number and Prandtl number plays an important role in thermophysical 

properties of the nanofluids. The quantities control the convective heat transfer 

coefficient. However, they are reported to behave differently when subjected to a 

change in nanoparticle volume concentration. When the nanoparticle volume is 
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increased the Prandtl number and the heat transfer in nanofluids increases. The 

Reynolds number is more responsive to a low scale of nanoparticle volume 

concentration. In the variation of Nusselt number and Reynolds number, the Nusselt 

is seen to increase in all values of the Reynolds number (Saini et al., 2016). The flow 

pattern of the fluid can be classified as a turbulent when the value of the Reynolds 

number greater than 35000 and Laminar flow is less than 2000.  

 

4. List of apparatus used 

 

 

Figure 3: Photo of 15 litres oil reservoir and heating element 

This is the 15-litre oil tank showing the heating element, oil filter, overflow swich and 

the return pipe. 
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Figure 4: Photo of the recycle loop 

The recycle loop mod. TE4/EV is used to measure the transformer oil flow rate, inlet, 

and outlet temperature. 

 

 

Figure 5: Photo of the heat transfer service unit 

The heat transfer service unit mod, TE6/EV records the air speed, air temperature at 

the inlet and the outlet. 
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Figure 6: Photo of the heat transfer service unit. 

A second heat transfer service unit mod, TE6/EV is linked with sensors that detect 

the surface temperature at the inlet, middle and outlet position of the heat 

exchanger. 

 

 

Figure 7: Photo showing a heat exchanger and Three temperature surface sensors 

The heat exchanger (oil cooler) showing the three surface temperature sensors. The 

linked sensors measure the inlet, middle and the outlet temperatures. 
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Figure 8: Photo of the hydraulic pump 

The calpeda hydraulic pump is used to pump the transformer oil and circulate it to all 

parts of the system starting from the. The specifications of the pump are 1m head, 

volume flow rate is 20l/m and the power is 35w. 

 

Figure 9: Photo of the flow meter 

The flow meter is used to control the flow rate of the transformer oil, the flow rates 

were varied from 0.2-0.6L/min. 

 



31 
 

 

Figure 10: Photo of the oil pressure gauge 

The two pressure gauge units are used to measure the pressure of the transformer 

oil at the inlet and outlet of the heat exchanger. 

 

Figure 11: Photo of the suction fan 

The suction fan forces the cool air to pass through the heat exchanger and transfer 

the heated are to the surrounding. It also controls the speed of the air. 
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Figure 12: Photo of the air housing 

 

The housing channels the heated air from the entire width of the heat exchanger and 

discharge it to the surround air through the fan. It carries the outlet temperature 

sensor and the air speed sensor. 

 

Figure 13: Photo of the air speed control unit 

The speed control unit is used to control the speed of the fan which drives the air out 

of the heat exchanger through the connected housing. 
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Figure 14: Photo of the hydraulic pipe 

Hydraulic pipes with an internal diameter of 25mm made up of flexible rubber are 

used to transport the transformer oil to all parts of the rig and links the sensors for 

data recording. 

 

Figure 15: Photo showing the hydraulic fittings 

Hydraulic fittings such as elbows, T and straight joints are used to link the pipes and 

measuring instruments and circulate the nanofluids into all parts of the of the 

experimental setup. 

 

All the components listed above were assembled to a complete experimental setup 

shown in fig. 16. The operating temperature of this test rig is from 0 to 75oC. The 

maximum volume flow rate capacity is 2.5L/min. The data collected is presented in 

table. 138 and 144 below. The experimental results of each nanoparticle volume 

concentration were repeated twice and before used for calculations.  
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Figure 16: Photo showing the assembled experimental setup 

5. Methodology 

 

5.1. The dimensions of the heat exchanger (cord bike oil cooler). 

In the experimental validation of the radiator effectiveness with the goal of achieving 

the equivalent performance from small and large sized radiators. The smaller radiator 

has been redesigned considering the abbreviated labels to calculate the area of the 

radiator see fig 17. 

 

Figure 17: The schematic diagram showing the radiator dimensions and labels  (Bhattacharya and 
Adhikari, 2008), (Summary, Definition and Dimensions, 2008) 
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Fig. 18. Shows the cord bike oil cooler that is treated as a heat exchanger for the 

study. Following the demonstration presented in fig 17, all the dimension of the oil 

cooler are measured as presented from the picture. The tools used to measure the 

sizes are engineering ruler, making pens and manual vernier calliper.  The measured 

sizes were recorded with the name and abbreviation as shown in table. 4 below. Using 

the measured sizes, the area occupied by the fluid and the air is calculated using Eq. 

(10) and (12). The total area of the oil cooler is presented by Eq. (13) and the hydraulic 

diameter is Eq. (14).    

 

 

Figure 18: Photo of the cord bike oil cooler 

                   

 

Table 4: The characteristics and the dimensions of the cord bike oil cooler 

Characteristics Dimensions 

Radiator length (RL) 

Radiator width (RW) 

Radiator height (RH) 

Tube width (TW) 

Tube height (TH) 

Fin width (FW) 

Fin height (FH) 

Distance between fins (DF) 

0.3m 

0.0322m 

0.1106m 

0.0281m 

0.00441m 

0.0318m 

0.00925m 

0.0018m 
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Number of tubes (NT) 

Number of fin rows (FR) 

9 

8 

 

5.2. Calculations 

Nanofluid surface area (NSA)  

 𝑁𝑆𝐴 = 𝑁𝑇(2𝑇𝐻. 𝑅𝐿 + 2𝑇𝑊. 𝑅𝐿)       (10) 

NSA = 9((2)(0.0044m)(0.3m) + (2)(0.0281m)(0.3m)) 

NSA = 0.1755m2 

 

Total number of air passages (TAPtot)  

 
TAPtot = FR(

RL

DF
) 

 

      (11) 

TAPtot = 8(
0.3m

0.0018m
) 

TAPtot = 1333.33 

Air Surface Area (ASA) 

 ASA = TAPtot(2FD. FH + 2FW. FH) 

 

      (12) 

ASA = 1333.33((2)(0.0018m)(0.00925m) + (2)(0.0318m)(0.00925m)) 

ASA = 0.8288m2 

Total Area  

 Atot = NSA +  ASA 

 

      (13) 

Atot = 0.1755m2 + 0.8288m2 

Atot = 1.0043m2 
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Hydraulic diameter (Dh) 

 

Dh =
4[

π(TH)2

4 + (TW − TH)TH]

πTH + 2(TW − TH)
 

 

      (14) 

Dh =
4[

π(0.00441)2

4 + (0.0281 − 0.00441)0.00441]

π0.00441 + 2(0.0281 − 0.00441)
 

Dh = 0.007822m 

 

Table 5: The areas and the hydraulic diameter of the oil cooler 

Characteristics Dimension 

Nanofluid surface area (NSA)  0.1755m2 

Air Surface Area (ASA) 0.8288m2 

Total Area  1.0043m2 

Hydraulic diameter (Dh) 0.007822m 

 

The Al2O3/nanofluids used for this study were produced from the mineral transformer 

oil and the Al2O3 nanoparticles. The mineral transformer oil was purchased from 

Enviroil group and the 50 nm nanoparticles of Al2O3 were supplied by Sigma-Aldrich. 

All the metrics characterizing the transformer oil and Al2O3/nanoparticles 

characteristics are shown in table 6. The certificate of analysis for mineral transformer 

oil presented in table: 7 shows all the characteristics of the oil. However, the values of 

these characteristics were obtained from the articles that uses the similar transformer 

oil as a base fluid during the study. 
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Table 6: Specifications of transformer oil and Al2O3-nanoparticles. 

Transformer oil (mineral) 

Density (ρoil)                                    895kg/m3, ISO3675/ ISO12185. 

Certificate of analysis 

Viscosity(μ), 40oC 
 
                   -15oC to -30oC                                     

0.0165kg/m.s, 
 

0.00180kg/m.s, ASTM D445, Certificate 
of analysis. 
 

Thermal Conductivity (koil)            0.16W/m.K (RaAmin et al., 2019). 
 

Specific Heat Capacity (Cp,oil)         1860J/kg.K (Martin et al., 2011). 
 

Al2O3 nanoparticles (Vimalanathan, Karthick and Kannan, 2016). 

 

Density(ρnp)                                    3890kg/m3                                           

Thermal Conductivity (Knp)             30.0W/m.K 

Specific Heat Capacity (Cpnp)         880J/kg.K 

Particle size                                     50nm 

Particle shape                                  Spherical 
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Table 7: The certificate showing all the characteristics of the transformer oil. 
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The volume of the transformer oil to be used in a tank is measured to be 15 litters. The 

weight of the base fluid required to calculate the volume concentration of Al2O3 

nanoparticles is calculated by using Eq. (15) see the following steps below. 

 

 mbf = ρbf × Vtank         (15) 

 

mbf = (895kg/m3) × (0.015m3) 

mbf = 13.425kg 

 

Where mbf is the weight of the base fluid, ρbf is the density of the base fluid and  Vbf 

is the volume of the base fluid in a tank. 

Weight of the nanoparticles. 

This study examines the effects of adding Al2O3/nanoparticles to transformer oil using 

five samples with the selected increasing nanoparticle volume concentrations. The 

volume concentrations are taken to be 0.004, 0.006, 0.008, 0.01 and 0.015% vol. 

When referring to the literature, the weights of the nanoparticles to be added into 

13.425Kg of the transformer oil is presented using the calculation steps shown below. 

The weight of the nano-powder to be used is calculated based on the five samples of 

nanoparticle volume concentration as stated. All the values required to determine the 

weight of a single nanoparticle are substituted into Eq. (16).  

 mnp  =  φ × mbf  ×  
ρnp

ρbf(1 − φ)
 

      (16) 

 

Wnp0.004  =  
0.004

100
 × 13.425kg × 

3890Kg/m3

(895kg/m3)(1 −
0.004
100 )

 

mnp  =  2.3341 × 10−3     × 1000 

mnp  =  2.3341g 
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mnp =  φ × mbf ×  
ρnp

ρbf(1 − φ)
 

mnp0.006 =  
0.006

100
 × 13.425kg × 

3890Kg/m3

(895kg/m3)(1 −
0.006
100 )

 

mnp  =  3.5012 × 10−3     × 1000 

mnp  =  3.5012g 

 

mnp =  φ × mbf ×  
ρnp

ρbf(1 − φ)
 

mnp0.008 =  
0.008

100
 × 13.425kg × 

3890Kg/m3

(895kg/m3)(1 −
0.008
100 )

 

mnp  =  4.6684 × 10−3     × 1000 

mnp  =  4.6684𝑔 

 

mnp =  φ × mbf ×  
ρnp

ρbf(1 − φ)
 

mnp0.01 =  
0.01

100
 × 13.425kg ×  

3890Kg/m3

(895kg/m3)(1 −
0.01
100 )

 

mnp  =  5.8356 × 10−3     × 1000 

mnp  =  5.8356g 

 

mnp =  φ × mbf ×  
ρnp

ρbf(1 − φ)
 

mnp0.015 =  
0.015

100
 × 13.425kg × 

3890Kg/m3

(895kg/m3)(1 −
0.015
100 )
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mnp  =  8.7538 × 10−3     × 1000 

mnp  =  8.7538g 

 

Where mnp is the weight of the nanoparticles, ρnp is the density of the nanoparticles 

and  ρbf is the density of the base fluid and φ is the nanoparticle volume concentration. 

5.3. Surfactant 

A substance known as Cetyltrimethylammonium bromide (C-Tab) is one of the 

additives that can ease the tension between two liquids that differ in type and a mixture 

of liquids and solids. When incorporated into the fluid medium, the major job of the 

surfactants is to break down the aggregation of nanoparticles and keep them apart 

(Al-Waeli et al., 2019). The addition of surfactants, which have less thermal 

conductivity than nanofluids, prevents greater thermal conductivity from being 

achieved (Asefi et al., 2016). The surfactants powder is used during nanofluids 

preparation to preserve good heat transfer characteristics and low viscosity 

(Timofeeva, Moravek and Singh, 2011). The amount of surfactant powder that will be 

utilized is determined by multiplying each nanoparticle volume concentration by 10%. 

All the calculations for each volume concentration a presented underneath. 

 

C − Tab0.004 = 2.3341g × 0.1 

C − Tab0.004 = 0.23341g 

 

C − Tab0.006 = (3.5012g −  2.3341g )  × 0.1  

C − Tab0.006 = 0.11671g  

  

C − Tab0.008 = (4.6684g −  3.5012g )  × 0.1  

C − Tab0.008 = 0.11672g  
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C − Tab0.01 = (5.8356g −  4.668g )  × 0.1  

C − Tab0.01 = 0.11676g  

 

C − Tab0.015 = (8.7538g −  5.8356g )  × 0.1  

C − Tab0.015 = 0.29182g 

Table 8: The weight of nanoparticles and C-Tab powder for each volume concentration 

Volume concentration (𝛗), 

% 

Weight of the nanoparticle 

(mnp), (grams) 

Weight of the C -Tab 

powder (grams) 

0.004 2.3341 0.2331 

0.006 3.5012 0.11671 

0.008 4.6684 0.11672 

0.01 5.8356 0.11676 

0.015 8.7538 0.29182 
 

5.4. Nanofluids preparation  

The two-step method for Al2O3/nanofluids preparation is adopted for this study. It is 

referred as a straightforward method and produces a large amount of nanofluid in litres 

(Kumar et al., 2022). When a two-step method is applied, nanofluids exhibit a 

significant improvements and stabilize much longer with less clogging and 

agglomeration (Asadi et al., 2018), (Sidik et al., 2014). The samples of 

Al2O3/nanoparticles were added to the transformer oil. Magnetic stirring was used for 

5 hours as previously described to evenly distribute the nanoparticles particles and 

break down the agglomeration between them (Sumathi, Rajesh and Subburaj, 2019). 

All the material used, and the preparation steps are discussed below.   
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Nano/powders and transformer oil used  

 

 

 

 

 

 

 

 

Figure 19: Al2O3/nanoparticles 

The 50nm Al2O3/nanoparticles is used in the study 

 

 

Figure 20: Cetyltrimethylammonium bromide 

The 10% of the Cetyltrimethylammonium bromide is added to ease the tension 

between nanoparticles and transformer oil. It also minimizes the attractive forces that 

keep nanoparticles in a cluster position. 
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Figure 21: Mineral insulting transformer oil 

The description of the transformer oil name is Enviroil unused uninhibited mineral 

insulating oil (SANS 555) [Power oil TO 1020 (60U)]. The amount of the transformer 

oil used for the study is 15 litters. 

Step 1: The nanoscale was used to measure the mixture of the Al2O3/nanoparticles 

weight and the 10% of the C-Tab powder of each volume concentration. The beaker 

was inserted inside the scale that was set to a sub-zero by pressing a button. The 

nanoparticles were added while monitoring the weight displayed in the screen. When 

the weight required appeared the beaker was removed and replaced with the clean 

one. The scale was set back to zero again and measure the 10% of a C-tab using the 

weight in grams presented in table. 8. It required to wear a lab protective equipment 

to prevent the inhalation of the powder as shown in fig. 22.  
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Figure 22: A picture showing how nanoparticle and a C-tab powder are measured. 

 

Step 2: The weight of the mixture is measured in grams (g) as displayed on the 

nanoscale in fig. 23. To be more precise, after adding the nanoparticles into the beaker 

slide the glasses of the scale to prevent the air from coming in and causes the readings 

to be unstable.  Avoid using one beaker when measuring different powders and is 

advisable to measure the weight of the nanoparticles and C-tab powder separate and 

mix them after. 

 

Figure 23: A picture of the nanoscale displaying the weight of a C-tab/Al2O3 nanoparticles. 

Step 3: The two litres of the transformer oil was drained from the main tank that is 

caring 15 litres of the oil by using a volumetric flask. The mixture of the nanoparticles 

and the C-Tab powder is slowly dipped inside the volumetric flask to mix with the 



47 
 

transformer oil. The challenge is that particles formed cluster and sinks to the bottom 

surface as shown in the fig. 23.   

 

Figure 24: A picture showing a mixture of a C-tab/Al2O3 nanoparticles and the transformer oil. 

 

Step 4: From fig 24 it is observed that the C-tab/Al2O3 nanoparticles descended to the 

lower surface of the volumetric flask. To distribute the nanoparticles to all sides 

occupied by the transformer oil. A magnetic stirrer is applied.  The nanofluids were 

stirred for 8 hours at the adjusted temperature range of 32 to 35oC and the stirring 

speed. During the stirring process the colour of the transformer oils started to lose its 

transparency as displayed in fig. 25. 

 

Figure 25: A picture showing a magnetic stirrer and the volumetric flask with nanofluid inside 
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Step 5: After 8 hours the volumetric flask filled with nanofluids was removed from the 

magnetic stirrer and placed aside for an hour to monitor any nanoparticle sinkage or 

formation of the cluster see fig. 26. None of that was identified. The prepared 

nanofluids was returned into the main tank that filled with oil that is circulated by the 

pump to all parts of the experimental setup. The preparation steps were followed to all 

nanoparticles volume concentrations of 0.004 to 0.015vol%. The pump was never 

switched off until all nanoparticles volume concentration samples are added. The data 

is collected for all samples at the operating temperature that ranges from 35-40oC. 

 

Figure 26: A picture of the prepared Al2O3/nanofluids 

 

5.5. Experimental setup 

The effect of employing Al2O3/nanoparticles into the transformer oil was tested using 

the experimental setup that circulates the heated nanofluids passing through the 

heat exchanger and the linked temperature, pressure, and volume flow rate sensors. 

The full experimental setup is demonstrated in Fig. 16. The experimental setup 

exchanges the heat in a following manner, the heat loss by the nanofluids is gained 

by the air. The heat energy loss by the nanofluids and heat energy gained by the air 

are used to determine the percentage error of the experimental setup. These heat 

energies are calculated using the newtons law of cooling Eq. (17) (Mohite, Naik and 

Dadi, 2017). 

 Q̇nf =ṀnfCP (Tin- Tout)     (17) 
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Where Q̇oil is the heat transfer rate, Ṁnf is the mass flow rate, Cp.nf is the specific heat 

of the nano-transformer oil and (Tin − Tout) represents the change in the inlet and 

outlet temperature. 

The calibration of the experimental rig is calculated by substituting the values of the 

heat energies gained by the air and heat energy lost by the oil into Eq. (18). The 

acceptable percentage error for a well calibrated test rig should be less than 5%. The 

validation results of the rig used in this study is calculated to be 3.6% which is less 

than 5%. Follow the calculation steps below.   

 Error

100%
=

Heatloss,oil − Heatgain,air

heatgain.air
 

        (18) 

 

Error

100
=

62.266W − 60.1023W

60.1023W
 

Error = 3.6% 

In fig. 27 the heated nanofluids in the reservoir is pumped to the inlet of the heat 

exchanger. When the nanofluids enters the heat exchanger it gets distributed to all 

channels that covers the area of the nanofluids and flow up to the exit. The quad bike 

oil cooler is made up of channels that are positioned horizontal and vertical. As 

nanofluids flows in a horizontal and vertical directions towards the exit point, the 

suction fan that is plugged-in collects the air that is at a room temperature. The air is 

forced to enter from the front surface of the heat exchanger using fins and exit at the 

back with the help of a housing. As the nanofluids flows in the heat exchanger tubes, 

heat is transferred to the air by the process of convection. This explains that nanofluids 

loses the heat while the air gains the heat. The heated air that is channelled towards 

the exit by the housing gets distributed to the surrounding air after exiting behind the 

suction fan. The cooled nano oil flows back to the oil tank to complete the loop. All 

sensors a linked to measure the effect of Al2O3/nanofluids of the transformer oil and 

the air. The recycle loop machine is used to measure the nanofluids inlet and outlet 

temperatures. The heat transfer service unit is also connected to detect the three 

surface temperatures. The air speed control unit is connected to vary the speed 

rotation of the fan. The nanofluids flow rate is adjusted using a flow metre. The 

pressure sensors are also used to measure the inlet and the outlet pressure of the 
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nanofluids. Using all the instrument linked to the experimental setup, the data is 

collected and used for calculations below. 

 

Figure 27: Schematic presentation of the experimental setup 

 

5.6. Thermophysical properties 

The properties of the pure transformer oil and the Al2O3/nanoparticles are calculated 

to determine how influential are Al2O3/nanofluids when compared to the pure 

transformer oil. The thermophysical properties namely, thermal conductivity, viscosity, 

specific heat capacity and density are calculated by using Eq. (2-5). All calculations 

are carried out analytically and verified using excel. The original properties of the 

transformer oil and Al2O3/nanoparticles a shown in table 9. 

Table 9: Properties of the transformer oil and Al2O3/nanoparticles 

Thermophysical properties Transformer oil  Al2O3/nanoparticles  

Thermal conductivity 0.16W/m.K 30W/m.K 

Viscosity 0.0165Kg/m-s - 
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Specific heat capacity 

Density 

1860J/Kg.K 

895Kg/m3 

880J/Kg.K 

3890Kg/m3 

 

 

When referring to the literature review, the viscosity of the nanofluids at different 

volume concentrations are calculated from Eq. (2) as shown below. It is seen that the 

viscosity of the nanofluids increases with the increase in nanoparticle volume 

concentration. 

 μnf  = μbf(1 + 2.5φ)             (2) 

 

At the volume concentration of 0.004% 

μnf = (0.0165kg/m. s )(1 + 2.5(0.004)) 

μnf = 0.0167kg/m. s 

At the volume concentration of 0.006% 

μnf = (0.0165kg/m. s)(1 + 2.5(0.006)) 

μnf = 0.01675kg/m. s  

At the volume concentration of 0.008% 

μnf = (0.0165kg/m. s )(1 + 2.5(0.008)) 

μnf = 0.0168kg/m. s   

At the volume concentration of 0.01% 

μnf = (0.0165kg/m. s )(1 + 2.5(0.01)) 

μnf = 0.0169kg/m. s   

At the volume concentration of 0.015% 

μnf = (0.0165kg/m. s )(1 + 2.5(0.015)) 

μnf = 0.0171kg/m. s   
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Similarly, the density of the nanofluids also increase with the in nanoparticles volume 

concentrations. Eq. (3) is the formula used to calculate the density of the nanofluids. 

 

 ρ
nf

 = φρ
np

+  (1 −  φ)ρbf         (3) 

 

At the volume concentration of 0.004% 

ρnf = (0.004)(3890kg/m3) + (1 − 0.004)(895kg/m3) 

ρnf = 906.98kg/m3 

At the volume concentration of 0.006% 

ρnf = (0.006)(3890kg/m3) + (1 − 0.006)(895kg/m3) 

ρnf = 912.97kg/m3 

At the volume concentration of 0.008% 

ρnf = (0.008)(3890kg/m3) + (1 − 0.008)(895kg/m3) 

ρnf = 918.96kg/m3 

At the volume concentration of 0.01% 

ρnf = (0.01)(3890kg/m3) + (1 − 0.01)(895kg/m3) 

ρnf = 924.95kg/m3 

At the volume concentration of 0.015% 

ρnf = (0.015)(3890kg/m3) + (1 − 0.015)(895kg/m3) 

ρnf = 939.925kg/m3 

 

The specific heat capacity of the nanofluids displayed the dissimilar results from 

thermal conductivity, viscosity, and density. The specific heat capacity decreases with 

the increase in nanoparticle volume concentration. The decline can be read from the 

results of Eq. (4). 
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 ρ
nf

C
p,nf

 =φ(ρ
np

Cp,np)+(1-φ)(ρ
bf 

Cp,bf)           (4) 

 

At the volume concentration of 0.004% 

Cp.nf =
(0.004)(3890)(880) + (1 − 0.004)(895)(1860)

906.98
 

Cp.nf = 1843.187J/kg. K 

 

At the volume concentration of 0.006% 

Cp.nf =
(0.006)(3890)(880) + (1 − 0.006)(895)(1860)

912.97
 

Cp.nf = 1834.946J/kg. K 

At the volume concentration of 0.008% 

Cp.nf =
(0.008)(3890)(880) + (1 − 0.008)(895)(1860)

918.96
 

Cp.nf = 1826.813J/kg. K 

At the volume concentration of 0.01% 

Cp.nf =
(0.01)(3890)(880) + (1 − 0.01)(895)(1860)

924.95
 

Cp.nf = 1818.785J/kg. K 

At the volume concentration of 0.015% 

Cp.nf =
(0.015)(3890)(880) + (1 − 0.015)(895)(1860)

939.925
 

Cp.nf = 1799.162J/kg. K 

 

When the nanoparticle volume concentration is increased the small improvement in 

thermal conductivity of the nanofluids is observed, the increase adds up by 0.001 when 

the constant increase in nanoparticle volume concentrations is kept at 0.002. Eq. (5) 
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is used to determine the effect of Al2O3/nanoparticles in a transformer oil. The 

thermophysical properties calculated results are presented in table 10.  

 

knf =kbf (
knp+ 2kbf+2φ(knp- kbf)

knp+2kbf - φ(knp- kbf)
) 

            (5) 

 

At the volume concentration of 0.004% 

(0.16) (
30.0 + 2(0.16) + (2)(0.004)(30.0  − 0.16)

30.0 + (2)(0.16) − (0.004)(30.0  − 0.16)
) 

knf = 0.162 W/m. K 

At the volume concentration of 0.006% 

(0.16) (
30.0 + 2(0.16) + (2)(0.006)(30.0  − 0.16)

30.0 + (2)(0.16) − (0.006)(30.0  − 0.16)
) 

knf = 0.163 W/m. K 

At the volume concentration of 0.008% 

(0.16) (
30.0 + 2(0.16) + (2)(0.008)(30.0  − 0.16)

30.0 + (2)(0.16) − (0.008)(30.0  − 0.16)
) 

knf = 0.164 W/m. K 

At the volume concentration of 0.01% 

(0.16) (
30.0 + 2(0.16) + (2)(0.01)(30.0  − 0.16)

30.0 + (2)(0.16) − (0.01)(30.0  − 0.16)
) 

knf = 0.165 W/m. K 

At the volume concentration of 0.015% 

(0.16) (
30.0 + 2(0.16) + (2)(0.015)(30.0  − 0.16)

30.0 + (2)(0.16) − (0.015)(30.0  − 0.16)
) 

knf = 0.167 W/m. K 

 

 



55 
 

 

 

 

Table 10: The thermophysical properties of the nanofluids at different volume concentration. 

Volume 

Concentration 

(%) 

Viscosity 

(kg/m-s) 

Density  Thermal 

conductivity 

(W/m.K) 

Specific heat 

capacity 

(J/kg.K) 

0 0.0165 895 0.16 1860 

0.004 0.0167 906.98 0.162 1843.187 

0.006 0.01675 912.97 0.163 1834.946 

0.008 0.0168 918.96 0.164 1826.813 

0.01 0.0169 924.95 0.165 1818.785 

0.015 0.0171 939.925 0.167 1799.162 

 

When referring to the book of (Yunus et al., 2011). The properties of air at one 

atmospheric pressure explains that the density of air decreases with the increase in 

temperature. When the process of heat exchange takes place in the oil cooler the 

nanofluids loses heat and that heat is transferred to the air. As the air absorb the heat 

the temperature increase. The air outlet temperature is used to calculate the density. 

However, some temperatures do not appear on table A-15 page 884. Eq. 19 is used 

to interpolate the air densities of those temperatures that are not specified form the 

specified. Table 11 present the air densities at the temperature of 35 to 70oC. 

Table 12 and 13. are two samples of the experimental data that will be used to 

demonstrate how calculations were carried out. The first table present the data of the 

pure transformer oil and the second table is for nanofluids. Additional properties that 

include nanofluids heat transfer rate, bult temperature, heat transfer coefficient, overall 

heat transfer coefficient, Reynolds number, Prandtl number and Nusselt number are 

also presented on the calculations. The similar calculation steps were also followed in 

all nanoparticle volume concentration. The calculated properties for pure transformer 

oil and Al2O3/nanofluid at the temperature of 35oC are presented in table. 14.    
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Y =  Y1 +  

(Y2 +  Y1)

(X2 +  X1)
 X (X − X1) 

 

  (19) 

 

 

Table 11: The change in density of air with temperature. 

Temperature 
(oC) 

35 40 45 50 55 60 65 70 

Density of 
air (kg/m3) 

1.145 1.127 1.109 1.092 1.1755 1.059 1.0435 1.028 

 

Pure transformer oil 

       Table 12: The experimental data of the pure transformer oil at 35oC 

 

Mass flow rate 

 Ṁoil = ρV 

 

        (20) 

Ṁ𝑜𝑖𝑙 = (895𝑘𝑔/𝑚3)(0.0000033333𝑚3/𝑠) 

Ṁ𝑜𝑖𝑙 = 0.00298𝑘𝑔/𝑠 

 

 Ṁair = ρvA 

 

      (21) 

Ṁair = (1.145 kg m3⁄ )(0.00456m s⁄ )(0.8288m2) 

Ṁair = 0.00433kg s⁄  

Heat transfer rate 

 Q̇nf =ṀnfCP (Tin- Tout)       (17) 

Q̇oil = (0.00298kg/s)(1860J/kg. K)(35C − 18.9C) 

Q̇oil = 89.239W 

Oil flow rate 0.20 L/min =0.00000333m3/s 

Oil(oC) Air(oC) Pressure 
(Kpa) 

Tin Tout Tin Tout Ts,i
n 

Ts,mid 
 

Ts,ou
t 

Vm/s Pin Pout 

35 18.9 16.7 21.6 29.7 22.9 19.7 0.00456 41.7 41.1 
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Q̇air = (0.00433kg s⁄ )(1007j/kg. k)(21.6 − 16.7) 

Q̇air = 21.366W 

Average of heat transfer rate 

 
Q̇av =

(ṁCp∆T)
oil

+ (ṁCp∆T)
air

2
 

 

      (22) 

Q̇av =
89.239W + 21.366W     

2
 

Qav = 55.303W 

Bulk temperature 

 
Tb,oil =

Tin,oil + Tout,oil

2
 

 

      (23) 

 

Tb =
35C + 18.9C

2
 

Tb = 26.95C 

Average surface temperature 

 
Ts,ave =

Ts,in + Ts,mid + Ts,out

3
 

      (24) 

Ts,ave =
29.7C + 22.9C + 19.7C

3
 

Ts,ave = 24.1C 

Heat transfer coefficient 

 
h =

Q

A(Tb − Ts,ave)
 

 

        (25) 

ℎ𝑜𝑖𝑙 =
89.239𝑊

0.1755𝑚2(26.95𝐶 − 24.1𝐶)
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ℎ𝑜𝑖𝑙 = 178.416𝑊/𝑚2𝐶 

Reynolds number 

 
Re,oil =

2Ṁ

μ(Wt + Ht)
 

 

      (26) 

𝑅𝑒,𝑜𝑖𝑙 =
(2)(0.00298𝑘𝑔/𝑠)

(0.0165𝑘𝑔/𝑚. 𝑠)(0.0281 + 0.00441)
 

𝑅𝑒,𝑜𝑖𝑙 = 11.111 

Prandtl Number 

 
Pr,oil =

μoilCp,oil

Koil
 

 

      (27) 

Pr,oil =
(0.0165kg/m. s)(1860/kg. k)

(0.16w/m. k)
 

Pr,oil = 191.8125 

Nusselt Number 

 
Nuoil =

hoilDh

Koil
 

 

      (28) 

Nuoil =
(178.416W/m2C)(0.0078m)

(0.16W/m. k)
 

Nuoil = 8.698 

   

log mean temperature 

 ∆T1 = Toil.in − Tair.out 

 

      (29) 

∆T1 = 35C − 21.6C 

∆T1 = 13.4C 
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∆T2 = Toil.out − Tair.in 

∆T2 = 18.9C − 16.7C 

∆T2 = 2.2C 

 
∆Tlm =

∆T1 − ∆T2

ln (
∆T1

∆T2
⁄ )

 

 

      (30) 

∆Tlm =
13.4C − 2.2C

ln (13.4C
2.2C⁄ )

 

∆Tlm = 6.199C 

Overall heat transfer coefficient 

 
U =

Qav

A∆Tlm
 

 

        (31) 

U =
55.303W

(0.1755m2)(6.199C)
 

U = 50.833W/m2C 

 

Table 13: The experimental data of Al2O3/nanofluid at 35oC 

 

Mass flow rate 

 Ṁnf = ρV 

 

     (20) 

Ṁnf,0.004 = (906.98kg/m3)(0.0000033333m3/s) 

Ṁoil = 0.00302kg/s 

Oil flow rate 0.20 L/min at the volume concentration of 0.004% 

Nano Oil (oC) Air(oC) Pressure (kpa) 

Tin Tout Tin Tout Ts in Ts mid 

 

Ts out V(m/s) Pin Pout 

35 22.8 20.6 24.9 31.5 25.9 23.6 0.0044 42.3 42.0 
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 Ṁair = ρvA 

 

      (21) 

Ṁair = (1.145 kg m3⁄ )(0.00444m s⁄ )(0.8288m2) 

Ṁair = 0.00421kg s⁄  

Heat transfer rate 

 Q̇nf =ṀnfCP (Tin- Tout)       (17) 

Q̇nf,0.004 = (0.00302kg/s)(1843.187j/kg. k)(35C − 22.8C) 

Q̇nf = 67.910W 

Q̇air = (0.00421kg s⁄ )(1007J/kg. K)(24.9 − 20.6) 

Q̇air = 18.2297W 

Average heat transfer rate 

 
Q̇ave =

(ṁCp∆T)
nf,0.004

+ (ṁCp∆T)
air

2
 

 

      (22) 

Q̇av =
67.910W + 18.2297W

2
 

Q̇av = 43.0699W 

Bulk temperature 

 
Tb,oil =

Tin,oil + Tout,oil

2
 

 

      (23) 

𝑇𝑏 =
35𝐶 + 22.8𝐶

2
 

𝑇𝑏 = 28.9𝐶 

Average surface temperature 

 
Ts,ave =

Ts,in + Ts,mid + Ts,out

3
 

      (24) 
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Ts,ave =
31.5 + 25.9 + 23.6

3
 

Ts,ave = 27 

 

 
ℎ =

𝑄

𝐴(𝑇𝑏 − 𝑇𝑠)
 

 

      (25) 

ℎ𝑜𝑖𝑙 =
67.910𝑊

0.1755𝑚2(28.9𝐶 − 27𝐶)
 

ℎ𝑜𝑖𝑙 = 202.659𝑊/𝑚2𝐶 

 

Reynolds Number 

 

 
Re =

2Ṁ

μ(Wt + Ht)
 

 

      (26) 

𝑅𝑒𝑛𝑓,0.004 =
(2)(0.00302𝑘𝑔/𝑠)

(0.0167𝑘𝑔/𝑚. 𝑠)(0.0281 + 0.00441)
 

𝑅𝑒𝑛𝑓,0.004 = 11.1251 

Prandtl Number 

 
Pr =

μCp

K
 

 

      (27) 

Pr.nf,0.004 =
(0.0167kg/m. s)(1843.187J/kg. k)

(0.162w/m. k)
 

Pr.nf,0.004 = 190.0075 

Nusselt Number 
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Nu =

hDh

K
 

 

      (28) 

Nunf,0.004 =
(202.311W/m2C)(0.0078m)

(0.162W/m. k)
 

Nuoil = 9.741 

 Log mean temperature 

 ∆T1 = Tnf.in − Tair.out 

 

      (29) 

∆T1 = 35C − 24.9C 

∆T1 = 10.1C 

 

∆T2 = Tnf.out − Tair.in 

∆T2 = 22.8C − 20.6C 

∆𝑇2 = 2.2𝐶 

 

 
∆Tlm =

∆T1 − ∆T2

ln (
∆T1

∆T2
⁄ )

 

 

      (30) 

∆Tlm =
10.1C − 2.2C

ln (10.1C
2.2C⁄ )

 

∆Tlm = 5.1835C 

 

 
U =

Qav

A∆Tlm
 

 

        (31) 

Unf,0.004 =
43.0699W

(0.1755m2)(5.1835C)
 

U = 47.345W/m2C 
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Table 14: Calculated properties of the pure transformer oil, Al2O3/nanofluids and air 

Parameters Pure transformer and air Nanofluids and air 

Description Transformer 

oil 

Air Al2O3/nanofluids Air 

Ṁ 0.00298kg/s 0.00433kg/s 0.00302kg/s 0.00421kg/s 

Q̇ 89.239W 21.366W 67.9910W 18.2297W 

Q̇,average 55.303W 43.0699 

T.bulk 26.95oC - 28.9oC - 

Ts,average  24.1oC  27oC 

h 178.416W/m2 

oC 

- 202.659W/m2 

oC 

- 

Re 11.11 - 11.1251 - 

Pr 191.8125 - 190.0075 - 

Nu 8.698 - 9.741 - 

∆Tlm 6.199oC 5.1835oC 

U 50.833W/m2 oC 47.345W/m2 oC 

 

6. Results and Discussion 

 

6.1 Thermophysical properties 

The computed results for thermophysical properties namely, viscosity, density, 

thermal conductivity, and specific heat capacity for the volume concentrations of 0, 

0.004, 0.006, 0.008, 0.01, and 0.015% are shown in Fig. 28-31. the effect of adding 

Al2O3/nanoparticles into the transformer is calculated using Eq. (2-5). All the calculated 

results are presented in table 15-18.  

The viscosity of the Al2O3/nanofluids is determined by substituting the viscosity value 

of the base oil and the change in volume concentration. As the nanoparticle volume 

concentration rises it is observed that the viscosity of the nanofluids also rises, see 
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Fig. 28. In all volume concentrations the rise in viscosity is noticeable reaching a 

maximum of 0.0171Kg/m-s at 0.015vol.%. From table 15, the inclusion of 

nanoparticles contributes to a significant improvement in the viscosity of the 

transformer oil. It presented in the literature that employing less nanoparticle volume 

concentration provides the required increase in viscosity by not affecting the fluidity of 

the conventional fluid that is in use (Fontes, Ribatski and Bandarra Filho, 2015).  

Table 15: Calculated values of the viscosity. 

Volume Concentration (%) Viscosity (Kg/m-s) 

0 0,0165 

0,004 0,0167 

0,006 0,01675 

0,008 0,0168 

0,01 0,0169 

0,015 0,0171 

 

 

Figure 28: The variation of viscosity against nanoparticle volume concentration. 
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observed that the density of the nanofluids increased with the increase in 

Al2O3/nanoparticle volume concentration. The highest percentage increase for 

nanofluid density is calculated to be 5% from that of the base fluid at the nanoparticle 

volume concentration of 0.015vol. %. The argument related to nanofluid density is 

reported to be sensitive in high temperatures. It decreases with the increase in 

operating temperatures because of the thermal expansion that occurs in nanofluids 

when subjected  to heat stress (Amiri et al., 2017).  

Table 16: Calculated values of the density. 

Volume Concentration (%) Density (Kg/m3) 

0 895 

0,004 906,98 

0,006 912,97 

0,008 918,96 

0,01 924,95 

0,015 939,925 

 

 

Figure 29: The variation of density against nanoparticle volume concentration. 
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the similar behaviour as a viscosity and density. Referring to fig. 30 the nanofluids 

thermal conductivity gets to improve with the increase in nanoparticle volume 

concentration. The highest value of thermal conductivity recorded is 0.167W/m. K at 

the maximum volume concentration of 0.015vol. %.  

Table 17: Calculated values of the thermal conductivity. 

Volume Concentration (%) Thermal conductivity (W/m. K) 

0 0,16 

0,004 0,162 

0,006 0,163 

0,008 0,164 

0,01 0,165 

0,015 0,167 

 

 

Figure 30: The variation of thermal conductivity against nanoparticle volume concentration. 
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energy is required to heat up the nanofluids. At the higher heat specific heat capacity, 

a huge amount of energy is required to heat up the fluid leading to an increase in 

energy costs. Referring to Fig. 31 and table 18 The schematic plot of specific heat 

capacity and volume concentration shows that the nanofluid specific heat capacity 

decreases with the increase in nanoparticle volume concentration. The decrease is 

from 1860 to 1799.162J/kg. K which is 3.3% when are nanoparticle volume 

concentration of 0.004 to 0.015vol % is considered. The application of nanoparticles 

can be regarded as one of the strategies to save energy. When reading further, a 

number of published papers have  reported a decline in specific heat capacity when 

nanoparticle volume concentration is increases (Nayak, Gartia and Vijayan, 2008) and 

(Elias, Mahbubul, et al., 2014). 

Table 18: Data of specific heat capacity with the change in volume concentration. 

Volume Concentration (%) Specific heat capacity (J/Kg. K) 

0 1860 

0,004 1843,187 

0,006 1834,946 

0,008 1826,813 

0,01 1818,785 

0,015 1799,162 

 

 

Figure 31: The variation of specific heat capacity vs nanoparticle volume concentration. 
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6.2 Heat transfer coefficient 

Fig. 32-39 shows the variation of heat transfer coefficient of Al2O3/nanoparticles taken 

at volume concentration that ranges from 0.004 to 0.015vol %. At the volume flow rate 

of 0.2 to 0.6L/min. The operating temperature is varied from 35 to 70oC. From all 

figures the nanofluids displayed a better performance when compared to the pure 

transformer oil when the volume flow rate of 0.2 to 0.6L/min is maintained. Table 19- 

26 presents the data of the Al2O3/nanofluids heat transfer coefficient that is taken at 

different temperatures, volume flow rate and nanoparticles volume concentration. 

Three surface sensors are used to gather information about the heat transfer 

coefficient of the nanofluids as shown in fig. 7 above. The heat exchanger surface 

temperature is measured by three sensors attached to the surface. The first two 

sensors are placed at the heat exchanger surface inlet and one at the exit, while the 

third sensor is placed at the centre. When looking at the results, the heat transfer 

coefficient of the fluid increases when the nanoparticles volume concentration is 

increased but decreases with the increase in temperature.  

Fig. 32 presents the highest increase in heat transfer coefficient of the nanofluids when 

the operating temperatures is increased to 35oC. The flow pattern is seen to be stable 

at the first volume concentrations which is between 0.004 and 0.008vol % when the 

nanofluid flow rate is 0.2 to 0.6L/min. In between the volume concentration of 0.004 

and 0.006vol. % a small increase in heat transfer coefficient is observed for a flow rate 

of 0.5 and 0.6L/min. From table 19 the increase in heat transfer coefficient is from 

38.022 to 569.06W/m2. K for a volume flow rate of 0.5L/min. When the nanofluid 

volume flow rate 0.6L/min the increase started from 650.365 to 914.67W/m2. K. When 

the nanoparticles volume concentration is loaded to a mark of 0.01vol %, the flow 

pattern abruptly increased to a maximum by the values of 2543,9 and 6901.7 W/m2 K 

for a nanoparticle volume flow rate of 0.5 and 0.6/min. However, at the maximum 

nanoparticle volume concentration of 0.015vol. % the nanofluid performance dropped 

to the lowest.    
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Table 19: The data of heat transfer coefficient at 35oC 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 
0 178,6153 255,461 466,719 464,3249 596,23 
0,004 203,88 571,533 746,803 257,039 901,752 
0,006 188,383 375,693 472,147 740,61 1496,5 
0,008 201,124 354,491 526,11 502,809 757,6 
0,01 126,1 575,14 1238,76 2543,9 6901.7 
0,015 227,18 516,908 756,59 714,91 503,201 

 

 

Figure 32: Variations of heat transfer coefficient with volume concentration and flow rate at 35oC 

 

 A similar Pattern that resembles fig 32 is observed in fig 33. The maximum increase 

in heat transfer coefficient also took part at the volume concentration of 0.01vol. % 

when the nanofluid volume flow rate is 0.5 and 0.6l/min. The heat transfer coefficient 

of the nanofluids is seen to change with temperature and nanoparticles volume 

concentration. When the temperature increases the nanofluid heat transfer coefficient 

decreases. Table 20 presents the experimental data of heat transfer coefficient at the 

operating temperature of 40oC. In all volume concentrations, the highest drop in heat 

transfer coefficient with the increase in temperature is 226.23W/m2. K, 0.2L/min and 

491.42W/m2. K, 0.3L/min for a volume concentration of 0.015vol. %. For a volume 
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concentration of 0.01 is 590.685 W/m2. K, 0.4L/min, 814.78 W/m2. K, 0.5L/min and 

1648,7 W/m2. K, 0.6L/min. Taking the volume flow rate of 0.3L/min into account, there 

was no decrease in heat transfer coefficient at the maximum flow rate of 0.015vol. %. 

When the temperature is fixed at 40oC. With the increase in nanoparticle volume 

concentration starting from 0.008 to 0.015 nanofluids behaved much better by 

maintaining a small constant increase towards the end.   

Table 20: The data of heat transfer coefficient at 40oC. 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 

0 169,74 334,676 477,148 411,869 642,227 

0,004 200,37 368,899 437,997 381,022 650,365 

0,006 160,635 357,466 443,909 569,06 914,67 

0,008 211,061 320,294 345,682 436,388 742,29 

0,01 179,345 468,86 590,685 814,78 1648,7 

0,015 226,23 491,42 505,18 489,26 578,146 

 

 

Figure 33: The variations of heat transfer coefficient with volume concentration and flow rate at 40oC. 
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Fig. 34 and table 21 shows the schematic plot of heat transfer coefficient and the 

experimental data taken at the temperature of 45oC. A further decrease in heat transfer 

coefficient with the increase in temperature is noticeable. However, when the 

temperature increases nanofluids with low volume concentration display a better 

performance than the one with higher volume concentration. The significant increase 

occurred between 0.008 and 0.01vol % for 0.5L/min and for a flow rate of 0.6L/min, 

the increase took part between 0.004 and 0.006vol. % at the fixed temperature of 

45oC. The two flow rates of 0.5 and 0.6L/min recorded the highest heat transfer 

coefficient of 753,16 and 739,55 W/m2 K respectively. The results tend to differ with 

the one in fig. 32 and fig. 33. For low a temperature of 35 and 40oC the highest heat 

transfer coefficient was obtained at volume concentration of 0.01vol. % when the 

volume flow rate is 0.5 and 0.6L/min. From these results it can be concluded that 

nanofluids with low volume concentration are more responsive at high temperatures.  

Table 21: The data of heat transfer coefficient at 45oC. 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 
0 174,136 377,213 343,959 399,388 547,378 
0,004 176,718 342,168 367,495 407,001 562,24 
0,006 165,737 332,556 381,824 533,02 739,55 
0,008 184,45 332,365 328,559 519,277 601,93 
0,01 180,194 425,604 383,427 753,16 663,62 
0,015 192,72 417,77 414,34 475,91 656,98 

 

 

Figure 34: The variations of heat transfer coefficient with volume concentration and flow rate at 45oC. 
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At the operating temperature of 50oC the nanofluid heat transfer coefficient continues 

to decrease its maximum value with the increase in temperatures of 35, 45 and 50oC 

see fig. 35 and table 22. The volume flow rates of 0.5 and 0.6L/min are seen to display 

a positive increase between the volume concentration of 0.008 to 0.01vol. %. 

Furthermore, a sudden decrease takes place immediately from the volume 

concentration of 0.01 to 0.015vol. %. The positive increase for a volume flow rate of 

0.5l/min is from 447.59 to 612.85W/m2. K and decreases to 565.58W/m2. K. For a 

volume flow rate of 0.6L/min is from 509.09 to 629.06W/m2. K and drop to 551.8667. 

The nanofluid percentage increase is calculated be 37% and 7% decrease, when the 

volume flow rate is 0.5L/min. The nanofluids heat transfer coefficient percentage 

increase for a volume flow rate of 0.6L/min is 23% and resulted with a decrease of 

12%. Looking at these percentages, when the volume of the Al2O3/nanoparticles is 

increased beyond 0.01vol. % it decreases the maximum value of the heat transfer 

coefficient by 7% for a flow rate of 0.5L/min and 12% for 0.6L/min. When considering 

the volume flow rate of 0.2, 0.3 and 0.4L/min there is no decrease in heat transfer 

coefficient at the volume concentration of 0.015vol. %. The low volume flow is capable 

to maintain the constant increases in heat transfer coefficient at the higher temperature 

and nanofluid volume concentration of 50oC and 0.015vol. %.    

Table 22: The data of heat transfer coefficient at 50oC. 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 
0 160,174 388,311 283,189 388,414 514,346 
0,004 169,421 320,938 338,09 424,225 445,921 
0,006 153,743 295,718 321,536 487,89 595,2 
0,008 174,555 304,904 284,934 447,59 509,09 
0,01 179,3 339,58 338,558 612,85 629,06 
0,015 195,56 356,23 340,29 565,58 551,867 
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Figure 35: Variations of heat transfer coefficient with volume concentration and flow rate at 50oC. 

 

In Fig. 36 the nanofluid volume flow rates of 0.5 and 0.6L/min are seen to compete 

against each other when the nanofluid is heated up to a temperature of 55oC. The 
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537.89 as shown in table 3. At 0.01vol. % the volume flow of 0.6L/min come out to be 
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Table 23: The data of heat transfer coefficient at 55oC. 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 
0 170,362 309,581 275,31 403,486 480,047 
0,004 172,134 288,017 306,815 432,381 446,265 
0,006 162,667 292,418 303,634 537,89 506,65 
0,008 172,705 286,969 257,882 460,73 481,45 
0,01 191,713 315,2 307,651 556,68 606,23 
0,015 196,45 320,2 327,03 535,32 554,787 

 

 

Figure 36: The variations of heat transfer coefficient with volume concentration and flow rate at 55oC. 

 

The temperature of 60oC shown in Fig. 37 resulted in the increase in heat transfer 

coefficient when the volume flow rate is set to 0.2 and 0.3L/min. When the volume 
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seen at the nanofluid volume flow rate of 0.5 and 0.6L/min. For a volume concentration 

of 0.5L/min the heat transfer coefficient increased to maximum value by 531.57W/m2. 

K. The volume flow rate of 0.4, 0.5 and 0.6L/min maintained its decrease in heat 

transfer coefficient at the volume concentration of 0.015vol. %. When looking at Fig. 

37 it be deduced that lower nanofluid volume flow rates display a good result by 

maintaining a constant increase in heat transfer coefficient in all volume concentration. 
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Table 24: The data of heat transfer coefficient at 60oC 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 
0 157,016 265,54 275,664 400,319 428,908 
0,004 163,509 259,469 272,482 417,432 438,405 
0,006 155,494 276,231 324,237 531,57 475,25 
0,008 162,241 263,946 304,846 436,856 465,09 
0,01 180,03 300,03 367,713 523,53 512,19 
0,015 191,64 331,2 344,86 489,89 498,095 

 

 

Figure 37: The variations of heat transfer coefficient with volume concentration and flow rate at 60oC. 
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512.62W/m2. K followed by a volume flow of 0.6L/m with a value of 461.308W/m2. K. 

In conclusion, the suitable volume flow rate for a temperature of 65oC is 0.2L/min to 

all volume concentration that ranges from 0.004 to 0.015vol. %. 

Table 25: The data of heat transfer coefficient at 65oC. 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 
0 170,403 261,452 295,537 451,766 426,377 
0,004 168,582 263,416 310,34 389,399 395,087 
0,006 163,698 275,733 347,336 492,74 572,74 
0,008 171,128 259,431 292,964 392,983 406,62 
0,01 184,778 294,8 398,231 515,46 476,83 
0,015 249,03 299,43 339,66 512,62 461,308 

 

 

Figure 38: The variations of heat transfer coefficient with volume concentration and flow rate at 65oC. 
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rate and high-volume concentration the increase heat transfer coefficient is attainable. 

However, at the acceptable high operating temperatures it is possible to get a large 

boost of heat transfer coefficient when the nanoparticle volume concentrations are 

low. Viscosity is one of the thermophysical property that affects the heat transfer 

coefficient. The experimental study is conducted on the heat transfer coefficient for 

transformer oil when employing Al2O3 nanoparticles. According to the report the added 

nanoparticles improved the transformer oil capacity to transport heat (Cong Tam 

Nguyen et al,, 2007). The better outcome of heat transfer characteristics originates 

from the viscosity of the base fluid. At high viscosity nanoparticles are propelled to 

move more slowly by transformer oil leading to less improvement in heat transfer 

coefficient. but with an appropriate viscosity the heat transfer coefficient is attainable 

(Babu, Chandra and Babu, 2020). 

Table 26: The data of heat transfer coefficient at 70oC. 

Vol % 0,2 L/min 0,3 L/min 0,4 L/min 0,5 L/min 0,6 L/min 

0 158,208 277,64 291,262 408,585 406,966 

0,004 160,06 281,095 326,59 389,682 429,584 

0,006 157,835 279,332 358,891 467,02 535,64 

0,008 165,084 272,97 331,75 403,985 419,21 

0,01 172,707 299,52 385,949 453,17 469,11 

0,015 179,42 309,01 360,56 499,18 478,082 

 

 

Figure 39: The variations of heat transfer coefficient with volume concentration and flow rate at 70oC. 
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The experimental data collected is used to investigate the heat transfer coefficient of   

the Al2O3/nanofluid when subjected to the temperature that ranges from 35 to 70oC 

and volume flow rate of 0.2 to 0.6L/min. With the intention to understand the relation 

between the nanofluid heat transfer coefficient and temperature the schematic plots 

are presented below. The heat transfer coefficient of Al2O3/nanofluid is seen to display 

a good characteristic at a low temperature, high volume flow rate and high nanoparticle 

volume concentration.  

Fig. 40 shows the variation of heat transfer coefficient and the temperature of the 

nanofluid flowing at the volume flow rate of 0.2L/min. From table 27 and fig. 40 the 

volume concentration of 0.015vol. % remain to be the highest in all temperatures. The 

maximum heat transfer coefficient is 249.03W/m2. K at the heated nanofluid 

temperature of 65oC. The experimental work of comparing the heat transfer coefficient 

of Al2O3/nanofluids and pure transformer oil clearly shows that nanofluids possess 

high heat transfer coefficient when compared to transformer oil.  

Table 27: The data of heat transfer coefficient flowing at 0.2L/min. 

Temp (oC) T/oil 0% 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0,015vol. % 

35 178,6153 203,88 188,383 201,124 126,1 227,18 

40 169,74 200,37 160,635 211,061 179,345 226,23 

45 174,136 176,718 165,737 184,45 180,194 192,72 

50 160,174 169,421 153,743 174,555 179,3 195,56 

55 170,362 172,134 162,667 172,705 191,713 196,45 

60 157,016 163,509 155,494 162,241 180,03 191,64 

65 170,403 168,582 163,698 171,128 184,778 249,03 

70 158,208 160,06 157,835 165,084 172,707 179,42 
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Figure 40: The variation of heat transfer coefficient and temperature at 0.2L/min 

The increase in temperature of the nanofluid has negative impact in heat transfer 

coefficient. In fig. 41 a decrease in heat transfer coefficient with the increase in 

temperature is noticeable. At the temperature of 35 and 40oC nanofluids showed a 

superior performance when compared to the transformer oil. In table 28 a continuous 

rise in heat transfer coefficient is observed when the volume flow rate is increased to 

0.3L/min. The maximum enhancement is carried out by the volume concentration of 

0.004 and 0.01vol. %. That resulted in the experimental value of 571.533W/m2. K and 

575.14W/m2. K when the volume concentrations and temperature are 0.004, 0.01vol. 

% at 35oC. At 45oC, the volume concentration of 0.015vol. % scored 491.42W/m2. K 

which is calculated to be 46% increase in heat transfer coefficient form that one of the 

pure transformer oils. As the temperature increases from 50 to 55oC nanofluids 

showed less improvement. When the temperature is increased further from 60 to 70oC 

the volume concentration 0.015vol. % remained above the transformer oil by 

309.01W/m2. K followed by the volume concentration of 0.01 with the increase of 

299.52W/m2. K. Looking at fig. 41 and table 28, regardless of the drop in heat transfer 

coefficient due to increase in temperature nanofluids with high volume concentration 

of 0.01 and 0.015vol. % operated above the pure transformer oil.   
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Table 28: The data of heat transfer coefficient at 0.3L/min. 

Temp (oC) T/oil 0vol. % 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0,015vol. % 

35 255,461 571,533 375,693 354,491 575,14 516,908 

40 334,676 368,899 357,466 320,294 468,86 491,42 

45 377,213 342,168 332,556 332,365 425,604 417,77 

50 388,311 320,938 295,718 304,904 339,58 356,23 

55 309,581 288,017 292,418 286,969 315,2 320,2 

60 265,54 259,469 276,231 263,946 300,03 331,2 

65 261,452 263,416 275,733 259,431 294,8 299,43 

70 277,64 281,095 279,332 272,97 299,52 309,01 

 

 

Figure 41: The variation of heat transfer coefficient and temperature at 0.3L/min. 

This study revealed that the increase in nanofluid heat transfer coefficient does not 
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and 385.949W/m2. K. the graphs presented in fig. 40 – 42 indicate that nanofluid heat 

transfer coefficient increases with the increase in volume flow rate, nanoparticle 

volume concentration and decreases with the increase in temperature. 

Table 29: The data of heat transfer coefficient at 0.4L/min. 

Temp (oC) T/oil 0vol. % 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0.015vol. % 

35 466,719 746,803 472,147 526,11 1238,76 756,59 

40 477,148 437,997 443,909 345,682 590,685 505,18 

45 343,959 367,495 381,824 328,559 383,427 414,34 

50 283,189 338,09 321,536 284,934 338,558 340,29 

55 275,31 306,815 303,634 257,882 307,651 327,03 

60 275,664 272,482 324,237 304,846 367,713 344,86 

65 295,537 310,34 347,336 292,964 398,231 339.66 

70 291,262 326,59 358,891 331,75 385,949 360,56 

 

 

 

Figure 42: The variation of heat transfer coefficient and temperature at 0.4L/min 

In fig. 43 the volume concentration of 0.01vol. % behaved as it was expected. It 

continued to show better performance in all volume flow rates. It has successfully 
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transformer oil at 35oC as presented in table 30, it can be concluded that the 

transformer oil poorly performed while nanofluids display its good contribution. From 

Fig. 43 the average increase in heat transfer coefficient lies within 500W/m2. K. Within 

this average the volume concentration of 0.01vol. % continued to show its great 

performance at the temperatures of 40 to 65oC. At this operating condition of 0.5L/min 

and the temperature range of 35 to 70oC the nanofluid heat transfer coefficient is also 

seen to perform much better at the higher volume flow rate, higher volume 

concentration and drop its performance with the increase in temperature. At the 

temperature of 65oC, the prepared nanofluids with the volume concentration of 0.01 

and 0.015vol. % a likely to display a similar characteristic. At the temperature of 70oC 

the 0.015vol. %/nanofluid come out to be the highest by 499.18W/m2. K. 

Table 30: The data of heat transfer coefficient at 0.5L/min. 

Temp (oC) T/oil 0vol. % 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0,015vol. % 

35 464,3249 257,039 740,61 502,809 2543,9 714,91 

40 411,869 381,022 569,06 436,388 814,78 489,26 

45 399,388 407,001 533,02 519,277 753,16 475,91 

50 388,414 424,225 487,89 447,59 612,85 565,58 

55 403,486 432,381 537,89 460,73 556,68 535,32 

60 400,319 417,432 531,57 436,856 523,53 489,89 

65 451,766 389,399 492,74 392,983 515,46 512,62 

70 408,585 389,682 467,02 403,985 453,17 499,18 

 

 

Figure 43: The variation of heat transfer coefficient and temperature at 0.5L/min. 
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In table. 31 and fig. 44 a pickup in heat transfer coefficient is noticed at the 

temperatures of 35 and 40oC, resulting with the values of 1700 and 1648.7W/m2 K. 

The volume concentration of 0.006vol. % come out to be the 3rd best nanofluids that   

improved the heat transfer coefficient of the transformer oil by 1496.5 W/m2. When 

doing a thorough observation in Fig. 40-44, all graphs shows that nanofluid heat 

transfer coefficient decreases with the increase in temperature.   The decrease of heat 

transfer coefficient with the increase in temperature is also reported in the literature. 

In the study of natural convection heat transfer, the ratio of nanofluid and base fluid 

heat transfer coefficient is merged with the temperature to determine its relationship. 

At a low temperature of 15oC, the increase in heat transfer coefficient was discovered 

when the nanoparticle volume concentration increased to 3vol. %. This increment is 

reported to be triggered by stable and high thermal conductivity nanofluids. When the 

temperature is increased to 25oC a sudden decrease in heat transfer coefficient is 

observed. This decrease is the results of the change in degree of agglomeration when 

nanofluids are exposed to heat stress. Moreover, the rise in temperature also affects 

the Brownian motion of the nanofluids (Ilyas, Pendyala and Narahari, 2017).    

  Table 31: The data of heat transfer coefficient at 0.6L/min. 

Temp (oC) T/oil 0vol. % 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0,015vol. % 

35 596,23 901,752 1496,5 757,6 1700 503,201 

40 642,227 650,365 914,67 742,29 1648,7 578,146 

45 547,378 562,24 739,55 601,93 663,62 656,98 

50 514,346 445,921 595,2 509,09 629,06 551,867 

55 480,047 446,265 506,65 481,45 606,23 554,787 

60 428,908 438,405 475,25 465,09 512,19 498,095 

65 426,377 395,087 572,74 406,62 476,83 461,308 

70 406,966 429,584 535,64 419,21 469,11 478,082 
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Figure 44: The variation of heat transfer coefficient and temperature at 0.6L/min. 

 

6.3 Overall heat transfer coefficient 

The overall heat transfer coefficient is calculated based on the average heat transfer 

rate, area filled by the nanofluids, and log-mean temperature. The effect of nanofluids 

in overall heat transfer coefficient is represented by Eq. (31) above. The overall heat 

transfer coefficient of the nanofluids is reported to be one of the thermophysical 

properties that are affected by the nanoparticles volume concentration and volume 

flow rate. When the nanoparticle volume concentration and volume flow rate is 

increased, the overall heat transfer coefficient also increases. However, it is proven to 

decrease with the increase in inlet temperature (Khedkar, Sonawane and Wasewar, 

2013). 

The overall heat transfer coefficient of the nanofluids is investigated using a series of 

volume flow rates and Al2O3/nanoparticle volume concentration that ranges from 0.2 

to 0.6L/min with the particle load of 0.004 to 0.015vol. %. The experimental data 

collected is presented in table 32 and interpreted in fig. 45. At the temperature of 35oC, 

the performance of the pure transformer oil is seen to be competitive with the 

performance of the nanofluids. From the volume flow rate of 0.2 to 0.3L/min the overall 
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heat transfer coefficient of the nanofluids increased with the increase in volume flow 

rate in all volume concentrations. From 0.2 to 0.3L/min the transformer oil recorded 

the lower increase when compared to nanofluids. It reached its maximum point at the 

volume flow rate of 0.4L/min by a value of 70.4931W/m2. K and suddenly drop as the 

flow rate increases from 0.5 to 0.6L/min. The significant increase in overall heat 

transfer coefficient is captured by the nanofluid with the volume concentration of 

0.01vol. %. The acceptable increase in overall heat transfer coefficient started at 

0.4L/min and increases to its maximum towards the volume flow rate of 0.6L/min. the 

increase resulted in the maximum value of 91.855W/m2. K. At the same volume flow 

rate of 0.6L/min the maximum percentage increase between the pure transformer oil 

and 0.01vol.%/nanofluids is 40%. At this operating temperature of 35oC the nanofluid 

with volume concentration of 0.01vol. % significantly increased with the increase in 

volume flow rate. 

Table 32: The data of overall heat transfer coefficient and volume flow rate at 35oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 50,8742 47,3941 43,4079 44,2557 35,7934 42,833 

0,3 57,4131 65,4252 67,0685 60,0338 62,996 57,9641 

0,4 70,4931 69,2326 58,3996 58,9097 66,1136 62,002 

0,5 62,8311 48,551 63,602 60,2091 69,625 60,314 

0,6 64,7646 70,3233 74,273 68,613 91,855 61,47 

 

 

Figure 45: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

35oC. 
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To understand the effect of temperature and volume flow rate, fig. 45 and fig. 46 is 

compared against each other. In fig. 46 the volume concentration of 0.01vol. % also 

obtained the highest increase in overall heat transfer coefficient as it is in fig. 45. At 

the temperature of 35oC the maximum overall heat transfer coefficient obtained is 

91.855W/m2. K and 72.748W/m2. K for 40oC. The two values are taken from the same 

volume flow rate and volume concentration but different temperature. From the two 

values there is a drop in overall heat transfer coefficient. This behaviour came into a 

conclusion that the nanofluids overall heat transfer coefficient increases with the 

increase in volume flow rate, nanoparticle volume concentration and decreases with 

the increase in temperature. The nanoparticle volume concentration of 0.006vol. % 

also showed the acceptable increase at the volume flow rate of 0.6L/min. it merged 

with the volume concentration of 0.01vol. % resulting with the overall heat transfer 

coefficient of 72.51W/m2. K.   

Table 33: The data of overall heat transfer coefficient and volume flow rate at 40oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 50,5094 50,8181 45,5526 46,6126 45,3991 45,485 

0,3 59,2704 60,2186 63,4865 62,7719 63,903 59,308 

0,4 64,7365 59,6464 58,4469 60,7742 61,0367 58,446 

0,5 59,7528 59,938 63,489 65,8537 67,928 63,648 

0,6 68,0363 69,7247 72,51 69,434 72,748 65,4993 

 

 

Figure 46: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

40oC 
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In fig. 45-52 all volume concentrations ranging from 0.004 to 0.015vol. % are seen to increase 

the overall heat transfer coefficient when the volume flow rates lie between 0.2 to 0.3L/min 

and 0.4 to 0.6L/min. When the nanofluid volume flow rate is 0.4L/min the overall heat transfer 

coefficient decreases. At this volume flow rate of 0.4L/min the performance of the pure 

transformer oil remains at the maximum. When conducting the experiment is highly 

recommended to monitor the volume flow rate of 0.4L/min specifically at the operating 

temperatures of 35 to 60oC. From Fig. 47, all volume concentration showed the acceptable 

performance by improving the nanofluid overall heat transfer coefficient in between the volume 

flow rate of 0.2 to 0.3L/min. At 0.3L/min the series of nanoparticle that scored the highest 

performance is 0.006vol. % and suddenly decreases at the volume flow rate of 0.4L/min. The 

most affected volume concentrations at this point are from 0.006 to 0.015vol. %. The pure 

transformer oil and nanofluid with the volume concentration of 0.004vol. % did not show a 

decrease in overall heat transfer coefficient at the flow rate of 0.4L/min. From the volume flow 

rate of 0.4 to 0.6L/min all series of nanoparticle volume concentration showed a scattered 

performance resulting with the sequence of 73.219, 68.791, 67.0954,66.0552 and 

65.449W/m2. K. this sequence is captured at the volume concentration of 0.01, 0.008, 0.006. 

0.004 and 0.015vol. %. All captured values displayed are monitored at the volume flow rate of 

0.6L/min.  At this temperature of 45oC it found that the volume concentration of 0.01vol. % 

increased the overall heat transfer coefficient with the increase in volume flow rate as well as 

the temperature. When referring to table 34, the maximum overall heat transfer coefficient 

obtained is 73.219W/m2. K at the volume flow rate of 0.6L/min. When comparing these values 

taken at the same volume flow rate and volume concentrations in Fig. 45-47 which is 

91.855W/m2. K, 35oC, 72.748W/m2. K, 40oC and 73.219W/m2. K, 45oC the results showed the 

increase in overall heat transfer coefficient with the increase in temperature and volume flow 

rate. The temperature of 45oC can be regarded as the best operating because it does not have 

a negative impact on the performance of the nanofluids. 

Table 34: The data of overall heat transfer coefficient and volume flow rate at 45oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 47,7268 48,1195 47,0855 45,978 46,4414 46,154 

0,3 58,7867 57,9157 61,5648 58,8711 61,0183 58,065 

0,4 59,4827 59,9943 55,6332 56,777 55,9984 57,828 

0,5 59,1288 60,9154 63,167 66,2812 68,333 63,648 

0,6 67,0954 66,0552 68,625 68,791 73,219 65,4993 
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Figure 47: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

45oC 

In Fig. 48 the series of nanoparticles volume concentration are operating at the close range, 

they all increase concurrently with the increase in volume flow rate of 0.2 to 0.3L/min at the 

operating temperature of 50oC. At the declining volume flow rate of 0.4L/min. A pickup in 

overall heat transfer coefficient is noticeable at the volume concentration of 0.004 and 

0.015vol. %. The increasing patten with no further decline is adopted by the volume 

concentration of 0.006, 0.008 and 0.01vol. %. These three bests performing nanofluid are 

recorded in table 35 as follows 68.069W/m2. K, 0.008vol. %, 68.327W/m2. K, 0.01vol. % and 

67.72Wm2. K, 0.006vol. %. This data is captured at maximum volume flow rate of 0.6l/min. 

The two-volume concentration of 0.004 and 0.015vol. % did not perform as it was expected. 

They showed a similar characteristic from that one of the pure transformer oils at the volume 

flow rate of 0.6L/min. The 50oC operating temperature resulted with a great pick in the series 

of 0.006, 0.008 and 0.01vol. % nanoparticle volume concentration when compared to the 

temperatures of 35, 40, 45oC.   

Table 35: The data of overall heat transfer coefficient and volume flow rate at 50oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 43,5692 46,0858 44,7614 45,0969 46,5283 45,501 

0,3 57,4417 56,5763 57,7145 56,9889 58,736 56,947 

0,4 53,1877 55,8707 52,5905 51,6256 53,1623 54,777 

0,5 60,3047 55,8707 64,228 63,5172 65,101 62,955 

0,6 63,8435 63,3698 67,72 68,069 68,327 63,2936 
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Figure 48: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

50oC 

At the temperature of 55oC, nanofluid showed a great performance in all volume 

concentrations and volume flow rate see Fig. 49 below. In between the volume flow rate of 0.2 

to 0.3 and 0.4 to 0.6 the overall heat transfer coefficient increased with the increase in volume 

flow rate and nanoparticle volume concentration. The trend of a decrease in overall heat 

transfer coefficient in all volume concentration at the volume flow rate of 0.4L/min is also seen 

in Fig. 49. When nanofluids flows at the rate of 0.6L/min the volume concentration of 0.01vol. 

% remained at the maximum performance as shown previously in Fig. 45-48. The change on 

the performance of nanofluid is noticeable at the operating temperature of 55oC. The volume 

concentration of 0.008vol. % obtained the highest enhancement resulting to a value of 

66.42W/m2. K. the second best nanofluid volume concentration is 0.006vol. % which resulted 

with a value of 66.066W/m2. K. All values are displayed in table 36. The volume concentration 

of 0.01vol. % come out to be third best by a value of 64.09W/m2. K. The worst underperforming 

nanofluid volume concentration is 0.015vol. %. It come out to be the lowest by a value of 

62.9034W/m2. K. At 55oC nanofluids showed a great performance by leaving small differences 

of the overall heat transfer coefficient in all series of nanoparticle volume concentration.  
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Table 36: The data of overall heat transfer coefficient and volume flow rate at 55oC.  

  

 

 

Figure 49: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

55oC. 

When the temperature is increased to 60oC as shown in Fig. 50, at the declining point of 

0.04L/min the volume concentration of 0.01vol. % operated above all the volume concentration 

when compared to other temperatures. This volume concentration come out to be the highest 

by 55.239W/m2. K as shown in table 37. It maintains its highest performance from the flow 

rate of 0.4 to 0.5L/min and drops from 0.5 to 0.6L/min. Resulting with the percentage decrease 

of 3%. From the volume concentration of 0.4 to 0.5L/min the volume concentration of 0.004, 

0.006 and 0.015vol. % display a similar characteristic of a close increase in overall heat 

transfer coefficient. With the increase in volume flow rate from 0.5 to 0.6L/min a close increase 

is broken down resulting in the maximum increase in overall heat transfer coefficient by a 

value of 63.0946W/m2. K. when the nanofluid volume concentration and volume is 0.015vol. 

%, 0.06L/min.  looking at the performance of the pure transformer oil and nanofluids consisting 

of a high-volume concentration of 0.015vo.% at the volume flow rate of 0.6L/min. one can 

conclude that nanofluids can increase the overall heat transfer coefficient with the increase in 
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volume flow rate even if the operating temperature is high, while pure transformer oil drops its 

performance when the temperature is increased. 

Table 37: The data of overall heat transfer coefficient and volume flow rate at 60oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 44,3193 45,9034 45,4029 46,7612 45,9961 45,528 

0,3 55,8932 54,8447 56,3818 55,8088 54,95 55,885 

0,4 52,7676 52,5064 52,6235 53,7034 55,2399 52,757 

0,5 60,7298 61,1968 61,884 61,3509 63,431 61,645 

0,6 60,1698 61,2414 62,447 61,693 61,771 63,0946 

 

 

Figure 50: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

60oC 

Fig. 51 shows a positive change on the performance of nanofluid that consist of a 

nanoparticle volume concentration of 0.01vol. %. The volume concentration of 0.01vol. 

% showed a continues increase in overall heat transfer coefficient with the increase in 

volume flow rate. This particle load did not show any drop at the volume flow rate of 

0.4L/min when compared to nanofluids with volume concentrations of 0.004 to 

0.008vol. % and 0.015vol. %. The 0.01vol. % nanoparticle volume concentration 

obtained the maximum value of 56.3379W/m2. K. At the volume flow rate of 0.4L/min. 

At the volume flow rate of 0.6L/min the volume concentration of 0.008 tend to be at 

the maximum by 59.858W/m2. K as reflected in table 38. From the results it is revealed 

that the volume concentration of 0.01vol. % performed much better by not 
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experiencing any decrease in overall heat transfer coefficient in all volume 

concentrations of 0.2 to 0.6L/m for a temperature of 65oC. 

Table 38: The data of overall heat transfer coefficient and volume flow rate at 65oC.  

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 44,896 46,2616 44,4811 47,2203 44,7125 45,408 

0,3 52,7552 53,4881 55,6096 55,2718 54,534 54,187 

0,4 53,1176 53,8099 52,9055 54,8478 56,3379 52,846 

0,5 60,6169 59,6327 59,923 60,5558 59,359 60,3 

0,6 58,4138 58,8348 59,592 59,858 59,781 59,1359 

 

 

Figure 51: The variation of overall heart transfer coefficient with flow rate and volume concentration at 

65oC 

At the temperature of 70oC in Fig. 52, the overall heat transfer coefficient increased 

with the increase in volume concentration. However, the pure transformer oil is seen t 

to be more competitive at the volume flow rate of 0.5L/min. from the literature review 

it is mentioned that nanofluids are likely to underperform when subjected to heat high 

stress. From table 39, when the volume flow rate is 0.5L/min the transformer oil come 

out to be the highest by 61.267W/m2. K and suddenly drop at the volume flow rate of 

0.6L/min. The volume concentration of 0.01vol. % displayed its consistence 

performance by increasing with the increase in volume flow rate. It showed its stability 

by improving the overall heat transfer coefficient to a maximum value of 61.18W/m2. 
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K at 70oC and 0.6L/min. From the graph it can be concluded that no matter how high 

is the operating temperature the volume concentrations of 0.006,0.008 and 0.01vol. 

% will continue to increase with the increase in volume flow rate. 

Table 39: The data of overall heat transfer coefficient and volume flow rate at 70oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 45,1905 45,7348 44,33 45,9559 45,1151 44,492 

0,3 53,7393 52,4227 53,0264 53,873 52,505 51,675 

0,4 54,1337 55,3096 53,5366 55,6143 57,107 54,463 

0,5 61,2676 59,0483 58,261 56,3308 56,644 59,232 

0,6 59,6078 59,8099 60,566 60,248 61,18 59,4922 

 

 

Figure 52: The variation of overall heart transfer coefficient with flow rate. volume concentration at 

70oC 

In this study, nanofluid is heated with the increasing temperature that ranges from 35 

to 70oC. the Al2O3/nanofluids samples are kept at the volume concentration of 0.004, 

0.006, 0.008, 0.01 and 0.015vol %. Table 40-44 presents the data of overall heat 

transfer coefficient at the adjusted temperature and volume flow rate. The effect of 

Al2O3/nanoparticles inlet temperature on the overall heat transfer coefficient is 

displayed in Fig. 53-57. the pattens in the figure clearly shows that nanofluids overall 

heat transfer coefficient decreases with the increase in inlet temperature. However, 
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nanofluid is seen to be more effective in low operating temperatures and high-volume 

flow rate. Referring to Fig. 53 nanofluid did not display a maximum performance as 

expected when operating at the low volume flow rate of 0.2L/min. both nanofluids and 

pure transformer maintained the average performance of 50W/m2. K. In Fig. 54 the 

rise in overall heat transfer coefficient is more dominant at the temperature of 35oC. 

The volume concentration of 0.006vol. % recorded the highest value of 67.0685W/m2. 

K as shown in table 41.  In fig. 55 the nanoparticle volume concentrations of 0.004, 

0.006, 0.008, and 0.01vol. % attained a higher overall heat transfer coefficient when 

compared to the pure transformer oil. When nanofluids are heated up to 35oC the 

outcome is 65.4252W/m2 K for 0.004vol %, 67.0685 W/m2 K for 0.006vol %, 60.023 

W/m2 K for 0.008vol % and 62.996 W/m2 K for 0.01vol %. The volume concentration 

of 0.015vol % obtained the lowest of 57.9641 W/m2 K when compared to other 

concentrations but remain above by a difference of 0.55 W/m2 K from that one of the 

pure transformer oils.  

When the nanofluid volume flow rate is increased to 0.5L/min, the significant 

enhancement is noticed at the volume concentration of 0.01vol %. the overall heat 

transfer coefficient of the transformer oil enhanced by 11% as shown in Fig. 56. In fig. 

57 the nanoparticle volume concentration of 0.01vol % recorded the highest increase 

in overall heat transfer coefficient of 60% at 35oC. From the results it can be deduced 

that the increase in nanofluid volume flow rate results in the increase in overall heat 

transfer coefficient. In the study of overall heat transfer coefficient of CuO/nanofluid, 

similar behaviour and the course of this behaviour is discussed in detail as follows. 

The drop in overall heat transfer coefficient at higher inlet temperature is caused by a 

less decrease in nanofluid density. The less decrease in density leads to a measure 

drop in viscosity causing the Reynolds number to go up. It is further mention that a 

decrease in force of attraction between nanoparticles is the results of nanofluid with 

low viscosity (Naraki et al., 2013). The reduction in nanofluids thermal conductivity is 

caused by the nanoparticles that are propelled towards the wall when heated beyond 

the critical point. Nanoparticles builds up a layer into the walls causing a decrease in 

the rate of heat dissipation and that results in a decrease in overall heat transfer 

coefficient (Kok et al., 2002).   
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     Table 40: The data of overall heat transfer coefficient at 0.2L/min 

Temp (oC) T/oil 0 vol. % 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0,015vol. % 

35 50,8742 47,3941 43,4079 44,2557 35,7934 42,833 

40 50,5094 50,8181 45,5526 46,6126 45,3991 45,485 

45 47,7268 48,1195 47,0855 45,978 46,4414 46,154 

50 43,5692 46,0858 44,7614 45,0969 46,5283 45,501 

55 44,7817 46,604 44,6946 47,6499 46,9087 47,02 

60 44,3193 45,9034 45,4029 46,7612 45,9961 45,528 

65 44,896 46,2616 44,4811 47,2203 44,7125 45,408 

70 45,1905 45,7348 44,33 45,9559 45,1151 44,492 

 

 

Figure 53: The variation of overall heat transfer coefficient and temperature at 0.2L/min. 

    Table 41: The data of overall heat transfer coefficient at 0.3L/min. 

Temp (oC) T/oil vol. % 0,004vol. % 0,006vol. % 0,008vol. % 0,01vol. % 0,015vol. % 

35 57,4131 65,4252 67,0685 60,0338 62,996 57,9641 

40 59,2704 60,2186 63,4865 62,7719 63,903 59,308 

45 58,7867 57,9157 61,5648 58,8711 61,0183 58,065 

50 57,4417 56,5763 57,7145 56,9889 58,736 56,947 

55 57,0552 56,6176 58,0916 57,0948 56,642 57,688 

60 55,8932 54,8447 56,3818 55,8088 54,95 55,885 

65 52,7552 53,4881 55,6096 55,2718 54,534 54,187 

70 53,7393 52,4227 53,0264 53,873 52,505 51,675 
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Figure 54: The variation of overall heat transfer coefficient and temperature at 0.3L/min. 

    Table 42: The data of overall heat transfer coefficient at 0.4L/min. 

Temp (oC) T/oil vol 0,004vol 0,006vol 0,008vol 0,01vol 0,015vol 

35 70,4931 69,2326 58,3996 58,9097 66,1136 62,002 

40 64,7365 59,6464 58,4469 60,7742 61,0367 58,446 

45 59,4827 59,9943 55,6332 56,777 55,9984 57,828 

50 53,1877 55,8707 52,5905 51,6256 53,1623 54,777 

55 53,7296 54,8195 55,1008 53,6948 55,245 53,772 

60 52,7676 52,5064 52,6235 53,7034 55,2399 16,107 

65 53,1176 53,8099 52,9055 54,8478 56,3379 52,846 

70 54,1337 55,3096 53,5366 55,6143 57,107 54,463 
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Figure 55: The variation of overall heat transfer coefficient and temperature at 0.4L/min. 

    Table 43: The data of overall heat transfer coefficient at 0.5L/min. 

Temp (oC) T/oil vol 0,004vol 0,006vol 0,008vol 0,01vol 0,015vol 

35 62,8311 48,551 63,602 60,2091 69,625 60,314 

40 59,7528 59,938 63,489 65,8537 67,928 63,648 

45 59,1288 60,9154 63,167 66,2812 68,333 63,546 

50 60,3047 55,8707 64,228 63,5172 65,101 62,955 

55 63,1017 62,8854 64,178 64,344 65,238 64,609 

60 60,7298 61,1968 61,884 61,3509 63,431 61,645 

65 60,6169 59,6327 59,923 60,5558 59,359 60,3 

70 61,2676 59,0483 58,261 56,3308 56,644 59,232 
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Figure 56: The variation of overall heat transfer coefficient and temperature at 0.5L/min. 

 

Table 44: The data of overall heat transfer coefficient at 0.6L/min. 

Temp (oC) T/oil vol 0,004vol 0,006vol 0,008vol 0,01vol 0,015vol 

35 64,7646 70,3233 74,273 68,613 104,06 61,47 

40 68,0363 69,7247 72,51 69,434 72,748 65,4993 

45 67,0954 66,0552 68,625 68,791 73,219 65,938 

50 63,8435 63,3698 67,72 68,069 68,327 63,2936 

55 63,8791 64,5572 66,066 66,42 64,99 62,9034 

60 60,1698 61,2414 62,447 61,693 61,771 63,0946 

65 58,4138 58,8348 59,592 59,858 59,781 59,1359 

70 59,6078 59,8099 60,566 60,248 61,18 59,4922 
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Figure 57: The variation of overall heat transfer coefficient and temperature at 0.6L/min. 

 

6.4 Heat transfer rate  

The effect of Al2O3/nanofluids in average heat transfer rate is studied. The 

experimental data is collected and presented in table 45-52. The use of 

Al2O3/nanofluids is analysed to have limitations when it comes to average heat transfer 

rate. These limitations are more sensitive in low volume flow rate and low nanoparticle 

volume concentration. The common behaviour of Al2O3/nanofluids and pure 

transformer oil is that they both increase with the increase in inlet temperature and 

volume flow rate. The effect of nanofluids is visible on two experimental conditions. 

For the two cases, this occur when the nanoparticles volume concentration is 0.15vol 

% and 0.6L/min at the different temperatures of 35oC in Fig. 58 and 60oC in Fig 63. 

When the volume flow rate is 0.2 to 0.5L/min the nanofluid display a poor performance 

in transferring heat. The transformer oil is seen to transfer more heat in this operating 

condition. When the volume flow rate goes up to 0.6L/min the heat transfer rate of the 

transformer oil drops down while the nanofluid shows a positive increase in heat 

transfer rate. The interpretation of this observation is that the increase heat transfer 

rate can be achieved in high volume flow rate and nanoparticle volume concentration. 

The percentage increase for the two condition is calculated to be 9% for 35oC and 8% 

for 60oC. the similar trend is observed in Fig. 59-62 and Fig. 64-65. however, the heat 
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transfer rate was not at its maximum when compared to Fig. 58 and Fig. 63. The 

greatest enhancement in overage heat transfer rate is calculated using Eq. 10. 

   

 𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡

100
=

Qfinal − Q𝑖𝑛𝑖𝑡𝑖𝑎𝑙

Q𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 

 

      (32) 

   

Where Qfinal and Qinitial are heat transfer rate.  

In the literature, the effect of Irone (Fe)/nanofluids and carbon/nanotubes (CNT) in 

heat transfer rate is investigated. The nanoparticle volume concentrations were 0, 0.01 

and 0.1wt %. It is presented that the heat transfer rate increases with the increase in 

volume concentration (Kang, Kim and Lee, 2008). In the present study, findings are 

seen to correspond with the above statement regardless the base fluid and the 

nanoparticles used are not the same. It is explained that nanoparticles are more 

capable of improving the mass transfer than the heat transfer rate. Because 

nanoparticles act as a catalyst to enhance the fluid distribution to overcome the 

resistance caused by walls of the channels (Tae Kang, Akisawa and Kashiwagi, 2000). 

When comparing the results of this study with the literature it can be concluded that 

the less effect of nanoparticles in improving the heat transfer rate can be regarded as 

a limitation in nanofluid application.          

         Table 45: The data of average heat transfer and volume flow rate at 35oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 55,3456 43,1143 55,0677 44,4588 43,9045 52,633 

0,3 73,8631 54,3477 71,4795 65,2135 56,774 69,3891 

0,4 91,4272 67,0985 82,7608 63,5399 59,9284 77,732 

0,5 92,9317 64,974 80,321 73,3765 61,608 84,677 

0,6 94,1749 75,2576 84,06 70,984 68,972 102,813 
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Figure 58: The variation of average heat transfer and volume flow rate at 35oC 

 

         Table 46: The data of average heat transfer and volume flow rate at 40oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 70,0546 58,9916 66,7709 59,4523 61,4951 68,303 

0,3 95,046 73,5138 91,2191 87,4324 77,072 88,655 

0,4 110,902 86,4101 102,614 88,1375 81,2808 98,233 

0,5 116,642 98,221 105,98 105,0698 88,105 115,56 

0,6 126,564 103,399 110,67 100,5 90,007 129,773 

 

 

Figure 59: The variation of average heat transfer and volume flow rate at 40oC. 
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         Table 47: The data of average heat transfer and volume flow rate at 45oC. 

 

 

 

 

 

 

 

 

Figure 60: The variation of average heat transfer and volume flow rate at 45oC 

 

         Table 48: The data of average heat transfer and volume flow rate at 50oC. 

(D) Qav (w) at T = 50 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 95,3458 84,5645 93,9084 88,2402 91,2653 97,246 

0,3 135,324 112,82 128,713 122,394 115,63 128,04 

0,4 144,089 128,578 138,043 123,249 118,345 138,62 

0,5 166,78 144,985 159,72 150,81 136,03 166,48 

0,6 175,303 150,07 163,33 158,45 143,11 178,692 
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0,2 84,0467 71,625 82,152 73,669 76,437 82,597 

0,3 113,831 93,6572 109,036 104,96 96,3357 109,77 

0,4 132,613 110,512 121,761 107,056 99,5068 120,58 

0,5 140,272 124,325 132,07 131,499 113,64 142,003 

0,6 154,208 126,357 136,65 131,29 121,53 159,06 
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Figure 61: The variation of average heat transfer and volume flow rate at 50oC. 

         Table 49: The data of average heat transfer and volume flow rate at 55oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 113,169 99,952 110,128 103,0749 106,485 113,62 

0,3 156,714 134,216 149,208 144,149 133,44 150,44 

0,4 170,051 150,735 165,273 150,066 143,62 162,77 

0,5 198,05 175,024 187,97 179,315 164,1 195,45 

0,6 205,106 180,709 191,25 183,37 166,5 207,261 

 

 

Figure 62: The variation of average heat transfer and volume flow rate at 55oC. 
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         Table 50: The data of average heat transfer and volume flow rate at 60oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 125,261 112,104 122,293 118,811 118,73 125,76 

0,3 171,13 151,092 166,108 162,636 149,53 166,2 

0,4 187,557 168,129 181,352 167,918 163,57 180,27 

0,5 216,859 196,336 203,69 198,914 186,3 213,38 

0,6 218,343 197,73 207,06 197 186,98 235,85 

 

 

Figure 63: The variation of average heat transfer and volume flow rate at 60oC. 

 

         Table 51: The data of average heat transfer and volume flow rate at 65oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 139,347 125,612 136,618 131,506 131,129 140,01 

0,3 183,862 168,803 184,124 180,866 168,23 180,28 

0,4 210,444 192,222 200,104 193,597 187,057 200,63 

0,5 240,731 216,583 222,16 222,855 199,87 234,78 

0,6 238,333 216,02 221,12 221,06 205,33 247,026 
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Figure 64: The variation of average heat transfer and volume flow rate at 65oC. 

 

         Table 52: The data of average heat transfer and volume flow rate at 70oC. 

L/min 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 155,385 139,369 152,684 145,581 145,172 153,64 

0,3 207,897 185,305 203,494 198,658 183,75 197,17 

0,4 233,895 217,16 222,515 215,793 211,537 226,07 

0,5 268,682 240,802 241,75 232,321 216,22 256,22 

0,6 271,905 242,634 247,2 244,61 235,59 274,256 

 

 

Figure 65: The variation of average heat transfer and volume flow rate at 70oC. 
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6.5 Nusselt number  

The relationship between Nusselt number and volume flow has been discussed in 

several published papers. It has been pointed out that the Nusselt number of the 

coolant increases with the increase in volume flow rate (Harsh et al,, 2018). The 

Nusselt number is defined as a ratio of convective to conductive heat transfer across 

the boundary layer. It is represented by Eq. 9. It is derived from the product of heat 

transfer coefficient and the hydraulic diameter of the heat exchanger over the thermal 

conductivity of the fluid. The main cause of the increase in Nusselt number when the 

volume flow rate is adjusted higher, is the results of the increase in fluid velocity. This 

contribute to the increase in convective heat transfer coefficient (Afzal,, 2017). 

The increase in Nusselt number due to volume flow rate is observed in fig 66-73. The 

experimental data is recorded in table 53-60 When considering the volume flow rate 

that flows from 0.2 to 0.6L/min at the temperature of 35 to 70oC, it is well noticed that 

the increase in Nusselt number with the change in volume flow rate is more dominant 

in low temperatures refer to Fig. 66-67. When reading from the schematic presentation 

in Fig 66, the Nusselt number went up to 326.26 when nanofluid is heated up to a 

temperature of 35oC. At the adjusted temperature of 40oC the value of the Nusselt 

number come out be 77.94. In both cases, this maximum Nusselt number was 

attainable at the Al2O3/nanoparticle volume concentration of 0.01vol % and volume 

flow rate of 0.6L/min. In Fig. 68-69, as the temperature of nanofluids increases the 

Nusselt number decreases. From Fig 68, the constant increase in Nusselt number is 

maintained by the volume concentration of 0.006vol. % leading to a maximum 

percentage increase of 33%. The nanofluid Nusselt number of 0.01vol. % suddenly 

drop when the operating flow rate is increased to 0.6L/min. 

In Fig. 69, the Nusselt number of the pure transformer oil has increased beyond the 

Al2O3/nanofluids at the volume flow rate of 0.3L/min when the temperature is 50oC and 

decreases as the flow rate increases further. Referring from Fig. 73-72, the 

nanoparticle volume concentration of 0.006vol % has increased with the increase in 

volume flow rate regardless the temperature is lifted to 60 and 70oC. Nanofluid with 

concentrations of 0.004 to 0.01vol % significantly enhanced the Nusselt number up to 

a volume flow rate of 0.5L/min and decrease at 0.6L/min. The 0.006vol % was the 
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most employable volume concentration in high temperatures and volume flow rate. In 

all condition a sudden drop in Nusselt number occurred at the volume flow rate of 

0.4L/min. this matter should be revised by considering the interpolated values of the 

volume flow rates that lies between 0.3, 0.4 and 0.5L/min.  

       Table 53: The data of Nusselt number and volume flow rate at 35oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 8,7075 9,8165 9,0147 9,5656 5,9611 10,611 

0,3 12,4537 27,5183 17,978 16,8599 27,188 24,0029 

0,4 22,7525 35,9572 22,5936 25,0223 58,5597 35,338 

0,5 22,6846 12,3759 35,44 23,9141 120,26 33,391 

0,6 29,0662 43,4177 71,612 36,032 326,26 23,503 

 

 

Figure 66: The variation of Nusselt number and volume flow rate at 35oC. 

 

       Table 54: The data of Nusselt number and volume flow rate at 40oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 8,2748 9,6314 7,6868 10,0383 8,47812 10,566 

0,3 16,3155 17,7618 17,1057 15,2335 22,164 22,953 

0,4 23,261 21,0888 21,2423 16,441 27,9233 23,595 

0,5 27,8081 18,3455 27,231 20,7551 38,517 22,852 

0,6 31,3086 31,3139 43,769 35,304 77,94 27,0032 
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Figure 67: The variation of Nusselt number and volume flow rate at 40oC. 

 

       Table 55: The data of Nusselt number and volume flow rate at 45oC. 

 

 

0

10

20

30

40

50

60

70

80

90

0,2 0,3 0,4 0,5 0,6

N
u

Volume flow rate (L/min)

Nusselt number and volume flow rate at T= 40oC

0

0,004vol%

0,006vol%

0,008vol%

0,01vol%

0,015vol%

0

5

10

15

20

25

30

35

40

0,2 0,3 0,4 0,5 0,6

N
u

Volume flow rate (L/min)

Nusselt number and volume flow rate at T = 45oC

0

0,004vol%

0,006vol%

0,008vol%

0,01vol%

0,015vol%

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 8,48914 8,5087 7,931 8,7726 8,5183 9,0011 

0,3 18,3891 16,4747 15,9137 15,8076 20,1195 19,502 

0,4 16,768 17,6942 18,2713 15,6266 18,1256 19,352 

0,5 19,4702 19,5963 25,506 24,6973 35,604 22,228 

0,6 26,6847 27,0708 35,39 28,629 31,371 30,685 
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Figure 68: The variation of Nusselt number and volume flow rate at 45oC. 

 

        Table 56: Data of Nusselt number and volume flow rate at 50oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 7,8087 8,1573 7,357 8,302 8,47601 9,1339 

0,3 18,9302 15,4526 14,1509 14,5016 16,053 16,638 

0,4 13,8055 16,2784 15,3864 13,5517 16,0045 15,894 

0,5 18,9352 20,4257 23,347 21,2878 28,971 26,416 

0,6 25,0744 21,4703 28,482 24,213 29,737 25,9122 

 

 

Figure 69: The variation of Nusselt number and volume flow rate at 50oC. 

 

        Table 57: The data of Nusselt number and volume flow rate at 55oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 8,3052 8,2879 7,7841 8,214 9,0628 9,1753 

0,3 15,0921 13,8675 14,6353 13,6485 14,9 14,956 

0,4 13,4214 14,7726 14,5297 12,2651 14,5435 15,275 

0,5 19,67 20,8183 25,739 21,9128 26,316 25,003 

0,6 23,4023 21,4869 24,245 22,898 28,658 25,9122 
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Figure 70: The variation of Nusselt number and volume flow rate at 55oC. 

 

       Table 58: Data of Nusselt number and volume flow rate at 60oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 7,6545 7,8727 7,4408 7,7163 8,5105 8,9507 

0,3 12,451 12,4929 13,2184 12,5535 14,183 15,4694 

0,4 13,4386 13,1195 15,5156 14,4988 17,3828 16,107 

0,5 19,5156 20,0986 25,437 20,7773 24,748 22,881 

0,6 20,9093 21,1084 22,742 22,12 24,213 23,2643 
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Figure 71: The variation of Nusselt number and volume flow rate at 60oC. 

 

        Table 59: The data of Nusselt number and volume flow rate at 65oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 8,3071 8,1169 7,8333 8,139 8,73496 11,631 

0,3 12,7458 12,683 13,1946 12,3388 13,936 13,985 

0,4 14,4074 14,9423 16,621 13,9336 18,8255 15,864 

0,5 22,0236 18,7489 23,579 18,6906 24,367 23,943 

0,6 20,7859 19,0227 27,407 19,339 22,541 21,5461 

 

 

Figure 72: The variation of Nusselt number and volume flow rate at 65oC. 

 

       Table 60: The data of Nusselt number and volume flow rate at 70oC. 

m(L/min) 0 0,004vol% 0,006vol% 0,008vol% 0,01vol% 0,015vol% 

0,2 7,7126 7,7066 7,5528 7,8516 8,1644 8,3803 

0,3 13,535 13,5342 13,3668 12,9827 14,159 14,433 

0,4 14,199 15,7247 17,1739 15,7783 18,2449 16,841 

0,5 19,813 18,7624 22,348 19,2139 21,423 23,315 

0,6 19,8396 20,6837 25,635 19,938 23,453 22,3296 
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Figure 73: The variation of Nusselt number and volume flow rate at 70oC. 

 

Fig. 74-81 shows the variation of Nusselt and nanoparticle volume concentration when 

the nanofluid flows at different volume flow rate. When referring from table 61-68 no 

stable increase in Nusselt number that is recorded. In Fig. 74-75 a maximum increase 

in Nusselt occurred at the volume concentration of 0.01vol % when the nanofluid flow 

rate is 0.6L/min. At 35oC the Nusselt number increased by 326.26 for 0.01vol % and 

drop to 23.503 for 0.015vol %. Similar fluctuation is seen at 40oC. the maximum 

recorded increase is 77.94 for 0.01vol % and decline to 27.0032 when the 

concentration is 0.015vol %. In Fig 76-81 the Nusselt number of the nanofluids is seen 

to perform better than the pure the transformer oil and there is no stable increase with 

the increase in nanoparticle volume concentration.   

       Table 61: The data of Nusselt number and volume concentration at 35oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 8,7075 12,4537 22,7525 22,6846 29,0662 

0,004 9,8165 27,5183 35,9572 12,3759 43,4177 

0,006 9,0147 17,978 22,5936 35,44 71,612 

0,008 9,5656 16,8599 25,0223 23,9141 36,032 

0,01 5,9611 27,188 58,5597 120,26 326,26 

0,015 10,6111 24,0029 35,338 33,391 23,503 
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Figure 74: The variation of the Nusselt number and volume concentration at 35oC. 

 

       Table 62: The data of Nusselt number and volume concentration at 40oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 8,2748 16,3155 23,261 27,8081 31,3086 

0,004 17,7618 17,7618 21,0888 18,3455 31,3139 

0,006 7,6868 17,1057 21,2423 27,231 43,769 

0,008 9,5656 15,2335 16,441 20,7551 35,304 

0,01 5,9611 22,164 27,9233 38,517 77,94 

0,015 10,611 22,953 23,595 22,852 27,0032 
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Figure 75: The variation of the Nusselt number and volume concentration at 40oC. 

 

       Table 63: The data of Nusselt number and volume concentration at 45oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 8,48914 18,3891 16,768 19,4702 26,6847 

0,004 8,5087 16,4747 17,6942 19,5963 27,0708 

0,006 7,931 15,9137 18,2713 25,506 35,39 

0,008 8,7726 15,8076 15,6266 24,6973 28,629 

0,01 8,5183 20,1195 18,1256 35,604 31,371 

0,015 9,0011 19,502 19,352 22,228 30,685 
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Figure 76: The variation of the Nusselt number and volume concentration at 45oC. 

 

      Table 64: data of Nusselt number and volume concentration at 50oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 7,8087 18,9302 13,8055 18,9352 25,0744 

0,004 8,1573 15,4526 16,2784 20,4257 21,4703 

0,006 7,357 14,1509 15,3864 23,347 28,482 

0,008 8,302 14,5016 13,5517 21,2878 24,213 

0,01 8,47601 16,053 16,0045 28,971 29,737 

0,015 9,1339 16,638 15,894 26,416 25,7758 

 

 

 

Figure 77: The variation of the Nusselt number and volume concentration at 50oC. 

 

       Table 65: The data of Nusselt number and volume concentration at 55oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 8,3052 15,0921 13,4214 19,67 23,4023 

0,004 8,2879 13,8675 14,7726 20,8183 21,4869 

0,006 7,7841 14,6353 14,5297 25,739 24,245 

0,008 8,214 13,6485 12,2651 21,9128 22,898 

0,01 9,0628 14,9 14,5435 26,316 28,658 

0,015 9,1753 14,956 15,275 25,003 25,9122 
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Figure 78: The variation of the Nusselt number and volume concentration at 55oC. 

 

       Table 66: The data of Nusselt number and volume concentration at 60oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 7,6545 12,451 13,4386 19,5156 20,9093 

0,004 7,8727 12,4929 13,1195 20,0986 21,1084 

0,006 7,4408 13,2184 15,5156 25,437 22,742 

0,008 7,7163 12,5535 14,4988 20,7773 22,12 

0,01 8,5105 14,183 17,3828 24,748 24,213 

0,015 8,9507 15,4694 16,107 22,881 23,2643 
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Figure 79: The variation of the Nusselt number and volume concentration at 60oC. 

      Table 67: The data of Nusselt number and volume concentration at 65oC. 

 

 

 

Figure 80: The variation of the Nusselt number and volume concentration at 65oC. 

 

       Table 68: The data of Nusselt number and volume concentration at 70oC. 

Vol % 0,2L/min 0,3L/min 0,4L/min 0,5L/min 0,6L/min 

0 7,7126 13,535 14,199 19,813 19,8396 

0,004 7,7066 13,5342 15,7247 18,7624 20,6837 

0,006 7,5528 13,3668 17,1739 22,348 25,635 

0,008 7,8516 12,9827 15,7783 19,2139 19,938 

0,01 8,1644 14,159 18,2449 21,423 23,453 

0,015 8,3803 14,433 16,841 23,315 22,3296 
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0,006 7,8333 13,1946 16,621 23,579 27,407 

0,008 8,139 12,3388 13,9336 18,6906 19,339 

0,01 8,73496 13,936 18,8255 24,367 22,541 

0,015 11,631 13,985 15,864 23,943 21,5461 
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Figure 81: The variation of the Nusselt number and volume concentration at 70oC. 

 

It was appealed that adding a drop of nanoparticles into a base fluid can lead to an 

increase in thermal characteristics of the base fluid. In a study, a pure water and 

copper oxide (CuO) was used to prepare the nanofluids. The experimental data 

showing the values of Reynolds number, Nusselt number and volume concentration 

is interpreted as follows. The Nusselt number of the nanofluids operated above from 

that of the base fluid. It was also found that the Nusselt number increased with the 

increase in Reynolds number (Zarringhalam, Karimipour and Toghraie, 2016). 

Referring to Fig. 82-83 it was observed that nanofluids containing 0.006 and 0.01vol. 

% nanoparticles volume concentration showed a higher Nusselt number when 

compared to the pure transformer oil. the increase in Nusselt number is triggered by 

the increase in Reynolds number and volume flow rate. The maximum increase in 

Nusselt number by a value of 326.2 occurred at the temperature of 35oC when 

Reynolds number is 33.67 and 0.01vol. % see Fig. 82. A nanofluid sample of 

nanofluids with a volume concentration of 0.015vol % did not perform as it was 

expected at the operating temperature of 35 to 40oC. The nanofluid Nusselt number 

operated on the same level with the pure transformer oil. The drop in percentage value 

is calculated using Eq. 9. 
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%drop =  

Nuoil −  Nunf

Nuoil 
 × 100 

      (33) 

Where Nuoil and Nunf Is the Nusselt number of the pure transformer oil and nanofluids 

respectively.   

When referring from table. 69-70 and fig. 82-83, the percentage drop in Nusselt 

number when the fluid volume flow rate is 0.6L/min and 0.015vol % is calculated to be 

19 and 13% for a temperature of 30 and 40oC respectively. The outcome of the results 

clearly indicates that nanofluid with high volume concentration should not be applied 

in low temperatures. That may result in a significant decrease in Nusselt number. Fig. 

84 shows that the 0.006vol% nanoparticle volume concentration maintained a 

constant increase in Nusselt number with the increase in Reynolds number, there is 

no decline in Nusselt number spotted in all volume flow rate of 0.2 to 0.6L/min.  

In Fig 82-89 it can be confirmed that the nanoparticle volume concentration of 0.01vol 

% is the best among these other four nanoparticle volume concentration. The worst 

underperforming volume concentration is 0.004vol %. The thermal properties of 

nanofluid with 0.004vol % are likely to display the similar characteristics of the pure 

transformer oil. In Fig. 85-89, the performance of nanofluids that are synthesized with 

nanoparticle volume concentration of 0,006vol% and 0,01vol% preserved the best 

performance when compared to pure transformer oil. When the heat stress is adjusted 

from 50-70oC the thermal reactivity of the nanofluids remains superior resulting in a 

high Nusselt number. The ability of nanofluids with volume concentrations of 

0.006vol% and 0.01vol% to withstand heat stress can regarded as a suitable load that 

may be used in transformer oil thermal applications. 

Table 69: The data of Nusselt number and Reynolds number at 35oC 

 

 

0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11.1232 8.8075 11.1371 9.8165 11.1772 9.0147 11.2171 9.5656 11.2234 5.9611 11.272 10.611 0.2 

16.6848 14.4537 16.7057 17.7618 16.7658 17.978 16.8256 16.8599 16.835 27.188 16.9075 24.003 0.3 

22.2466 22.7525 22.2742 35.9572 22.3544 22.5936 22.4341 25.0223 22.4467 58.5597 22.543 35.338 0.4 

27.8081 22.6846 27.8425 12.3759 27.943 35.44 28.0427 23.9141 28.058 120.26 28.179 33.391 0.5 

33.3697 29.0662 33.4114 43.4177 33.532 71.612 33.651 36.032 33.67 326.26 33.8151 23.503 0.6 
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Figure 82: The variation of Nusselt number and Reynolds number at 35oC. 

 

Table 70: The data of Nusselt number and Reynolds number at 35oC 

 

 

 

Figure 83: The variation of Nusselt number and Reynolds number at 40oC. 
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0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 8,2748 11,1371 9,6314 11,1772 7,6868 11,2171 10,0383 11,2234 8,478 11,272 10,566 0.2 

16,6848 16,3155 16,7057 17,7618 16,7658 17,1057 16,8256 15,2335 16,835 22,164 16,9075 22,953 0.3 

22,2465 23,261 22,2742 21,0888 22,3544 21,2423 22,4341 16,441 22,4467 27,9233 22,543 23,595 0.4 

27,8081 20,079 27,8428 18,3455 27,943 27,231 28,0427 20,7551 28,058 38,517 28,179 22,852 0.5 

33,3697 31,3086 33,4114 31,3139 33,532 43,769 33,651 35,304 33,67 77,94 33,8151 27,003 0.6 
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Table 71: The data of Nusselt number and Reynolds number at 45oC 

 

 

 

Figure 84: The variation of Nusselt number and Reynolds number at 45oC. 

 

Table 72: The data of Nusselt number and Reynolds number at 50oC 
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0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 8,48914 11,1371 8,5087 11,1772 7,931 11,2171 8,7726 11,2234 8,5183 11,272 9,0011 0.2 

16,6848 18,3891 16,7057 16,4747 16,7658 15,9137 16,8256 15,8076 16,835 20,1195 16,9075 19,502 0.3 

22,2465 16,768 22,2742 17,6942 22,3544 18,2713 22,4341 15,6266 22,4467 18,1256 22,543 19,352 0.4 

27,8081 19,4702 27,8428 19,5963 27,943 25,506 28,0427 24,6973 28,058 35,604 28,179 22,228 0.5 

33,3697 26,6847 33,4114 27,0708 33,532 35,39 33,651 28,629 33,67 31,371 33,8151 30,685 0.6 

0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 7,8087 11,1371 8,1573 11,1772 7,357 11,2171 8,302 11,2234 11,2234 11,272 9,1339 0.2 

16,6848 18,9302 16,7057 15,4526 16,7658 14,1509 16,8256 14,5016 16,835 16,053 16,9075 16,638 0.3 

22,2465 13,8055 22,2742 16,2784 22,3544 15,3864 22,4341 13,5517 22,4467 16,0045 22,543 15,894 0.4 

27,8081 18,9352 27,8428 20,4257 27,943 23,347 28,0427 21,2878 28,058 28,971 28,179 26,416 0.5 

33,3697 25,0744 33,4114 21,4703 33,532 28,482 33,651 24,213 33,67 29,737 33,8151 25,776 0.6 
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Figure 85: The variation of Nusselt number and Reynolds number at 50oC. 

 

Table 73: The data of Nusselt number and Reynolds number at 55oC 
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0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 8,3052 11,1371 8,1573 11,1772 7,7841 11,2171 8,214 11,2234 9,0628 11,272 9,1753 0.2 

16,6848 15,0921 16,7057 15,4526 16,7658 14,6353 16,8256 13,6485 16,835 14,9 16,9075 14,956 0.3 

22,2465 13,4214 22,2742 16,2784 22,3544 14,5297 22,4341 12,2651 22,4467 14,5435 22,543 15,275 0.4 

27,8081 19,67 27,8428 20,8183 27,943 25,739 28,0427 21,9128 28,058 26,316 28,179 25,003 0.5 

33,3697 23,4023 33,4114 21,4869 33,532 24,245 33,651 22,898 33,67 28,658 33,815 25,912 0.6 
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Figure 86: The variation of Nusselt number and Reynolds number at 55oC. 

 

Table 74: The data of Nusselt number and Reynolds number at 60oC 
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0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 7,6545 11,1371 7,8727 11,1772 7,4408 11,2171 7,7163 11,2234 8,5105 11,272 8,9507 0.2 

16,6848 12,451 16,7057 12,4929 16,7658 13,2184 16,8256 12,5535 16,835 14,183 16,9075 15,469 0.3 

22,2465 13,4386 22,2742 13,1195 22,3544 15,5156 22,4341 14,4988 22,4467 17,3828 22,543 16,107 0.4 

27,8081 19,5156 27,8428 20,0986 27,943 25,437 28,0427 20,7713 28,058 24,748 28,179 22,881 0.5 

33,3697 20,9093 33,4114 21,1084 33,532 22,742 33,651 22,12 33,67 24,213 33,815 23,264 0.6 
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Figure 87: The variation of Nusselt number and Reynolds number at 60oC. 

 

Table 75: The data of Nusselt number and Reynolds number at 65oC 

 

 

 

Figure 88: The variation of Nusselt number and Reynolds number at 65oC. 

 

Table 76: The data of Nusselt number and Reynolds number at 70oC 
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0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 11,1232 11,1232 11,1232 11,1232 11,1232 11,1232 11,1232 11,1232 11,1232 11,1232 11,123 0.2 

16,6848 12,7458 16,7057 12,683 16,7658 13,1946 16,8256 12,3388 16,835 13,936 16,9075 13,985 0.3 

22,2465 14,4074 22,2742 14,9423 22,3544 16,621 22,4341 13,9336 22,4467 18,8255 22,543 15,864 0.4 

27,8081 22,0236 27,8428 18,7489 27,943 23,579 28,0427 18,6906 28,058 24,367 28,179 23,943 0.5 

33,3697 20,7859 33,4114 19,0227 33,532 27,407 33,651 19,339 33,67 22,541 33,815 21,546 0.6 

0 vol.% 0.004vol % 0.006 vol % 0.008 vol % 0.01 vol % 0.015 vol % Flow 
rate 

Re Nu Re Nu Re Nu Re Nu Re Nu Re Nu L/min 

11,1232 7,7126 11,1371 7,7066 11,1772 7,5528 11,2171 7,8516 11,2234 8,1644 11,272 8,3803 0.2 

16,6848 13,535 16,7057 13,5342 16,7658 13,3668 16,8256 12,9827 16,835 14,159 16,9075 14,433 0.3 

22,2465 14,199 22,2742 15,7247 22,3544 17,1739 22,4341 15,7783 22,4467 18,2449 22,543 16,841 0.4 

27,8081 19,813 27,8428 18,7624 27,943 22,348 28,0427 19,2139 28,058 21,423 28,179 23,315 0.5 

33,3697 19,8396 33,4114 20,6837 33,532 25,635 33,651 19,938 33,67 23,453 33,815 22,329 0.6 
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Figure 89: The variation of Nusselt number and Reynolds number at 70oC. 

 

The schematic plot presented in fig. 90, is projected from a fixed volume concentration 

of 0.01vol % and the temperature of 35 to 70oC. The Nusselt number of the nanofluids 

increases with the increase in volume flow rate and volume concentration but 

decreases with the increase in inlet temperature. 

 

 

Figure 90: The variation of Nusselt number and temperature. 
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6.6 Reynolds number and Prandtl number 

The variation of Reynolds and Prandtl number with nanoparticle volume concentration 

is presented in Fig. 91-92. Table 25 shows the data of Reynolds number at different 

flow rate and volume concentration and table 77 presents the experimental data of the 

Prandtl number with volume concentration. The existing study outlines that lower 

nanoparticle volume concentration results in a higher Reynolds number whereas 

higher concentration is better for the Prandtl number (Atul Saini, Sumeet Sharma and 

D. Gangacharyulu, 2016). In this study the nanoparticle volume concentration is kept 

lower from 0.004 to 0.015vol % to avoid the increase in viscosity of the pure 

transformer oil. When checking Fig. 91 the increase in nanoparticle volume 

concentration from 0.004 to 0.015vol % resulted with the increase in Reynolds 

number.  From the presented data, the nanofluid Reynolds number increases with the 

increase in volume flow rate and nanoparticle volume concentration. With the increase 

in flow rate and volume concentration the maximum Reynolds number obtained is 

33.8151 at 0.6L/min and 0.015vol. %. When referring from the same paper, the Prandtl 

number of Al2O3/H2O nanofluids is found to increase with the increase in volume 

concentration. The Prandtl of Al2O3/H2O behaves differently from that one of 

Al2O3/transformer oil. in Fig. 92 the Prandtl number of the nano transformer oil 

decreases with the increase in volume concentration. To understand the effect of 

Al2O3/nanoparticle volume concentration into the transformer oil Reynolds and Prandtl 

number additional experiments should be conducted using higher volume 

concentration that is above 0.015 vol %. The density of the nanofluid should be 

considered.   

      Table 77: The data of Reynolds number and volume concentration. 

Volume Concentration 0,2L/min 0,3L/min 0,4l/min 0,5L/min 0,6L/min 

0 11,1232 16,6848 22,2465 27,8081 33,3697 

0,004 11,1371 16,7057 22,2742 27,8428 33,4114 

0,006 11,1772 16,7658 22,3544 27,943 33,532 

0,008 11,2171 16,8256 22,4341 28,0427 33,651 

0,01 11,2234 16,835 22,4467 28,058 33,67 

0,015 11,272 16,9075 22,543 28,179 33,8151 
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Figure 91: The variation of Reynolds number with volume concentration. 

 

 

Table 78: The Data of Prandtl number and volume concentration 

Volume concentration Prandtl Number 

0 191,813 

0,004 190,008 

0,006 188,56 

0,008 187,137 

0,01 186,288 

0,015 184,23 
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Figure 92: The variation of Prandtl number with volume concentration. 

 

7. Conclusion. 

The experiment was conducted to investigate the performance of the Al2O3/nano-

transformer oil in a transformer heat exchanger. The experimental work was 

conducted using pure transformer oil (mineral) and Al2O3/nanoparticles. The   

nanoparticle volume concentration was set to 0.004vol. %, 0.006vol. %, 0.008vol. %, 

0.01vol. % and 0.015vol. %. The nanofluid volume flow rate is taken to be 0.2 to 

0.6L/min with the change in temperature that ranged from 35 to 75oC. The effect of 

Al2O3/nanoparticle volume concentration in thermophysical properties is investigated. 

This includes the density, thermal conductivity, Specific heat capacity and viscosity. 

The calculated viscosity is seen to increase with the increase in volume concentration. 

The maximum increase in viscosity is 0.017Kgms at 0.015vol. %. The increase in 

density and thermal conductivity with the increase in volume concentration is also 

observed. The highest calculated percentage increase in density and thermal 

conductivity is 0.5% and 0.44%. The advantages of employing nanofluids are that they 

cost less to heat up than transformer oil since they need less energy. The specific heat 

capacity of the transformer oil is reduced by 3.3%.  

The heat transfer coefficient of the nanofluid increases when the nanoparticle volume 

concentration is increased and decrease with the increase in temperature. The 

increase in heat transfer coefficient is more attainable at the low operating 
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temperature, high-volume concentration, and high-volume flow rate. When nanofluids 

with 0.01vol. % are heated to 35oC resulted with the increase in heat transfer 

coefficient by a value of 6901.7W/m2 K at the highest flow rate of 0.6L/min. When 

nanofluid temperature is increased to 40oC a drop in heat transfer coefficient is 

observed. The results come out to be 612.85W/m2 K for 0.5L/min and 629.06 W/m2 K 

when the volume flow rate is 0.6L/min. When the temperature is increased further to 

70oC, the volume concentration of 0.008 to 0.015vol. % and 0.5L/min presented a 

constant increase in heat transfer coefficient with no further decrease. Such 

performance is acceptable in heat transfer application. 

In this study, the relationship between temperature and heat transfer coefficient is also 

investigated. The heat transfer coefficient of the nanofluids decreases with the 

increase in temperature and increase with the increase in volume flow rate and 

nanoparticle volume concentration. The heat transfer coefficient obtained at 0.2L/min 

is 249.03W/m2 K for 0.015vol. %. The nanofluids is seen to more effective in low 

temperatures. The 0.01vol.% behaved as it was expected. It reached its highest heat 

transfer coefficient at the flow rate of 0.5L/min, the value recorded is 2543.9W/m2 K. 

Stable nanofluids with high thermal conductivity results increases the heat transfer 

coefficient of the fluid. 

The nanofluid overall heat transfer coefficient is calculated based on the average heat 

transfer rate, area filled with nanofluids and log-mean temperature. It is true that the 

overall heat transfer coefficient of the nanofluid increases with flow rate and volume 

concentration and decreases with inlet temperature when comparing the findings of 

this investigation with the literature. When considering the increase in inlet 

temperature, the values of the heat transfer coefficient come out to be 91.855, 72.748, 

68.791, 68.327 and 61.81W/m2 K at the temperature of 35, 40, 45, 50 and 70oC. the 

flow rate was 0.6L/min and 0.01vol. %. When the inlet temperature increases, 

nanofluids are reported to build up the layer into the walls causing a decrease in heat 

dissipation and results in a decrease in overall heat transfer coefficient. 

The Al2O3/nanofluids has limited effect in enhancing the average heat transfer rate. 

These limitations are detected when the volume concentration and flow rate are set to 

lower levels. From the flow rate of 0.2 to 0.5L/min nanofluids displayed a poor 

performance in average heat transfer rate. The transformer oil is seen to be more 
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effective than the nanofluid for this operating condition. The highest increase in 

average heat transfer rate happened when the nanofluid volume flow rate goes up to 

0.6L/min for 0.015vol.% at 35 and 60oC. The percentage increase in average heat 

transfer rate for 35 and 60oC is 9% and 8% respectively. Nanofluids are reported to 

have less effect in heat transfer rate because are more capable of improving a mass 

transfer than the heat transfer rate. 

The literature pointed out that the Nusselt number of the nanofluids increases with the 

increase in volume flow rate. This is the results of the increase in fluid velocity. The 

maximum increase in more dominant in low temperatures. When the nanofluid is 

heated from 35 to 40oC at 0.6L/min. The Nusselt number went up to 326.26 and 77.94 

when the volume concentration is 0.01vol. %. The constant increase in Nusselt 

number is maintained by a volume concentration 0.006vol% leading a maximum 

percentage increase of 33%. The Nusselt number with volume concentration of 0.006 

vol.% kept on increasing regardless the nanofluid temperature is lifted from 60 to 70oC. 

The 0.006vol.% is the most employable nanoparticle volume concentration when the 

temperature and volume flow rate are high.  

In the experimental investigation between Nusselt number and volume concentration 

there is no stable increase in Nusselt number that is recorded. However, the highest 

increase in Nusselt number occurred at 0.01vol.% and 0.6L/min. At the 35oC the 

Nusselt number went up to 326.26 for 0.01vol. % and drop to 23.503 for 0.015vol. %. 

Similar fluctuation is seen at 40oC. The Nusselt number increased to 77.91 for 0.01vol. 

% and decreases to 27.0032 when the volume concentration is 0.015vol. %. In all 

operating conditions no stable increase in Nusselt number with the increase in volume 

concentration.  

The link between Nusselt number and Reynolds number is reported in this study. The 

increase in Nusselt number is triggered by the increase in Reynolds number and 

volume flow rate. The highest Nusselt number obtained is 326.2 at the Reynolds 

number of 33.67 when the temperature is 35oC and volume concentration of 0.01vol. 

%. The nanofluid sample with 0.015vol. % did not perform as it was expected because 

seen to operate on the same level with the pure transformer oil. This explains that 

nanofluid with high volume concentration should not be applied in low temperatures 

as it will cause a decrease in Nusselt number. The 0.006vol. % maintained a constant 
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increase in Nusselt when the Reynolds number increases. Between the range of 35 

to 50°C and 65 to 70°C, there was no further drop in the Nusselt number.   The volume 

concentration of 0.006 vol% and 0.01 vol% for the nanofluids can be regarded as an 

acceptable volume concentration for usage in the thermal application of transformer 

oil due to their capacity to withstand heat stress. 

The study outlines that the low volume concentration is more applicable in Reynolds 

number whereases higher volume concentration is benefits the Prandtl number of the 

fluid. In this study the nanoparticle volume concentration is taken to 0.004 to 0.015vol. 

% to avoid the increase in viscosity. The increase in volume concentration and volume 

flow rate resulted with the increase in Reynolds number to a value of 33.8151 at 

0.015vol. % and 0.6L/min. When referring to the study it is mentioned that lower 

nanoparticle volume concentration is likely to benefit the Prandtl number. That is 

proven from the results that the Prandtl number of the transformer decreases with the 

increase in volume concentration. To understand the effect of Al2O3/nanofluid volume 

concentration into the transformer oil’s Prandtl number and Reynolds number, 

additional experiment should be conducted using higher volume concentration that is 

above 0.015vol. %.  

From the results it can be concluded that the most influential nanoparticle volume 

concentration in thermophysical properties of the transformer oil is 0.01vol. % with the 

varied volume flow rate of 0.2 to 0.6L/min. However, the volume concentration of 

0.01vol. % is seen to lose its performance when the temperature is increased from 60 

to 70oC. The volume concentration of 0.006vol. % resulted with nanofluids that are 

more stable in high temperatures. In this regard Al2O3/nanoparticles can be counted 

amongst those nanoparticles that have an effect in thermal applications where 

transformer oil is treated as a base fluid. 
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Experimental data 

 

Table 79(A-E): Experimental data of the transformer oil at 0.2 to 0.6L/min. 

(A)  0,20 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 18,9 16,7 21,6 29,7 22,9 19,7 4,56 41,7 41,1 

40 19,6 16,8 22,9 33,2 24,2 20,6 4,69 42,5 42,0 

45,2 20,6 16,7 24,6 37,5 26,2 21,6 4,32 43,4 42,9 

50,2 22,0 16,6 26,2 41,2 27,8 22,6 3,91 43,6 43,2 

55 23,3 16,6 28,5 45,6 30,2 24,0 4,32 43,9 43,6 

60 23,5 16,6 28,8 48,3 30,8 24,1 4,45 44,0 43,8 

65 24,4 16,8 30,8 53,1 33,0 25,4 4,38 43,9 43,3 

70,1 24,9 16,7 31,6 55,9 33,8 25,7 4,69 42,9 42,7 

(B) 0,30 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 19,3 16,3 20,5 30,0 23,5 19,3 4,04 37,9 37,1 

40,1 21,4 16,4 25,0 34,9 26,9 22,5 4,26 40,1 39,9 

45,3 22,5 16,4 27,2 39,2 29,8 24,1 3,79 41,2 40,0 

50,8 24,6 16,4 30,3 44,9 32,5 26,1 4,15 42,9 41,9 

55,5 25,8 16,4 31,3 47,7 33,7 26,9 4,53 42,5 42,2 

60 26,5 16,6 31,9 49,9 34,6 27,3 4,69 42,7 42,1 

65 28,8 16,6 34,8 54,2 37,4 29,4 4,19 42,6 42,3 

70 29,9 16,4 36,4 59,1 39,6 30,6 4,78 42,3 42,0 

(C) 0,40 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 21,1 16,7 23,5 30,8 25,7 22,0 4,40 38,9 38,0 

40 23,4 16,8 26,2 35,5 28,8 24,2 4,25 39,4 38,7 

45,3 25,9 16,7 28,3 39,7 30,7 25,7 4,65 39,3 38,6 

50 29,4 16,9 31,2 43,7 33,6 28,0 4,57 39,7 39,2 

55 31,2 16,7 32,9 47,7 35,7 29,5 4,78 40,4 39,8 

60,1 33 17,0 34,9 51,5 38,3 31,2 4,70 41,6 41,2 

65 34,7 16,8 37,0 56,6 40,6 32,9 4,81 40,7 40,2 

70 36,3 16,9 39,3 59,8 43,1 34,6 4,88 40,2 39,8 

(D) 0,50 L/min. 

Toil 
oC Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 24,6 16,9 25,8 32,5 27,4 24,2 4,89 33,1 31,9 

40 26,8 16,6 27,9 36,7 30,0 25,9 4,72 35,6 34,5 

45 29,0 16,6 30,3 40,8 32,8 27,9 4,62 36,3 35,3 

50 31,0 16,6 32,8 44,8 35,3 29,8 4,74 37,3 36,5 

55,2 32,4 16,9 34,7 48,5 38,0 31,5 4,57 37,9 37,2 

60,1 35,2 16,6 37,9 53,0 41,1 34,1 4,69 38,6 38,0 

65,2 37,1 16,6 40,3 57,4 44,7 36,6 4,44 38,2 37,6 

70 38,9 16,7 42,0 61,0 46,5 37,8 4,88 37,9 37,3 

(E) 0,60 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s Pin Pout 

35 26,2 17,3 27,3 33,0 28,9 25,7 4,38 30,8 29,5 

40 27,7 17,2 29,3 36,8 31,7 27,6 4,25 32,3 31,1 

45 29,9 17,2 31,5 40,7 34,4 29,4 4,31 33,6 32,5 

50 33,1 17,0 34,8 45,5 37,6 32,2 4,27 34,4 33,5 

55,1 35,7 16,9 37,3 49,5 40,7 34,5 4,36 35,3 34,4 
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Table 80(A-E): Experimental data of nanofluids at 0.2 to 0.6L/min and 0.004 vol. %. 

60 39,2 17,3 40,5 54,2 43,8 37,0 4,41 35,5 34,8 

65,1 42,4 17,2 43,7 58,5 47,7 39,9 4,28 35,6 35,1 

70,1 44,0 17,2 44,9 62,4 49,5 41,0 4,60 35,4 34,8 

(A) 0,20 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 22,8 20,6 24,9 31,5 25,9 23,6 4,44 42,3 42,0 

40,2 23,4 20,9 26,4 35,4 27,7 24,3 4,71 43,3 43,0 

45,0 24,5 21,1 27,9 38,8 29,1 25,3 4,61 44,0 43,8 

50 25,9 21,4 29,8 42,6 31,0 26,7 4,55 44,2 44,0 

55,0 26,9 21,6 31,5 46,7 32,9 27,7 4,46 44,5 44,3 

60 27,3 21,6 32,3 49,8 33,9 28,2 4,44 44,5 44,3 

65 28,1 21,9 33,8 53,8 35,8 29,2 4,40 44,2 43,9 

70 29,0 21,9 35,4 56,7 37,3 30,1 4,34 43,9 43,7 

(B)  0,30L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 24,7 22,1 27,3 33,2 28,3 25,6 4,38 40,6 40,0 

40,0 25,8 21,9 28,7 36,7 29,9 26,6 4,43 41,0 40,3 

45,1 26,9 21,6 30,4 40,6 32,0 27,8 4,32 42,1 41,5 

50 28,1 21,5 32,0 44,6 34,0 28,8 4,45 42,8 42,3 

55,1 29,5 21,5 34,0 48,1 35,8 30,3 4,44 43,0 42,7 

60,1 30,5 21,5 35,0 51,0 37,5 31,1 4,59 43,5 43,3 

65,1 32,1 21,4 37,1 55,1 40,1 32,7 4,52 43,3 43,1 

70 33,9 21,4 39,6 60,2 42,7 34,6 4,41 42,9 42,6 

(C) 0,40 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 25,3 21,5 27,4 33,4 28,8 25,9 4,43 37,6 36,7 

40 27,7 21,2 29,7 37,5 31,2 27,5 4,47 30,9 38,2 

45,1 28,8 21,3 30,9 40,7 33,1 28,6 4,43 39,9 39,3 

50 31,1 21,3 32,9 45,5 35,3 30,2 4,40 40,2 39,7 

55 33,5 21,2 35,4 49,0 38,3 32,1 4,44 40,8 40,3 

60 35,9 20,8 38,2 51,9 40,4 34,7 4,40 40,9 40,4 

65 36,9 20,8 39,7 57,0 43,0 35,6 4,33 41,2 40,9 

70 38,8 20,8 42,6 61,1 45,9 38,0 4,63 40,3 40,0 

(D)  0,50 L/min. 

Toil 
oC Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 28,2 19,8 28,1 32,9 29,1 26,5 4,44 33,7 32,7 

40,1 28,9 20,2 30,1 36,7 31,7 28,1 4,34 35,6 34,7 

45 30,9 20,1 32,5 40,9 34,5 30,2 4,55 36,7 36,8 

50 33,7 20,8 35,9 45,2 38,0 33,2 4,57 36,9 36,2 

55 35,3 20,8 37,7 49,2 40,6 34,8 4,56 37,6 37,0 

60 37,3 20,9 39,7 53,2 43,2 36,6 4,60 38,6 38,1 

65 39,9 21,0 42,4 57,2 46,0 38,8 4,48 38,2 37,8 

70,1 42,2 21,0 44,7 61,6 49,0 40,8 4,57 38,1 37,6 

(E) 0,60 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 27,9 21,6 29,1 33,6 30,5 28,0 4,44 31,2 29,9 

40 30,1 21,7 31,5 37,5 33,4 29,9 4,48 32,1 31,0 

45 32,9 21,9 34,2 41,9 36,5 32,3 4,43 34,1 33,1 

50 35,8 21,8 37,0 45,8 39,3 34,5 4,53 35,8 35,0 

55 37,9 22,0 39,0 49,7 42,3 36,4 4,53 35,6 34,9 
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Table 81(A-E): Experimental data of nanofluids at 0.2 to 0.6L/min and 0.006vol.%. 

60 40,9 22,1 42,0 54,3 45,6 39,0 4,33 35,0 34,4 

65,0 44,4 22,1 45,4 58,6 48,7 41,9 4,32 36,8 35,3 

70 47,0 22,3 48,4 63,0 52,5 44,7 4,50 36,1 35,9 

(A) 0,20 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,4 20,5 16,8 22,9 31,4 23,9 21,0 4,62 41,9 41,3 

40,2 21,1 17,6 23,8 34,4 24,7 21,5 4,61 41,9 41,6 

45,3 21,6 17,7 25,0 38,0 26,3 22,4 4,73 43,3 43,0 

50 22,7 17,7 26,5 41,5 27,5 23,1 4,41 43,8 43,5 

55 23,9 17,7 28,3 45,6 29,6 24,9 4,48 43,7 43,4 

60 24,0 17,9 28,9 48,7 30,5 24,7 4,48 43,5 43,9 

65 25,3 17,8 31,1 53,0 33,0 26,3 4,45 43,4 43,2 

70,2 26,3 17,7 32,7 56,6 34,4 27,2 4,61 43,4 43,1 

(B) 0,30 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 20,8 18,1 23,6 31,8 24,9 21,7 4,41 39,7 39,0 

40 21,9 17,9 25,4 35,6 26,9 23,1 4,37 40,9 40,2 

45 23,4 18,3 27,4 39,6 29,0 24,7 4,41 42,3 41,7 

50 24,7 17,7 29,1 43,3 30,8 25,7 4,38 42,8 42,3 

55 26,0 18,0 30,8 47,2 32,9 27,2 4,42 42,4 42,0 

60 27,3 18,0 32,5 50,8 34,8 28,4 4,55 43,0 42,6 

65 28,7 18,0 34,6 54,7 37,0 30,0 4,44 42,9 42,5 

70 30,3 17,0 36,5 59,2 39,4 31,5 4,45 42,3 42,0 

(C) 0,40 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,0 23,5 16,7 25,5 32,6 26,8 23,7 4,41 37,0 36,2 

40 25,7 17,3 28,2 37,0 29,6 25,8 4,44 38,5 37,7 

45 27,9 17,5 30,2 41,1 32,1 27,6 4,47 39,6 38,9 

50 30,8 17,8 32,9 45,4 34,8 29,6 4,48 39,9 39,2 

55 31,7 18 34 48,5 36,4 30,5 4,48 40,2 39,6 

60 34,1 17,8 36,6 53,7 39,4 32,8 4,42 40,4 39,9 

65 36,8 18,2 40,2 58,6 42,9 35,7 4,45 40,5 40,0 

70 38,7 18,3 42,7 62,9 45,6 37,9 4,56 40,4 39,9 

(D) 0,50 L/min. 

Toil 
oC Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 26,0 19,1 27,5 33,7 28,9 26,0 4,36 34,0 32,9 

40,1 27,7 19,2 29,5 37,3 31,4 27,8 4,01 36,2 35,2 

45,4 30,1 19,3 32,3 42,1 34,3 30 4,20 36,7 35,6 

50 31,6 19,2 33,9 45,5 36,3 31,6 4,67 37,9 37,0 

55,6 34,3 19,3 37,1 51,0 40,1 34,3 4,50 39,3 38,6 

60 36,5 19,3 39,6 55,1 42,7 36,4 4,42 38,4 37,7 

65 39,5 19,6 42,6 59,5 45,9 39,0 4,41 38,9 38,3 

70 42,7 19,7 45,7 64,4 49,1 41,6 4,59 38,2 37,7 

(E) 0,60 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 27,0 20,7 28,5 34,1 30,0 27,5 4,35 31,5 30,1 

40 29,3 20,9 31,0 38,1 32,9 29,6 4,43 32,6 31,9 

45 31,7 20,7 33,3 42,6 35,7 31,6 4,33 33,6 32,4 

50 34,1 20,9 35,7 46,1 38,5 33,9 4,47 34,5 33,6 

55,3 36,9 20,9 38,3 50,8 41,2 35,9 4,35 33,8 32,8 
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Table 82(A-E): Experimental data of nanofluids at 0.2 to 0.6L/min and 0.008vol. %. 

60 40,5 21,0 41,7 55,5 44,6 38,9 4,78 35,6 34,8 

65,2 44,0 20,9 45,9 60,6 49,6 43,0 4,0 37,9 36,6 

70,4 47,3 21,4 49,6 65,3 52,8 46,1 4,44 35,2 34,5 

(A) 0,20 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 22,7 19,9 24,8 31,7 25,6 23,4 4,29 41,3 40,8 

40 22,9 19,9 25,6 36,3 26,6 23,7 4,33 42,4 41,9 

45,2 23,7 19,9 27,2 39,1 28,4 24,7 4,0 43,9 43,6 

50,1 25,1 20,1 29,1 43,0 30,2 25,9 4,46 43,8 43,4 

55 25,3 20,5 29,7 46,5 31,2 26,3 4,44 43,5 43,2 

60,6 26,0 20,3 31,1 49,7 32,7 27,1 4,61 43,0 42,7 

65,2 26,2 20,2 32,1 53,6 34,1 27,6 4,32 42,9 42,6 

70 27,2 20,0 33,5 57,1 35,4 28,5 4,46 42,4 42,1 

(B) 0,30 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 22,5 19,1 24,9 32,2 26,0 23,1 4,45 38,8 38,0 

40,4 23,1 19,2 26,3 35,8 27,6 24,1 4,44 40,9 39,7 

45,1 24,6 19,0 28,4 40,0 30,0 25,7 4,35 40,8 40,1 

50 26,2 19,2 30,4 43,8 32,1 27,2 4,41 41,6 41,1 

55 27,4 19,1 32,1 47,5 34,0 28,3 4,44 42,1 41,6 

60,4 28,3 19,1 33,2 50,8 35,5 29,3 4,48 42,2 42,0 

65,2 29,4 19,0 34,8 54,5 37,2 30,4 4,45 41,9 41,5 

70,3 31,3 19,0 37,2 59,3 40,2 32,4 4,48 41,6 41,3 

(C) 0,40 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout Vm/s 
x10-3 

Pin Pout 

35,1 26,3 21,1 27,9 33,2 29,0 26,7 4,40 37,7 36,8 

40,1 27,0 21,3 28,6 36,1 30,2 27,1 4,32 38,9 38,0 

45,0 29,2 21,3 30,8 40,5 32,7 28,9 4,24 40,8 39,5 

50,1 32,6 21,3 33,9 45,0 35,9 31,4 4,41 39,5 38,9 

55,1 33,6 21,3 34,9 47,8 37,2 32,1 4,46 40,2 39,7 

60 35,7 21,5 38,0 53,1 40,6 34,6 4,38 40,6 40,1 

65 36,9 21,5 39,3 56,5 42,2 35,8 4,69 40,0 39,5 

70 38,7 21,3 42,4 61,3 45,5 38,2 4,49 40,0 35,9 

(D) 0,50 L/min. 

Toil 
oC Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,0 26,8 20,2 27,7 33,4 29,0 26,4 4,47 33,5 32,3 

40,2 27,7 20,3 29,0 36,6 30,9 27,5 4,53 34,6 33,6 

45,0 29,8 20,2 31,8 41,1 34,1 30,0 4,69 36,5 35,7 

50 32,5 20,6 34,7 45,4 36,8 32,2 4,42 36,1 35,2 

55 34 20,4 36,6 49,2 39,4 34,0 4,08 38,1 37,3 

60 36,8 20,3 39,4 53,7 42,3 36,5 4,34 38,2 37,5 

65 39,2 20,4 41,7 57,6 44,6 38,4 4,57 37,9 37,3 

70 43,9 20,3 46,6 62,8 49,7 42,9 4,41 37,9 37,4 

(E) 0,60 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout Vm/s 
x10-3 

Pin Pout 

35 28,4 22,2 29,4 33,7 30,4 28,5 4,53 31,3 30,0 

40 30,3 22,3 31,5 37,8 33,4 30,5 4,41 32,5 31,3 

45,2 32,3 22,3 33,4 42,0 35,8 32,3 4,48 33,9 32,8 

50,3 34,6 22,5 35,8 45,7 38,5 34,3 4,40 34,9 33,7 
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Table 83(A-E): Experimental data of nanofluids at 0.2 to 0.6L/min and 0.01vol. %. 

55,1 37,4 22,6 38,4 50,2 41,4 36,6 4,49 35,4 34,6 

60,1 41,3 22,6 42,4 55,1 45,4 40,0 4,48 35,4 34,6 

65 44,1 22,4 44,6 58,8 48,0 42,1 4,72 34,7 33,9 

70 46,7 22,5 47,9 63,1 51,2 44,8 4,50 34,7 34,0 

(A) 0,20 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,0 22,7 18,9 23,4 30,9 24,3 22,0 4,38 40,8 40,2 

40 22,6 19,2 25,3 35,1 26,3 23,2 4,43 41,9 41,4 

45 23,1 19,2 26,5 38,8 27,7 24,0 4,45 43,5 43,2 

50,1 24,1 19,4 28,2 42,9 29,5 25,0 4,58 43,9 43,5 

55,0 25,3 19,7 30,1 47,3 31,8 26,5 4,55 44,0 43,7 

60 26,1 19,8 31,5 50,9 33,0 27,2 4,58 43,5 43,3 

65 27,7 20,1 33,8 55,5 35,4 28,8 4,45 43,5 43,3 

70 28,2 20,3 34,6 58,4 36,4 29,3 4,56 43,3 43,1 

(B) 0,30 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 24,2 21,3 26,7 33,2 27,7 25,2 4,40 40,0 39,3 

40,1 25,1 21,5 28,4 37,0 29,7 26,5 4,31 41,2 40,5 

45,1 26,6 21,5 30,6 41,4 31,9 28,0 4,40 41,7 41,2 

50,1 27,9 21,5 32,1 44,8 33,7 29,1 4,61 43,1 42,5 

55,0 29,9 21,7 34,5 49,0 36,0 30,9 4,44 42,0 41,5 

60 31,1 21,8 36,0 52,7 38,0 32,1 4,46 42,8 42,4 

65 32,4 21,8 37,9 56,5 40,2 33,5 4,44 42,9 42,0 

70 34,9 21,9 41,0 61,5 43,3 35,7 4,41 42,4 42,0 

(C) 0,40 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 26,6 22,5 28,6 34,0 29,7 27,4 4,40 37,7 36,8 

40,1 28,7 22,6 30,8 38,2 32,3 29,0 4,50 39,0 38,1 

45,1 31,0 22,7 32,9 42,1 34,4 30,6 4,33 40,1 39,4 

50 33,4 22,7 35,1 46,2 37,0 32,5 4,47 40,4 39,8 

55 34.7 22,9 36,7 49,3 38,8 33,8 4,40 40,8 40,2 

60 36,6 22,9 39,5 54,7 41,9 36,1 4,41 41,1 40,5 

65 38,1 22,9 41,8 59,0 44,7 38,0 4,40 40,9 40,9 

70,1 39,5 23,0 43,6 63,0 46,7 39,5 4,52 40,5 40,0 

(D) 0,50 L/min. 

Toil 
oC Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 28,2 23,5 29,7 34,6 31,0 28,7 4,47 34,2 33,1 

40 29,8 23,5 31,4 38,2 33,2 30,3 4,47 35,3 34,3 

45 31,8 23,7 34,0 42,5 36,1 32,4 4,43 36,1 35,2 

50,1 34,5 23,8 36,9 47,1 39,0 34,7 4,47 37,1 36,3 

55,2 36,5 23,8 39,1 50,8 41,8 36,9 4,40 38,2 37,9 

60,1 38,8 23,8 41,5 55,5 44,4 38,7 4,73 37,6 36,9 

65,1 42,3 24,0 45,0 60,2 48,3 42,0 4,38 38,2 37,6 

70 45,7 24,0 48,2 64,7 51,3 44,7 4,42 37,9 37,3 

(E) 0,60 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35,1 27,9 24,5 29,5 34,1 31,1 29,0 4,40 31,6 30,1 

40 31,4 24,4 32,9 39,0 34,7 31,9 4,42 32,3 31,0 
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Table 84(A-E): Experimental data of nanofluids at 0.2 to 0.6L/min and 0.015vol. %. 

45,1 33,1 24,7 34,5 42,2 36,7 33,2 4,54 34,2 33,1 

50 36,0 24,8 37,3 47,1 39,8 35,7 4,45 34,7 33,7 

55 39,4 24,5 40,7 52,0 43,5 38,7 4,44 34,9 34,1 

60,1 42,2 24,6 43,2 56,1 46,3 41,0 4,43 36,6 35,8 

65 45,6 24,7 46,7 60,6 49,7 43,9 4,40 35,4 34,6 

70,1 47,5 24,8 48,9 64,5 52,6 46,2 4,40 35,1 34,9 

(A) 0,20 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 20,5 17,0 22,7 31,5 24,0 21,6 4,32 41,8 41,1 

40,1 21,2 17,2 24,4 35,5 25,9 22,5 4,44 42,2 41,7 

45 21,8 17,3 25,6 38,7 26,9 23,0 4,48 43,1 42,7 

50 22,5 17,1 26,9 42,9 28,5 23,8 4,42 43,6 43,2 

55 23,4 17,4 28,6 46,8 30,3 25,0 4,47 43,8 43,4 

60 24,5 17,5 30,2 50,7 32,1 26,1 4,58 43,7 43,3 

65,2 25,4 17,6 31,9 54,6 38,9 27,0 4,47 43,5 43,2 

70 26,8 17,6 33,9 58,4 35,4 28,2 4,56 43,0 42,7 

(B) 0,30L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 22,2 17,8 25,0 32,7 26,2 23,3 4,44 39,2 28,5 

40 23,0 17,9 26,8 36,7 28,3 24,5 4,01 40,9 40,3 

45,1 24,3 17,8 28,5 40,8 30,2 25,9 4,41 41,5 41,0 

50,2 25,8 18,1 30,4 44,8 32,1 27,2 4,44 41,8 41,4 

55,2 26,4 18,0 31,2 48,1 33,5 27,8 4,43 42,4 41,9 

60 28,24 17,9 34,1 52,4 36,2 29,9 4,46 42,2 41,8 

65 30,3 18,8 35,9 56,3 38,5 31,4 4,51 42,5 42,1 

70 32,8 18,2 39,1 61,3 41,6 33,9 4,45 42,2 41,9 

(C) 0,40 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 24,4 18,3 26,7 33,5 27,9 25,0 4,48 37,1 36,0 

40 26,5 18,3 28,9 37,5 30,3 26,8 4,44 38,9 37,5 

45 27,8 18,5 30,1 41,2 32,1 27,9 4,40 39,5 38,6 

50 30,4 18,6 32,6 45,1 34,7 29,7 4,41 40,2 39,5 

55,1 32,7 18,1 34,9 49,4 37,4 31,7 4,43 40,6 40,0 

60,1 34,6 18,2 37,2 54,0 40,1 33,7 4,35 40,9 40,3 

65,1 36,9 18,4 40 58,5 42,7 35,8 4,43 40,3 39,8 

70 38,1 18,4 41,9 62,6 45,1 37,4 4,52 39,8 39,4 

(D) 0,50 L/min. 

Toil 
oC Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 25,8 17,7 27,1 33,7 28,7 25,7 4,42 39,9 32,7 

40 26,9 17,8 28,3 36,8 30,4 26,7 4,71 35,4 34,3 

45 28,8 17,6 30,6 41,1 32,9 28,5 4,63 36,4 35,4 

50 31,1 17,2 33,7 45,9 36,4 31,3 4,43 36,5 35,7 

55,1 33,1 17,6 36,0 50,4 38,9 33,1 4,48 37,9 37,3 

60,1 35,9 17,4 39,1 54,6 41,8 35,7 4,47 37,8 37,1 

65 38,4 17,2 41,8 59,2 45,1 38,3 4,42 37,9 37,2 

70,1 41,4 17,2 45 64,1 48,3 41,0 4,46 38 37,4 

(E) 0,60 L/min. 

Toil (
oC) Tair (

oC) Pressure (Kpa) 

Tin Tout Tin Tout Tsin Tsmid 
 

Tsout V m/s 
x10-3 

Pin Pout 

35 25,6 15,3 26,2 32,8 27,8 24,9 4,48 30,9 29,3 
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Calculated data 

 

Table 85(A-E): Calculated data of pure transformer oil at 0.2 to 0.6L/min. 

 

(A) 0,2L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00298 0,00433 89,3389 21,3523 55,3456 178,6153 50,8742 11,1232 191,813 8,7075 

40 0,00298 0,00438 113,2 26,9095 70,0546 169,74 50,5094 11,1232 191,813 8,2748 

45,2 0,00298 0,00397 136,505 31,588 84,0467 174,136 47,7268 11,1232 191,813 8,48914 

50,2 0,00298 0,00354 156,482 34,2097 95,3458 160,174 43,5692 11,1232 191,813 7,8087 

55 0,00298 0,00421 175,903 50,4351 113,169 170,362 44,7817 11,1232 191,813 8,3052 

60 0,00298 0,00391 202,539 47,9838 125,261 157,016 44,3193 11,1232 191,813 7,6545 

65 0,00298 0,00379 225,289 53,404 139,347 170,403 44,896 11,1232 191,813 8,3071 

70,1 0,00298 0,004 250,815 59,9558 155,385 158,208 45,1905 11,1232 191,813 7,7126 

(B) 0,3L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00448 0,00383 131,511 16,2149 73,8631 255,461 57,4131 16,6848 191,813 12,4537 

40,1 0,00448 0,00398 155,649 34,4597 95,046 334,676 59,2704 16,6848 191,813 16,3155 

45,3 0,00448 0,00348 189,776 37,8856 113,831 377,213 58,7867 16,6848 191,813 18,3891 

50,8 0,00448 0,00376 218,076 52,5732 135,324 388,311 57,4417 16,6848 191,813 18,9302 

55,5 0,00448 0,00441 247,208 66,2196 156,714 309,581 57,0552 16,6848 191,813 15,0921 

60 0,00448 0,00412 278,837 63,4219 171,13 265,54 55,8932 16,6848 191,813 12,451 

65 0,00448 0,00362 301,311 66,4136 183,862 261,452 52,7552 16,6848 191,813 12,7458 

70 0,00448 0,00407 333,772 82,022 207,897 277,64 53,7393 16,6848 191,813 13,535 

(C) 0,4L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00597 0,00418 154,262 28,5921 91,4272 466,719 70,4931 22,2465 191,813 22,7525 

40 0,00597 0,00397 184,227 37,5768 110,902 477,148 64,7365 22,2465 191,813 23,261 

45,3 0,00597 0,00427 215,301 49,9254 132,613 343,959 59,4827 22,2465 191,813 16,768 

50 0,00597 0,00414 228,619 59,5599 144,089 283,189 53,1877 22,2465 191,813 13,8055 

55 0,00597 0,00466 264,132 75,9705 170,051 275,31 53,7296 22,2465 191,813 13,4214 

60,1 0,00597 0,00413 300,756 74,3577 187,557 275,664 52,7676 22,2465 191,813 13,4386 

65 0,00597 0,00416 336,269 84,619 210,444 295,537 53,1176 22,2465 191,813 14,4074 

70 0,00597 0,00416 374,003 93,7865 233,895 291,262 54,1337 22,2465 191,813 14,199 

(D) 0,5L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

40,1 28,1 16,2 29,4 37,3 31,3 27,7 4,56 32,0 30,7 

45,2 30,2 16,0 31,9 42,1 34,4 30,0 4,38 33,2 32,1 

50 33,2 16,3 34,7 46,3 37,2 32,5 4,37 33,0 31,9 

55,1 36,1 16,1 37,5 51,2 40,7 35,0 4,44 35,8 34,9 

60,2 37,8 16,3 39,1 55 42,7 36,3 4,61 34,6 33,8 

65 42,1 16,4 43 59,7 46,7 39,9 4,61 36,2 35,4 

70,1 44,3 16,4 45,4 64,2 49,6 42,2 4,51 34,8 34,1 
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35 0,00746 0,00464 144,274 41,5895 92,9317 464,3249 62,8311 27,8081 191,813 22,6846 

40 0,00746 0,00441 183,117 50,1676 116,642 411,869 59,7528 27,8081 191,813 27,8081 

45 0,00746 0,00425 221,96 58,5832 140,272 399,388 59,1288 27,8081 191,813 19,4702 

50 0,00746 0,00429 263,578 69,9834 166,78 388,414 60,3047 27,8081 191,813 18,9352 

55,2 0,00746 0,00445 316,293 79,8065 198,05 403,486 63,1017 27,8081 191,813 19,67 

60,1 0,00746 0,00412 345,425 88,2933 216,859 400,319 60,7298 27,8081 191,813 19,5156 

65,2 0,00746 0,00384 389,817 91,6438 240,731 451,766 60,6169 27,8081 191,813 22,0236 

70 0,00746 0,00416 431,435 105,928 268,682 408,585 61,2676 27,8081 191,813 19,813 

(E) 0,6L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00895 0,00416 146,494 41,8561 94,1749 596,23 64,7646 33,3697 191,813 29,0662 

40 0,00895 0,00397 204,758 48,3701 126,564 642,227 68,0363 33,3697 191,813 31,3086 

45 0,00895 0,00396 251,37 57,0459 154,208 547,378 67,0954 33,3697 191,813 26,6847 

50 0,00895 0,00386 281,334 69,2707 175,303 514,346 63,8435 33,3697 191,813 25,0744 

55,1 0,00895 0,00425 322,952 87,2607 205,106 480,047 63,8791 33,3697 191,813 23,4023 

60 0,00895 0,00387 346,258 90,4278 218,343 428,908 60,1698 33,3697 191,813 20,9093 

65,1 0,00895 0,0037 377,887 98,7782 238,333 426,377 58,4138 33,3697 191,813 20,7859 

70,1 0,00895 0,00392 434,487 109,323 271,905 406,966 59,6078 33,3697 191,813 19,8396 

 

Table 86(A-E): Calculated data of nanofluids at 0.2 to 0.6L/min and 0.004vol. %. 

 

(A) 0,2L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00302 0,00421 67,9838 18,2447 43,1143 203,88 47,3941 11,1371 190,008 9,8165 

40,2 0,00302 0,0044 93,6171 24,3661 58,9916 200,37 50,8181 11,1371 190,008 9,6314 

45 0,00302 0,00424 114,235 29,0149 71,625 176,718 48,1195 11,1371 190,008 8,5087 

50 0,00302 0,00412 134,296 34,8331 84,5645 169,421 46,0858 11,1371 190,008 8,1573 

55 0,00302 0,00435 156,586 43,3183 99,952 172,134 46,604 11,1371 190,008 8,2879 

60 0,00302 0,0039 182,219 41,9896 112,104 163,509 45,9034 11,1371 190,008 7,8727 

65 0,00302 0,00381 205,623 45,6007 125,612 168,582 46,2616 11,1371 190,008 8,1169 

70 0,00302 0,0037 228,47 50,2685 139,369 160,06 45,7348 11,1371 190,008 7,7066 

(B) 0,3L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,00453 0,00416 86,9302 21,7652 54,3477 571,533 65,4252 16,7057 190,008 27,5183 

40 0,00453 0,00414 118,693 28,3345 73,5138 368,899 60,2186 16,7057 190,008 17,7618 

45,1 0,00453 0,00397 152,128 35,1866 93,6572 342,168 57,9157 16,7057 190,008 16,4747 

50 0,00453 0,00403 183,055 42,5845 112,82 320,938 56,5763 16,7057 190,008 15,4526 

55,1 0,00453 0,00433 213,982 54,4496 134,216 288,017 56,6176 16,7057 190,008 13,8675 

60,1 0,00453 0,00403 247,417 54,7673 151,092 259,469 54,8447 16,7057 190,008 12,4929 

65,1 0,00453 0,00453 275,836 61,803 168,803 263,416 53,4881 16,7057 190,008 12,683 

70 0,00453 0,00376 301,748 68,8624 185,305 281,095 52,4227 16,7057 190,008 13,5342 

(C) 0,4L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,00605 0,0042 109,22 24,977 67,0985 746,803 69,2326 22,2742 190,008 35,9572 
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40 0,00605 0,00418 137,082 35,7379 86,4101 437,997 59,6464 22,2742 190,008 21,0888 

45,1 0,00605 0,00407 181,662 39,3628 110,512 367,495 59,9943 22,2742 190,008 17,6942 

50 0,00605 0,00398 210,638 46,5171 128,578 338,09 55,8707 22,2742 190,008 16,2784 

55 0,00605 0,00433 239,615 61,8548 150,735 306,815 54,8195 22,2742 190,008 14,7726 

60 0,00605 0,00386 268,592 67,667 168,129 272,482 52,5064 22,2742 190,008 13,1195 

65 0,00605 0,00374 313,171 71,2724 192,222 310,34 53,8099 22,2742 190,008 14,9423 

70 0,00605 0,00394 347,721 86,5984 217,16 326,59 55,3096 22,2742 190,008 15,7247 

(D) 0,5L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00756 0,00421 94,7316 35,2165 64,974 257,039 48,551 27,8428 190,008 12,3759 

40,1 0,00756 0,00405 156,028 40,4136 98,221 381,022 59,938 27,8428 190,008 18,3455 

45 0,00756 0,00418 196,429 52,2208 124,325 407,001 60,9154 27,8428 190,008 19,5963 

50 0,00756 0,00414 227,077 62,8919 144,985 424,225 55,8707 27,8428 190,008 20,4257 

55 0,00756 0,00444 247,443 75,6055 175,024 432,381 62,8854 27,8428 190,008 20,8183 

60 0,00756 0,00404 316,236 76,4348 196,336 417,432 61,1968 27,8428 190,008 20,0986 

65 0,00756 0,00387 349,671 83,4956 216,583 389,399 59,6327 27,8428 190,008 18,7489 

70,1 0,00756 0,00389 388,678 92,9259 240,802 389,682 59,0483 27,8428 190,008 18,7624 

(E) 0,6L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00907 0,00421 118,693 31,8221 75,2576 901,752 70,3233 33,4114 190,008 43,4177 

40 0,00907 0,00418 165,502 41,2959 103,399 650,365 69,7247 33,4114 190,008 31,3139 

45 0,00907 0,00407 202,28 50,4336 126,357 562,24 66,0552 33,4114 190,008 27,0708 

50 0,00907 0,0041 237,386 62,7543 150,07 445,921 63,3698 33,4114 190,008 21,4703 

55 0,00907 0,00441 285,866 75,5525 180,709 446,265 64,5572 33,4114 190,008 21,4869 

60 0,00907 0,0038 319,301 76,1581 197,73 438,405 61,2414 33,4114 190,008 21,1084 

65 0,00907 0,00374 344,377 87,662 216,02 395,087 58,8348 33,4114 190,008 19,0227 

70 0,00907 0,00383 384,499 100,769 242,634 429,584 59,8099 33,4114 190,008 20,6837 

 

Table 87(A-E): Calculated data of nanofluids at 0.2 to 0.6L/min and 0.006vol. %. 

 

(A) 0,2L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,4 0,00304 0,00438 83,2041 26,9312 55,0677 188,383 43,4079 11,1772 188,56 9,0147 

40,2 0,00304 0,00431 106,658 26,8841 66,7709 160,635 45,5526 11,1772 188,56 7,6868 

45,3 0,00304 0,00435 132,345 31,9591 82,152 165,737 47,0855 11,1772 188,56 7,931 

50 0,00304 0,00399 152,448 35,369 93,9084 153,743 44,7614 11,1772 188,56 7,357 

55 0,00304 0,00436 173,668 46,5893 110,128 162,667 44,6946 11,1772 188,56 7,7841 

60 0,00304 0,00304 201,03 43,5558 122,293 155,494 45,4029 11,1772 188,56 7,4408 

65 0,00304 0,00385 221,692 51,5446 136,618 163,698 44,4811 11,1772 188,56 7,8333 

70,2 0,00304 0,00399 245,145 60,2232 152,684 157,835 44,33 11,1772 188,56 7,5528 

(B) 0,3L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,00456 0,00418 119,78 23,1785 71,4795 375,693 67,0685 16,7658 188,56 17,978 
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40 0,00456 0,00408 151,61 30,828 91,2191 357,466 63,4865 16,7658 188,56 17,1057 

45 0,00456 0,00405 180,927 37,1442 109,036 332,556 61,5648 16,7658 188,56 15,9137 

50 0,00456 0,00396 211,919 45,5073 128,713 295,718 57,7145 16,7658 188,56 14,1509 

55 0,00456 0,00431 242,911 55,5053 149,208 292,418 58,0916 16,7658 188,56 14,6353 

60 0,00456 0,00399 273,903 58,3115 166,108 276,231 56,3818 16,7658 188,56 13,2184 

65 0,00456 0,00384 304,058 64,1893 184,124 275,733 55,6096 16,7658 188,56 13,1946 

70 0,00456 0,00379 332,537 74,4504 203,494 279,332 53,0264 16,7658 188,56 13,3668 

(C) 0,4L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00609 0,00418 128,436 37,0857 82,7608 472,147 58,3996 22,3544 188,56 22,5936 

40 0,00609 0,00415 159,707 45,5211 102,614 443,909 58,4469 22,3544 188,56 21,2423 

45 0,00609 0,00411 190,979 52,5439 121,761 381,824 55,6332 22,3544 188,56 18,2713 

50 0,00609 0,00405 214,432 61,6534 138,043 321,536 52,5905 22,3544 188,56 15,3864 

55 0,00609 0,00436 260,22 70,3234 165,273 303,634 55,1008 22,3544 188,56 14,5297 

60 0,00609 0,00388 289,26 73,4438 181,352 324,237 52,6235 22,3544 188,56 15,5156 

65 0,00609 0,00385 314,947 85,2618 200,104 347,336 52,9055 22,3544 188,56 16,621 

70 0,00609 0,00389 349,569 95,4612 222,515 358,891 53,5366 22,3544 188,56 17,1739 

(D) 0,5L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0076 0,0041 125,64 34,999 80,321 740,61 63,602 27,943 188,56 35,44 

40,1 0,0076 0,0037 173,11 38,849 105,98 569,06 63,489 27,943 188,56 27,231 

45,4 0,0076 0,0039 213,59 50,536 132,07 533,02 63,167 27,943 188,56 25,506 

50 0,0076 0,0042 256,87 62,566 159,72 487,89 64,228 27,943 188,56 23,347 

55,6 0,0076 0,0044 297,36 78,584 187,97 537,89 64,178 27,943 188,56 25,739 

60 0,0076 0,0039 328,07 79,304 203,69 531,57 61,884 27,943 188,56 25,437 

65 0,0076 0,0038 355,99 88,336 222,16 492,74 59,923 27,943 188,56 23,579 

70 0,0076 0,0039 381,12 102,39 241,75 467,02 58,261 27,943 188,56 22,348 

(E) 0,6L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,0091 0,0041 135,7 32,424 84,06 1496,5 74,273 33,532 188,56 71,612 

40 0,0091 0,0041 179,25 42,085 110,67 914,67 72,51 33,532 188,56 43,769 

45 0,0091 0,004 222,81 50,497 136,65 739,55 68,625 33,532 188,56 35,39 

50 0,0091 0,004 266,36 60,294 163,33 595,2 67,72 33,532 188,56 28,482 

55,3 0,0091 0,0042 308,25 74,258 191,25 506,65 66,066 33,532 188,56 24,245 

60 0,0091 0,0042 326,67 87,453 207,06 475,25 62,447 33,532 188,56 22,742 

65,2 0,0091 0,0035 355,15 87,091 221,12 572,74 59,592 33,532 188,56 27,407 

70,4 0,0091 0,0038 386,98 107,42 247,2 535,64 60,566 33,532 188,56 25,635 

 

Table 88(A-E): Calculated data of nanofluids at 0.2 to 0.6L/min and 0.008vol. %. 

 

(A) 0,2L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00306 0,00407 68,8295 20,0881 44,4588 201,124 44,2557 11,2171 187,137 9,5656 



149 
 

40 0,00306 0,00404 95,6898 23,2148 59,4523 211,061 46,6126 11,2171 187,137 10,0383 

45,2 0,00306 0,0037 120,31 27,027 73,669 184,45 45,978 11,2171 187,137 8,7726 

50,1 0,00306 0,00404 139,897 36,583 88,2402 174,555 45,0969 11,2171 187,137 8,302 

55 0,00306 0,00433 166,198 40,0749 103,0749 172,705 47,6499 11,2171 187,137 8,214 

60,6 0,00306 0,00405 193,618 44,0048 118,811 162,241 46,7612 11,2171 187,137 7,7163 

65,2 0,00306 0,00374 218,24 44,7716 131,506 171,128 47,2203 11,2171 187,137 8,139 

70 0,00306 0,0038 239,504 51,6584 145,581 165,084 45,9559 11,2171 187,137 7,8516 

(B) 0,3L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,00459 0,00422 105,762 24,6645 65,2135 354,491 60,0338 16,8256 187,137 16,8599 

40,4 0,00459 0,00415 145,213 29,6513 87,4324 320,294 62,7719 16,8256 187,137 15,2335 

45,1 0,00459 0,004 172,074 37,8467 104,96 332,365 58,8711 16,8256 187,137 15,8076 

50 0,00459 0,00399 199,773 45,0151 122,394 304,904 56,9889 16,8256 187,137 14,5016 

55 0,00459 0,00433 231,67 56,6276 144,149 286,969 57,0948 16,8256 187,137 13,6485 

60,4 0,00459 0,00393 269,442 55,8306 162,636 263,946 55,8088 16,8256 187,137 12,5535 

65,2 0,00459 0,00385 300,499 61,2335 180,866 259,431 55,2718 16,8256 187,137 12,3388 

70,3 0,00459 0,00382 327,36 69,9555 198,658 272,97 53,873 16,8256 187,137 12,9827 

(C) 0,4L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,00613 0,00418 98,4877 28,5921 63,5399 526,11 58,9097 22,4341 187,137 25,0223 

40,1 0,00613 0,00404 146,612 29,6626 88,1375 345,682 60,7742 22,4341 187,137 16,441 

45 0,00613 0,0039 176,83 37,2821 107,056 328,559 56,777 22,4341 187,137 15,6266 

50,1 0,00613 0,00399 195,856 50,642 123,249 284,934 51,6256 22,4341 187,137 13,5517 

55,1 0,00613 0,00435 240,623 59,508 150,066 257,882 53,6948 22,4341 187,137 12,2651 

60 0,00613 0,00384 271,96 63,8753 167,918 304,846 53,7034 22,4341 187,137 14,4988 

65 0,00613 0,00406 314,489 72,705 193,597 292,964 54,8478 22,4341 187,137 13,9336 

70 0,00613 0,00383 350,303 81,28,33 215,793 331,75 55,6143 22,4341 187,137 15,7783 

(D) 0,5L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00766 0,00424 114,716 32,0371 73,3765 502,809 60,2091 28,0427 187,137 23,9141 

40,2 0,00766 0,00423 174,872 37,0698 105,0698 436,388 65,8537 28,0427 187,137 20,7551 

45 0,00766 0,00431 212,644 50,3549 131,499 519,277 66,2812 28,0427 187,137 24,6973 

50 0,00766 0,004 244,82 56,7993 150,81 447,59 63,5172 28,0427 187,137 21,2878 

55 0,00766 0,00397 293,784 64,8451 179,315 460,73 64,344 28,0427 187,137 21,9128 

60 0,00766 0,00381 324,562 73,2653 198,914 436,856 61,3509 28,0427 187,137 20,7773 

65 0,00766 0,00395 360,935 84,7749 222,855 392,983 60,5558 28,0427 187,137 18,6906 

70 0,00766 0,00376 365,132 99,51 232,321 403,985 56,3308 28,0427 187,137 19,2139 

(E) 0,6L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0092 0,0043 110,8 31,168 70,984 757,6 68,613 33,651 187,14 36,032 

40 0,0092 0,0041 162,84 38,162 100,5 742,29 69,434 33,651 187,14 35,304 

45,2 0,0092 0,0041 216,56 46,027 131,29 601,93 68,791 33,651 187,14 28,629 

50,3 0,0092 0,004 263,57 53,334 158,45 509,09 68,069 33,651 187,14 24,213 

55,1 0,0092 0,0044 297,14 69,599 183,37 481,45 66,42 33,651 187,14 22,898 
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60,1 0,0092 0,0039 315,61 78,4 197 465,09 61,693 33,651 187,14 22,12 

65 0,0092 0,0041 350,86 91,257 221,06 406,62 59,858 33,651 187,14 19,339 

70 0,0092 0,0038 391,15 98,066 244,61 419,21 60,248 33,651 187,14 19,938 

 

Table 89(A-E): Calculated data of nanofluids at 0.2 to 0.6L/min and 0.01vol. %. 

 

(A) 0,2L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00308 0,00416 68,9737 18,8352 43,9045 126,1 35,7934 11,2234 186,288 5,9611 

40 0,00308 0,00414 97,5725 25,4177 61,4951 179,345 45,3991 11,2234 186,288 8,47812 

45 0,00308 0,00409 122,807 30,0672 76,437 180,194 46,4414 11,2234 186,288 8,5183 

50,1 0,00308 0,00415 145,798 36,7325 91,2653 179,3 46,5283 11,2234 186,288 8,47601 

55 0,00308 0,00443 166,546 46,4244 106,485 191,713 46,9087 11,2234 186,288 9,0628 

60 0,00308 0,00402 190,098 47,3616 118,73 180,03 45,9961 11,2234 186,288 8,5105 

65 0,00308 0,00385 209,164 53,0948 131,129 184,778 44,7125 11,2234 186,288 8,73496 

70 0,00308 0,00389 234,398 55,9465 145,172 172,707 45,1151 11,2234 186,288 8,1644 

(B) 0,3L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0046 0,0042 90,843 22,706 56,774 575,14 62,996 16,835 186,29 27,188 

40,1 0,0046 0,004 126,17 27,972 77,072 468,86 63,903 16,835 186,29 22,164 

45,1 0,0046 0,00404 155,611 37,0599 96,3357 425,604 61,0183 16,835 186,29 20,1195 

50,1 0,0046 0,0042 186,73 44,536 115,63 339,58 58,736 16,835 186,29 16,053 

55 0,0046 0,0043 211,13 55,756 133,44 315,2 56,642 16,835 186,29 14,9 

60 0,0046 0,0039 243,09 55,976 149,53 300,03 54,95 16,835 186,29 14,183 

65 0,0046 0,0038 274,21 62,256 168,23 294,8 54,534 16,835 186,29 13,936 

70 0,0046 0,0038 295,24 72,268 183,75 299,52 52,505 16,835 186,29 14,159 

(C) 0,4L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,00617 0,00418 94,208 25,6488 59,9284 1238,76 66,1136 22,4467 186,288 58,5597 

40,1 0,00617 0,0042 127,854 34,708 81,2808 590,685 61,0367 22,4467 186,288 27,9233 

45,1 0,00617 0,00398 158,135 40,8789 99,5068 383,427 55,9984 22,4467 186,288 18,1256 

50 0,00617 0,00405 186,173 50,5162 118,345 338,558 53,1623 22,4467 186,288 16,0045 

55 0,00617 0,00429 227,669 59,5708 143,62 307,651 55,245 22,4467 186,288 14,5435 

60 0,00617 0,00387 262,436 64,7026 163,57 367,713 55,2399 22,4467 186,288 17,3828 

65 0,00617 0,00381 301,69 72,4246 187,057 398,231 56,3379 22,4467 186,288 18,8255 

70,1 0,00617 0,00385 343,186 79,8873 211,537 385,949 57,107 22,4467 186,288 18,2449 

(D) 0,5L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,0077 0,0042 96,731 26,484 61,608 2543,9 69,625 28,058 186,29 120,26 

40 0,0077 0,0042 142,99 33,215 88,105 814,78 67,928 28,058 186,29 38,517 

45 0,0077 0,0041 185,05 42,233 113,64 753,16 68,333 28,058 186,29 35,604 

50,1 0,0077 0,004 218,7 53,368 136,03 612,85 65,101 28,058 186,29 28,971 

55,2 0,0077 0,0043 262,16 66,046 164,1 556,68 65,238 28,058 186,29 26,316 
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60,1 0,0077 0,0042 298,61 73,996 186,3 523,53 63,431 28,058 186,29 24,748 

65,1 0,0077 0,0038 319,63 80,106 199,87 515,46 59,359 28,058 186,29 24,367 

70 0,0077 0,0038 340,66 91,772 216,22 453,17 56,644 28,058 186,29 21,423 

(E) 0,6L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35,1 0,0092 0,0042 121,12 16,819 68,972 6901,7 104,06 33,67 186,29 326,26 

40 0,0092 0,0041 144,68 35,338 90,007 1648,7 72,748 33,67 186,29 77,94 

45,1 0,0092 0,0042 201,87 41,181 121,53 663,62 73,219 33,67 186,29 31,371 

50 0,0092 0,004 236,56 50,696 143,11 629,06 68,327 33,67 186,29 29,737 

55 0,0092 0,0043 262,44 70,567 166,5 606,23 64,99 33,67 186,29 28,658 

60,1 0,0092 0,0039 301,13 72,827 186,98 512,19 61,771 33,67 186,29 24,213 

65 0,0092 0,0038 326,36 84,304 205,33 476,83 59,781 33,67 186,29 22,541 

70,1 0,0092 0,0037 380,2 90,979 235,59 469,11 61,18 33,67 186,29 23,453 

 

Table 90(A-E): Calculated data of nanofluids at 0.2 to 0.6L/min and 0.015vol. %. 

 

(A) 0,2L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0031 0,0041 81,735 23,531 52,633 227,18 42,833 11,272 184,23 10,611 

40,1 0,0031 0,0041 106,54 30,069 68,303 226,23 45,485 11,272 184,23 10,566 

45 0,0031 0,0041 130,78 34,417 82,597 192,72 46,154 11,272 184,23 9,0011 

50 0,0031 0,004 155,02 39,478 97,246 195,56 45,501 11,272 184,23 9,1339 

55 0,0031 0,0044 178,13 49,116 113,62 196,45 47,02 11,272 184,23 9,1753 

60 0,0031 0,004 200,11 51,41 125,76 191,64 45,528 11,272 184,23 8,9507 

65,2 0,0031 0,0039 224,35 55,669 140,01 249,03 45,408 11,272 184,23 11,631 

70 0,0031 0,0039 43,52 63,771 153,64 179,42 44,492 11,272 184,23 8,3803 

(B) 0,3L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0047 0,00421 108,229 30,5492 69,3891 516,908 57,9641 16,9075 184,226 24,0029 

40 0,0047 0,0037 143,74 33,569 88,655 491,42 59,308 16,9075 184,226 22,953 

45,1 0,0047 0,0041 175,87 43,675 109,77 417,77 58,065 16,9075 184,226 19,502 

50,2 0,0047 0,004 206,31 49,773 128,04 356,23 56,947 16,9075 184,226 16,638 

55,2 0,0047 0,0043 243,52 57,369 150,44 320,2 57,688 16,9075 184,226 14,956 

60 0,0047 0,0039 268,54 63,859 166,2 331,2 55,885 16,9075 184,226 15,4694 

65 0,0047 0,0039 293,4 67,165 180,28 299,43 54,187 16,9075 184,226 13,985 

70 0,0047 0,0038 314,54 79,796 197,17 309,01 51,675 16,9075 184,226 14,433 

(C) 0,4L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0063 0,0043 119,51 35,962 77,732 756,59 62,002 22,543 184,23 35,338 

40 0,0063 0,0041 152,2 44,268 98,233 505,18 58,446 22,543 184,23 23,595 

45 0,0063 0,004 193,91 47,241 120,58 414,34 57,828 22,543 184,23 19,352 

50 0,0063 0,004 220,97 56,269 138,62 340,29 54,777 22,543 184,23 15,894 

55,1 0,0063 0,0043 252,53 73,015 162,77 327,03 53,772 22,543 184,23 15,275 
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60,1 0,0063 0,0038 287,48 73,05 180,27 344,86 16,107 22,543 184,23 16,107 

65,1 0,0063 0,0038 317,92 83,335 200,63 339,66 52,846 22,543 184,23 15,864 

70 0,0063 0,0039 259,64 32,508 226,07 360,56 54,463 22,543 184,23 16,841 

(D) 0,5L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0078 0,0042 129,65 39,704 84,677 714,91 60,314 28,179 184,23 33,391 

40 0,0078 0,0044 184,609 46,517 115,56 489,26 63,648 28,179 184,23 22,852 

45 0,0078 0,0043 222,295 55,71 142,003 475,91 63,546 28,179 184,23 22,228 

50 0,0078 0,004 266,35 66,618 166,48 565,58 62,955 28,179 184,23 26,416 

55,1 0,0078 0,0044 310,03 80,872 195,45 535,32 64,609 28,179 184,23 25,003 

60,1 0,0078 0,0039 341,03 85,732 213,38 489,89 61,645 28,179 184,23 22,881 

65 0,0078 0,0038 374,86 94,695 234,78 512,62 60,3 28,179 184,23 23,943 

70,1 0,0078 0,0039 404,45 107,98 256,22 499,18 59,232 28,179 184,23 23,315 

(E) 0,6L/min  

T (oC) Moil (Kg/s) Mair (Kg/s) Qoil (W) Qair (W) Qav (W) h (W/m2 oC) U (W/m2 oC) Reoil Proil Nuoil 

35 0,0094 0,00425 158,961 46,6648 102,813 503,201 61,47 33,8151 184,223 23,503 

40,1 0,0094 0,00426 202,929 56,6164 129,773 578,146 65,4993 33,8151 184,223 27,0032 

45,2 0,0094 0,004 253,66 64,459 159,06 656,98 65,938 33,8151 184,223 30,685 

50 0,0094 0,00396 284,101 73,2826 178,692 551,867 63,2936 33,8151 184,223 25,7758 

55,1 0,0094 0,00433 321,305 93,2177 207,261 554,787 62,9034 33,8151 184,223 25,9122 

60,2 0,0094 0,00405 378,801 92,899 235,85 498,095 63,0946 33,8151 184,223 23,2643 

65 0,0094 0,00399 387,257 106,796 247,026 461,308 59,1359 33,8151 184,223 21,5461 

70,1 0,0094 0,00384 436,298 112,214 274,256 478,082 59,4922 33,8151 184,223 22,3296 

 




