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ABSTRACT 

 
In the conversion process of an electrical transformer, some power is lost 

and converted into heat. These heat losses lead to temperature rises that have to 

be controlled with cooling solutions, since working with high temperatures lead 

to the deterioration of components and reduces the lifespan of the transformer. 

For this purpose, transformer's coils and core are generally immersed in an oil-

filled corrugated tank. The oil is heated in this tank and then cooled in the external 

heat exchangers of electrical transformers. Standard radiators consist of thin 

vertical panels. Which transfers the heat of the oil to the air surrounding by the 

process of natural or forced convection. 

Objective of this work is to find the maximum cooling capacity and 

temperature variations of vertical radiator panels experimentally. Three values of 

oil flow rates (1, 2, and 3 ℓ/min) and three variable values for temperature (50, 

60, and 70 ᵒC) were used. To cool the oil used in the transformer, two 

configurations are used namely oil-direct air natural (ODAN) and oil direct air 

force (ODAF). This work uses a new cooling method through a utilized Metal 

Foam Heat Exchanger (MFHE) by exploiting its porous medium and controlling 

its porosity value, which was (17% and 35%), respectively. The results showed a 

maximum cooling capacity for both models (ODAN) and (ODAF), compared 

when used the new cooling method (MFHA) with two different values of 

porosities (17% and 35%), where the results showed that the porosity with (35%) 

approved is active to develop heat exchanger of a transformer. Primarily results 

obtained when used (MFHE) cooled with (35%) of porosity when the case is (Fans 

Off); the maximum cooling capacities are (782, 1580.9, and 2278.9 W) at an oil 

flow rate 3 ℓ/min. Secondary results that showed when used (MFHE) cooled with 

(35%) of porosity, at case of (Fans ON), the maximum cooling capacities (1149.8, 

2017.6, and 3000 W) at oil flow rate 3 ℓ/min.  

The results of the experimental test showed an improvement in the oil heat 

transfer rate, especially after increasing the metallic foam sponges from 17%, to 

35% for both transformer cooling methods. 

 

 

 

 



 

V 

 

 

CONTENTS 
 

ACKNOWLEDGMENT ............................................................................................................. I 

SUPERVISOR CERTIFICATION ........................................................................................... II 

COMMITTEE REPORE .......................................................................................................... III 

ABSTRACT ............................................................................................................................. IV 

CONTENTS ........................................................................................................................... VII 

NOMENCLATURE .............................................................................................................. XIV 

ABBREIVIATON  ................................................................................................................ VIX 

CHAPTER ONE ....................................................................................................................... 1 

INTRODUCTION ...................................................................................................................... 1 

1.1 Background ........................................................................................................................... 1 

1.2 Power Transmission Network .............................................................................................. 2 

1.3 Power Transformer ............................................................................................................... 3 

1.4 Transformer Radiator ........................................................................................................... 4 

1.5 Main Components of Power Transformer ............................................................................ 6 

1.5.1 Core ................................................................................................................................... 7 

1.5.2 Coils (Windings) ............................................................................................................... 7 

1.5.3 Transformer Housing ......................................................................................................... 8 

1.6 Power Transformer Cooling States....................................................................................... 8 

1.6.1 Dry transformer type ......................................................................................................... 9 

1.6.2 Oil-immersed transformers types: ................................................................................... 11 

1.7 Objectives and Overviews .................................................................................................. 16 

CHAPTER TWO .................................................................................................................... 17 

LITERATURE REVIEW ......................................................................................................... 17 

2.1 Introduction ........................................................................................................................ 17 

2.2 Thermal Behavior of Transformer Windings ..................................................................... 17 

2.3 Cooling of Power Transformer Windings .......................................................................... 20 

2.3.1 Transformer Fluid Performance ...................................................................................... 20 

2.3.2 Radiators Performance and Blowing Direction of Fans .................................................. 25 

2.3.3 Influence of Fins .............................................................................................................. 32 

2.3.4 Metal Foam Sponge Heat Exchanger (MFHE) ............................................................... 34 

2.4 Summary ............................................................................................................................. 38 

CHAPTER THREE ................................................................................................................ 44 

EXPERIMENTAL WORK ...................................................................................................... 44 

3.1 Introduction ........................................................................................................................ 44 

3.2 Rig Layout .......................................................................................................................... 44 



 

V 

 

3.2.1 Transformer Radiator ...................................................................................................... 47 

3.2.2   Mineral Oil .................................................................................................................... 47 

3.2.3 Feeding System ............................................................................................................... 48 

3.2.3.1 External Heating unit .................................................................................................... 48 

3.2.3.2 Pump ............................................................................................................................. 49 

3.2.3.3 Fans ............................................................................................................................... 49 

3.2.3.5 Storage Tank ................................................................................................................. 50 

3.2.3.6 Pipelines ....................................................................................................................... 50 

3.2.4 Measurement Instruments ............................................................................................... 50 

3.2.4.1 Oil Flow Meter ............................................................................................................. 51 

3.2.4.2 Temperature Data Logger V2 ....................................................................................... 51 

3.2.4.3 Thermometer data logger.............................................................................................. 53 

3.2.4.4 Anemometer ................................................................................................................. 55 

3.3 Metal Foam Sponge ............................................................................................................ 56 

3.4 Preliminary Calculations .................................................................................................... 59 

3.5 Operating Procedure: .......................................................................................................... 60 

3.5.1 Checking Pipelines and Panels ........................................................................................ 60 

3.5.2 Experimental procedure ................................................................................................... 61 

3.5.3 Operation Procedure Flow Chart ..................................................................................... 62 

CHAPTER FOUR .................................................................................................................. 64 

RESULTS AND DISCUSSIONS ............................................................................................ 64 

4.1 Introduction ........................................................................................................................ 64 

4.2 Oil-Direct Air Natural (ODAN) Model .............................................................................. 64 

4.3 Oil-Direct Air Forced (ODAF) Model ............................................................................... 68 

4.4 Oil Direct Air Natural (ODAN) Model with (MFHE) ....................................................... 71 

4.4.1 (ODAN) Model with (17% MFHE) ................................................................................ 71 

4.4.2 (ODAN) Model with (35% MFHE) ................................................................................ 74 

4.5 Oil Direct Air Force (ODAF) Model with (MFHE) ........................................................... 77 

4.5.1 (ODAF) Model with (17% MFHE) ................................................................................. 77 

4.5.1 (ODAF) Model with (35% MFHE) ................................................................................. 80 

4.6 Effect of Metal Foam Porosity on Cooling Capacity ......................................................... 83 

4.6.1 ODAN Model .................................................................................................................. 83 

4.6.2 ODAF Model ................................................................................................................... 88 

CHAPTER FIVE .................................................................................................................... 93 

CONCLUSION AND RECOMMENDATIONS ..................................................................... 93 

5.1 Conclusion .......................................................................................................................... 93 

5.2 Recommendations .............................................................................................................. 94 



 

V 

 

REFERENCES ....................................................................................................................... 95 

APPENDIX A ........................................................................................................................ A-1 

CALIBRATION ..................................................................................................................... A-1 

A.1 Calibration ....................................................................................................................... A-2 

A.2 Oil flowmeter calibration ................................................................................................. A-3 

A.3 Temperature Sensors of V8 Data Logger Calibrations and 3K type thermocouples: ..... A-4 

A.4 Wind Speed Sensor Calibration ....................................................................................... A-4 

APPENDIX B ........................................................................................................................ A-6 

FOAM POROSITY CALCULATION ................................................................................... A-6 

B-1 Porosity Calculation ........................................................................................................ A-6 

APPENDIX C ........................................................................................................................ A-8 

EXPERIMENTAL WORK DATA ........................................................................................ A-8 

APPENDIX D ………………………………………………………………………………….. 

LIST OF PUPPLICATIONS …………………………………………………………………... 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XIV 

 

NOMENCLATURE 
 

Symbol 

 

Definition 

 

Unite 

I The current through the conductor A 

R The resistance of the conductor Ω 

V The electrical voltage V 

N1 The turns number of primary coil ------ 

N2 The turns number of secondary coil ------ 

Q̇ The volumetric of flow rate m3 /s 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

 Electrical transformation stations are vital part of electrical grids as they 

usually used to reduce the voltage to meet the national consumer standard. High 

voltages are essential in transferring electrical current from remoted electrical 

generation plants to consumers. Such technique aims to reduce power loss in the 

form of heat dissipated during the transfer process. Transformers have the role of 

changing the voltage levels between two circuits, which results in the current 

values being changed as a result. Because power transformers run at high power 

levels, the heat losses will result in a temperature rise that will need to be regulated 

by means of cooling [1].  

Too high temperatures can degrade the winding insulation and transformer 

oil, which are two factors that have a significant impact on the lifespan of a 

transformer [2], which are both important considerations. As a result, it is critical 

to have a reliable cooling system in place, especially in cases when high power is 

involved. When it comes to transformers, even though they have been optimized 

in terms of the electric conversion process, there is still a lot of work that can be 

done in terms of the cooling processes. The optimization of the transformer's 

cooling capacity allows for the use of more compact equipment and, as a result, a 

reduction in the amount of raw materials used in the manufacturing process [2]. 

 

As internal and external cooling mediums, transformers are typically 

cooled with oil and air, respectively. Oil is used to lubricate the coils and core, 

which are submerged in an oil-filled tank. In small transformers, the surface of 

the tank that is in touch with the outside air is sufficient to provide the heat 

dissipation required. Because of the increased heat created by larger transformers,  
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it is necessary for the oil to move from the transformer's tank to exterior heat 

exchangers. For these reasons, for oil-filled power transformers to operate well 

and minimize material degradation due to thermal damage, it is vital to design the 

cooling system optimally. Aside from that, thermal management for the purpose     

of maximizing power transformer utilization should be monitored on a continual 

basis, taking into account both technical and economic factors. The average 

winding temperature is mostly governed by the circulation of oil. It is possible to 

alter the oil circulation by selecting the appropriate power transformer cooling 

mode [3]. 

 

1.2 Power Transmission Network 

In a power transmission network, energy flows from a generation source 

(thermal, turbine, hydroelectric, or renewable energy in limited places), through 

a step-up transformer (the transformer at this stage is usually a raised voltage), 

then through towers and transmission substations (the transformer at this stage is 

usually a voltage reducer), and ultimately distributed to consumers. Figure 1.1 

displays the diagram of typical transmission grid [4]. 

 

  
Fig 1.1: Power Transmission Grid [4] 

 

Present 

Work 
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1.3 Power Transformer 

Transformers are electrical equipment that convert alternating current 

energy from one voltage to another voltage without altering the frequency of the 

current being transformed [5] and [6]. Depending on their cooling mechanism, 

transformers can be divided into two categories. Dry type transformers as shown 

in Fig 1.2, and an oil-immersed transformers as shown in Fig 1.3. For this study, 

it is try explore heat transfer and fluid flow characteristics through two different 

of cooling types. Oil direct air natural (ODAN), and oil direct air forced (ODAF) 

of oil-immersed transformer radiator type. 

 

 

  

 

 

  
 

Fig. 1.2:  dry transformer [5] 
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Fig. 1.3: Oil-immersed transformer [7] 

 

1.4 Transformer Radiator 

Typical heat exchangers used in power transformers are thin vertical panel 

radiators with a high heat transfer capacity. In Figure 1.4, an illustration of this 

type of heat exchanger in action. Because of the simplicity of their construction, 

which makes them more economically sustainable, there is a significant deal of 

interest in using these type of radiators [8]. 
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Fig 1.4: Transformer Radiator [8]. 

 

Figure 1.5 depicts a schematic representation of the oil circuit. The oil is 

drawn from the transformer's tank through the intake pipes and enters the radiator 

panels through the tops of the panels. After passing through the panels of the 

vertical plate radiators for the transformers, the oil returns to the tank through the 

outlet pipes, which are placed at the bottom of the radiators. An air circulation 

system, it is circulating at room temperature across the external surface of the 

plates by coupled fans are used [5]. 

 

 

Fig. 1.5: Schematic representation of oil circulation [5] 
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The panels are evenly spaced apart and have the same width and length as 

one another. Each panel have seven oil channels to allow the oil flow from top oil 

header to down header. In order to accurately anticipate the cooling capacity 

provided by the radiators installed in a transformer, as well as the oil temperature 

at the radiators' outlet, it is important to take into account additional parameters 

in addition to the geometrical ones:  

The parameters are the rate at which oil flows through the radiator; the 

temperature of the oil at the radiator's intake; the air temperature; the properties 

of the cooling mediums (oil and air); the properties of the radiators' material; a 

number of plates per radiator; and so forth the location and distribution of fans. 

There is a variety of layouts available for the placement of the fans. In general, 

fans can be found at the bottom or on the side of the radiators, depending on their 

design. In this studied, it is mounted on the side of the radiator. 

 

1.5 Main Components of Power Transformer 

The Transformers consist of main parts as arranged. Core, winding, and 

tank, see Fig. 1.6. In addition to auxiliary parts such as buchholz relay, low voltage 

bushings, and high voltage bushing [9]. 

 

Fig. 1.6: Power Transformer components [9]. 
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1.5.1 Core 

The core of a laminated silicon steel core is made up of thin laminations 

that are individually insulated. Because of the low hysteresis loss and high 

permeability of the silicon steel core, it is an excellent choice. For the 

construction of the transformer core, the step-lap approach is used [10]. 

 

1.5.2 Coils (Windings) 

  It is constructed of the wire conductors, which are wound around the core 

and covered with a cellulose-based insulating material, as illustrated in Figure 1.8. 

Conductors are insulated in order to prevent electrical failure, creep age, and 

partial discharge from occurring. Insulation paper is a special type of paper that is 

used to insulate the windings of a machine [11]. Transformers are separated into 

many small parts, and each piece is isolated from neighboring conductors using 

specific polymer-based epoxies in order to reduce the values of eddy currents in 

the transformers. This application aids in the reduction of eddy current and loss 

values in windings and capacitors. Every divided conductor, on the other hand, 

must be transposed for avoid the generation of circulating currents as a result of 

resistance differences [12]. 

 

Fig. 1.8. Winding of Transformer [13]. 
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1.5.3 Transformer Housing 

The tank is an essential part of transformers. It houses the core, winding, 

and other vital components and insulating oil. Tank shapes are either cylindrical 

or cubical according to the transformers construction. A steel-made box as shown 

below in Fig. 1.9. Before installation, primer and paint are required to protect both 

the interior and exterior tank’s walls against any corrosion or/and erosion (like 

rust) [14]. 

 

 

Fig. 1.9: The Transformer housing [14]. 

 

1.6 Power Transformer Cooling States 

There are numerous cooling states that are employed for the cooling of 

power transformers. Depending on International Electro technical Commission 

(IEC) specifies [15], there are a four-letter code to indicate the state of cooling in 

that particular transformer. The first letter refers to the internal cooling media, and 

the second refers to the mechanism that circulates the cooling fluid. The third and 

fourth letters are related with the external cooling media and the mechanism that 

circulates the external cooling liquid. Table. 1.1, show a list of the letters that are 

used with their meanings. 
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Table 1.1: A four-letter identifier to identify the cooling state of a transformer 

[15] 

 

A transformer can have multiple cooling states at the same time. For 

example, an ONAN/ONAF is equipped with a set of fans that can be 

activated when the system is under heavy load [15]. 

There are two types of power transformer cooling which are 

classified as dry transformer and oil-immersed transformer types. These 

classifications can be expressed as follows [6]: 

1.6.1 Dry transformer type: Cooling dry transformers exists in two types: nat-

ural air exposure (AN) and blower air blast (AB). 

 

a)  Natural Type (AN): The transformer's heat is cooled by natural air 

circulation shown in Fig. 1.10. When the temperature of the 

transformer is higher than the temperature of the surrounding air, the 

warm air replaces the cold air through the natural convection cycle. 

It's also referred to as a self-contained cooling system [11]. 
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Fig. 1.10: Air Natural (AN) for dry transformer type [16]. 
 

b) Air Blast Type (AB): The heat produced in this process is cooled by 

forced air circulation. When the temperature inside the transformer 

rises above the acceptable standard point, an alarm is triggered, and 

the fans and blowers are automatically switched (on), the high air 

velocity is pushed onto the transformers using industrial fans 

(blowers), thus causing the transformer to cool, as show in Fig. 1.11.  

 

Fig. 1.11: Air blast (AB) for dry transformer type [16] 
 

         Air blast is used where fans blow air into the core. On the contrary, a natural 

way to cool power transformers is by direct exposure to the wind. This type of 

transformer has a power limit due to higher power losses. 
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1.6.2 Oil-immersed transformers types 

 Conductivity of the insulation materials, winding cooling duct 

dimensions, types of winding, disc width, the spacer thickness, distance 

between the discs, overall winding dimensions, thermal properties of the 

transformer oil type, and velocity of transformer oil are the parameters that 

influence heat transfer [17].  

 Heat transferred from the transformer windings to the transformer oil 

is circulated through the transformer radiators to cool the transformer. 

Conduction, convection, and radiation are all responsible for the heat 

transmission in the radiators. When compared to convection-type heat 

transmission, conduction heat transfer type is exceedingly insignificant. 

Radiation heat transfer, on the other hand, is thought to be insignificant in 

transformers, according to the literature. If the heat created by the insulation 

material is not dispersed to the surrounding medium, the substance becomes 

brittle and eventually breaks down. This allows the conductor material to come 

into contact with one another, resulting in a short circuit between two adjacent 

conductors. This causes an excessive amount of electricity to travel between 

two conductors, resulting in the transformer exploding. This is a catastrophic 

failure that occurs in the presence of a fire [17]. This type of transformer is 

cooled using some different methods explained below. 

a) Oil natural air natural (ONAN) type. 

b) Oil natural air forced (ONAF) type. 

c) Oil forced air forced (OFAF) type. 

d) Oil Directed Air Forced (ODAF).  

e) Oil natural air earth (ONAE). 
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a)  Oil Natural Air Natural (ONAN) Type 

 When it comes to oil-immersed transformers, the ONAN cooling mode is 

the most basic cooling system. As shown in Fig. 1.12, the heated fluid rises and 

enters the radiator from the inlet, oil flows via the radiator ducts, and the cooled 

oil is introduced into the tank through the radiator outlet.  

The oil is circulated through the area between windings and core. Natural 

convection causes air to move across the radiators' exterior surfaces, causing them 

to heat up. The oil is collected in the upper oil collector pipe and sent into the 

radiator. Then, through the bottom oil collector line, the cooled oil is transferred 

into the tank. In ONAN mode, the oil circulation between the transformer and 

radiator is extremely slow.  

Essentially, thermosiphon effect is responsible for the circulation of 

transformer oil in both the transformer and the cooling radiator. The difference in 

temperature between transformer oil in tank and transformer oil in the radiator 

generates a pressure differential, and the pressure difference causes the 

transformer oil to be circulated [17]. 

  

Fig. 1.12: Oil natural air natural (ONAN) cooling of transformer [17]. 
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b) Oil Natural Air Forced (ONAF)  

During operation in ONAF mode, fans are directed to the cooling surfaces, 

while the oil circulates spontaneously within the radiators themselves as shown in 

Fig. 1.13, air flow rate in this type is greater than that of the natural mode of air 

flow [18].  

The ONAF mode is the most commonly encountered in power transformers. 

Transformers can be also benefit from the combination of ONAN and ONAF 

cooling modes. Natural cooling is used in this type of cooling mode until a 

particular load is reached. Automatic operation of the fans is triggered when the 

load surpasses a certain threshold. The rate of heat dissipation in ONAF mode is 

greater than that in ONAN mode [18].  

 

c) Oil Forced Air Forced (OFAF) type   

          When operating in OFAF mode, coolant is moved by pumps and fans. The 

transformer is forced to circulate oil due to the high temperature. For the aim of 

cooling the circulated oil, fans are used to drive air into the system as shown in 

Fig. 1.14, [19]. 

Fig. 1.13: Oil natural air forced cooling of the transformer [18] 
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Fig 1.14: Oil Forced Air Forced Cooling of Transformer type [19] 

 

d) Oil Directed Air Forced (ODAF)  

             In this unique type, oil is directed through the coil ducts, and fans are used 

in the ODAF mode. The oil is forced to pass through the ducts of large transformer 

windings. ODAF mode is commonly used in wide capacitance transformers; 

before the static electricity phenomenon failed with some power transformers, a 

higher heat transfer rate pattern was used as the pump capacity increased. Static 

electrification is influenced by transformer oil, temperature, flow rate, friction, 

surface conditions, pumps, nozzles, and AC / DC moisture content fields. As a 

result, the pump's choice in the OFAF and ODAF cooling modes is crucial in 

transformer design. On the other hand, a higher pump efficiency does not always 

imply a faster heat transfer rate. The two cooling methods OFAF and ODAF, are 

demonstrated in [20]. Oil pushed into the transformer tank in OFAF mode, 

whereas it is directed to the coil in the ODAF cooling mode, as shown in Fig.1.15. 

From previous studies (ODAF) is considered the best in cooling and therefore it's 

relied on this basis in this study.  
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Fig 1.15: The image on the (left) OFAF type and ODAF type on the (right) of an 

image in cooling modes [20]. 
 

e) Oil Natural Earth Air (ONEA)   

Using the (EAHE) earth air heat exchanger, as shown in Fig. 1.16, 

which is a tube buried inside the earth at a specific depth so that the earth's 

temperature is less than the temperature of the atmosphere (during the hot 

season), it is proposed to cool the power transformer, resulting in a thermal 

exchange between the tube's outer surface (which is preferred to be made 

of materials with high thermal conductivity) and the surrounding air. In 

addition, the location of an air intake fan at the entrance of the pipe allows 

this new kind to increase the velocity of air inside the tube; as the velocity 

of air inside the tube increases, the system efficiency (EAHE) and the 

temperature of the electric transformer both improve as well  [19]. 

Several factors improve the efficiency of the system (EAHE), 

including increasing the pipe length, decreasing the diameter of the tube, 

increasing the velocity of air, and also decreasing the thickness of the tube, 

as well as the use of high thermal conductivity materials in the 

manufacturing pipe [21]. The new cooling system technique is comprised 

of two methods; one is natural air movement caused by natural heat 

convection, and the other is the use of an air intake fan caused by forced 

heat convection of air flow. 
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Fig. 1.16: Type of cooling oil natural earth air (ONEA) for 

25kV oil-filled transformers type [19] 

 

1.7 Objectives and Overviews 

In this respect, the goals of this study may be summarized below.   

 Improving the radiator's performance through adding metal foam sponge 

between gaps of radiator panels.  

 Comparing the cooling capacity of the radiator with and without the any of 

metal foam.  

 Optimizing the cooling capacity of the new modified radiator over two 

different foams porosity (17% and 35%).  

 Installing two fans on the radiator's right side and comparing between 

cooling by two methods (ODAN) and (ODAF) cooling for oil-immersed 

transformer type. 
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CHAPTER TWO 

LITERATURE REVIEW 
 

2.1 Introduction  
             For the purpose of understanding the significance of thermal and 

hydrodynamic research on transformers, the literature review in this chapter will 

be examined in depth. Each section will provide a concise summary of the major 

findings of the investigations. Transformer windings, many studies have been 

performed regarding the thermal behavior of transformer winding that has been 

presented in this chapter. Some of the studies on transformer winding hot spot 

temperature and cooling it were presented, further developments of new methods. 

Furthermore, a study with complete and slice models is reviewed in this chapter. 

Then, Studies about transformer oils and alternative cooling fluids are presented 

in this chapter. On the other hand, Studies on the effect of adding porous media 

to the outer surface of heat exchanger, such as metal foam sponge. Oil cooling 

studies in transformer radiator will be investigated experimentally in the light of 

this study. In this respect, this study plays an important role in characterization of 

thermal and hydrodynamic properties of transformer cooling systems. Studies 

about transformer oils and alternative cooling fluids are presented in this chapter.  

2.2 Thermal Behavior of Transformer Windings  

The higher the evolving temperature levels that are settling in oil-immersed 

transformer windings at a certain loading rate, the faster the insulation materials 

will age at that loading rate. Consequently, in order to make an accurate 

assessment of the component's power rating, it is necessary to have a thorough 

understanding of the temperature distribution inside the transformer. This 

knowledge also provides the possibility to reduce costs throughout the 

manufacturing process. Analytical and empirical methods have been used in the 
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past and continue to be used to some extent now to forecast the temperature 

distribution in transmission components and to determine the hot spot. 

The aging rate of a transformer is defined as a function of temperature according 

to IEC Standards (International Electro technical Commission). The transformer's 

windings are the source of its heat, and the transformer's cooling equipment 

disperses the heat [22]. 

  

Rosas et al. (2005) [23] Heat pipes were used to improve the cooling 

process of electrical transformers immersed in oil. They discovered that if the 

coolant had a high Prandtl number fluid, the temperature distribution in the discs 

further downstream could manifest itself as hot streaks from the horizontal ducts 

outlets. However, fine discretization was required to capture this effect. The 

physical model was a transformer (75kVA). Thermal and fluid dynamic behaviors 

in two dimensions were included in the mathematical model. In the actual model, 

the simulation of the theoretical model is represented as heat generation loss. The 

experimental results were in excellent agreement with the hypothetical results, 

both with and without the heat pipes in the cooling process. Using the cooling 

process, the transformer's useful life was extended (heat pipes). 

El-Wakil et al. (2006) [24] the heat transfer and fluid flow parameters of a 

three-phase step-down power transformer were investigated theoretically. Two 

windings around a transformer core were chosen to simplify their research. They 

used six different shapes with the same number of flow rates for oil cooling at the 

entrance, which was caused by the Joule effect and Foucault currents, which 

resulted in heat being generated within the transformer by a control volume 

method for solving the continuity, momentum, and energy equations in the case 

of steady-state to conclude the complex structure of flow and many rolls appeared 

at the bottom and top of the transformer. Because of the rolls, they discovered that 

a successful mixing of the oil resulted in a nearly uniform temperature. 
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Zhou et al. (2007) [25] Proposed a general model of calculating hot-spot 

temperature rise for the non-directed flow windings to understand the thermal 

overshoot phenomenon. The model employs heat transfer and hydrodynamics 

concepts, taking into account the velocity of the conduct oil flow. And is checked 

using experimental results obtained for step-changing load current in the cooling 

mode Oil Natural Air (ONAN), 40 MVA transformer. The study included two 

cooling modes, 40 MVA (ONAN) and 20 MVA (ONAN) oil natural-air natural. 

The result of analyses test by simulation on 40 and 20 MVA (ONAN). The 

researcher found that hot- spot temperature increases overflows due to the change 

in the velocity of the duct flow lags the difference in power dissipation after load 

change. He concluded that the overflow effect is greater with more significant 

disparity between the initialized and the steady velocity. 

Torriano et al. (2010) [26] present a numerical study on the temperature 

distribution, mass flow rate, and condition of the inlet boundaries used in a disc-

type transformer. Winding is studied using a commercial CFD code. They arrived 

at different results from those calculated using the full coupled heat transfer 

model. Data information from the CFD code used, the temperature profile (regular 

or irregular) at the input of the coil is a parameter that has a great influence on the 

prediction of the hot-spot temperature and the paper pressure required to capture 

this effect. The study results showed much cooling in the coil. The temperature 

distribution is primarily uniform, and the hot spot factor decreased. 

Skillen et al. (2011) [27] The mixed-convection flow of coolant in a low-

voltage transformer winding is predicted numerically through the use of an open-

source CFD code, which is utilized for studying local hot-spot phenomena in 

transformer windings. The dielectric coolant fluid has a high Prandtl number, 

which is a significant characteristic of these flow patterns. In this study, it is 

discovered that the CFD model predicts the occurrence of hot plumes in certain 

of the horizontal cooling ducts under examination given the geometry under 

evaluation. Due to the highly non-uniform mass flow distribution around the 
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winding, it appears that this is the case. In addition, it is discovered that there is a 

substantial coupling between the flows in different passages. 

Djamali and Tenbohlen (2017) [28] proposed a calculation for 

recognition of washout (by thermal model) in the fan's one-time step power 

transformers after the washout event comparing to one hour for each wind current 

cooling system. They depended on 600 MVA (OFAF) genuine values and 333 

MVA (ODAF) energy transformers. By utilizing the algorithm can foresee the 

washout in the fan of the power transformer. 

 

Radakovic et al. (2017) [29] A dynamic thermal model with low voltage 

and high voltage compartments mounted in a kiosk with outlet and inlet 

ventilation openings was proposed for an indoor oil-immersed transformer. The 

impact of solar radiation and wind speed on the transformer walls is considered. 

The case study involved a (500kVA) power transformer, and the results showed 

that the kiosk improved the power transformer's thermal performance. 

 

2.3 Cooling of Power Transformer Windings  

 After reviewing the transformer coils and the thermal behavior of the 

transformer coils through previous studies, it should cool the heat generated in 

windings through maintained the fluid of power transformer under control 

because excessive heat in the windings directly contributes to the accelerated 

aging of insulation material [30]. 

2.3.1 Transformer Fluid Performance 

     Swift et al. (2001) [31] Started that the effect of oil or air cooling 

convection currents was represented by a nonlinear resistor analogy. The 

equations of thermal flow for power transformers were presented using an easy 

equivalent circuit. However, heat input due to losses was demonstrated using a 

current source analogy. Simultaneously, the heat input due to losses was presented 
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using a current source analogy. Variable ambient temperature represents an ideal 

voltage source; the physical experimental model had a capacity of 250 MVA, and 

the temperature of the hot-spot as measured under real-world conditions                     

Dejan (2005) [32] Presented new and legitimate strategies for evaluating a 

transformer's oil temperature, using the heat stir hypothesis and the combined 

capacitance technique. They found similarities between electrical and thermal 

resistance in a few regions within the transformer. Likewise, they considered 

changing the effect of oil consistency, temperature loss, and steady time on an 

electrical effect transformer's thermal conductivity. Through his investigation, 

they provided a logical illustration of the warming of hot spots with a numerical 

correlation with time. Its investigation relied on the ambient temperature, angle, 

and temperature of the tank's hot-spot temperature to assess the overall hot-spot 

temperature. The temperature of the oil tubes and the hot spot temperature of the 

windings were informed using optical fiber tests of (400 MVA ONAF, 80 MVA 

ONAN, 605 MVA OFAF, and 650 MVA ONAF) while thermocouples were used 

for (2500 kVA ONAN) and (40 MVA) OFAF) control transformer. The hot-spot 

temperature expands above the higher oil temperature caused by the heap in the 

time-dependent control transformers. For ONAN and ONAF cooling techniques, 

the stable time for upper oil temperature is shorter than the constant time 

suggested by the examination. 

 

Meshkatoddini et al. (2008) [33] conducted an experimental correlation 

to predict oil operational life and the remaining lifetime of a power transformer to 

connect the relationship between the actual age of oil and its multiple 

specifications specify the appropriate features that can specify aging. Their 

research was based on the Arrhenius law, which predicted the oil's lifetime. Oil 

operational life and the remaining lifetime of a power transformer can be 

calculated utilizing their experimental relationship. 
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Gastelurrutia et al. (2009) [34] theoretically studied using the ANSYS 

program on corrugated wall transformers for ONAN cooling (with natural oil and 

natural air). Three geometries of the ONAN Distribution Transformer Cooling 

System have been introduced. The original model (Transformer-01) 630 kVA 

processor. The second model (Transformer-02) was smaller than the first and had 

more external fins in the corrugated wall. On the other hand, Transformer-03 was 

larger and had elongated fins. Different flow domains and porosity areas were 

used. For each model, the temperature was calculated with varying power losses 

when used. The hottest region of the panel (T9) was found on the inner upper 

surface. By comparison, the coldest point was measured at the base of a 

transformer. Moreover, temperature changes were measured according to 

experimental measurements. The vertical temperature difference was measured 

on fins at 14 K and 2.5 K laterally to influence the modelling perturbation results.  

They found that the heat transfer coefficient varies in the vertical direction.  

 

Gholami and Taghikhani (2009) [35] tested a numerical simulation of a 

32 MVA power transformer with mode cooling non-directed oil-force (NDOF) 

and directed oil-force (DOF) by utilizing the limited component technique. Their 

investigation acquainted new techniques with increment exactness to estimate 

most hot spot (HST) temperature and position. The results were indistinguishable 

contrasted, and virtual information tests. The proposed scientific expectation 

techniques fathomed numerically by utilizing a partial differential equation 

(PDE). A numerical model relied upon a hypothesis of thermal move and 

condition of thermal conduction by utilizing the finite element method (FEM) for 

three measurements to ascertain the temperature at any area in the power 

transformer. 

 

Diaconu et al. (2010) [36] presented a nearly phase change material (PCM) 

to analyze natural convection heat transfer in a vertical spirally twisted tube, and 
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the results were published in the Journal of Heat Transfer. During the 

investigation, they used a novel type of microencapsulated PCM solution and used 

a concentration of up to 100 mg/mL. (45 percent). Their research includes the 

computation of natural thermal convection of water in the presence and absence 

of microencapsulated phase transition materials in the water (MEPCM). These 

investigators' findings suggested that during the phase shift period, the PCM's heat 

transfer coefficient was significantly higher than that of pure water. Additionally, 

their findings revealed that when (PCM) is used in water, the natural heat transfer 

coefficient is larger than when (PCM) is not used in water. 

 

Fonte et al. (2011) [37] studied numerical CFD simulation to remove base-

type heat in transformers and analyze flow rate distribution. This study, presenting 

ODAF and ONAF transformer cooling engineering. This investigation was taken 

into account the properties of oil physics, disc thermal conductivity, boundary 

state of ODAF type cooling, and boundary state of ONAF cooling. For conduction 

conditions and limits, include 2D simulation and 3D CFD simulation. They found 

digital simulations results: Under service conditions, CFD simulations can 

provide a non-intrusive method for evaluating transformers' thermal efficiency. A 

detailed distribution of temperature and flux along the windings and the hot spots' 

position and size can be obtained. 

Krishnan and Srinivasan (2012) [38] recommended new estimates of hot-

spot temperature and loss-of-life protection in electrical power transformers using 

a semi-physical model containing environmental variables. Several parameters 

can be affected by defining the winding hot pot temperature. Ambient 

temperature, air velocity, higher oil temperature, and the sun's directed heat 

radiation. They compared their business model to actual data of 100MVA, and 

the results indicated an important relationship with previous research. 

Wittmaack (2014) [39] documented chemical corrosion in electrical 

insulation to influence transformers' life. Load losses were measured with 
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Maxwell EMF simulation software. The study aims to predict the temperature 

distribution using CFDs on cellulose-based insulators. The stable CFD model 

used in the study contains orthogonal and curved mesh elements organized on the 

surface. Temperature-based material properties were used—the equations for 

stability, energy. The study did not present any firm conclusions regarding 

insulation materials. However, it stated that a reduction in pressure and 

temperature distribution could be achieved. The heat was obtained from the 

manufactured simulation, and the input was 398 K at the top of the coil to the 

output of 379 K. 

 

Shukla et al.(2015) [40] investigated the possibility of increasing the 

thermal conductivity of power transformer mineral oil by altering the molecular 

structure of the substance composed of nanodiamonds while maintaining the 

electrical dielectric and viscosity properties of the oil as a whole. The shelf life of 

a power transformer was extended by incorporating functionalized nanodiamonds 

into the mineral oil. As a result, when the volumetric ratio was 0.12 percent, the 

thermal conductivity improved by 14.5 percent at 40 degrees Celsius. The 

researchers have reached a 5 percent increase in their findings. 

Fernndez et al. (2016) [41] Presented experimental testing for the 

dielectric paper (Kraft paper) by utilizing two sorts of protecting oil. Vegetable 

oil and mineral oil, by recreating it in specialized research facilities to record the 

problem area of oil temperature in control transformer. They found the variety of 

hot spot temperatures of mineral oil diminished around 20 °C than those registered 

with vegetable oils. It expands the thermal pressure suffered by Kraft (dielectric 

paper) inside power transformers when using vegetable oil. 

 

Hasan (2017)[42] increased the cooling performance of a (250kVA) power 

transformer by employing an oil-based microencapsulated phase change materials 

(MEPCM) suspension to cool the internal sections of the transformer instead of 
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pure oil to cool the internal portions of the transformer. Because of its propensity 

to absorb heat, Paraffin wax is employed as a phase change material in this 

application. The results revealed that by utilizing (MEPCM), the temperature of 

the oil was decreased, hence preventing the transformer from failing. The finite 

volume method (FVM) is used to examine the theoretical model, and the 

segregated solver is used to solve the equations in algebraic form using the finite 

volume method.  

The effective ambient temperature was taken into consideration when 

developing the theoretical transformer model. Using (MEPCM) with volume 

fraction (5–25) percent, the performance of the power transformer and breakdown 

voltage were improved, according to his research. The melting temperature of 

phase change material (PCM) should be adjusted to ensure that it is compatible 

with the operation of an oil power transformer and the surrounding environment. 

 

2.3.2 Radiators Performance and Blowing Direction of Fans 

Radiators and fans make up a significant component of the transformer's 

thermal system, and as a result, they contribute significantly to the weight of the 

thermal system. It is preferable to have a radiator fan system that is both efficient 

and lightweight. It is important for transformer manufacturers to lower the number 

of radiator fans in their systems in order to reduce the weight of the system, 

without compromising the thermal performance. Nowadays, modern 

technologies, such as computational fluid dynamics (CFD), make it feasible to 

practically view the air flow and temperature distribution over the radiators, which 

is a significant improvement over costly trials. Furthermore, the distribution of 

airflow provides additional knowledge into how to improve the thermal 

performance of the system [43]. 

 

A different investigation, carried out by Fdhila et al. (2011) [44] on the 

cooling capability of radiators in the ONAF state. They carried out CFD 
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simulations in which they used a porous medium technique to describe the mixed 

convection between oil and air flows in the radiators and a typical turbulent heat 

transfer model to model the heat transfer to the air surrounding the radiators. This 

examination will be carried out using a specific transformer that has been selected. 

This transformer, as well as the geometry of its CFD model, may be seen on the 

left and right sides of Fig. 2.1, respectively. 

 

 
Fig. 2.1: the reference transformer (on the left) with the equivalent CFD model 

geometry (on the right) [44] 
 

Because smaller fans provide better coverage of the radiator inlet area, the 

cooling capacity impact of using a greater number of smaller fans while retaining 

the total air flow was explored. The diameter of the fans was modified from 0.8 

to 1.5m, and arrangements of two, three, and four fans were simulated using 

different fan diameters. There were two possible configurations taken into 

consideration in the case of the three-fan setup. Figure. 2.2 depicts the outcome 

of the experiment. 
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Fig. 2.2: For four different fan designs, the top-to-bottom oil temperature differ-

ential was measured [44] 
 

The scientists stated that when the same volume of air is spread by smaller 

fans, the cooling capacity improves. They also determined that the wall of the 

transformer tank has some influence on the cooling capacity because the different 

configurations with three fans produce the same result. 

 

Using funding from the Hyosung Corporation, Min-gu Kim et al. (2013) 

[45] carried out a study on the cooling performance of transformer radiators in the 

ONAN and ODAN states in order to determine how well they work. Using four 

radiators with 40 plates spaced 45mm apart and a total length of 3300mm, it was 

possible to evaluate a layout. In order to predict the cooling capacity of the 

arrangement, theoretical calculations and CFD simulations were carried out. The 

results obtained through these two methodologies were compared to those 

obtained from experimental data. Figure. 2.3, illustrates the experimental setup 

that was employed.  
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Fig. 2.3: Experimental setup used on [45] 
 

Three experiments were carried out, one of which used thermally driven oil 

flow (ON – Oil Natural), and the other two of which used oil pumped at varying 

flow rates (OD – Oil Directed). Because there were no fans utilized (AN - Air 

Natural), the studies were carried out in ONAN and ODAN, respectively. 

During the CFD simulations, a single radiator was designed to reflect the 

actual geometry of its surfaces while also taking into account the internal oil flow 

as well as external convection with the surrounding ambient air, among other 

things. On the Fig. 2.4, below is a representation of one of the temperature 

distributions that was produced. 

 

Fig. 2.4: The temperature distribution of the radiator as determined by CFD 

simulation [45] 
 

Comparing the cooling capacity obtained from testing data, CFD 

simulation, and theoretical calculations is depicted in Fig. 2.5. 
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Fig. 2.5: Variations in cooling capability at various oil flow rates [45]. 

 

The average differences between estimated findings and CFD simulations 

and experiments are found to be 13.47 % and 31.6 %, respectively, according to 

the literature. The authors came to the conclusion that the primary source of their 

discrepancy was the usage of vertical flat plates with constant temperature in their 

calculations. It has been found that the cooling capacity obtained from CFD 

simulations differs by an average of 15.8 % from the cooling capacity obtained 

from experimental results. The radiation impact was not taken into account in 

these calculations, and the scientists believe that this is what caused the 

discrepancy between the simulations and the experimental data. 

 

Paramane et al. (2014) [43] Numerical performance of the radiator 

mounting in the horizontal and vertical blowing direction of two separate fans at 

two speeds was investigated. In comparison with horizontal blowing, they 

determined that the dissipation of heat from the radiator mount discussed here is 

less efficient, since more air is wasted from the side. Although the vertical 

blowing setting is theoretically anticipated to have the best efficiency, these CFD 

studies reveal that horizontal blowing in this particular shape is more effective. 

This is because to reduced air leaking sideways. Two distinct types of fans have 

corroborated this (Fan A and Fan B). For horizontal blowing, the heat transfer rate 
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is up 7.2% and 6.7% compared with vertical blowing for fan A and fan B 

accordingly. 

 

Paramane et al. (2016) [46] started that the results of experimental and 

numerical studies on radiator–fan assemblies for ONAN (Oil Natural and Air 

Natural) and ONAF (Oil Natural and Air Forced) cooling configurations are 

presented. In the ONAF configuration, air flow over the radiators is studied in two 

directions (horizontal and vertical) in the ONAF configuration. For the 

experiments, a custom radiator test facility is being built in-house, and 

commercial software is being used for the simulations. The experiment is carried 

out on a group of 5 radiators (each with 27 fins and 2.5 m in height) and 2 fans 

(of 1 m diameter). In order to investigate the influence of vertical air flow on 

thermal performance when compared to horizontal air flow, a numerical analysis 

is carried out. However, they came at the following conclusion based on the work: 

1. Heat dissipation estimated from the present numerical model is shown to 

be reduced when compared to the experimental results, by 17.9 percent 

for ONAN configurations and 16.8 percent for ONAF (vertical air flow) 

configurations. 

2. The direction of air movement (horizontal or vertical) has a major effect 

on the temperature field of the oil contained within the radiators. 

 

3. As predicted by theory, the variation in oil temperature with height of the 

radiator is not linear (as is commonly supposed), but rather exhibits an 

exponential decline for both vertical and horizontal flow configurations of 

the ONAN and ONAF (vertical and horizontal flow) configurations. 

 

4. In the current radiator–fan combination, horizontal air flow dissipates heat 

at a rate that is 6.1 percent greater than vertical air flow. 
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Garelli et al. (2017) [47] introduced thermos fluid dynamic simulation and 

analysis for an electric power transformer in an oil natural air force (ONAF) 

cooling mode. The heat was transferred by two methods in this study: one by the 

power transformer's radiator, which removed the heat by forced convection. On 

the other hand, the oil inside the power transformer's tank removed the heat by 

natural convection. The value of the most important design variables, such as oil 

velocity, oil temperature, and air temperature, may estimate with reasonable 

accuracy using the miniature model. Because about half of the transformer 

radiator is not blown, the air velocity along the body of the transformer by using 

a fan is not active, according to the theoretical and experimental study. If vertical 

blowing is expected, the use of a diffuser in conjunction with a superior design of 

the blades, as well as the use of smaller and more equally dispersed fans, may 

increase the efficacy of the cooling. On the other hand, the horizontal blowing 

that has already been investigated in [43] and which takes into account an offset 

of the fans is also worth investigating further. 

 

Chereches et al. (2017) [48] numerically investigated the heat transfer by 

convection and fluid flow in a thermo-convective circuit with different inlet fluid 

velocities and some cooling channels to enhance the cooling. They concluded that 

placing an obstacle near the entrance leads to better cool with lower costs and 

does not affect the transformer performance with an optimal oil velocity of 1.2 

m/s at entry, reducing the heat transfer by convection and fluid flow in a thermo-

convective circuit with different inlet fluid velocities and some cooling channels. 

The study looked at how to cool a three-phase power transformer that was 

submerged in mineral oil. The volume flow rate in channels, the bulk temperature, 

the Richardson number, and the Reynold number are all factors that influence oil 

flow rate and heat transfer. 

Radakovic et al. (2017) [49] proposed a dynamic thermal model for an 

indoor oil-immersed transformer with low voltage and high voltage compartments 
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located in a kiosk with outlet and inlet ventilation openings. An effect of both 

solar radiation and wind speed on the transformer walls is considered. The case 

study involved a (500kVA) power transformer, and the results showed that the 

kiosk improved the power transformer's thermal performance. 

 

2.3.3 Influence of Fins 
 

 At this point, the research focused on the use of passive heat transfer to 

extend the lifespan of electrical transformers while also reducing their 

maintenance requirements. The effect of the various forms of the transformer 

along with different forms and arrangements of the fins on the cooling performing 

of the electrical transformer has been investigated. Proposed Nawras et al. (2020) 

[50] A 3D numerical simulation to test the cooling performance effects of 

geometrical and operational parameters of a three-phase electrical distribution 

transformer (250 kVA of natural air oil (ONAN)) as in Fig. 2.6. 

 

Fig. 2.6: ONAN conventional electrical power transformer with a capacity of 250 kVA 

[50] 

The transformer shapes (rectangular, circular, and hexagonal) as in Fig. 

2.7, fin shapes (rectangular, semicircular, and trapezoidal), and the arrangement 

of the transformer's fins are all examples of geometric parameters that can be 

measured (asymmetric fin heights and perforated fins). 



[CHAPTER TWO]                                                                            [LITERATURE REVIEW] 

 

33 

 

Fig. 2.7: Transformer geometries; traditional rectangular and proposed [50] 

 

The results showed as in Fig. 2.8, that the circular and hexagonal shapes 

reduced the average oil temperature by 3.4 percent and 4.7 percent, respectively, 

when compared to the traditional transformer shape (rectangular). In addition, the 

best thermal performance was achieved with the perforated trapezoidal fin in 

comparison to other fins. Finally, by using hexagonal transformers with a 

perforated trapezoidal fin about 12% in comparison with the traditional 

rectangular transformer, the highest decline in oil was achieved. The shape of the 

transformer and fins can therefore be concluded as playing an important role in 

the thermal performance of these systems.  

  

 

Fig. 2.8:  Temperature oil contours for various transformer geometries [50] 
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2.3.4 Metal Foam Sponge Heat Exchanger (MFHE) 
 

  New Methods are being developed in greater depth at thermal design in the 

literature is accomplished by the use of metal foam sponge in heat exchangers. 

Kim, Pike, et al. (2000) [51] experimented on finned heat exchangers using a 

porous finned aluminum alloy foaming material. The researcher observed a 

thermal performance similar to the conventional cleft fin's porous fin to measure 

the heat transfer and pressure drop. The experimental results showed that the 

porous fins' friction factor with low permeability is much less due to the relatively 

larger surface area. However, the results indicated that the coated fin had better 

efficiency at pressure drop. The correlations between friction and heat transfer for 

the porous fins were obtained using a Darcy number. It was found that the porous 

fins with low permeability and low porosity were often better than the porous 

pressure fins with heat exchanger.                                                                              

 

Mohammed and Pavel (2004) [52] presented an experimental study on the 

effect of a porous metal matrix inserted in a tube upon the heat transfer rate. The 

tube is subjected to a constant flow of heat. This examines the porous matrix's 

porosity and thickness on the heat transfer rate and pressure drop. They obtained 

the largest increase of 5.28 times in Nsllet number achieved by total tube filling, 

at the cost of the maximum pressure drop of (64.8 Pa),  and full tube filling where 

the partial filling has the advantage less rise in pressure drop. 

Ken and Anthony (2007) [53] conducted an experimental study using 

convection heat transfer in aluminum foam sandwich panels. They used the finite 

element method to validate the numerical model. The effects of the metallic foam 

core's size are tested experimentally. The effects of the foam thickness on the 

convective transmission are calculated with four types of metallic foam. They 

found an improvement in the heat transfer coefficient. They considered the 

increase in the foam thickness to produce improved heat transfer efficiency, as 
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evidenced by a more significant load coefficient and the larger temperature 

difference between the foam surfaces .    

Nawaz et al. (2012) [54] used highly porous mineral foams with novel 

thermal, mechanical, electrical, and acoustic properties in various industrial 

applications. They indicated the results as follows: 

1. Metal-foam heat exchangers (MFHE) can be considerably smaller in 

volume and lighter in weight over many design spaces with the same fan 

power and heat transfer capacity. 

2. Air and water inlet temperatures and the water mass flow rate do not affect 

the cost of a metal-foam heat exchanger that matches the heat exchanger 

output of louvre-fin. 

3. Flat tube metal foam heat exchanger costs are sensitive to metal foam's load 

heat transfer coefficient. 

Further experimental research is needed before more accurate estimates of costs 

can be made available.  

Nawaz and Jacobi (2017) [55] focused in this study on aluminum metal 

foam open cell, which is considered a highly compact replacement for traditional 

fins in aluminum heat exchangers with braces. This investigation took SEM 

(scanning electron microscope) techniques to describe the foam and pore diameter 

properties. Experiments are performed through a wind tunnel with a closed-loop 

to calculate the pressure drop and heat transfer rate. The different effects of 

various porosity, fineness, bonding system, base metal, condensation, and frost 

are considered. From experimental results can be observed. Compared to porous 

metal foam, the pressure drop was minimal. The rate of heat transfer depends on 

the metal foam surface area. A more extensive transfer of heat is possible when 

the surface area is large per unit volume. 

Nawaf et al. (2018) [56] studied six different types of heat sinks in 

aluminum foam attached to a horizontal heated surface. They investigated 
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numerically under the slot jets cooling impingement. The mathematical synthesis 

of the current problem is based on the assumptions as follows: 

 Flow is laminar, 2D, and incompressible. 

 Temperature and velocity profiles around the jet range are uniform. 

 Thermophysical properties of the liquid are stable and are obtained at a 

medium temperature other than density. 

 The Boussinesq approximation was used for the relationship between fluid 

density and temperature. 

  In new laminar airflow, the effects of viscous dissipation in the energy 

equation are neglected. 

The flow is designed as a homogeneous porous medium through the mineral foam. 

The results indicate that metallic foams sticking to the top of the hot surface 

increase the jet collision cooling compared to the base case (without metallic 

foam). Due to the relatively high permeability, heat dissipation enhancement is 

more successful by adding G10 foams than G20 foams.  

Shenming et al. (2019) [57] propose a used metal foam heat pipe radiator 

to improve heat transfer between heat pipe condensed section air. Proto-types of 

traditional fins and metal foam heat pipe radiators were created to validate the 

heat transfer enhancement. The effect of pore density in metal foam on heat 

dissipation capability was discussed. Fig. 2.10, illustrates the structure of a 

traditional fin and metal foam heat pipe radiator. Traditional fins heat pipe 

radiators (TFHPR) are made up of three parts: an aluminum substrate, HPs, and 

flat fins, as shown in Figure. 2.6 (a). HPs have an evaporated section embedded 

in the aluminum substrate, and HPs have a diameter of 9 mm. Deionized distilled 

water is used as the working fluid. There are 45 aluminum fins with a total length 

of 90*300*0.48 mm3 in terms of the proposed MFHPR, which appear in Fig. 2.9 

(b). Fins are replaced with metal foam, which allows for a larger heat exchange 

area and longer ligaments. 
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Fig. 2.9: Sketch of metal foam and traditional fins of heat pipe radiator [57] 

 

Besides, to evaluate the thermal dissipation performance, the thermal 

resistance of the heat pipe radiator (Rhpr) was introduced, which is defined as the 

heat load of the heat source divided by the temperature difference between the 

maximum temperature of the heat source and the temperature of the inlet air, as 

given by 

𝑅ℎ𝑝𝑟 = (𝑇ℎ𝑏 − 𝑇𝑎)/𝑄                                                                             (2.1) 

The experiment results showed that the metal foam heat pipe radiator could 

improve start-up and part-load times compared to the traditional fins heat pipe 

radiator. When the copper foam's pore density is 5 PPI (pore per line inch), the 

proposed radiators' thermal resistance could be reduced by 10% when a load of 

heating is 25W. On the other hand, they found that MFHPR has more excellent 

dissipation of heat performance than TFHPR. The MFHPR could also quickly 

achieve a new steady state.  

Silva et al. (2019) [58] the transient 3D natural convection problem in 

horizontally placed rectangular finned heat dispersants was studied using 

OpenFOAM software. The domain was a closed system, and the investigation was 

digital using OpenFOAM simulation. The numerical work has been compared to 

experimental and analytical work in the literature review. Results from using a 

closed field are as follows: 
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1. It had little effect on numerical temperature values. It was well compatible 

with experimental temperature values below 0.7% in the study of 

convection in heat sinks. 

OpenFOAM has proven to be a reliable tool and stands out as an important 

research tool because it is freely available and open source. OpenFOAM tools 

may be a good tool for searching inclined heat sinks with fins and fine heat 

dispersants. 

  

2.4 Summary  

 Overviewing at the state of the art, it is clear that there have been some 

intriguing research on the performance of vertical plate radiators; however, a large 

number of parameters must be investigated in order to completely understand the 

effect of radiator layouts on cooling capacity. The thermal resistance of the oil 

was not taken into account in the calculations, despite the fact that it might be 

significant in the overall heat transmission process. The disparity between the 

calculated and experimental results is significant, and it is possible that a closer 

examination of the air convection phenomena will lead to the development of a 

new correlation that is more appropriate for the radiator instance. Also limited 

experimental and numerical work has been reported on the cooling performance 

of power transformer radiators. In past studies, the focus was on thermal design 

and techniques for preventing hot spot and high oil temperatures. In the current 

work, a new technique is proposed to enhance the cooling performance of power 

distribution transformers. This technique involve inserting metallic foam between 

the vertical radiator panels of the transformer.  Table 2.1 shows the tabulated of 

the literature review.
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Rosas et 

al.(2005) 
[23] Experimental ONAF Forced 

Excellent results, for both with and without the heat 

pipes in the cooling process. Using the cooling 

process, the transformer's useful life was extended 

(heat pipes) 

El-Wakil et al. 

(2006) 
[24] Numerical ODAN Forced 

Simulated on six different flow rates of the cooling 

oil with inlet oil value was 338 k. 

Zhou et al. 

(2007) [25] 

Experimental 

& Numerical 

ONAN 

& NDOF 

Natural Concluded that the overflow effect is greater with 

more significant disparity between the initialized and 

the steady velocity. 

Torriano et 

al.(2010) 
[26] Numerical ONAF Natural 

The results were showed much cooling in winding 

and the distribution of temperature is uniform and fot 

spot decreases. 

Skillen et al. 

(2011) 
[27] Numerical ODAN Forced Used inlet mass flow rate to found hot spot. 

Djamali and 

Tenbohlen 

(2017) 
[28] 

Numerical ODAF forced By utilizing the algorithm can foresee the failure in 

the fan of the power transformer. They depended on 

600 MVA (OFAF) genuine values and 333 MVA 

(ODAF) energy transformers. 

Radakovic et 

al. (2017) 
[29] 

Experimental 

& Numerical 

ONAN 

& 

ODAF 

Natural & 

Forced 

Investigating thermal design and enhancement in 

thermal performance and reducing cost. 

Reference 

Name 
Reference 

Type of 

Study 

Cooling 

Type 

Method of 

Heat Transfer 

Findings 

 Table. 2.1: Tabulated of literature review  
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Swift et al.(2001) [30] Numerical ONAF 
Natural & 

Forced 
Utilizing a simple equal circuit on 250 MVA. 

Dejan (2005) [31] Numerical 

ONAN 

& ONAF  

& OFAF 

Natural 

& Forced 

Presented new and legitimate strategies to assess the 

oil temperature of a power transformer. 

Meshkatoddini 

et al.(2008) 
[32] Experimental OFAF Forced 

Determine the appropriate highlights that can indicate 

maturing in oil. 

Gastelurrutia et 

al (2009) 
[33] Numerical ODAN Forced 

Temperature Vertical fins = 14 k 

Temperature Horizontal fins = 2.5 k 

Gholami and 

Taghikhani 

(2009) 

[34] Numerical NDOF Forced 
Using (PDE) and (FEM) for three measurements of 

temperature. 

Diaconu et al 

(2010)  
[35] 

Numerical 

&Theortical 
ODAF Forced 

When (PCM) is used in water, the natural heat transfer 

coefficient is larger than when (PCM) is not used in 

water. 

Fonte et al 

(2011) 
[36] Numerical 

ODAF & 

ONAF 
Forced 

Through CFD used, enable to evaluate the thermal 

efficiency without intrusive way. 

Krishnan and 

Srinivasan 

(2012) 

[37] Theoretical ONAF 
Natural and 

Forced 

Focus on measuring some parameters (surrounding 

temperature, airspeed, top oil, etc.) 

Wittmaack 

(2014) 
[38] Numerical ONAF 

Natural 

Convection 

Monitor this study to pressure drop and 

Temperature distribution by used CFD. 
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Shukla et al. 

(2015) 
[39] 

Numerical & 

Theoretical 
ODAN Forced 

The thermal conductivity improved by 14.5 percent at 

40 degrees Celsius.  

 

 

Fernndez et 

al. (2016) 

[40] Experiment OFAF  Forced 

. They found the variety of hot spot temperatures of 

mineral oil diminished around 20 °C than those 

registered with vegetable oils 

Hasan et al. 

(2017) [41] Theoretical ONAF Forced 

Using (MEPCM) with volume fraction (5–25) percent, 

the performance of the power transformer and 

breakdown voltage were improved. 

Paramane et 

al (2014) 

 

[42] 
Experimental 

 &Numerical 

ODAF & 

ONAF 
Forced 

The heat transfer rate is up 7.2% and 6.7% compared 

with vertical blowing for fan A and fan B accordingly. 

Fadhil et al 

(2011) 
[43] Numerical ONAF Forced 

Applied CFD on Radiator and tried with 

Four change fans. 

Kim et al 

(2013) 
[44] 

Experimental 

& Numerical 

ONAN 

& 

ODAN 

Natural Conv 

& Forced 

The cooling capacity for the ODAN method 20.1 % 

More than the ONAN cooling method. 

 

Paramane et 

al. (2016) 

[46] 

 

 

  

 

Experimental 

& Numerical 

 

 

ONAN 

& 

ONAF 

 

 

Natural and 

Forced 

 

Heat dissipation estimated from the present numerical 

model is shown to be reduced when compared to the 

experimental results, by 17.9 percent for ONAN 

configurations and 16.8 percent for ONAF (vertical air 

flow) configurations. 
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Garelli et 

al.(2017) 
[47] Theoretical ONAF 

Natural and 

Forced 

The theoretical and test study, utilizing fan isn't 

dynamic since about portion of transformer radiator 

isn't blown. 

Chereches  et 

al. (2017) 
[48] 

Numerical &  

Theoretical 
OFAF Natural & Forced 

With  extreme temperatures under 98°C, and  oil speed 

of 1.2 m/s, 

Radakovic et 

al. (2017) 
[49] Theoretical NDAF Forced 

Effect sun oriented radiation and wind speed on 

(500KVA) transformer. 

Nawras et al. 

(2020) [50] 
Experimental 

& Numerical 
ONAN Natural 

The shape of the transformer and fins can therefore be 

concluded as playing an important role in the thermal 

performance of these systems.   

Kim and 

Paek (2000) 
[51] Experimental 

Porous 

Metal 
Natural 

Porous fin foam Louvered fin 

1- little pressure drop 1- low-pressure drop 

2- sometimes used 2- often used 
 

Mohamad 

and 

Pavel (2004) 

[52] Experimental 
Metal 

Foam 
Natural 

The resulting heat transfer rate & pressure drop 

More efficiency. 

Ken and 

Anthony 

(2007) 

[53] 
Experimental 

& Numerical 

Metal 

Foam 
Natural 

An aim of this study is to found the amount of heat or 

thermal efficiency 

Nawaz et al 

(2012) 
[54] Experimental 

Metal 

Foam 
Forced 

 More heat transfer with effect fan power 

 The cost is less than louver-fin. 

Nawaz and 

Jacobi (2017) 
[55] Experimental 

Metal 

Foam 
Natural 

The effects were different (porosity, fineness, bonding 

system, base metal, condensation, and frost)—the goal 

to get a larger transfer of heat from the surface. 
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Nawaf et al 

(2018). 
[56] Numerically 

Heat 

Sink 

By Metal 

Forced 
Enhancement in heat dissipation by adding 

G 10 foam than G20 foams. 

Shenming et 

al. (2019) 
[57] Experimental 

Used 

Metal 

Foam 

Forced 

The experiment results showed that the metal foam heat 

pipe radiator could improve start-up and part-load times 

compared to the traditional fins heat pipe radiator 

Silva et al. 

(2019 
[58] 

Experimental 

& Numerical 

Heat 

Sink 

By Metal 

Natural 

Convection 

In this case, it's using OpenFoam software and 

compared the value with empirical & analytical data. 
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 CHAPTER THREE 

EXPERIMENTAL WORK

3.1 Introduction  

 This chapter describes the components and functions of each part of the 

system used in experimental work. All parts are illustrated with the aim of 

sketches and images. Thereafter, the proposed modifications by using metal foam 

sponge are presented with different porosity ratios. Then the effect of using axial 

fans to achieve force convection are presented. The experimental procedure and 

preliminary calculations described at the end of this chapter.  

3.2 Rig Layout  

Hot oil flows vertically in radiator plate channels. The forced convection 

heat transfer of oil will be achieved by circulating oil utilizing a pump. Heat trans-

fer in the plate wall by conduction to the metal foam sponge, and heat transfer to 

ambient air by either natural or forced convection. In case of forced convection, 

fans are positioned at the right side of the radiator panels.  

In either kind of heat transfer for the present system, oil is directed using a pump 

to circulate it. Simultaneously, air works once as natural by allowing it to flow 

through panels without using any blowing, which is called oil direct-air natural 

(ODAN). While in the second case, air is forced to flow through radiator panels 

using one or two fans which is called oil-direct air forced (ODAF). Rig is built 

using many parts, as shown in Fig. 3.1. The main components are detailed below. 
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Fig. 3.1: Experimental rig. 
 

 
 Fig. 3.2: Feeding system piping and instrumentation diagram  
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3.2.1 Transformer Radiator  

The radiator installed in experimental rig is a part of "Oil-immersed 

transformer, made by Iran-Transfo Company, according to (TOZIE IRAN 

TRANSFO ZANGAN/ CO.(P.J.S)), Type - TSUE6346,  

N0. S0680543, Year 2008, Standard IEC-60289, 60076" [69]. The radiator 

consists of thirteen panels with a smooth inner surface. The outer surface is coated 

with protection paint film to protect services from corrosion and surrounding 

conditions. 

The radiator used in the experimental rig consists of the details tabulated in 

Table. 3.1, the Radiator is utilized as a heat exchanger with air to cool the hot oil. 

Vertical radiator panels are made of carbon steel, with total thermal conductivity 

of 54 W/ m. K [56]. The radiator has two header pipes with length (641 mm) and 

thirteen semi-circular sections of (12 mm) in width. At the center, which decreases 

to reach (3mm) by the edges, the first is positioned at the top of the radiator. The 

second is positioned at its bottom. Both header pipes are welded to the radiator 

panels.  The diameter of the header pipes is 82.7 mm. The geometry of the radiator 

is shown in Fig. 3.3. 

Table. 3.1, Transformer radiator specifications 

Specification Dimensions 

Panel Length, mm 1000 

Element space, mm 45 

Panels thickness, mm 1.2 

Thermal conductivity,( Ksteel )W/m. K [56] 54 

Top & bottom header diameter, mm 80 

Panels number, __ 13 

Channels number for each panel,__ 7 

Panel width, mm 520 

Channel width, mm 60 

Oil total volume, liter 70 
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Figure: 3.3. Transformer radiator sketch with thirteen vertical panels and two 

fans (all dimensions in mm). 

 

3.2.2   Mineral Oil 
Oil used in the present experimental work is manufactured by Nyans oil 

Company [70]. The oil is IEC 60296 Edition 5.0, including those for particular 

applications. Nynas Oil Company was developed and formulated to provide high 

resistance to degradation and excellent oxidation stability for a longer transformer 

life and less maintenance. The oil has been designed specifically for use in oil-

filled electrical equipment, such as power and distribution transformers, rectifiers, 

circuit breakers, and switchgear. Heat transfer is exceptional. This high grade has 

excellent heat transfer characteristics due to its low viscosity and viscosity index, 

ensuring that heat is efficiently extracted from the core and windings. This grade 

was developed and formulated to provide exceptional resistance to oil degradation 

and excellent oxidation stability to increase transformer life and low maintenance. 

100

0 450 
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Low-temperature properties are excellent. The transformer's naphthenic 

characteristics allow it to start at the lowest possible temperature without pour 

point depressants.  Dielectric strength is extremely high. When stored and treated 

properly, this insulating oil meets and exceeds the most stringent dielectric 

strength requirements.  The properties of the oil are calculated using Eq. 3.1 to 

3.5. [71] As below. 

     𝜌oil = 868 × [(1 − 0.00064) × (𝑇 − 20)]                                               (3.2) 

     𝑘oil = −(0.000077 ×  𝑇) + 0.132949                                                      (3.3) 

    𝑐𝑝oil
= (3.4566 × 𝑇) + 1796.5                                                                   (3.4) 

     𝜇𝑜𝑖𝑙 = 1.433 × 10−7 × exp (3479.5
(𝑇 + 273.15)⁄ )                                    (3.5) 

Where; 

 𝜌oil is density in (Kg/m3 ). 

  𝑘oil is thermal conductivity in (W/m.K). 

 𝑐𝑝oil
 is specific heat in (J/kg.k). 

  𝜇𝑜𝑖𝑙 is dynamic viscosity (Pa.s). 

3.2.3 Feeding System 

This current work tried to simulate the reality of the situation as if it were 

a real transformer. Therefore, an external heater is installed to heat the oil at 

different temperatures, pump to circulate the hot oil, fans, storage tank, pipes line 

connection, metal foam, and measurement instruments (flowmeter, anemometer, 

and temperature sensors).   

3.2.3.1 External Heating unit 

 A galvanized tank, 60 liters, and insulated with a thick layer of fiberglass, 

is used to keep the working fluid at a constant temperature in experimental work.  

An electric heater was (Rico type, 3000W, 220V), fitted to the tank. The heating 

element with length and diameter of 300mm and 8mm, respectively. The heater 
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is provided with an automatic element (thermostat) that for limited the desired 

temperature. 

 

3.2.3.2 Pump 

 The electrical Centrifugal Pump with specifications described in table 3.2 

is used to circulate the oil through the experimental rig. This type of pump is used 

previously with such experimental test [56] and showed its adequacy. The pump 

is used to achieve oil-direct (OD) circulation through the testing rig and direct hot 

oil to the radiator top header. 

Table. 3.2 Pump specifications 

Model QB60L1 CE 

Voltage/Amber   220V /50Hz      2.7A      0.37KW      0.5HP 

Q. max. 40 l/min 

H max. 33 m 

Model Number 19072220351 

Max. Ambient Temperature 45 ᵒC 

 Pump speed 2850 r.p.m 

Continuous duty  Thermally protected 

 

 

3.2.3.3 Fans 

 Two axial fans were installed on the transformer radiator. The 

specifications of fans are illustrated in table 3.3. The fans are attached on the right 

side of the transformer radiator to improve coverage. Thereby, cooling capacity 

increases if the same quality of air is spread more evenly with a more significant 

number of fans. 
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Table. 3.3 Fan specifications 

Voltage/Amber  220V /50Hz      0.7A      

Q. max. 2000 m3/h 

weight 6.4 Kg 

Speed 1400 r.p.m 

Diameter 400 mm 

 

1.2.3.5 Storage Tank  
 

  In the present work, a cylindrical shaped storage tank of 200 liters volume 

is used to store the oil to ensure that the transformer radiator and feeding system 

is filled with working fluid (mineral oil) continually.  The tank receives the cooled 

oil returned from the radiator and delivered to the external heating unit.  

1.2.3.6 Pipelines 
 

A 3/4 inch diameter polyvinyl chloride (PVC) pipes are used to connect the 

feeding system and deliver working fluid to and from the transformer radiator. 

This type of pipes is used for its high flexibility, resistance to corrosion and heat 

resistance. In addition, to its little interaction with external conditions for a good 

quality insulator with thickness reaches to 2 mm. Figure. 3.2 shows the piping and 

instrumentation diagram for the feeding system pipeline.  

 

1.2.4 Measurement Instruments 
 

 In these experiments, four types of measurement equipment have been 

used. These equipment may be classified according to their respective functions 

as following:  
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3.2.4.1 Oil Flow Meter  
 

 A 13mm fuel oil flow counter diesel gasoline Gear flow sensor is used to 

measure the oil quantity that passing through as Fig. 3.4. The device is located 

between the pump and the inlet of the transformer radiator. The specifications of 

the flow meter are flow speed range and total setting (0.1-9999 liters. The power 

input is DC 12-24V. Accuracy is ±0.5%, and the operating voltage range is DC 

24V ± 8V / 1A.  

 

 

Fig. 3.4: An image of oil flowmeter [72] 

 

3.2.4.2 Temperature Data Logger V2 
 

An eight-channel temperature data logger V2, shown in Fig. 3.5, is used. 

Six calibrated temperature sensors were distributed on the surface of the radiator 

and at an inlet and outlet of the radiator. The specifications of the data logger are 

shown in Table. 3.4. The locations of sensors are sketched and depicted in Fig. 

3.6 and 3.7, respectively.  
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Fig 3.5: Temperature Data Logger V2 and sensors [73] 

 

Table. 3.4: Temperature Data Logger V2 specifications 

Model DS18B20 

Power circuit USB power supply       

Temperature sensor material stainless steel tube size: 6x50 mm 

Temperature range -55 ~ 125°C / -67 ~ 257°F.   

Device dimensions (98mm x 82mm x 30mm) 

Accuracy ±0.5°C/ (-55 ~ 125°C / -67 ~ 257°F) 

Resolution 0.1°C / 0.1°F 

 

 

Fig. 3.6: A sketch of the radiator with temperature sensors location, 

specification, and position as flowing in Table. 3.7. 
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Fig. 3.7: Temperature sensors and thermocouples location on the cooling 

system 

3.2.4.3 Thermometer data logger 

This data logging thermometer used to measure the temperature of different 

points at the surfaces of the radiator utilizing calibrated thermocouples of type 

(K). Three thermocouples were used, two at the end panel on the radiator and the 

other to measure ambient air temperature. The device is shown in Fig. 3.8; all 

specifications are tabulated in Table. 3.5. Furthermore, the position and function 

of the temperature sensors utilized for both thermometers are tabulated in a Table. 

3.6. 
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Fig. 3.8: Thermometer devises with thermocouple sensor [74] 

 

Table 3.5: Thermometer device specification 

'Display Type LCD 

Item Weight 0.280 kg 

Measurement Accuracy ±0.4  

Model Number SD-947 

Power Source Type  (1.5 V) X 6 Batteries 

Temperature Range  -199.99-850.0 degrees_ Celsius 

Height  45 mm 

Length  177 mm 

Width 68 mm  
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Table. 3.6: Temperature sensors position and function 

Number 

of 

Location 

Position of Sensor 

Tin Inlet oil temperature 

T1 Upper of the first plate at (15 cm) from top of center oil collector 

T2 Bottom of the first plate at(15cm) from down of center collector 

Tout Outlet oil temperature 

T3 Upper of the sixth plate at (15 cm) from top of center oil collector 

T4 Bottom of the sixth plate at(15cm) from down of center oil collector 

T5 
Upper of the thirteenth  plate at (15 cm) from top of center oil 

collector 

T6 
Bottom of the thirteenth  plate at (15 cm) from down of center oil 

collector 

T air 

 
Measuring the surrounding air 

 

3.2.4.4 Anemometer 

 An AM-4206M anemometer, shown in Fig.3.9, is used to measure the 

wind speed to predict the average air speed with natural heat transfer convection. 

In the case of forced heat transfer convection, an anemometer is used to measure 

the air speed produced by using fans after passing through the radiator panels. The 

range of speed reading of the anemometer was 0.1 to 30 m/s, with an accuracy of 

(±1.8% ); where its calibrated the anemometer in the present (rig) used is 

calibrated with   (Davis weather station), based at "10 m" above the ground of 

Najaf- technical engineering college- Iraq 
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Fig. 3.9: Airflow meter device (anemometer) 

 

3.3 Metal Foam Sponge  

  Metallic foams are structurally described by their cell topology, whether 

open or closed, relative density, cell size, form, and anisotropy. The 

microstructure of open-cell materials with a high porosity is often composed of 

small ligaments forming a network of interconnected dodecahedral-like cells. A 

shape and size for these open cells varies in the medium, creating a random and 

anisotropic structure as Fig. 3.10. Metal foam is described by the following 

geometrical and physical parameters [75]: 

i. The pore density is defined which as the number of pores that can be 

measured in a linear inch, and its unit is PPI (pores per linear inch).  

 

ii. The pore size, denoted by (dp), is defined as the equivalent diameter of one 

of the dodecahedron unit's faces. As a result of the nominal pore density 

(PPI), the average pore diameter, (dp), can be determined as follows [76]: 
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dp =
25.4

𝑃𝑃𝐼
                                                                                                        (3.6) 

 

iii. Specific surface area (𝛼𝑠𝑓), represents the surface area of the foam 

In contact with heat in a given volume of foam. A greater specific surface 

area leads to a great fluid/ metal contact area. Which in turn will increase 

turbulence created by foam passageways, thus increasing heat transfer. 

Finally, a more efficient heating exchange will be achieved in less volume.             

 

𝛼𝑠𝑓= 
𝑆

𝑉
                                                                                                   (3.7) 

Where; 

S is the total surface area m2 inside the unit cell 

V is unit cell volume m3 

 

Fig. 3.10: A typical image of metal foam [76] 

 

iv. porosity  

Porosity plays a crucial role in heat transfer behavior. Porous media focused 

on many researchers over the past decades who are interesting in heat transfer 

enhancement.  Metal foam has been recognized as a viable option in various 

thermal engineering applications due to its distinctive characteristics such as high 
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surface area density, low weight, and ability to mix fluids [77]. Porosity (void 

volume fraction, ɛ) is ratio of the void volume to total volume [76] and [78].                                                                                                 

Porosity 𝜀 = (  
𝑉𝑣

V𝑡
  ) ×100%                                                        (3.8) 

Vv = Vs – V                                                                                 (3.9) 

 Where; 

 𝜀 is the porosity.  

  Vv  𝑖𝑠 void volume. 

  Vt is total volume.  

  Vs is solid volume. 

  V is a volume of metal in laboratory pote  

Transformer radiator used in our experimental work consists of thirteen 

panels, which means there are twelve gaps between panels. A Metal foams sponge 

is crammed in these gaps in two stages. First stages, where 240 pieces of metal 

foam sponge are distributed evenly all over the radiator, (20) pieces for each gap. 

In this case, the porosity calculated depending on the above equations is found to 

be 17%. 

On the second stage, the metal foam sponge is doubled (40) pieces per gap 

with 480 pieces in total. The added pieces are crammed in spaces between the 

pieces crammed at the first stage. In this case, porosity reached 35%. Figure 3.11, 

shows a sketch of the transformer radiator with crammed metal foam sponge. All 

details of porosity calculations are in appendix B. 
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3.4 Preliminary Calculations 

The experiments results can be computed transformer radiator cooling for 

two different oil-direct air natural (ODAN) models and oil-direct air forced 

(ODAF). 

Cooling capacity may computed from the following equation [55]: 

      𝑃radiator = 𝑚̇oil ⋅ 𝑐𝑝oil
⋅ (𝑇in − 𝑇out)𝑜𝑖𝑙                                                  …… (3.6) 

Where; 

 P radiator is a cooling capacity in (W). 

 Toil; in and Toil; out are inlet and outlet temperature in (ᵒC). 

 𝑚̇oil oil mass flow rate in (Kg/s). 

  𝑐𝑝oil
  oil specific heat in (J/kg.K) 

On the other hand, mass flow rate used in experiments of (0.0167, 0.0333, 

and 0.05Kg/s), where equivalent to (1, 2, and 3l/min) as flowmeter scale used.  

 

Fig. 3.11: Sketch for radiator crammed with metal foams sponge 
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Therefore, from one preliminary case calculation for this study, it can be 

indicated the data as the below table. 

Table. 3.7: Calculation of experimental results for one case of ODAF mode 

Test specification Symbol used values Calculated value 

Time (min) t 60 ---- 

Average ambient temperature 

(ᵒC) 

T ave, amb 40 ---- 

Average fans speed (m/s) V ave 6.5 ---- 

Average inlet oil temperature 

(ᵒC) 

Tin 70 ---- 

Outlet oil temperature (ᵒC) Tout 41.5 ---- 

Temperature difference (ᵒC) ΔT  28.5 ---- 

Average oil temperature (ᵒC) Toil, ave 55.75 ---- 

Volumetric oil flow rate (LPM) Q oil 1 ---- 

Mass flow rate (Kg/s) ṁ 1.67*10-2 ---- 

oil specific heat (J/kg.K) 𝑐𝑝oil ---- 1989.20545 

Heat Transfer (W) P radiator ---- 946.7623339 

 

3.5 Operating Procedure: 
 

 In order to minify reused and take more accurate readings, the following 

procedures must be followed. 

3.5.1 Checking Pipelines and Panels 
 

Checking all pipelines, valves, and fittings must be done before each run 

for the rig. First of all, all pipes and fittings must be visually checked for any 

apparent defects or leakage. Furthermore, instruments must be checked to ensure 

that fully performers with all electrical connections are in place and secured. 

Finally, the storage tank must be checked for the oil level, and it is enough to fill 

all pipes and radiator panels with an additional quantity. 
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3.5.2 Experimental procedure 

1. After completing the checking procedures, the experiment is now ready to 

be held. First of all, all the system must be filled with oil, and open each 

of (main oil tank, pump, bypass, air bleed, exit radiator, and outlet valve). 

2.  Put the oil pump on and ensure all the system is filled with oil without 

any visible air bubbles. Subsequently, check the flowmeter if it is run, go 

to adjust each one of (Adjust the bypass valve to make sure the 

flowmeter is on the correct reading progress, and adjust oil pump valve to 

control oil quantity passing through a radiator by a flow meter) 

 

3. Check the heating unit and put the thermostat on the requested degree. 

Thereby, start the pump, make sure the oil is circulating, and check the 

temperature sensors and ensure that the oil inlet to the radiator is at the 

required oil temperature. 

 

4.  Recheck the rate of oil flow through the flow meter. After all, they are 

checked. Then we start taking readings every ten minutes and wait until 

the case becomes steady-state with continuous readings each one 

parameters of (an ambient temperature, wind speed, inlet and outlet 

temperature, and temperature on the panels of radiator)  

5. Recheck the system to change the parameters and start taking a new 

reading. These parameters that are required to be changed which involves 

each of (volumetric flow rate, inlet oil temperature, fan speed, and metal 

foam). 

6. Finally, after taking the readings for all cases, close the system, the valves, 

electrical, and finish the work for this day. 
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3.5.3 Operation Procedure Flow Chart 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12: Flow-chart of operation procedure 
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CHAPTER FOUR

RESULTS AND DISCUSSIONS 

 

4.1 Introduction  

This chapter reviews the results obtained from the experiments that were 

conducted using the transformer radiator system device. The study includes the 

experiments and results recorded, which were done using six models to                    

investigate the cooling capacity and the temperature distribution of transformer 

radiator and the effect of using metal foam on the radiator cooling system. The 

models are oil-direct air natural (ODAN), oil-direct air forced (ODAF), oil-direct 

air natural (ODAN) with metal foam porosity of (17%), oil-direct air forced 

(ODAF) with metal foam porosity of (17%), oil-direct air natural (ODAN) with 

metal foam porosity of (35%), and oil-direct air forced (ODAF) with metal foam 

porosity of (35%). All tests were performed with different oil mass flow rates 

(1.6*10-2, 3.333*10-2, and 5*10-2 Kg/s), corresponding to (1, 2, and 3 ℓ/min). All 

experiments were carried out at North Najaf electrical transmission station/Iraq, 

from 5:00 PM to 12:00 AM of 1 to 9 Sep. 2020. The details of experiments may 

illustrate as follow: 

 

4.2 Oil-Direct Air Natural (ODAN) Model  

  The results were obtained under this model. Oil circulated by a pump and 

without fans are used for external air handling, considered three values of oil flow 

rates as mentioned above and three inlet oil temperatures 50, 60, and 70 ᵒC. The 

average ambient temperature and average wind velocity through this interval time 

are 40 ᵒC and 1.65 m/s, respectively. The variation of temperature with time at all 

specified points along with the radiator, for (3 ℓ/min) flow rate and the same above 
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inlet oil temperatures, is shown in Figures 4.1, 4.2, and 4.3. In general, the figures 

showed an increase in temperature at some points with time progress, by a value 

not exceeding 10 ᵒC. 

This is due to the transient behavior, which starts from the beginning of the 

experiment until the 50 minute. After that, the system reaches the steady state, and 

there is nearly, no variation in temperature with time. The same trends are 

occurred for the two other flow rates, 1 and 2 ℓ/min. 

Figures. 4.4, 4.5, and 4.6 show the behavior of radiator cooling capacity 

along the operation time, nearly uniform, with inlet oil temperatures of (50, 60, 

and 70 ᵒC) respectively, at all oil flow rates. When looking at the Figures, it is 

obvious to see the cooling capacity increases with the increase of flow rate due to 

the increase of heat exchange, to reach maximum values of (587.6, 1444.4, and 

1816.5 W) respectively, at a flow rate of 3 ℓ/min. 
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Fig. 4.1: Variation of radiator temperatures with time for oil flow rate (3 ℓ/min), 

inlet oil temperature (50 ᵒC) and (ΔT = 6 ᵒC)  
 

 

Fig. 4.2: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (60 ᵒC) and (ΔT = 14.6 ᵒC) 

 

 

Fig. 4.3: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (70 ᵒC) and (ΔT = 18.1ᵒC) 
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Fig. 4.4: Variation of cooling capacity with time for inlet oil temperature (50 

ᵒC). 

Fig. 4.5: Variation of cooling capacity with time for inlet oil temperature (60 

ᵒC). 

 

Fig. 4.6: Variation of cooling capacity with time for inlet oil temperature (70 

ᵒC). 
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4.3 Oil-Direct Air Forced (ODAF) Model  

 The results under this model add fans for exceeding external air handling, 

the average fans' speed (6.5 m/s). In contrast, the date and time of experiments 

and temperature degree of ambient are the same as the previous experiments. 

The temperature variation over time, at all specified points along with the 

coolant, for the maximum flow rate (3 ℓ/min) and the same inlet oil temperature 

are shown in Figures 4.7, 4.8, and 4.9. In general, the numbers showed a decrease 

in temperature at some points over time, with a value of no more than 7.5 ° C; this 

is due to transient behavior that starts from the beginning of the experiment until 

the forty minute and the fan's performance, which improves the coverage to cool 

more radiator surface areas. After that, the system reaches a steady-state, and there 

is virtually no temperature difference over time. The same trends occurred for the 

other two flow rates, 1 and 2 ℓ/min.   

Figures. 4.10, 4.11, and 4.12 show the radiator cooling capacity's behavior 

along the operation time, nearly stable, with inlet oil temperature of (50, 60, and 

70 ᵒC) respectively, at all oil flow rates. Also, after applied the results in cooling 

equation (3.6), it's indicate that as the flow rate increases, the cooling strength 

increases, to reaches its maximum value of (801.6, 1717.2, and 2591.6 W) 

respectively, at a flow rate of 3 ℓ/min.  
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Fig. 4.7: Variation of radiator temperatures with time for oil flow rate (3 ℓ/min), 

inlet oil temperature (50 ᵒC) and (ΔT = 8.2 ᵒC)   

Fig. 4.8: Variation of radiator temperatures with time for oil flow rate (3 ℓ/min), 

inlet oil temperature (60 ᵒC) and (ΔT = 17.4 ᵒC)  

 

Fig. 4.9: Variation of radiator temperatures with time for oil flow rate (3 ℓ/min), 

inlet oil temperature (70 ᵒC) and (ΔT = 26 ᵒC) 
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Fig. 4.10: Variation of cooling capacity with time for inlet oil temperature (50 

ᵒC). 
 

 

Fig. 4.11: Variation of cooling capacity with time for inlet oil temperature (60 

ᵒC). 
 

 

Fig. 4.12: Variation of cooling capacity with time for inlet oil temperature (70 

ᵒC). 
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4.4 Oil Direct Air Natural (ODAN) Model with Metal Foam Heat 

Exchanger (MFHE) 

This section describes a cooling system with convection force through           

directing the oil and free convection of naturalizing air, with the considering effect 

of metal foam in a heat exchanger. This section was divided into two values of 

porosities of metal foam (17% and 35%) as follows. 

4.4.1 (ODAN) Model with (17% MFHE)   

        The results were obtained by adding metal foam sponge of porosity 17% 

between radiator panels spaces, that is cooled by oil circulated and without fans, 

considered values of oil flow rates and inlet oil temperatures, through this model 

used are (1, 2, and 3 ℓ/min), and (50, 60, and 70ᵒC), respectively. The average 

ambient temperature and average wind velocity through this interval time, 40.5ᵒC 

and 1.62 m/s. 

Figures from 4.13, 4.14, to 4.15 show the variety of the temperature with the time 

at all specified radiator points for a (3 ℓ/min) flow rate and the same above inlet 

oil temperature. As such, the figures showed that at certain times the temperature 

increases slowly by a value not exceeding 4°C. This is due to the transitory 

conduct, which starts from the start of the experiment to the 45 minutes and effect 

of metal foam used. After that, a state of stability has occurred, with almost no 

temperature variation with time. For the other two flow rates, 1 and 2 ℓ/min, the 

same trends are present. Also, the heat dispersed from the first and end of the 

radiator panel is more dispersed than the middle panels due to its close to the 

surrounding air. 

 It's clear from Figures 4.16, 4.17, and 4.18 the stability of radiator cooling 

capacity along the operation time with inlet oil temperatures at all oil flow rates. 

Also, it's evident from the Figures that the cooling capacity increases with an 

increase of flow rate to reach maximum values of (685, 1483.5, and 2003.9 W) 

respectively, as Figures showed at flow rate 3 ℓ/min.  
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Fig. 4.13: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (50 ᵒC) and (ΔT = 7ᵒC) 

Fig. 4.14: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (60 ᵒC) and (ΔT = 15 ᵒC) 

 

Fig. 4.15: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (70 ᵒC) and (ΔT = 20 ᵒC) 
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Fig. 4.16: Variation of cooling capacity with time for inlet oil temperature (50 

ᵒC). 
 

 

Fig. 4.17: Variation of cooling capacity with time for inlet oil temperature (60 

ᵒC).  
 

 

Fig. 4.18: Variation of cooling capacity with time for inlet oil temperature (70 

ᵒC). 
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4.4.2 (ODAN) Model with 35% Metal Foam. 

              In this model, experimental results were carried out by adding a Metal 

Foam of porosity 35% between radiator panels space. From figures (4.19) to 

(4.21) temperature stability performance has improved over time. This is due to 

the addition of more metallic foam between panels space. Also, it is visible from 

the figures that there is an increasing temperature at some points with time 

progress, by a value not exceeding 3.5 ᵒC; this is due to the transient behavior, 

which starts from the beginning of the experiment till the 40 minute.  After that, 

the system reaches the steady-state, and it is near, with no variation in 

temperatures with time. Simultaneously, the temperatures in points (T2 and T6)   

good agreement at cooling than (T4) due to direct exposure to the air surrounding 

and the positive effect of increasing the volume of metal foams between the voids 

of radiator panels, which leads to a significant increase in heat transfer. 

Figures 4.22, 4.23, and 4.24 show the relationships between coolant cooling 

capacity and time using the same parameters entered for the previous experiments: 

oil temperature and flow rate. The result shows that the cooling capacity increased 

with the increase of the flow rate, where the maximum cooling capacity was (782, 

1580.9, 2278.9 W) with a flow rate of (3 ℓ/min). As such, figures show regulation 

of radiator cooling capacity along the time of operation.  
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Fig. 4.19: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (50 ᵒC) and (ΔT = 8 ᵒC) 

Fig. 4.20: Variation of radiator temperatures with time for oil flow rate (ℓ/min), 

inlet oil temperature (60 ᵒC) and (ΔT = 16 ᵒC) 

 

Fig. 4.21: Variation of radiator temperatures with time for oil flow rate (ℓ/min), 

inlet oil temperature (70 ᵒC) and (ΔT = 22.8 ᵒC). 
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Fig. 4.22: Variation of cooling capacity with time for inlet oil temperature       

(50 ᵒC). 

Fig. 4.23: Variation of cooling capacity with time for inlet oil temperature       

(60 ᵒC). 

 

Fig. 4.24: Variation of cooling capacity with time for inlet oil temperature       

(70 ᵒC). 
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4.5 Oil Direct Air Force (ODAF) Model with (MFHE) 

This section illustrates a cooling system with convection force through di-

recting the oil and free convection of naturalizing air, with the considering effect 

of metal foam in a heat exchanger. This section was divided into two    values of 

porosities of metal foam (17% and 35%) as follows. 

 

4.5.1 (ODAF) Model with (17% MFHE) 

            The results of this department were implemented by adding a porosity of 

17% metallic foam between radiator panel voids. The average speed of the fans 

(6.5 m / s). In contrast, the date and time of the experiments and the ambient 

temperature are the same as before in the previous model. 

Figures 4.25, 4.26, and 4.27 show the low-temperature increases at certain 

times by a value of no more than four °C, due to the transient comportment that 

starts from the beginning of the experiment until the thirty-five minutes. After 

that, a steady- state was occurred, with almost no temperature variation with time. 

For the other two flow rates, 1 and 2 ℓ/min, the same trends are present. 

Meanwhile, figures show that the temperature points in the center panels of the 

radiator are outperformed the other panels because they receive a large amount of 

air from the fans. On the other hand, the increases in low temperature can be 

attributed to significant conduction when the volume of metal foam porosity 

reaches 17%. 

It is illustrated from Figures from 4.28 to 4.30 that radiator cooling capacity 

stabilizes over time with inlet oil temperatures (50, 60, and 70 ᵒC) at all oil flow 

rates. Furthermore, the cooling power increases as the flow rate increases 

compared with propose validate of [45], reaching its maximum value of (917.9, 

1940.3, and 2844.3W) at a flow rate of 3 ℓ/min. 
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Fig. 4.25: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (50 ᵒC and (ΔT = 9.4ᵒC)). 

Fig. 4.26: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (60 ᵒC) and (ΔT = 19.7 ᵒC). 

 

Fig. 4.27: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (70 ᵒC) and (ΔT = 28.6 ᵒC). 
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Fig. 4.28: Variation of cooling capacity with time for inlet oil temperature      

(50 ᵒC).

Fig. 4.29: Variation of cooling capacity with time for inlet oil temperature      

(60 ᵒC). 

 

Fig. 4.30: Variation of cooling capacity with time for inlet oil temperature      

(70 ᵒC). 
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4.5.1 (ODAF) Model with (35% MFHE) 
 

            This segment was created by increment a 35% metal foam into the radiator 

panel's voids. The average speed of the fans is 6.5 m/s. In contrast, the date and 

time are the same previous experiment. Figures 4.31, 4.32, and 4.33 show the 

temperature variation over time at all specified points along with the radiator for 

a flow rate of (3 ℓ/min) and inlet oil temperatures (50, 60, and 70 ºC). In general, 

the figures showed that the temperature decreased by a value of not more than 

three ºC at the middle of radiator panels and 1 ºC at the end panels of a radiator 

as time progressed. This is attributed to several reasons; the first is the transient 

comportment that begins at the start of the experiment and continues until the 

twenty-fifth minute. Next, the system reaches a steady-state, with almost no 

temperature variation over time. The same trends have occurred for the two other 

flow rates, 1 and 2 ℓ/min. The second reason can be attributed to significant 

conduction occurring at interconnected pores when the porosity of metal 

increasing to reach 35%. This, in turn, improves the transfer of fluid heat from the 

wall to the surrounding surface compared with Dixit et al. [70]. This was 

positively affected by the radiator panels. 

Figures 4.34, 4.35, and 4.36 demonstrate stability and uniformity of heat 

transfer Shang et al. l compared with [79], of radiator cooling capacity and the 

operation with inlet oil temperatures all oil flow rates. Furthermore, it's intelligible 

from the figures that the cooling capacity increases with the flow rate increases to 

reach its maximum value (1149.8, 2017.6, 3000W) at a flow rate of 3 ℓ/min. 
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Fig. 4.31: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min) and inlet oil temperature (50 ᵒC) and (ΔT = 11.8 ᵒC). 

Fig. 4.32: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (60 ᵒC) and (ΔT = 20.5 ᵒC). 

 

Fig. 4.33: Variation of radiator temperatures with time for oil flow rate (3 

ℓ/min), inlet oil temperature (70 ᵒC) and (ΔT = 30.2 ᵒC). 
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Fig. 4.34: Variation of cooling capacity with time for inlet oil temperature       

(50 ᵒC). 

Fig. 4.35: Variation of cooling capacity with time for inlet oil temperature       

(60 ᵒC). 

Fig. 4.36: Variation of cooling capacity with time for inlet oil temperature 

(70ᵒC). 
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4.6 Effect of Metal Foam Porosity on Cooling Capacity 
 

This discussion described maximum cooling capacity for all flow rates on 

two models and compared it with and without metal foam sponge. The results 

are as follows. 

4.6.1 ODAN Model 
 

            This part presents the effects of cramming the radiator panels in 

transformers with metallic foam whose porosity ranges from (17% to 35%). This 

study was carried out through the results recorded from all previous experimental 

tests of the models. Thus, the study was carried out simultaneously with the 

previously mentioned weather conditions for the model tests. Experiments were 

performed for each oil flow rate (1, 2, 3 ℓ/min) at the inlet oil temperature (50, 60, 

and 70 ° C) to demonstrate the effect of foaming metallic sponges on the cooling 

capacity without fans worked. Subsequently, the maximum value of the cooling 

capacity is calculated by adding metallic foam and comparing it to the highest 

value of the cooling capacity without adding metallic foam. 

It is clear from Figures (4.37) to (4.45) that cooling capacity increased with 

increased the porosity of metal foam sponge for the radiator panels' spaces along 

the time of operation with inlet oil temperature values at each flow rate. 

Simultaneously, it is evident from the figures that cooling capacity increased with 

increases the surface area of radiator vertical panels, also, the metallic foams 

indicated the relationship between the hot oil and the surrounding surface due to 

the high porosity of the metal foam that generated increases in turbulence flow of 

oil hot to reach maximum cooling capacity (422.6, 850.8, 1059.7W), (650.6, 

1280.5, 1912.8), and (782, 1581, 2279W) at all inlet oil temperatures for each 

flow rate, at metal foam porosity reaches 35%.  Figures (4.46, 4.47 and 4.48) 

illustrated the maximum cooling capacity for inlet oil temperatures (50, 60, and 

70 ◦C), when volumetric oil flow rate (Q1= 1 ℓ/min), and these figures shows the 

maximum cooling capacity at metallic foam 35% for all cases of (Tin = 50, 60 

and 70 ◦C). 
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Fig. 4.37: Variation of cooling capacity with time for (Tin=50ᵒC and Qin=1 

ℓ/min) 

Fig. 4.38: Variation of cooling capacity with time for (Tin=60ᵒC and Qin=1 

ℓ/min) 

 

 

Fig. 4.39: Variation of cooling capacity with time for (Tin=70ᵒC and Qin=1 

ℓ/min) 
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Fig. 4.40: Variation of cooling capacity with time for (Tin=50ᵒC and Qin=2 

ℓ/min)

Fig. 4.41: Variation of cooling capacity with time for (Tin=60ᵒC and Qin=2 

ℓ/min) 

  

Fig. 4.42: Variation of cooling capacity with time for (Tin=70ᵒC and Qin=2 

ℓ/min) 
 

 

 

450

500

550

600

650

700

750

0 10 20 30 40 50 60 70

R
ad

ia
o

r 
C

o
o

lin
g 

C
ap

ac
it

y 
[W

]

Time [min]

Without Metal Foam 17% Metal Foam 35% Metal Foam

1000

1050

1100

1150

1200

1250

1300

1350

1400

0 10 20 30 40 50 60 70

R
ad

ia
o

r 
C

o
o

lin
g 

C
ap

ac
it

y 
[W

]

Time [min]

Without Metal Foam 17% Metal Foam 35% Metal Foam

1250

1350

1450

1550

1650

1750

1850

1950

2050

0 10 20 30 40 50 60 70

R
ad

ia
o

r 
C

o
o

lin
g 

C
ap

ac
it

y 
[W

]

Time [min]

Without Metal Foam 17% Metal Foam 35% Metal Foam



[CHAPTER FOUR]                                                              [RESULTS AND DESCUSIONS] 

86 

 

Fig. 4.43: Variation of cooling capacity with time for (Tin=50ᵒC and Qin=3 

ℓ/min) 

Fig. 4.44: Variation of cooling capacity with time for (Tin=60ᵒC and Qin=3 

ℓ/min) 

 

 

Fig. 4.45: Variation of cooling capacity with time for (Tin=70ᵒC and Qin=3 

ℓ/min) 
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Fig. 4.46: Variation of cooling capacity with time for without metal foam and 

Qin=1 ℓ/min 
 

 

 
 

Fig. 4.47: Variation of cooling capacity with time for 17 % metal foam and 

Qin=1 ℓ/min 
 

 
 

Fig. 4.48: Variation of cooling capacity with time for 35 % metal foam and 

Qin=1 ℓ/min 
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4.6.2 ODAF Model 

          This section explained the effect of adding metallic foam (17% and 35% 

porosity) to the radiator system. The average fans speed of 6.5 m / s is used for 

forced air. This research was carried out through the results recorded from all 

previous pilot tests of the models. Thus, the study was carried out simultaneously 

with the previously mentioned weather conditions for the model tests. 

Experiments were performed for each oil flow rate (1, 2, 3 ℓ/min) at the inlet oil 

temperature (50, 60, and 70 ° C) to demonstrate the effect of foaming metallic 

sponges on the cooling capacity.  

           Figures (4.49) to (4.57) demonstrated that cooling capacity increased with 

increasing the porosity of metal foam for crammed in panels' voids of transformer 

radiator, ranging from 17 to 35% along the time of operation with inlet oil 

temperature values at each flow. Also, it is visible from the figures that cooling 

capacity increased with increase the thermal conductivity of the panel walls due 

to the metallic foam physical properties have more thermal conductivity than 

panels, which it's enhancement heat transferred between the oil and panels wall   

to reach maximum cooling capacity (493, 895, 1181W), (843.5, 1633.7, 2269), 

and (1149.8, 2017.6, 3000W) at all inlet oil temperature for each flow rate, at 

metal foam magnitude of porosity 35%. On the other hand, when there is doubled 

influencing as (fans and metal foam), they may also be seen in Figures from 4.46 

to 4.54, the increase in cooling capacity values due to increasing heat transfer 

forced convection and thermal conductivity of radiator panels compared with 

validate of Kaymaz  (2015) [71].   

Figures. (4.58, 4.59 and 4.60) show the effects of increased the radiator 

panel's surfaces through the increase in the porosity densities of metal foam 

sponges to reach 35 %. These figures are obtained at volumetric oil flow rate (Q1 

=1 ℓ/min) and different inlet oil temperatures and metallic foam values. From the 

figures, it can be clearly seen that the maximum cooling capacity for each cases 

with raised when value of metal foam porosity is 35 %.  The same trends are 
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occurred for the other flow rates, 2 and 3 ℓ/min.

Fig: 4.49: Variation of cooling capacity with time for (Tin=50ᵒC and Qin=1 

ℓ/min)

Fig. 4.50: Variation of cooling capacity with time for (Tin=60ᵒC and Qin=1 

ℓ/min)

 

Fig. 4.51: Variation of cooling capacity with time for (Tin=70ᵒC and Qin=1 

ℓ/min) 
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Fig. 4.52: Variation of cooling capacity with time for (Tin=50ᵒC and Qin=2 

ℓ/min)

Fig. 4.53: Variation of cooling capacity with time for (Tin=60ᵒC and Qin=2 

ℓ/min) 

 

Fig. 4.54: Variation of cooling capacity with time for (Tin=70ᵒC and Qin=2 

ℓ/min) 
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Fig: 4.55: Variation of cooling capacity with time for (Tin=50ᵒC and Qin=3 

ℓ/min) 

Fig. 4.56: Variation of cooling capacity with time for (Tin=60ᵒC and Qin=3 

ℓ/min) 

 

Fig. 4.57: Variation of cooling capacity with time for (Tin=70ᵒC and Qin=3 

ℓ/min) 
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Fig. 4.58: Variation of cooling capacity with time for without metal foam and 

Qin=1 ℓ/min 

Fig. 4.59: Variation of cooling capacity with time for 17 % metal foam and 

Qin=1 ℓ/min 

 

Fig. 4.60: Variation of cooling capacity with time for 35 % metal foam and 

Qin=1 ℓ/min 
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 CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 
 

5.1 Conclusion 

For large transformer radiator, the following concluded points determined 

the radiator cooling performance: 

i. There are good responses between heat transfer and variation in operational 

parameters (oil flow rate, temperature, and airflow) in experiment work. 

ii. As the flow rate increased, the temperature difference between the top and 

bottom decreased because of the high volume flow rate. 

iii. Cooling capacity value of radiator increases at the increase of flow rates. 

iv. The maximum cooling capacity for oil temperature 70ᵒC and flow rate is 3 

l/min, with 17% porosity of metal foam and without using metal foam are 

(2003.9  and 1816.5) W, respectively. When model cooling is (ODAN). 

v. Amount of cooling capacity with oil temperature 70ᵒC and flow rate of 3 

l/min with using effect of 17% porosity of metal foam and without using 

metal foam are (2844.3W and 2591.6W), respectively when typical of a 

model (ODAF). 

vi. Value of maximum cooling capacity is (3000 W) when using metal foam 

heat exchanger (MFHE) system with porosity (35%), and ODAF model, oil 

flow rate and temperature are (3 l/min and 70 ◦C), respectively. While 

(2844 W) for (17%) porosity at the same cooling model.  

vii. Variation of radiator temperatures for ODAN model increased with time 

not exceeding 10 ◦C to reach the steady-state after the minutes fifty from 

the experiment was started. 

viii. Variation of radiator temperatures for the ODAF model increased with time 

not exceeding 7.5 ◦C to reach the steady-state after the minutes forty from 

the experiment was started. 
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ix. During the beginning of an experiment, variation of temperatures until 

steady-state (transient)   are different from one model to another model. 

x. Reaching the steady-state of variation of temperatures for ODAF model, 

and using metal foam with porosity of (35%), were faster than author 

models. 

xi. The maximum cooling capacity increased with increases surface porosity 

density between the vertical panels of the radiator. 

xii. Based on these tests' results, it may be observed that the radiator cooling 

performance could be applied to oil-filled large transformer radiators using 

the cooling mode forced or natural cooling. 

5.2 Recommendations 
 

Several studies can be carried out in the future to understand the behavior of 

radiators, including: 

i. Studying the effect of changing radiator fins' shape that affects them by 

examining figures that differ from the traditional rectangular radiator 

panels, as in piercing or changing its geometric shapes. 

ii. Using hybrid nanoparticles such as water-Cu nanoparticles with Al2O3, 

especially when applying forced convection to determine the best speed of 

the appropriate oil with the radiator's size and the amount of air circulating 

the radiator fins. 

iii. Studying influence of nanoparticles on the metal foam sponges. 

iv. Studying the forced convection transformer oil through oil-based 

microencapsulated phase change materials (MEPCM) suspension with 

multi-volume fractions %. 

v. Using materials have thermal conductivity, light weight and suitable costs 

from other than aluminum, as nickel, coper and others in metal foam 

sponges. 
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APPENDIX A 

CALIBRATION 
 

A.1 Calibration 
 During the calibration of the measuring system, the relationship between 

the value of the measuring system's input and the system's stated output value is 

described. Volumetric flow rate, temperature panel, outdoor air, and oil 

temperature inlet, and outlet Radiator. The volumetric fluid flow rate is measured 

with a flow meter. The heat meter is used to measure the inlet and outlet's oils, 

and thermocouples and sensors use the data logger to measure the radiator's oil 

and plates' temperature and the outside air. Since these currencies are easy to 

handle and have the necessary measurement precision, accurate measurements 

may be checked either by calibrating or comparing the instruments with other 

suitable measuring devices in normal conditions. 

A.2 Oil flowmeter calibration 
 Using cylindrical graduated glass vessels and a stopwatch, the volumetric 

rate device is set. The calibration measurements and test results are shown in the 

following section. With a stopwatch and graduated glass vessel, the calibrator 

time weight method is used to calibrate the volume flow meter. The calibration is 

achieved by flowing oil through a flow meter at various flow rates while 

simultaneously calculating the flow time needed by volume by the pail to fill the 

correct amount of working fluid. Calibration samples for volume flow meters as 

follows:  

For each volumetric flow measurement, a volume of one liter of oil is used for 

one minute of testing. 
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Table. A.1: Oil flow meter calibration 

Inspection 

Number 

Monitor Time 

In (minute) 

Oil discharge is a graduate vessel 

In (LPM) 

1 1 0.98 

2 1 0.97 

3 1 0.966 

4 1 0.97 

5 1 0.98 

 

The average volumetric flow rates.  

V= (v₁+v₂+v₃+v₄+V5)/4= (0.98+0.97+0.966+0.97+0.98)/5= 0.973 LPM the error 

of the volume flow meter = 1- 0.973 =0.027 LPM 

% Error= (1-0.027)/1    ×100 = 2.7%  

A.3 Sensors Temperature of V8 Data Logger Calibrations and 3K 

type thermocouples: 

 
A mercury thermometer tests temperature sensors (S1 to S6) for Data Logger. A 

mercury thermometer also measures three thermocouples (T1 to T3), which are 

calibrated using the data in the Tables (A-2) and (A-3) 
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Table A.2: Calibration of V8- channels data logger with six sensors. 

Mercury 

Thermometer 

°c 

Sensor1 

°c 

Sensor2 

°c 

Sensor3 

°c 

Sensor4 

°c 

Sensor5 

°c 

Sensor6 

°c 

20 20.4 20.4 20.3 19.8 19.7 20.3 

25 25.5 25.4 24.6 24.7 25.4 25.3 

30 30.4 30.3 30.5 29.7 30.4 30.3 

35 35.4 35.4 35.3 35.4 34.6 35.4 

40 40.3 40.2 40.2 40.2 39.9 39.8 

45 45.2 45.4 44.7 44.6 45.2 45.2 

50 50.3 50.4 49.6 49.7 50.1 50 

55 55.4 55.3 54.6 55.1 55.3 54.6 

60 60.3 60.4 60.3 60.1 59.7 60.2 

65 64.5 65.4 64.5 64.5 65.5 64.6 

 

Table A.3: The calibration for 3 k- type thermocouple. 

Mercury 

Thermometer 

°c 

T1 

°c 

T2 

°c 

T3 

°c 

20 20.4 19.4 20.4 

25 24.8 25.4 25.4 

30 30.4 30.5 30.3 

35 35.5 35.3 35 

40 40.4 40.3 40 

45 45.4 45 44.7 

50 50.3 50 50.4 

55 55.3 55.2 55 

60 60.4 60.3 60 

65 64.3 65 64.7 
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A.4 Wind Speed Sensor Calibration 
 The wind speed measurement system (anemometer) type (AM-4206M) 

used in all experiments testing has been calibrated with a standard Davis weather 

station located at 10 meters above ground level in Najaf Engineering Technical 

College in Iraq. This station calculates wind speed in millimeters per second 

(m/s), with a range of 0.1 to 89 m/s and a precision of 5%. The calibration results 

are shown in the graph below (A-4). 

 

 

Fig. A-4: Anemometers Calibration 
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APPENDIX B 

FOAM POROSITY CALCULATION 
 

B-1 Porosity Calculation 
 For calculated the porosity of metal foam that used in an experimental test, 

we should find the volume of one piece of metal in in a graduated laboratory    

container with accurate measurements. Also must find the rigid volume (solid 

volume) for one piece of metal foam, after that calculate the void volume when 

used 20 pieces of metal foam and in second experimental test used 40 pieces.  

Now the porosity of the two cases can be calculatedِ as the following steps. 

a) Volume of metal in Laboratory is (1.1 * 10-6 m3) 

b) Solid volume of metal out the laboratory is (1.57 * 10-4 m3) 

c) Vv =Vs - V where, void volume = solid volume –metal volume in laboratory 

    The void volume is (1.56 * 10-4 m3)  

d) Vt (V total) for the panel of radiator by multi the (length * width * high) is 

(1.8 * 10-2 m3) 

h)  The void volume for 20 pieces is (3.18 * 10-3 m3) 

i) The void volume for 40 pieces is (6.24 * 10-3 m3)  

Table. B-1: The porosity calculation results 

Number of Metal Foam 

For Radiator Panel 

Porosity Raito  

(ɛ) 

Porosity 

% 

20 0.17 17 

40 0.35 35 
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APPENDIX C 

EXPERIMENTAL WORK DATA 
Table. C-1: Data of experimental work for day (1/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and 

Flow rate (1 ℓ/min) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Toil,in 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Toil,out 

 

 

ΔT 

 

 

Tave;oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 45.9 42.6 46.8 43.3 46.9 42.4 42.5 7.5 46.25 1956.37 0.0167 245 

60 49.4 42.9 52 43.5 52.6 42.7 42.6 17.4 51.3 1973.82 0.0167 573.6 

70 55.7 44.7 58.7 44.8 58.3 44.6 44.8 25.2 57.4 1996.63 0.0167 839.5 

 

ODAF 

50 43.9 41 43.4 41.7 44.8 41.3 40 10 45 1952.05 0.0167 326 

60 47 40.9 46 40.7 48 42.7 40.5 19.5 50.25 1970.19 0.0167 641.6 

70 50.9 40.9 49.5 40.9 52.9 42 41.5 28.5 55.75 1989.2 0.0167 946.7 
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Table. C-2: Data of experimental work for day (2/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and 

Flow rate (2 ℓ/min) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Toil,in 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Toil,out 

 

 

ΔT 

 

 

Tave;oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 45.1 41 46.6 39.7 47 42.9 42.7 7.3 46.35 1956.71 0.0333 476 

60 52.5 43.3 53.5 42.6 52 43 44 16 52 1976.24 0.0333 1053.89 

70 60.6 51.1 61.8 51.4 62.7 48.4 50 20 60 2003.89 0.0333 1335.8 

 

ODAF 

50 41.9 37.6 40.3 36.9 43.5 37.9 40.8 9.2 45.4 1953.42 0.0333 599 

60 44.9 37.8 43 36.3 47.6 37.3 41.2 18.8 50.45 1971.40 0.0333 1235.29 

70 54.3 43.4 52.2 39.8 53.7 42 43.7 27.3 56.85 1993 0.0333 1747 
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Table. C-3: Data of experimental work for day (3/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and  

Flow rate (3 ℓ/min) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Toil,in 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Toil,out 

 

 

ΔT 

 

 

Tave;oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 45 38.8 46.4 39.2 47 39 44 6 47 1958.96 0.05 587.6  

60 49.8 45.4 51 46.1 51.4 45.6 45.4 14.6 52.7 1978.66 0.05 1444.42  

70 60.8 50.7 62.5 50.2 63.8 50.6 51.9 18.1 60.95 2007.17 0.05 1816.5  

 

ODAF 

50 43.6 38.7 43.4 39.2 44.5 38.5 41.8 8.2 45.9 1955.15 0.05 801.6 

60 49 40 45 40.5 50 40 42.6 17.4 51.3 1973.8 0.05 1717.23 

70 56 44.7 50 45.9 56.3 44.8 44 26 57 1993.52 0.05 2591.58 
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Table. C-4: Data of experimental work for day (4/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and  

Flow rate (1 ℓ/min) With Metal Foam Porosity (MF 17%) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Tin 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Tout 

 

 

ΔT 

 

 

Tave 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 
50 

43.8 39.2 46.4 39.5 46.4 38.7 38.3  

11.7 
44.15 1949.10 0.0167 380.8 

60 49.3 42.6 53.3 42.4 54.2 42.2 41  19 50.5 1971.05 0.0167 625.4 

70 54.5 43.6 58.9 43.3 60.5 43.3 41.3 28.7 55.65 1988.85 0.0167 953.2 

 

ODAF 

50 40.2 37.4 40.2 37.8 42.6 36.9 37.7 12.3 43.85 1948.07 0.0167 400.1 

60 42.2 38.3 41.9 36.8 46.8 37.2 36.8 23.2 48.4 1963.79 0.0167 760.8 

70 44.9 37.7 43.8 35.8 51.7 37.3 37 33 53.5 1981.42  0.0167 1091.97 
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Table. C-5: Data of experimental work for day (5/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and  

Flow rate (2 ℓ/min) With Metal Foam Porosity (MF 17%) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Tin 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Tout 

 

 

ΔT 

 

 

Tave 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 45.1 40.8 45 41.8 48.1 40.3 40.5 9.5 45.25 1952.91 0.0333 618.36 

60 49 40 53.5 41 54.3 39.7 41.5 18.5 50.75 1971.92 0.0333 1215.9 

70 53.4 43,5 60 42.7 63.5 43.6 43 27 56.5 1991.79 0.0333 1792.4 

 

ODAF 

50 40.6 37.9 40.4 37 44.7 36 37.1 12.9 43.55 1947.04 0.0333 837 

60 41.6 37 41.2 35.3 46 36.1 36 24 48 1962.41 0.0333 1569.78 

70 46.2 39 45.2 35.3 52.6 38.6 36.3 33.7 53.15 1980.21 0.0333 2224.22 
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Table. C-6: Data of experimental work for day (6/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and  

Flow rate (3 ℓ/min) With Metal Foam Porosity (MF 17%) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Tin 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Tout 

 

 

ΔT 

 

 

Tave; oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 46.8 42.6 49.6 42 47.8 42.6 43 7 46.5 1957.23 0.05 685 

60 52.5 44.8 56.8 56 55 44.9 45 15 52.5 1977.97 0.05 1483.4 

70 59 49.4 65.5 64.3 64 48.4 50 20 60 2003.89 0.05 2003.9 

 

ODAF 

50 42.2 40.2 38 37.9 43.2 40 40.6 9.4 45.3 1953.08 0.05 971.94 

60 43 41.3 43.2 35.4 48.8 38.8 40.3 19.7 50.1 1969.84 0.05 1940.3 

70 47 43.1 49 37.7 51.3 41.3 41.4 28.6 55.7 1989.03 0.05 2844.3 
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Table. C-7: Data of experimental work for day (7/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and  

Flow rate (1 ℓ/min) With Metal Foam Porosity (MF 35%) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Tin 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Tout 

 

 

ΔT 

 

 

Tave;oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 44.1 37.8 47.2 37.4 46.5 37.6 37 13 43.5 1946.86 0.0167 422.6 

60 49 34.3 55.3 34.5 53.7 33.4 34 26 47 1958.96 0.0167 850.5 

70 52.3 39.5 58.3 40 58.1 38.4 38 32 54 1983.15 0.0167 1059.8 

 

ODAF 

50 37.5 35.3 37.4 34.5 40.4 33.9 34.8 15.2 42.4 1943.05 0.0167 493.2 

60 37.8 33.3 37.1 33 41.2 32.1 32.6 27.4 46.3 1956.54 0.0167 895.2 

70 37.8 35.6 38 33.6 40.5 34 34.2 35.8 52.1 1976.58 0.0167 1181.7 
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Table. C-8: Data of experimental work for day (8/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and  

Flow rate (2 ℓ/min) With Metal Foam Porosity (MF 35%) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Tin 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Tout 

 

 

ΔT 

 

 

Tave; oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 45.6 40.7 48.8 41 48 40.7 40 10 45 1952.07 0.0333 650.6 

60 51.8 44.6 56.1 43 55.6 43.8 40.5 19.5 50.25 1970.19 0.0333 1280.5 

70 54.7 44.4 61.8 42.3 60.7 42.4 41 29 55.5 1988.34 0.0333 1921.8 

 

ODAF 

50 40.5 38.1 40.3 37.2 43.1 37.2 37 13 43.5 1946.86 0.0333 843.55 

60 44 39.1 43.9 37.4 48.9 38 35 25 47.5 1960.68 0.0333 1633.74 

70 43.3 38.5 44.4 35.4 50.4 36.3 35.6 34.4 52 1979 0.0333 2269.04 
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Table. B-9: Data of experimental work for day (9/9/2020), Time from (05:00 PM to 12:00 AM), (Tave; amb = 40ᵒC), and 

Flow rate (3 ℓ/min) With Metal Foam Porosity (MF 35%) 

Cooling 

Model 

Temperature (ᵒC) 
Specific 

Heat 

Mass 

Flow Rate 

Cooling 

Capacity 

 

Tin 

 

 

T1 

 

 

T2 

 

 

T3 

 

 

T4 

 

 

T5 

 

 

T6 

 

 

Tout 

 

 

ΔT 

 

 

Tave;oil 

 

Cp 

(J/kg.k) 

ṁ oil 

(W/m.k) 

P Radiator 

(W) 

 

ODAN 

50 46.1 42.1 48.3 42 47.6 42.2 42 8 46 1955.50 0.05 782.20 

60 52 44,7 56.7 55.2 54.9 44.3 44 16 52 1976.24 0.05 1581 

70 58.6 49.6 63.4 63.6 63.6 47.4 47.2 22.8 58.6 1999.05 0.05 2279 

 

ODAF 

50 41.3 39.5 37.4 37.4 43 39 38.2 11.8 44 1948.39 0.05 1149.87 

60 42 40.3 42.3 39.8 47.8 40.7 39.5 20.5 49.75 1968.45 0.05 2017.68 

70 45.6 40.9 48 38 51 39.5 39.8 30.2 54.9 1986.26 0.05 3000 

 

 

 



[APPENDEX]       

  
 

  

 

 

 

 

 

 

 

 

 

 

 

APPENDIX – D 

LIST OF PUBLICATIONS  

 

 

 

 

 

 

 



   

  
 

  

 

APPENDIX – D 

LIST OF PUBLICATIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
 

  

 

 

 

 



 

  
 

 

 

صةالخلا

يتم فقد بعض الطاقه وتتحول الى حرارة اثناء عمل المحول الكهربائي. هذا الفقدان للطاقة يؤدي  

ن المتاحه. االى ارتفاع في درجة حرارة المحول لذلك يجب التحكم بهذه الحرارة من خلال حلول التبريد 

عمل المحول بدرجات حرارة عالية يؤدي الى تدهور المكونات ويقلل من عمر المحول الكهرابئي. ولاجل 

ديمومة عمل المحول يتم غمر ملفات المحول بشكل عام في خزان مموج مملوء بالزيت, يبرد الزيت الحار 

ة مشعات قياسية من الواح عمودية للمحول الكهربائي وهذه المبادلات هي من خلال المبادلات الخارجية

 رفيعة. التي تنقل حرارة الزيت الى الهواء المحيط بعملية الحمل القسري او الطبيعي.

الهدف من هذا العمل هو إيجاد قدرة التبريد القصوى والتغيرات في درجات الحرارة لألواح الرادياتير 

لتر / دقيقة( وثلاث قيم  3,  2,  1الزيت ) الرأسية بشكل تجريبي. تم استخدام ثلاث قيم لمعدلات تدفق

في كلا درجة مئوية(. تم استخدام نقل الحرارة لتبريد الزيت  70,  60,  50متغيرة لدرجة الحرارة )

  (ODAF). لزيت المباشرا الهواء القسري, و (ODAN) المباشر للزيت  لطبيعيالتكوينين , الهواء ا

المبرد  لزيتلتطوير نقل الحرارة ل بادل الحراري الخارجي للمحول,تم استخدام طريقة جديدة في المأيضًا 

. أظهرت النتائج عند استخدام (MFHEللمبادل الحراري ) رغوية معدنية اتعن طريق إضافة إسفنج

قدرات فأن درجة مئوية( على التوالي.  70,  60,  50بدرجات حرارة مدخل الزيت ) (ODAN) نموذج

لتر / دقيقة.  3واط( عندما يكون معدل تدفق الزيت  1816.5,  1444.4,  587.6التبريد القصوى هي )

درجة  70,  60,  50بدرجات حرارة مدخل الزيت ) (ODAF) كما أظهرت النتائج عند استخدام نموذج

واط( بمعدل تدفق  2591.6,  1717.2,  801.6مئوية( على التوالي. تبلغ سعات التبريد القصوى )

 .ةلتر / دقيق 3الزيت 

 (MFHE) جديدة من خلال استخدام مبادل حراري للرغوة المعدنيةالتبريد اليستخدم العمل حالياً طريقة 

( على التوالي. ٪35و  ٪17من خلال استغلال الوسط المسامي والتحكم في قيمة مساميته والتي بلغت )

رنة عند استخدام , مقا (ODAF) و (ODAN) أظهرت النتائج قدرة التبريد القصوى لكلا النموذجين

( حيث أظهرت النتائج المسامية ٪35و  ٪17بقيمتين مختلفتين للمسامية ) (MFHA) طريقة التبريد الجديدة

. النتائج التي تم الحصول عليها الكهربائي للمحول حراريالمبادل الالمعتمدة نشطة لتطوير  (. ٪35) بـ

فأن ؛  (Fans Off) حالة المسامية في ( من٪35مبردة بـ )ال (MFHE) بشكل أساسي عند استخدامها

لتر / دقيقة. أظهرت  3واط( بمعدل تدفق زيت  2278.9,  1580.9,  782قدرات التبريد القصوى هي )

 , (Fans ON)  في حالة  ( مسامية ,٪35مبردة بنسبة )ال (MFHE) النتائج الثانوية عند استخدامها

 .لتر / دقيقة 3وات( بمعدل تدفق الزيت  3000,  2017.6,  1149.8قدرات التبريد القصوى )فأن 
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