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            Abstract
          
        

        
          Effective thermal management is crucial for the reliable operation of large-capacity offshore wind turbine transformers, which operate under highly variable power loads and harsh marine environments. The adoption of natural-ester-based insulating oils improves fire safety and environmental compatibility. However, they introduce cooling challenges owing to their high viscosity and lower thermal conductivity compared with conventional mineral oils. This study presents a comprehensive three-dimensional computational fluid dynamics (CFD) framework, investigating a compact, fin-type ester oil–water heat exchanger operating under a counter-flow configuration. The numerical model considers fully conjugate heat transfer to evaluate temperature distributions, flow characteristics, and cooling effectiveness. Parametric investigations indicated that the water-to-oil mass flow rate ratio determined the overall cooling capacity. By contrast, the oil mass flow rate governed the outlet oil temperature through fluid residence time effects. Lower oil flow rates maximized temperature drops, whereas increasing the water mass flow rate reduced thermal returns once water-side convective resistance was minimized, stabilizing the outlet oil temperature at approximately 21°C. Higher oil inlet temperatures increased the thermal driving potential, resulting in progressive enthalpy drops of up to 130 kJ/kg at a 100°C inlet. These quantitative findings establish robust engineering guidelines for designing high-performance, energy-efficient cooling systems tailored to modern wind energy infrastructure.
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      1. Introduction
      The rapid expansion of renewable energy technologies has led to a significant increase in the deployment of onshore and offshore wind power plants. Wind power transformers are critical components in these systems, enabling voltage step-up from turbine generators to grid-level transmission networks. Unlike conventional grid transformers, wind power transformers operate under highly variable loading conditions caused by stochastic wind behavior, frequent start–stop cycles, and intermittent power generation. These challenges are exacerbated in offshore and nacelle-mounted installations, where space limitations, high humidity, salt-fog exposure, and limited cooling capability complicate thermal management.[1]

      Thermal performance plays a decisive role in transformer reliability, efficiency, and service life. Elevated temperatures accelerate the thermal aging of cellulose insulation, degrade dielectric liquid properties, and increase the probability of insulation failure, leading to unplanned outages and high maintenance costs.[2,3] International standards, such as IEC 60076-7, explicitly identify temperature rise and thermal aging as dominant design constraints for oil-immersed power transformers operating under cyclic loading and overload conditions.[4] Consequently, developing compact, reliable, high-performance cooling systems is essential for modern wind energy infrastructure.

      Traditional transformer cooling system design methods rely primarily on empirical correlations, lumped thermal networks, or simplified analytical models. While these approaches are useful for preliminary assessments, they are inherently limited in predicting localized hot spots, three-dimensional flow non-uniformities, and coupled fluid–solid heat transfer effects in compact exchangers.[5] These limitations become more pronounced when natural ester insulating oils are employed, as their higher viscosity and lower thermal conductivity significantly alter convective heat transfer behavior and pressure losses.[6~8]

      Natural ester insulating oils are increasingly adopted due to their high fire and flash points, biodegradability, and reduced environmental impact.[7] However, their unfavorable thermal–hydraulic properties necessitate optimized heat exchanger designs. Fin-type heat exchangers, characterized by high surface-area-to-volume ratios, offer an effective way to enhance heat-transfer performance while maintaining compact dimensions.[9,10] Computational fluid dynamics (CFD) has emerged as a powerful tool for detailed analysis and optimization of thermal systems in power and energy engineering. CFD enables spatially resolved predictions of velocity, temperature, turbulence, and entropy generation, providing deeper insight into the physical mechanisms governing cooling performance.[11,12] Although CFD studies have been reported for transformer windings, cooling ducts, and radiator systems, comprehensive investigations focusing on compact ester oil–water heat exchangers specifically designed for large-scale wind power transformers remain limited.

      The present study conducts a CFD-based thermal performance evaluation of a fin-type ester oil–water heat exchanger tailored for large-scale wind power transformer cooling, aiming to establish clear design guidelines for efficient and reliable operation.

    

    

  
    
      2. Modeling and Methodology
      
        2.1 Heat Exchanger Modeling
        The cooling system investigated in this study consists of an external ester oil–water heat exchanger integrated into the oil-circulation loop of a large‑scale wind power transformer. External modular cooling units are preferred in offshore substations and nacelle‑mounted transformers because they offer compactness, installation flexibility, and ease of maintenance under constrained environmental conditions. A representative 9.2 MVA offshore wind turbine transformer using ester-based insulating fluid was selected. Based on typical manufacturer efficiency data, the total thermal loss, including core and winding losses at full load, is approximately 0.6% of the rated apparent power, corresponding to a required heat dissipation capacity of about 55.2 kW. In accordance with the thermal limits specified in IEC 60076-7, the cooling system must maintain acceptable top-oil and winding hotspot temperatures to ensure insulation reliability and prevent thermal aging.[4] Therefore, the proposed heat exchanger was designed to continuously dissipate the nominal thermal load of 55.2 kW while accommodating transient thermal peaks of up to 80 kW during periods of maximum power generation. The heat exchanger is designed as a compact fin‑type structure in which hot ester oil and cooling water flow through separate internal channels and exchange heat through thermally conductive solid walls. A counter‑flow configuration is adopted so that hot oil and cold water flow in opposite directions, maintaining a high local temperature difference along the heat exchanger and improving overall thermal effectiveness. The heat transfer process involves forced convection on both fluid sides and conduction through the separating wall, forming a fully conjugate heat transfer problem. Under steady‑state conditions, the heat transfer rate is expressed by Eq. (1). Figure 1 shows a schematic view of the heat transfer in the heat exchanger.
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          Fig. 1. 
				
          

          
            Schematic representation of heat transfer in the heat exchanger[13]
          
          

          

        

        Natural ester oil is selected for its fire safety and environmental advantages, and its properties are shown in Table 1. However, its higher viscosity and lower thermal conductivity compared with mineral oil reduce convective heat transfer. The heat exchanger considered in this study is a rectangular channel designed to facilitate efficient heat transfer using ester oil as the working fluid. The channel has an overall length of 1210 mm, a width of 485 mm, and a thickness of 230 mm, providing a compact yet effective flow domain. Figure 2 shows the heat exchanger model with the oil and the water circulation pump. The oil flows through a circular pipe with a diameter of 40 mm, and the horizontal fins are mounted on the inner surfaces of the heat exchanger to enhance heat transfer between ester oil and water. Figure 3 shows the heat exchanger body and a cross-sectional view of the horizontal fin arrangement, which is made of SUS 304 stainless steel, with dimensions of 457 mm × 142 mm × 5 mm, attached to the heat exchanger wall. 60 fins with a spacing of 15 mm are attached to the heat exchanger wall. The inlet and outlet are positioned on opposite ends of the channel to ensure a uniform flow path. The conjugate heat transfer between oil, water, and finned surfaces is used to simulate a realistic heat dissipation scenario. This geometric configuration aims to maximize surface area for heat transfer while maintaining a manageable pressure drop, making it suitable for applications such as transformer cooling and renewable energy systems.

        
          Table 1. 
				
          

          
            Physical property of ester oil[14]
          
          

        

        
          
            
              	Property
              	Value
            

          
          
            	Density (ρ)
            	920 kg/m3
          

          
            	Thermal conductivity (κ)
            	0.15 W/m·K
          

          
            	Specific heat (CP)
            	1900 J/kg·K
          

          
            	Dynamic viscosity (μ)
            	0.035 Pa·s
          

        

        

        
          
          

          Fig. 2. 
				
          

          
            3D model of Heat Exchanger with oil and water circulation pump
          
          

          

        

        
          
          

          Fig. 3. 
				
          

          
            Heat exchanger with horizontal fins
          
          

          

        

      

      
        2.2 Numerical Methodology
        The thermal and hydraulic performance of the ester oil–water fin‑type heat exchanger is investigated using 3D steady‑state CFD simulations with fully conjugate heat transfer. The flow of ester oil and cooling water is modeled as incompressible and turbulent, and the Reynolds‑averaged Navier–Stokes equations are solved together with the energy equation in both fluid and solid domains. The adiabatic exterior wall with a contact thermal resistance of 10-3 m2.°C/W are used for the CFD analysis of the heat exchanger.[15] The thermophysical properties of ester oil and water are defined to capture realistic variations over the operating temperature range relevant to wind power transformer cooling. The turbulence effects are modeled using the shear stress transport (SST) model with an automatic wall function, which provides reliable predictions for internal flows with adverse pressure gradients and enhanced heat transfer surfaces such as finned channels. The computational domain includes oil passages, water passages, and solid fin structures, and a hybrid mesh with local refinement near walls and fins is employed to accurately resolve velocity and thermal boundary layers. The average y+ values for the oil pipe and heat exchanger body are less than 1 and 6, respectively. At the inlets, mass flow rate and temperature boundary conditions are prescribed for both oil and water, while static pressure conditions are imposed at the outlets. All walls satisfy no‑slip velocity conditions and are thermally coupled at fluid–solid interfaces. Figure 4 shows the fluid domain of the heat exchanger for CFD simulations.

        
          
          

          Fig. 4. 
				
          

          
            Numerical models for CFD analysis
          
          

          

        

        The boundary conditions for the CFD analysis of the heat exchanger are shown in Table 2. The SST turbulence model was selected based on its proven ability to accurately predict internal flows with adverse pressure gradients and finned geometries. Unlike standard k-ε or k-ω models, SST combines near-wall accuracy with free-stream robustness, making it particularly suitable for compact heat exchanger simulations.[11] The simulation’s convergence is ensured by monitoring the residuals value of 10-6 and stabilization of outlet temperatures. A grid convergence study was performed using three mesh levels. The outlet oil temperature and enthalpy were monitored as indicators, and discretization error was quantified using the Grid Convergence Index (GCI). Table 3 shows that the difference between medium and fine meshes was less than 2% for outlet temperature and 1% for enthalpy, confirming mesh independence. The medium mesh was therefore adopted for all simulations to balance accuracy and computational efficiency.

        
          Table 2. 
				
          

          
            Boundary conditions for the CFD analysis of heat exchanger
          
          

        

        
          
            
              	Parameter
              	Value
            

          
          
            	Analysis type
            	Steady State
Thermal Energy
          

          
            	Working Fluid
            	Ester Oil and Water
          

          
            	Water Inlet
            	Mass Flow Rate (2 kg/s)
Inlet Temperature (20°C)
          

          
            	Water Outlet
            	Static Pressure (1 atm)
          

          
            	Ester Oil Inlet 
            	Mass Flow Rate (1 kg/s)
Inlet Temperature (80°C)
          

          
            	Ester Oil Outlet
            	Static Pressure (1 atm)
          

          
            	Turbulence Model
            	Shear Stress Transport
          

        

        

        
          Table 3. 
				
          

          
            Discretization error for numerical analysis for heat exchanger
          
          

        

        
          
            
              	
              	Outlet Temp. (°C)
              	Enthalpy (kJ/kg)
            

          
          
            	G1, G2, G3
            	14.3×106, 5.8×106, 3.0×106
          

          
            	
              r
              21
            
            	1.56
          

          
            	
              r
              32
            
            	1.40
          

          
            	
              ϕ
              1
            
            	24.90
            	249.60
          

          
            	
              ϕ
              2
            
            	25.20
            	250.10
          

          
            	
              ϕ
              3
            
            	25.40
            	250.50
          

          
            	
              p
              0
            
            	0.91
            	0.50
          

          
            	
              ϕ
              
                ext
              
              21
            
            	24.30
            	247.60
          

          
            	
              εa
              21
            
            	0.0120
            	0.0020
          

          
            	
              εext
              21
            
            	0.0247
            	0.0081
          

          
            	
              GCIfine
              21
            
            	3.01%
            	1.00%
          

          
            	
              GCIfine
              32
            
            	2.77%
            	1.09%
          

        

        

      

    

    

  
    
      3. Results and Discussion
      
        3.1 Oil Side Thermal Performance
        Figure 5 illustrates the temperature distribution in the oil circulation pipe and the full heat exchanger system. The results show that the ester oil enters the exchanger at approximately 80–90°C, representative of winding hotspot conditions under high-load wind turbine operation. As the oil flows through the fin-enhanced channels, a gradual decrease in temperature is observed along the streamwise direction, confirming continuous and effective heat extraction. The counter-flow configuration maintains a sufficient temperature gradient throughout the exchanger length, ensuring sustained cooling performance. The horizontal rectangular fins play a critical role by increasing the heat transfer surface area, disrupting the thermal boundary layer, and inducing secondary flow structures that promote thermal mixing. These enhancements are particularly important for natural ester oils, whose higher viscosity would otherwise suppress convective heat transfer. As a result, the outlet oil temperature decreases to approximately 30–40°C, providing a substantial thermal margin to extend transformer service life.

        
          
          

          Fig. 5. 
				
          

          
            Temperature distribution in a) oil circulation pipe and b) full system
          
          

          

        

      

      
        3.2 Water‑Side Heat Absorption and Entropy Generation
        Figure 6 presents the temperature and entropy distributions in the heat exchanger equipped with horizontal fins. Cooling water enters the exchanger at approximately 20°C and efficiently absorbs heat from the ester oil, reaching outlet temperatures of up to 50°C. This confirms effective utilization of the water-side heat capacity and underscores the advantage of the counter-flow configuration, which maintains a strong temperature gradient along the exchanger length and enhances overall cooling effectiveness. The static entropy generation is evaluated as an indicator of thermodynamic irreversibility.

        
          
          

          Fig. 6. 
				
          

          
            a) Water temperature contour and b) water entropy contour in the heat exchanger
          
          

          

        

        Entropy values range from approximately 80 to 400 J.kg⁻1.K-1, with concentrations near fin surfaces and regions of steep temperature gradients and velocity shear. The relatively smooth entropy distribution demonstrates that the heat transfer enhancement achieved by fins does not introduce excessive irreversibility, avoiding severe turbulence or flow separation. This indicates that the exchanger design achieves a favorable balance between heat transfer augmentation and thermodynamic efficiency.

      

      
        3.3 Effect of oil inlet temperature
        Figures 7 and 8 illustrate the thermal and energetic behavior of the heat exchanger under varying oil inlet temperatures. As the measurement moves from inlet to outlet, both temperature and enthalpy decrease progressively, confirming continuous heat transfer from the hot ester oil to the cooling water. The enthalpy drops in the ester oil pipes were 130, 96, 80, and 63 kJ/kg with the oil inlet temperatures of 100, 80, 70, and 60°C. These results demonstrate that higher inlet oil temperatures increase the thermal driving potential, resulting in larger energy removal per unit mass of oil and confirming the exchanger’s robust performance under fluctuating thermal loads. Physically, the nearly parallel slopes of the enthalpy curves across different inlet conditions indicate that the heat exchanger geometry configuration provides uniform energy extraction regardless of inlet temperature. Higher inlet conditions enhance the thermal gradient and increase the rate of energy removal, but the outlet temperature approaches the water‑side limit, showing that cooling effectiveness is ultimately bounded by the available surface area and flow configuration. This consistency is particularly important for transformer cooling applications, where inlet oil temperatures can fluctuate significantly under variable wind turbine loads.

        
          
          

          Fig. 7. 
				
          

          
            Temperature distribution in the heat exchanger with inlet oil temperature
          
          

          

        

        
          
          

          Fig. 8. 
				
          

          
            Enthalpy distribution in the heat exchanger with inlet oil temperature
          
          

          

        

      

      
        3.4 Effect of Water Mass Flow Rate
        Figure 9 shows the temperature and enthalpy distributions along the length of the heat exchanger under varying water mass flow rates. Both temperature and enthalpy progressively decrease, confirming continuous energy transfer from the hot ester oil to the cooling water. Figure 10 illustrates the influence of water mass flow rate on the temperature and enthalpy of the ester oil at y = 1.1 m. The outlet oil temperature and enthalpy are stabilized at 21°C and 241 kJ/kg, respectively, regardless of further increases in water flow. This indicates that once the convective resistance on the water side is minimized, additional flow provides diminishing thermal benefits.

        
          
          

          Fig. 9. 
				
          

          
            Temperature and enthalpy distribution in the heat exchanger with water mass flow rate
          
          

          

        

        
          
          

          Fig. 10. 
				
          

          
            Temperature and enthalpy distribution in the heat exchanger with water mass flow rate at y=1.1 m
          
          

          

        

      

      
        3.5 Effect of Oil Mass Flow Rate
        Figures 11 and 12 illustrate the variation of temperature and enthalpy along the heat exchanger for different oil mass flow rates. In all cases, temperature and enthalpy decreased along the measuring distance, with a steep drop near the inlet followed by a gradual decline downstream. This behavior indicates that most of the heat transfer occurs in the entrance region. The influence of mass flow rate is also evident: lower flow rates (0.5 kg/s) show a more rapid reduction in temperature and enthalpy, reflecting stronger heat transfer due to longer residence time. In contrast, higher flow rates (4 kg/s) exhibit slower variations, indicating reduced heat-transfer effectiveness per unit mass as the fluid passes through the heat exchanger.

        
          
          

          Fig. 11. 
				
          

          
            Temperature distribution in the heat exchanger with oil mass flow rate
          
          

          

        

        
          
          

          Fig. 12. 
				
          

          
            Enthalpy distribution in the heat exchanger with oil mass flow rate
          
          

          

        

        Figure 13 complements these results by showing the variation of temperature and enthalpy with oil mass flow rate at a y = 1.1 m. Both temperature and enthalpy increase with increasing flow rate, confirming that less heat is removed from the fluid at higher flow rates. It demonstrates that while the heat exchanger continuously removes thermal energy along the flow direction, its effectiveness strongly depends on the oil mass flow rate. The lower flow rates enhance heat transfer and lead to better cooling effect, whereas higher flow rates result in higher outlet temperature and energy retention, highlighting a critical trade-off in heat exchanger performance and design.

        
          
          

          Fig. 13. 
				
          

          
            Temperature and enthalpy distribution in the heat exchanger with oil mass flow rate at y=1.1 m
          
          

          

        

      

    

    

  
    
      4. Conclusion
      This work presented the design and CFD-based analysis of a compact ester oil–water fin-type heat exchanger for large-capacity offshore wind turbine transformers. The results confirmed that the horizontal fin configuration heat exchanger provides effective cooling, reducing oil outlet temperatures to safe operating levels and thereby extending transformer service life. Table 4 summarizes the quantitative CFD simulation results of the compact fin-type ester oil–water heat exchanger under various operating conditions. Parametric studies revealed that the water-to-oil mass flow rate ratio is the dominant factor governing cooling capacity, while oil mass flow rate primarily controls outlet temperature. The higher oil inlet temperatures increase the thermal driving potential—resulting in progressive enthalpy drops up to 149.08 kJ/kg at a 100°C inlet—while nearly parallel enthalpy slopes confirm uniform energy extraction across varying operational loads. The lower oil flow rates maximize thermal performance by increasing residence time, whereas increasing water mass flow rate yields diminishing thermal benefits once water-side convective resistance is minimized, stabilizing the outlet oil temperature and enthalpy at approximately 21.5°C and 241 kJ/kg. The design achieved enhanced heat transfer without excessive entropy generation, ensuring both thermal effectiveness and thermodynamic efficiency. These findings offer practical guidance for developing reliable, energy-efficient cooling systems tailored to the unique thermophysical properties of ester oils, supporting the safe and sustainable operation of modern offshore wind power infrastructure.

      
        Table 4. 
				
        

        
          Summarize table of quantitative performance of heat exchanger
        
        

      

      
        
          
            	Oil Inlet Temp.
(℃)
            	Water Inlet Temp.
(℃)
            	Oil Mass Flow
(kg/s)
            	Water Mass Flow
(kg/s)
            	Oil Outlet Temp.
(°C)
            	Enthalpy Drop in oil pipe
(kJ/kg)
          

        
        
          	100
          	20
          	1.0
          	2.0
          	21.53
          	149.09
        

        
          	80
          	20
          	1.0
          	2.0
          	21.53
          	111.09
        

        
          	60
          	20
          	1.0
          	2.0
          	21.53
          	73.09
        

        
          	80
          	20
          	0.5
          	2.0
          	20.83
          	112.42
        

        
          	80
          	20
          	4.0
          	2.0
          	33.23
          	88.86
        

        
          	80
          	20
          	1.0
          	4.0
          	21.43
          	111.28
        

      

      

    

    

  
    
      Nomenclature
      
        
          	
          	
        

        
          	
            ρ : 
          
          	
            Density of ester oil, kg/m3
          
        

        
          	
            κ : 
          
          	
            Thermal conductivity of ester oil, W/m2/K
          
        

        
          	
            μ : 
          
          	
            dynamic viscosity of ester oil, Pa. s
          
        

        
          	
            Cp : 
          
          	
            specific heat capacity, J/kg/K
          
        

        
          	
            Q : 
          
          	
            heat transfer rate, W
          
        

        
          	
            m : 
          
          	
            mass flow rate, kg/s
          
        

        
          	
            Tin : 
          
          	
            inlet temperature, K
          
        

        
          	
            Tout : 
          
          	
            outlet temperature, K
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