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Abstract: This study investigates the thermal and hydraulic behavior of a thermal oil heater 

integrated into an Organic Rankine Cycle (ORC)-based waste-to-energy system, focusing on the 

influence of inlet air and oil mass flow rates on heat transfer and pressure drop characteristics. A 

series of computational fluid dynamics (CFD) simulations were conducted to analyze temperature 

distribution, flow dynamics, and pressure variations under varying flow conditions. The results 

show that increasing the inlet air mass flow rate from 0.3 kg/s to 1.3 kg/s significantly enhances 

convective heat transfer, raising the oil outlet temperature from 333.99 K to 385.99 K. However, 

higher oil mass flow rates tend to reduce this temperature gain due to shorter residence times. 

Statistical analysis (ANOVA) confirms the dominant influence of air flow rate on outlet air 

temperature (F = 233.892, η² = 0.985) and the significant effect of oil flow rate on oil outlet 

temperature (F = 10.164, η² = 0.604). Additionally, pressure drop analysis reveals that increased 

air flow rates lead to greater turbulence and higher resistance, with pressure loss rising from 85.3 

Pa to 1648.5 Pa, while oil-side pressure drop remains relatively stable. These variations indicate 

a clear trade-off between flow conditions and system stability. Economically, higher flow 

configurations drastically raise operational costs, with annual energy consumption rising from 

IDR 133,331 to IDR 8,936,157 due to increased blower and pump power requirements. This study 

provides critical insights into the thermal-fluid interaction and economic implications of operating 

parameter variations, offering a foundation for optimizing thermal oil heater designs in ORC-

based waste heat recovery systems. 

Keywords: computational fluid dynamic; heat transfer; heater; organic Rankine cycle; thermal 

oil

1. Introduction  

The utilization of thermal heater technology plays a pivotal 

role across various industries1), including manufacturing 2), 

energy production 3), and food processing 4). As a critical 

component in temperature regulation, thermal heaters are 

employed to ensure process stability, enhance energy 

efficiency, and minimize environmental impact. One 

innovative application of thermal heaters is in waste-to-

energy power systems5). In such systems, a thermal oil 

heater is utilized to harness waste heat generated from 

waste combustion using hydrodrive technology6). This 

technology facilitates high-temperature waste incineration, 

converting waste into ash while producing exhaust heat 

that can be utilized for power generation through an 

Organic Rankine Cycle. 

In recent years, various studies have aimed to improve the 

performance of ORC power plants. Fernandez et al. 7) 

optimized working fluid selection to enhance efficiency, 

while Moradi et al. 8) explored the influence of expander 

lubricating oil on micro ORC heat exchangers. Yang et al. 
9) found R717-based mixtures to be more cost-effective and 

thermodynamically superior to pure R717. Zheng et al. 10) 
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demonstrated that the heat exchanger’s surface area 

significantly impacts system performance, and Han et al. 
11) achieved system-wide cost and energy savings through 

integrated parameter optimization. However, despite these 

advancements, studies specifically targeting heat 

exchanger performance and cost reduction remain limited, 

even though this component is a major contributor to 

exergy loss and investment costs 10) 

This study aims to evaluate the performance of a thermal 

oil heater under various flow rates conditions to determine 

the optimal configuration. The existing thermal oil heater 

installed in the waste-to-energy power plant, as depicted in 

Figure 1(a-f), exhibits certain limitations 12). In the current 

air-heating configuration, heat generated from waste 

combustion flows through both lateral sides of a three-

segment U-tube shell before being discharged horizontally. 

However, thermal imaging tests and performance analysis 

of the system reveal that the generated heat is not optimally 

utilized. 

To address this inefficiency, a modification was 

implemented by truncating the U-tube13), integrating a 

diffuser14), and redirecting the airflow through the front 

and rear sections. Additionally, the thermal oil flow was 

reconfigured to enter from the top, with the outlet located 

at the bottom. Experimental testing on various 

configurations was conducted to examine the heat transfer 

characteristics and identify optimal conditions. 

The thermal oil heater shown in Figure 1 was captured 

using a FLIR E95 thermal imaging camera, which has a 

thermal sensitivity (NETD) of <50 mK at 30 °C and an 

accuracy of ±2 °C or ±2%. The image indicates a 

maximum temperature range between 107.8 °C and 

129.2 °C, with significant variations observed between the 

main components and the surrounding environment.. The 

uneven heat distribution and hot spots in the piping joints 

suggest potential energy losses due to inadequate thermal 

insulation, while sharp temperature gradients indicate 

possible thermal stress that may accelerate material 

degradation. 

Moreover, unlike previous studies that mainly focused on 

air-side effects, this research introduces a novel finding 

regarding the impact of oil mass flow rate. While higher 

oil flow enhances circulation, it also reduces residence 

time, thereby limiting heat absorption a phenomenon that 

corresponds with findings by Giacalone et al. 15)) and Yoo 
16) yet is further analyzed in our work through integrated 

simulation. This adds a new layer of understanding in 

balancing flow rate configurations for optimal 

performance. 

These findings underscore the necessity of optimizing the 

inlet and outlet configurations for both the oil and hot air 

streams to enhance heat transfer efficiency. Improved flow 

distribution and thermal exchange directly contribute to 

the overall performance of the system, potentially 

increasing its thermal effectiveness and operational  

 

Fig. 1: Thermal imaging of existing thermal oil heater in 

power plan: (a) U-tube; (b) outlet diffuser; (c) wall thermal 

heater (d) thermal heater (side casing) (e) tube isolation (f) 

inlet oil 

coefficient. Furthermore, this study aims to evaluate the 

trade-off between the operational costs associated with the 

use of an oil circulation pump and a hot air blower. By 

examining this balance, the research seeks to inform more 

cost-effective and energy-efficient system designs. 

2. Method 

The thermal distribution within the thermal oil heater, 

designed to cool hot air produced by waste combustion in 

an incinerator for Organic Rankine Cycle (ORC). The 

existing system circulates thermal oil through serpentine 

tubes while hot air flows along the outer casing. Field 

observations revealed significant heat loss in the piping 

and insulation, prompting modifications. 

The heat transfer characteristics in the thermal oil heater 

system are governed by fundamental energy balance 

equations. The total heat transfer, 𝑄  is expressed as 

Eq.(1), where 𝑚̇  represents mass flow rate, 𝐶𝑝 is the 

specific heat capacity, and ∆𝑇  denotes the temperature 

difference. Specifically, for the air and oil streams, the heat 

transfer rates are given by Eq.(2) and Eq.(3) respectively. 

The logarithmic mean temperature difference (LMTD) see 

Eq.(4), which accounts for the varying temperature 

gradients along the themal heater. The overall heat transfer 

coefficient, 𝑈 is then determined using Eq. (5) and (6), 

where 𝐴 represents the effective heat transfer area. These 

equations collectively provide a comprehensive 

framework for analyzing and optimizing heat transfer 

performance, ensuring efficient energy transfer between 

the air and thermal oil streams, ultimately enhancing the 

overall system efficiency. 

The redesigned system reverses the flow configuration, 

directing hot air through straight pipes and circulating 

thermal oil in the casing, flowing from a top inlet to a 

bottom outlet. To evaluate the performance of the modified 

thermal oil heater, CFD simulations were conducted to 

predict the thermal behavior within the system. 
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Fig. 2: Scheme of thermal oil heater flow: a) Oil Domain 

b) Air domain 

𝑄 = 𝑚 ∙̇ 𝐶𝑝 ∙ ∆𝑇  (1) 

𝑄𝑎𝑖𝑟 = 𝑚̇𝑎𝑖𝑟 ∙ 𝐶𝑝 ∙ (𝑇𝑖𝑛,𝑎𝑖𝑟 − 𝑇𝑜𝑢𝑡,𝑎𝑖𝑟)  (2) 

𝑄𝑜𝑖𝑙 = 𝑚̇𝑜𝑖𝑙 ∙ 𝐶𝑝 ∙ (𝑇𝑖𝑛,𝑜𝑖𝑙 − 𝑇𝑜𝑢𝑡,𝑜𝑖𝑙)  (3) 

∆𝑇𝑙𝑚 =
∆𝑇1 − ∆𝑇2

𝑙𝑛 (
∆𝑇1
∆𝑇1

)
 

∆𝑇1 = (𝑇𝑖𝑛,𝑎𝑖𝑟 − 𝑇𝑜𝑢𝑡,𝑎𝑖𝑟) , ∆𝑇2 = (𝑇𝑖𝑛,𝑜𝑖𝑙 − 𝑇𝑜𝑢𝑡,𝑜𝑖𝑙) 

(4) 

𝑈 =
𝑄𝑎𝑖𝑟

𝐴𝑎𝑖𝑟(∆𝑇𝑙𝑚)
 

(5) 

𝑈 =
𝑄𝑜𝑖𝑙

𝐴𝑜𝑖𝑙(∆𝑇𝑙𝑚)
 

(6) 

𝑃 =
𝑚̇

𝜌
.
𝛥𝑃̇

𝜂
 

(7) 

The simulation scheme is represented in Figure 2, and the 

following boundary conditions see Table 1, where Inlet 

mass flow to be state at a mass flow rate of 0.3080 kg/s at 

673.00 K, with turbulence parameters defined by a 2% 

intensity and a length scale of 4.8 × 10⁻⁴ m. The static 

pressure maintained a pressure of 101,325 Pa and an 

ambient temperature of 293.20 K, with turbulence 

properties consistent with those of the inlet. The 

simulations were conducted under steady-state conditions 

to model fluid flow and heat transfer. Simulations analyzed 

air (0.3–1.3 kg/s) and thermal oil (0.3–1.2 kg/s), evaluating 

temperature distribution, fluid flow patterns, and pressure 

drops. Geometries and boundary conditions mirrored field 

setups, ensuring reliable representation. The study  

Table 1: Boundary condition 

Parameters Inlet Mass Flow (oil) 

Flow Mass flow rate: (Parameter Set Up) 

Thermodynamic Approximate Pressure: 101325.00 Pa 

Initial Temperature : 673.00 K 

Turbulence Intensity: 2.00 %, Length: 4.800e-04 m 

Boundary layer Layer type: Turbulent 

Inlet Mass Flow (air) 

Flow Mass flow rate: (Parameter Set Up) 

Thermodynamic Temperature Type: Temperature of 

Initial components 

Temperature: 303.00 K 

Turbulence Intensity: 2.00 %, Length: 4.800e-04 m 

Boundary layer Layer type: Turbulent 

Outlet (Oil) 

Thermodynamic Environment pressure: 101325.00 Pa 

Initial Temperature: 293.20 K 

Turbulence Intensity: 2.00 %, Length: 4.800e-04 m 

Boundary layer Layer type: Turbulent 

Outlet (Air) 

Thermodynamic Static pressure: 101325.00 Pa 

Temperature type: Temperature of initial 

components 

Temperature: 293.20 K 

Turbulence Intensity: 2.00 %, Length: 4.800e-04 m 

Boundary layer Layer type: Turbulent 

highlights key performance improvements in temperature 

distribution and pressure gradients following design 

modifications. 

The computational mesh was generated using Flow 

Simulation Meshing with a structured tetrahedral grid. To 

accurately capture near-wall phenomena, boundary layer 

effects were resolved using inflation layers, with the first 

cell height selected to ensure a non-dimensional wall 

distance of y⁺ < 1. Mesh refinement was applied in regions 

of high gradient sensitivity, particularly around the tubes 

and at the inlet and outlet. The final mesh consisted of 

approximately 85120 elements. 

3. Results 

The simulation results for the thermal oil heater 

performance reveal a significant interplay between inlet air 

and oil mass flow rates on temperature outputs and 

pressure drops. As the inlet air mass flow rate increased 

from 0.3 kg/s to 1.3 kg/s, and the oil mass flow rate varied 

from 0.3 kg/s to 1.2 kg/s, a noticeable trend in the outlet oil 

temperatures was observed, with a peak temperature of 

385.99 K at the highest mass flow rate combination. 

Concurrently, the pressure drop across the oil and air 

domains exhibited systematic variations, reflecting the 

dynamic response of the system under different 

operational conditions. These findings underscore the 

critical role of flow rate optimization in achieving 

enhanced thermal performance and pressure stability in 

waste-to-energy systems utilizing organic Rankine cycle 

(ORC) turbines. 
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Figure 3 and Figure 4 present the ANOVA results, 

demonstrating that both air and oil mass flow rates 

significantly influence the thermal performance of the 

system. Specifically, the inlet air mass flow rate has a 

highly significant effect on the outlet air temperature (F = 

233.892, p < 0.001), accounting for 98.5% of the variance 

(partial η² = 0.985), while the oil mass flow rate 

significantly affects the outlet oil temperature (F = 10.164, 

p < 0.001), explaining 60.4% of the variance (partial η² = 

0.604). These results strongly reject the null hypotheses 

and confirm that both parameters are critical in optimizing 

heat transfer efficiency within the thermal system. 

The increase in inlet air mass flow rate significantly 

enhances convective heat transfer efficiency in thermal oil 

heaters, resulting in higher outlet temperatures for both air 

and oil. This effect is driven by increased flow turbulence, 

which improves the heat transfer coefficient on the air side 

and accelerates energy transfer to the oil17). However, 

higher oil mass flow rates moderate the rise in oil outlet 

temperature due to the greater thermal capacity. Studies 

indicate that higher flow rate improve heat transfer 

efficiency by 30-50%, with turbulence playing a critical 

role in reducing thermal resistance at fluid boundaries 18,19). 

These findings underscore the need for optimizing air and 

oil mass flow rates to achieve maximum thermal 

performance. 

An increase in inlet air mass flow rates significantly 

enhances the oil outlet temperature, particularly at lower 

oil flow rate, due to the improved convective heat transfer 

rate resulting from the reduced thermal boundary layer 

thickness20). Higher inlet air accelerates fluid movement, 

reduces the thermal boundary layer, and improves energy 

transfer efficiency21). For instance, at an air of 0.3 kg/s and 

an oil of 0.3 kg/s, the oil outlet temperature was recorded 

at 333.99 K, while at an air of 1.3 kg/s under the same oil 

mass flow rate condition, the temperature increased to 

385.99 K. Conversely, an increase in oil flows shortens the 

residence time between the oil and hot air, limiting the oil's 

ability to absorb heat effectively. This indicates that higher 

oil flow rate reduces the heat transfer effectiveness. These 

findings align with those of 16,22,23) which demonstrate that 

 

Fig. 3: Air Outlet Temperature (K) 

higher fluid flow rate in turbulent flows enhance heat 

transfer efficiency, although residence time remains a 

critical factor in determining overall heat transfer 

performance. 

The provided simulation results as shown in Figure 5 and 

Figure 6, represented by the outlet air and oil total pressure 

versus iterations graph, indicate convergence across all test 

cases. Each curve demonstrates a stabilization of total 

pressure after approximately 200 iterations, signifying that 

the solution has reached steady-state conditions. The 

absence of significant fluctuations or oscillations in 

pressure values after convergence points ensures the 

numerical accuracy and stability of the simulation. This 

level of convergence confirms that the results are reliable 

and can be confidently used for further analysis of thermal 

oil heater performance under varying inlet air and oil flow 

conditions24). 

The variation of inlet air and oil mass flow rate in the 

thermal oil heater system significantly impacts heat 

transfer, pressure drop, and flow turbulence within the 

tubes25). Test results indicate that increasing the air inlet 

mass flow rate enhances the oil outlet temperature. For 

instance, at Inlet Air 0.75 kg/s/Oil 0.3 kg/s, the oil 

temperature reaches 365.7 K, compared to 344 K at Inlet 

Air 0.4 kg/s/Oil 0.3 kg/s, due to intensified convective heat 

transfer as the thermal boundary layer becomes thinner26,27). 

However, higher oil flow rate, such as at Inlet Air 1.0 

kg/s/Oil 1.2 kg/s, reduce the oil outlet temperature from 

376 K to 323 K, as the shorter residence time of the oil 

limits its ability to absorb heat effectively28). Air pressure 

drop (see Figure 7) increases with rising air inlet flow rate, 

from 85.3 Pa at Inlet Air 0.3 kg/s/Oil 0.3 kg/s to 1648.5 Pa 

at Inlet Air 1.3 kg/s/Oil 0.3 kg/s, indicating higher 

turbulence due to an increased Reynolds number29,30). In 

contrast, the oil pressure drop (see Figure 8) remains 

relatively stable, with minimal variation, showing that oil 

mass flow rate has a less significant effect on pressure drop 
31). This phenomenon underscores that the highest heat 

transfer efficiency occurs with a combination of high air 

inlet mass flow rate and low oil flow rate, which 

maximizes convective heat transfer and minimizes system 

 

Fig. 4: Oil Outlet Temperature (K) 
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Fig. 5: Outlet Air Total Pressure 

 

Fig. 6: Outlet Oil Total Pressure 

 

Fig. 7: Air Pressure Drop 

pressure losses32). These findings provide critical insights 

for optimizing thermal oil heater designs, reducing energy 

losses due to pressure drops, and improving heat transfer 

efficiency. 

The temperature distribution in the heat transfer system 

indicates that the oil flow rate plays a dominant role in 

enhancing thermal efficiency compared to the fixed air 

flow rate (0.3 kg/s). At low oil flow rates (0.3 kg/s), the 

predominance of red areas signifies limited cooling 

capacity, while high oil flow rates (1.2 kg/s) result in a 

predominance of blue areas, reflecting maximum heat 

 

Fig. 8: Oil Pressure Drop 

 

Fig. 9: Temperature of 0.3 kg/s air and 0.03-1.2 kg/s oil 

 

Fig. 10: Temperature of 0.4 kg/s air and 0.2-1.2 kg/s oil 

 

Fig. 11: Temperature of 0.55 kg/s air and 0.3-1.2 kg/s oil 

transfer through increased convective capacity. The more 

uniform temperature gradient at higher oil flow rates 
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indicates consistent heat absorption along the length of the 

thermal oil heater, even as the total heat transfer increases. 

At an initial air mass flow rate of 0.3 kg/s (Figure 9), the 

system exhibits pronounced axial temperature gradients 

and elevated oil outlet temperatures, a direct consequence 

of extended oil residence times and insufficient air-side 

convective conductance. Incremental increases to 0.4 kg/s 

(Figure 10) and 0.55 kg/s (Figure11) demonstrate a 

progressive stabilization of the temperature field and the 

onset of a transitional regime, where the homogenization 

of thermal profiles indicates a significant reduction in the 

interfacial thermal resistance between the fluid streams. 

Further augmentation of the airflow to 0.75 kg/s (Figure 

12) and 1.0 kg/s (Figure 13) shifts the system toward a state 

of dominant forced convection, achieving maximum 

thermal uniformity and minimum oil exit temperatures; 

however, the latter reveals a critical performance trade-off 

 

Fig. 12: Temperature of 0.75 kg/s air and 0.3-1.2 kg/s oil 

 

Fig. 13: Temperature of 1.0 kg/s air and 0.3-1.2 kg/s oil 

 

Fig. 14: Temperature of 1.3 kg/s air and 0.3-1.2 kg/s oil 

for Organic Rankine Cycle (ORC) applications, as the 

suppression of oil temperature gain limits the available 

exergy for the downstream power cycle. The parametric 

sensitivity shown in Figure 14 highlights a thermal 

saturation threshold where increasing oil mass flow rates 

outpace the heater's dissipation capacity even under peak 

airflow conditions. This mechanism is fundamentally 

explained by the cross-sectional analysis in Figure 15, 

where low airflow velocities (0.3–0.55 kg/s) fail to 

penetrate the viscous oil core, resulting in persistent high-

temperature zones throughout the channels. In contrast, 

optimization of the airflow to 1.3 kg/s (Figure 16) 

effectively overcomes these radial thermal resistances by 

establishing steep radial temperature gradients, thereby 

ensuring robust core cooling and stable operational 

integrity even at maximum oil flowrates. The heat transfer 

performance progressively improves, as evidenced by the 

enhanced uniformity of temperature distribution and 

greater dominance of blue areas across the thermal oil 

heater33). This emphasizes that higher oil flow rates 

enhance the system's thermal capacity, though they may 

also increase pressure and pumping costs34,35). Design 

optimization is therefore essential to balance heat transfer 

efficiency and energy consumption, as noted by36). The 

thermal efficiency of heat transfer systems is highly 

dependent on operational parameters such as fluid flow 

rate, which influences the rate of heat transfer and 

temperature distribution37). Based on Figure 17 the heat  

 

Fig. 15: Cross Section view of 0.3-0.55 kg/s air and 0.3-

1.2 kg/s oil 

 

Fig. 16: Cross Section view of 0.75-1.3 kg/s air and 0.3-

1.2 kg/s oil 
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Fig. 17: Temperature of air outlet vs heat transfer 

coefficient 

 

Fig. 18: Temperature of oil outlet vs heat transfer 

coefficient 

 

Fig. 19: trade off-cost of year of blower and pump 

transfer coefficient and outlet air temperature reflects 

convective heat transfer dynamics in the thermal oil heater 

exhaust system38). In the circled region, where inlet air 

mass flow rate remains constant, the heat transfer 

coefficient is relatively stable despite temperature 

variations, indicating that heat transfer is primarily 

governed by exhaust gas thermal conductivity and flow 

turbulence rather than temperature alone39). Outside this 

region, temperature variations significantly influence the 

heat transfer coefficient, suggesting increased heat transfer 

due to fluid viscosity changes, temperature gradients, or 

enhanced forced convection 40). This aligns with 

convective heat transfer principles, where heat transfer 

rates increase with higher fluid flows and greater 

temperature differentials 41). 

The heat transfer coefficient remains stable within the 

circled region, see Figure 18 where inlet air mass flow rate 

is constant, indicating that factors like oil thermal 

conductivity and flow characteristics dominate heat 

transfer. 

The analysis reveals a significant economic trade-off 

resulting from increased air mass flow rates within the 

system, see Figure 19. An increase in airflow from 0.3 kg/s 

to 0.4 kg/s, while maintaining a constant oil flow, leads to 

a more than twofold rise in annual energy costs, despite 

only minor changes in system parameters. This indicates 

that improvements in thermal performance do not 

necessarily translate into economic efficiency, primarily 

due to the substantial rise in blower power consumption. 

This trend becomes more pronounced in the extreme 

configuration of 1.3 kg/s air flow and 1.2 kg/s oil flow, 

where the annual operational cost reaches IDR 8,936,157 

These findings underscore the necessity of identifying an 

optimal operating point that balances thermal performance 

with energy efficiency, thereby supporting the long-term 

sustainability of the system15). 

4. Conclusions 

This study comprehensively investigated the thermal and 

hydraulic performance of a thermal oil heater integrated 

into an Organic Rankine Cycle (ORC)-based waste-to-

energy system, with a focus on optimizing the inlet-outlet 

configuration and evaluating the trade-off between heat 

transfer efficiency and operational cost. The simulation 

results demonstrate that both air and oil mass flow rates 

significantly influence temperature distribution, heat 

transfer coefficients, and pressure drop characteristics. 

Notably, increasing the air mass flow rate from 0.3 kg/s to 

1.3 kg/s markedly enhances convective heat transfer and 

elevates outlet oil temperatures, with the highest recorded 

value reaching 385.99 K. However, higher oil flow rates 

tend to moderate this temperature gain due to increased 

thermal capacity and reduced residence time. Statistical 

analysis using ANOVA confirms the dominant influence 

of airflow on air-side heat transfer (η² = 0.985) and the 

significant role of oil flow on oil-side performance (η² = 

0.604). 

Furthermore, the pressure drop analysis reveals that rising 

air flow intensifies turbulence and resistance, elevating 

blower energy demands, while oil-side pressure drop 

remains relatively stable. These hydraulic behaviors 

directly impact energy consumption. Economic analysis 

shows a sharp increase in annual energy cost—from IDR 
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133,331 at low airflow conditions to over IDR 8.9 million 

at high flow settings—highlighting a clear trade-off 

between thermal performance and operational expense. 

Therefore, while high air and oil flow rates improve heat 

transfer, they simultaneously escalate pumping and blower 

power requirements, reducing overall economic efficiency. 

In conclusion, this research emphasizes the importance of 

identifying an optimal operating range that balances 

thermal effectiveness with energy consumption. Such 

multi-objective optimization is essential for maximizing 

system performance while minimizing operational costs, 

thereby supporting the design of sustainable, cost-effective 

waste heat recovery systems for ORC applications. 
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Nomenclature 

𝑄 heat transfer rate (W) 

𝑚̇ mass flow rate (kg/s) 

𝐶𝑝 specific heat at constant pressure J(kg.K) 

𝑇𝑖𝑛,𝑎𝑖𝑟 inlet temperature of air (K) 

𝑇𝑜𝑢𝑡,𝑎𝑖𝑟 outlet temperature of air (K) 

𝑇𝑖𝑛,𝑎𝑖𝑟 inlet temperature of air (K) 

𝑇𝑜𝑢𝑡,𝑜𝑖𝑙 outlet temperature of oil (K) 

∆𝑇𝑙𝑚 log mean temperature difference (LMTD) 

∆𝑇1 temperature difference of air inlet-outlet (K) 

∆𝑇2 inlet temperature of oil inlet-outlet (K) 

𝑈 overall heat transfer coefficient (W/m2.K) 

∆𝑃 pressure drop (Pa) 

𝜂 pump and blower efficiency 
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