Integrated Thermal Modeling of Engine, Coolant, and Automatic Transmission Oil Loops for Passenger Vehicles
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Abstract. This study introduces a dynamic system-level thermal model of an integrated vehicle cooling architecture, which includes the engine coolant, engine oil, and automatic transmission fluid (ATF) circuits. The model accurately depicts a passenger car with an automatic transmission, such as the Chevrolet Gentra, utilizing the Simscape Thermal-Liquid framework in MATLAB/Simulink. A lumped-parameter model shows how heat is made, moved, and stored in the engine block, radiator, oil-coolant heat exchangers, and transmission housing. The flow regime, vehicle speed, and the operation of the cooling fan have been exploited as input parameters when modeling convective heat transfer coefficients. The cooling system has been tested through a driving situation containing urban and sub-urban velocity modes. Among the driving conditions are also used stop-and-go traffic in cities, steady cruising, and at high speeds. The simulation results show that the engine block, the coolant, and the engine oil are all very close to each other in temperature. The ATF takes longer to heat up because it has more thermal inertia. It is cooled indirectly through the oil-coolant heat exchanger. When the machine is running at a high speed and load, the temperature is at its highest. Thermal stabilization happens when the radiator gets enough air to flow through it. The model shows how the temperature changes over time in all major thermal domains and how these changes are the same across different operating conditions.
INTRODUCTION
Thermal management is very important for modern passenger cars with automatic transmissions and internal combustion engines to perform well, last a long time, and be reliable. In the past, engine coolant systems only had to keep the engine from overheating [1]. A lot of small and medium-sized cars have built-in oil-coolant heat exchangers that connect to the engine oil and the automatic transmission fluid (ATF) [2,3] .This kind of coupling makes it hard for different thermal loops to operate together. To know when temperatures will change and when they will stay the same, one must analyze the whole system [4,5].
For vehicles with automatic transmissions, it's very important to keep the ATF temperature in a good range. The transmission may not operate as well if the ATF temperature is too high or too low [6,7]. This can cause oil to break down faster, make friction materials less durable, and make the transmission work worse. Also, if the temperature is too low, it can cause more viscous losses, which makes the system less efficient overall [8,9]. The way the transmission works with heat can change a lot based on the engine load, the weather, or how you drive. This is because the engine coolant circuit often cools the ATF [10].
Most of the time, traditional thermal analyses of vehicle cooling systems use steady-state assumptions or simplified lumped-parameter models that don't fully show how coolant, engine oil, and transmission oil interact with each other in a transient way [11,12]. But in real life, the engine speed, load, vehicle speed, and cooling airflow all change all the time [13]. This means that dynamic modeling methods that can show how thermal and hydraulic phenomena are linked are needed. Model-based simulation tools are a good way to deal with these problems early in the design and optimization process [14,15].
This work concentrates on the creation of a detailed dynamic thermal model for an integrated engine cooling system featuring interconnected engine oil and automatic transmission oil loops. The model is built in MATLAB/Simulink using the Simscape Thermal-Liquid environment [16]. It shows the main physical parts of a production passenger vehicle cooling system, such as the radiator and fan system, thermostat with bypass, expansion tank, oil-coolant heat exchangers, hydraulic pumps, and distributed thermal masses [17]. The proposed model allows for a detailed analysis of how temperature changes and how thermal load is spread across the system by capturing the interactions between coolant, engine oil, and ATF when the system is running in a transient state.
METHODS
The thermal model developed in this study illustrates a unified cooling architecture typical of compact passenger vehicles with automatic transmissions, using the Chevrolet Gentra as a case study. The Gentra cooling system features a single engine coolant loop that simultaneously regulates the thermal states of the engine block, engine oil, and automatic transmission fluid (ATF) through dedicated oil-coolant heat exchangers. This kind of setup is common in production cars because it saves space and money, but it makes subsystems very thermally connected [9,18].
The modeled system has three thermal-hydraulic loops: the engine oil loop, the engine coolant loop, and the automatic transmission oil loop. The radiator in the coolant loop has forced air convection, an electric cooling fan, a thermostat with a bypass hose, an expansion tank, connecting hoses, and a mechanically driven coolant pump. The engine oil loop and the ATF loop are both powered by separate pumps. Each loop has an oil-coolant heat exchanger built in that lets them trade heat with the coolant. 
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FIGURE 1. Overall view of the engine and transmission cooling system realized in Simulink/Simscape environment

The fan and the vehicle’s forward speed control the air flow through the radiator. This method lets the model consider both the effects of ram air when the car is going fast and forced convection when the car is going slowly or not at all. The thermostat controls how much coolant flows between the radiator and the bypass branch based on how hot the coolant is [19,20]. 
The Simscape Thermal-Liquid library in MATLAB/Simulink is used to implement the model. We use one-dimensional, incompressible flow assumptions to describe all fluid circuits. We use friction correlations and equivalent local resistance lengths to model pressure losses. Lumped thermal masses are used to account for thermal energy storage, and convective heat transfer coefficients are used to show how heat moves between fluids and solid boundaries.
The engine block, coolant volume, engine oil, and ATF are all given distributed thermal masses so that they can respond to variations in temperature. The effective thermal properties and masses are chosen to match the physical features of the Gentra powertrain, such as the aluminum engine structure, normal coolant volume, engine oil capacity, and ATF capacity. This method lets the model show realistic warm-up dynamics and the effects of thermal inertia.
By looking at the engine's speed and torque, one can figure out how much heat the engine and automatic gearbox are making. The rates of heat transfer change over time and depend on the driving cycle. You can practice driving in a lot of different situations, like in cities, at a steady speed, and when the load changes suddenly. The ambient air temperature around the radiator influences its heat dissipation efficiency [21,22]. 
We use a two-dimensional lookup table to determine the velocity of air passing through the radiator, contingent upon the vehicle's speed and the power supplied to the fan control [23]. This method makes it easier to switch between natural and forced convection modes. The cooling fan is seen to cover just a portion of the radiator, which is typical for the Gentra cooling system. 
The oil-coolant heat exchangers transfer heat from the engine oil circuit to the ATF circuit and subsequently to the coolant circuit. We use liquid–liquid heat transfer blocks to make these heat exchangers work. Each fluid has its own set of thermal and hydraulic properties. The model set up allows the heat to move in both directions. This illustrates that oil heats up when it's freezing and cools down when it gets too hot.
The proposed model uses energy balance equations based on lumped-parameter assumptions to describe how heat moves between fluid circuits that are interacting with each other. An equivalent thermal mass represents each fluid control volume, and convective heat transfer relations are used to model heat exchange between fluids and solid boundaries.
The following energy balance equation controls how the temperature of a generic fluid volume (like coolant, engine oil, or ATF) changes over time [2,24]:
					(1)

where
is the effective fluid mass,
is the specific heat capacity,
is the fluid temperature,
represents heat transfer rates exchanged with adjacent fluids or solid components.
Heat transfer between two fluids, such as engine coolant and engine oil or automatic transmission fluid, transpires via an intermediary solid barrier in the oil-coolant heat exchanger. The rate at which heat moves is described as [25] :
						(2)

where  is the effective heat transfer area, and and are the bulk temperatures of the interacting fluids. The overall heat transfer coefficient is defined as
					(3)

Here, and are the convective heat transfer coefficients on the respective fluid sides, is the thermal resistance of the separating wall, and represents additional resistance due to surface fouling [26].
The convective heat transfer coefficient is related to the Nusselt number according to
						(4)

where  is the thermal conductivity of the fluid and is the hydraulic diameter of the flow passage. The Nusselt number is defined as a function of Reynolds and Prandtl numbers,

 						(5)
 						(6)
where  is the fluid density, is the mean flow velocity, and  is the dynamic viscosity [27,28].
Heat rejection from the engine coolant to ambient air through the radiator is modeled using

 				(7)
The effective air-side heat transfer coefficient depends on how fast the vehicle is moving and whether the cooling fan is working. A two-dimensional lookup table shows how the airflow speed across the radiator core changes based on the vehicle speed and the fan control voltage [29].
The engine block and gearbox casing are examples of solid parts that are shown as lumped thermal masses. The transient temperature of a solid component is ascertained by
					(8)
where  and  denote the mass and specific heat capacity of the solid component, respectively [30,31].


RESEARCH RESULTS
Figure 2 shows the driving conditions that were used to see how well the engine, coolant, and automatic gearbox cooling system worked together. The top graph shows how the engine speed and the vehicle speed change over time. The graph at the bottom shows the engine torque profile that goes with this.
The car mostly drives in cities during the first part of the simulation (about 0-8 000 seconds), which is full of stop-and-go situations. When this happens, the speed of the vehicle changes between 0 and about 50 km/h, and the speed of the engine mostly changes between 800 and 2 300 rpm. The engine torque changes quickly, with both positive and negative values. This is typical of urban traffic, where the engine speeds up, slows down, and brakes. These operating conditions put a lot of short-term stress on the cooling system. This is because the radiator doesn't get enough air from outside, so the cooling fan must work harder to move air around.
During the middle portion of the simulation (about 8 000-10 500 seconds), the vehicle shifts to suburban and stable cruising settings. The speed of the vehicle gradually rises and stays between 60 and 80 km/h, while the engine speed stays steady between 1600 and 2000 rpm. In this operational zone, the engine torque is mostly positive and smoother, which means that the load doesn't change as much. When a vehicle goes faster, the radiator works better to cool the engine by using ram air. This means that the engine rejects heat differently than when it is going slowly.
The car reaches highway driving conditions in the last part of the simulation (about 10 500-12 000 s). The speed goes up to about 120 km/h, and the engine speed goes up to about 2 800-3 000 rpm. During this time, the engine torque reaches its highest sustained levels, which means that the powertrain is under more stress from heat. These conditions show the highest coolant heat rejection capacity because the radiator's airflow speed is higher, which also means that the engine and gearbox are producing the most heat at the same time.
After about 12 000 seconds, the speed of both the vehicle and the engine drops to zero. This means that the vehicle has stopped and the engine has turned off, making it easier to keep track of the system's thermal inertia and cooling behavior.
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FIGURE 2. Time-dependances of vehicle speed, engine speed and torque in the simulation of the cooling system

Figure 3 shows how the engine oil, engine block, automatic transmission fluid (ATF), and engine coolant's temperatures changed over time during the simulated operating cycle. The results show how the car's built-in cooling system works with heat in a way that changes over time.
During the first warm-up phase, the temperatures slowly rise from levels that are close to room temperature. During the simulation, the engine block and coolant temperatures rise quickly and stay close to each other. This means that the walls of the combustion chamber and the cooling system are doing a good job of moving heat. The curves show that the car speeds up in steps over the course of the drive. During these times, the engine load and heat output rise for a short time.
The temperature of the engine oil follows a similar pattern, but it stays a little higher than the temperature of the coolant as the system gets closer to its normal operating range. This behavior shows that the oil is directly heated by friction and combustion, and the oil-coolant heat exchanger also cools it down. The temperature graphs for the engine block, coolant, and engine oil are all very similar. This shows how well the Gentra cooling system keeps things cool.
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FIGURE 3. Time-dependances of temperatures of the coolant, engine oil, engine block and automatic transmission fluid (ATF)

The ATF, on the other hand, takes longer to warm up and stays much cooler than the engine for the whole experiment. The reaction takes longer because the transmission system has a higher thermal inertia. The ATF and coolant don't move heat directly from one to the other, either. The ATF temperature stays normal even when the transmission is working hard and fast. This means that the default ATF-coolant heat exchanger is doing a good job of keeping the transmission from getting too hot.
The temperature is highest when the engine and the car are both going as fast as they can. This happens when you speed up. This peak means that the engine and gearbox get hotter when they are under a lot of stress. After this point, the temperature starts to drop because the engine load drops and the cooling capacity goes up. This shows that the cooling system can keep the engine stable even when it is running in different ways.
The results show that the proposed model does a good job of showing how the temperature of the coolant, engine oil, engine block, and ATF changes over time and how they affect each other. The picture shows that the integrated cooling system keeps the temperature stable in a lot of different situations that are similar to how cars are used in real life.
CONCLUSIONS
This work introduced a detailed dynamic thermal model of an integrated engine cooling system, including interlinked engine oil and automatic transmission fluid (ATF) circuits, exemplified by a production passenger car like the Chevrolet Gentra. We developed the model using the Simscape Thermal-Liquid framework inside MATLAB/Simulink. It encompasses all the essential physical components that regulate the powertrain's generation, movement, and storage of heat.
The simulation results demonstrate that the proposed model effectively replicates the transient thermal dynamics of the engine block, coolant, engine oil, and ATF across various operating scenarios, including stop-and-go city traffic, steady cruising, and high-speed operation. Significant thermal interaction occurred among the engine block, coolant, and engine oil, indicating the efficacy of the integrated cooling architecture. The ATF's temperature gradually increased and remained within a narrow range because to the indirect cooling provided by the oil-coolant heat exchanger and its significant thermal inertia.
The model illustrates how thermal responses may vary with changes in vehicle speed, engine load, and airflow through the radiator. The findings indicate that forced and ram-air convection are crucial for preventing overheating under substantial loads. The proposed modeling technique is a physically valid and computationally efficient instrument for analyzing the systemic aspects of vehicle cooling systems with automatic gearboxes. This facilitates the examination of designs and the formulation of control strategies at an early stage.
MODEL LIMITATIONS
The proposed model, while successfully encapsulating the essential transient thermal interactions within the integrated cooling system, is limited by specific simplifying assumptions that reduce its predictive accuracy. Lumped-parameter methods with uniform temperatures are used to model how fluids and solid parts behave thermally. This means that local temperature gradients in the engine block, radiator core, and transmission housing cannot be explicitly resolved. The airflow through the radiator has an effective speed that depends on how fast the vehicle is moving and whether the fan is running. However, the uneven flow distribution caused by partial fan coverage and complex aerodynamics under the hood is not directly addressed. Furthermore, convective heat transfer coefficients are derived from empirical correlations and calibrated parameters rather than explicit geometric representations, which introduces uncertainty in extreme operational or environmental conditions. Quite often the long-term effects of wear and tear, like the cooling system aging, changes in oil properties, buildup of dirt, and changes in pump or fan performance over the life of the vehicle are taken into account. These assumptions work well for system-level analysis, but they might not be as accurate for localized thermal evaluations.
FUTURE RESEARCH PERSPECTIVES
Future research will focus on improving the developed model to make it easier to test cooling performance and make it more flexible for control. Adding a second cooling fan is one important thing to do. This is becoming more common in modern vehicle cooling systems because it makes it easier for the system to get rid of heat and makes the air flow better over the radiator surface. One can investigate staged and independently controlled fan operation by adding a second fan. This will help keep the vehicle cooler at low speeds and when it's parked, and it will also help it stay cooler when it's hot and carrying a lot of weight for a long time. In the future, improving the radiator airflow model to account for spatial non-uniformities, adding distributed thermal masses to capture internal temperature gradients, and testing the model with data from vehicle tests would be beneficial. These changes will make the model better at making predictions and help it be used to improve cooling systems, come up with new ways to control temperature, and plan the next generation of powertrain architectures.
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