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ABSTRACT

Heavy-duty Compression Ignition (C.1.) engines are widely used in commercial vehicles, agricultural machinery,
construction equipment, and industrial applications because of their high torque, durability, and reliability.
However, maintaining an appropriate engine operating temperature under varying load and speed conditions
remains a major challenge in achieving high thermal efficiency, lower fuel consumption, reduced emissions, and
improved engine durability. Conventional single-stage thermostat systems generally provide limited control over
coolant flow and may not respond effectively to rapid changes in engine operating conditions. Advanced dual-stage
temperature regulation systems provide an improved approach by regulating coolant flow through multiple
temperature-dependent stages and thereby maintaining the engine within a desirable operating temperature range.
This review presents a comprehensive assessment of advanced dual-stage temperature regulation systems used for
thermal management of heavy-duty C.1. engines. The review discusses the operating principles and limitations of
conventional thermostat-based cooling systems and examines the development of dual-stage and electronically
controlled temperature regulation systems. Particular attention is given to thermostat characteristics, coolant flow
regulation, temperature sensing, electronic control, thermal response, pressure and flow behaviour, and integration
with Engine Control Units (ECUs). The effects of improved temperature regulation on engine cooling performance,
thermal efficiency, fuel consumption, combustion behaviour, component durability, and exhaust emissions are also
discussed. The role of Computational Fluid Dynamics (CFD) and experimental investigations in evaluating coolant
flow and temperature distribution is highlighted. Finally, current challenges, research gaps, and future
opportunities for intelligent and adaptive thermal management systems are identified. The review indicates that
advanced dual-stage temperature regulation can provide more responsive thermal control than conventional systems
and has significant potential for improving the overall performance and reliability of heavy-duty C.I. engines.

Key Words: Heavy-Duty C.JI. Engine, Thermal Management, Dual-Stage Temperature Regulation, Advanced
Thermostat, Electronic Thermostat, Engine Cooling System, Coolant Flow, Temperature Control, And Thermal

Efficiency.

I. INTRODUCTION

Compression Ignition (C.I.) engines are widely used in heavy-duty vehicles, agricultural machinery, construction
equipment, generators, and industrial applications because of their high torque, durability, reliability, and good fuel
economy. These engines generally operate under high loads for extended periods, resulting in considerable heat
generation during the combustion process. Although only a portion of the chemical energy of fuel is converted into
useful mechanical work, a significant amount of energy is released in the form of heat. Effective thermal management
is therefore essential to maintain the engine components within their safe and desirable operating temperature range.
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The operating temperature of an engine has a directinfluence on combustion quality, lubrication, fuel consumption,
component life, and exhaust emissions. If the engine operates at a temperature lower than the desired range, fuel
evaporation and combustion may become less effective, frictional losses may increase, and condensation of moisture
and unburned fuel can adversely affect engine lubrication. On the other hand, excessive temperature can cause
overheating, thermal stresses, lubricant degradation, component deformation, and accelerated wear. Therefore, an
effective cooling system must provide sufficient heat removal while avoiding unnecessary over-cooling.
Conventional engine cooling systems commonly use a thermostat to regulate the flow of coolant between the engine
and radiator. The thermostat remains closed or partially closed during cold starting and low-temperature operation,
allowing the engine to reach its normal operating temperature more quickly. As the coolant temperature increases, the
thermostat opens progressively and permits greater coolant flow through the radiator. Although this arrangement is
simple, reliable, and economical, a conventional single-stage thermostat has limited ability to respond to rapidly
changing engine operating conditions. Heavy-duty engines frequently experience wide variations in speed, load,
ambient temperature, and operating duty, making precise temperature regulation increasingly important.

An advanced dual-stage temperature regulation system can provide improved control of engine coolant flow over
different operating temperature ranges. In such a system, temperature regulation may be performed through two
successive stages using mechanical, electronic, or combined temperature-control mechanisms. The first stage can
provide normal temperature regulation during moderate engine operation, while the second stage can provide additional
coolant flow when the engine temperature increases beyond a specified threshold. Such a configuration can potentially
provide faster thermal response and better temperature stability under high-load operating conditions. Recent
developments in engine thermal management have also introduced electronic temperature regulation using temperature
sensors, electronic control units (ECUs), electrically actuated thermostats, and electronically controlled coolant-flow
devices. These systems allow coolant flow to be adjusted according to engine temperature and operating conditions
rather than relying only on a fixed mechanical response. Integration of sensing and control technologies can improve
the flexibility of the cooling system and provide opportunities for adaptive thermal management. The effectiveness of
such systems can be investigated through both experimental testing and Computational Fluid Dynamics (CFD)
analysis.

Thermal management is particularly important in heavy-duty C.I. engines because these engines operate for long
durations under high thermal and mechanical loads. Improved temperature regulation can contribute to stable
combustion, reduced thermal stress, better lubrication conditions, improved fuel utilization, and controlled exhaust
emissions. At the same time, excessive coolant flow can increase pumping requirements and heat losses, whereas
insufficient coolant flow canresultin local overheating. Hence, the objective is notsimply to maximize cooling but to
regulate heat rejection according to the actual operating requirement of the engine.

The development of advanced dual-stage temperature regulation systems has therefore become an important area of
research in modern engine thermal management. Researchers have investigated thermostat design, coolant -flow
characteristics, temperature distribution, electronic control strategies, radiator performance, and CFD-based
optimization to improve the thermal behaviour of engines. However, the available studies are distributed across
different aspects of cooling and temperature control, and a comprehensive understanding of dual -stage temperature
regulation for heavy-duty C.I. engines is required. This review paper presents a comprehensive assessment of advanced
dual-stage temperature regulation systems for heavy-duty C.I. engines. It discusses the fundamentals of engine thermal
management, conventional cooling systems, thermostat operation, limitations of single-stage temperature regulation,
and the working principles of dual-stage systems. The review further examines electronic temperature control, sensor
and ECU integration, coolant-flow regulation, CFD and experimental approaches, and the effects of improved
temperature regulation on engine performance, fuel consumption, emissions, and component durability. Finally, the
major research gaps, technical challenges, and future possibilities for intelligent and adaptive thermal management
systems are discussed.

II. PROBLEM IDENTIFICATION

Heavy-duty Compression Ignition (C.I.) engines operate under continuously changing conditions such as engine speed,
load, ambient temperature, and duty cycle. These variations directly affect the amount of heat generated inside the
engine. Therefore, maintaining the engine within an appropriate operating temperature range is an important challenge
in engine thermal management. An ineffective temperature regulation system may result in either excessive cooling or
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insufficient cooling, both of which can negatively influence engine performance, efficiency, emissions, and component

life. Conventional cooling systems generally use a single-stage mechanical thermostat to regulate coolant flow
according to engine temperature. Although such systems are simple, economical, and reliable, their response is mainly

dependent on a predetermined temperature range. They have limited capability to respond rapidly to changes in engine

operating conditions. During low-load operation, excessive cooling may delay engine warm-up and keep the engine
below its desired operating temperature. In contrast, during high-load operation, the heat generation rate increases

significantly and insufficient coolant-flow regulation may increase the possibility of overheating. Another important
problem is the variation in temperature throughout different regions of the engine. Improper coolant distribution can

result in non-uniform temperature fields and localized hot spots. Excessive temperature gradients may increase thermal

stresses in components such as the cylinder head, cylinder liner, piston, valves, and other critical engine parts. Repeated

heating and cooling cycles can further contribute to thermal fatigue, material degradation, and reduced component

durability. Engine operating temperature also has a significant effect on combustion, lubrication, fuel consumption, and

exhaust emissions. If the engine operates below its optimum temperature, combustion efficiency and lubrication

conditions may be adversely affected. On the other hand, excessive operating temperature can cause lubricant

degradation and thermal deterioration of engine components. Temperature regulation is therefore required not only to

prevent overheating but also to maintain the engine within a suitable thermal operating range. The thermal behaviour of
heavy-duty engines becomes more challenging during transient operating conditions. Rapid changes in engine load and

speed can cause sudden variations in heat generation and coolant temperature. A conventional mechanical thermostat

may not respond sufficiently quickly to these changes. This limitation creates a need for a temperature regulation

system capable of providing different levels of coolant-flow control according to the actual thermal requirement of the

engine. The development of electronic temperature regulation provides an opportunity to overcome some of these

limitations. Temperature sensors can continuously monitor coolant temperature, while an electronic control unit (ECU)

can process the temperature information and control an actuator or electronically operated thermostat. Such a system
can provide more flexible coolant-flow regulation. However, the integration of electronic control with a dual-stage
temperature regulation arrangement requires appropriate design, control strategy, and performance evaluation. A major
problem is therefore the lack of precise and adaptive coolant-flow control over a wide range of engine operating
conditions. A single-stage thermostat may not provide adequate control during both low-temperature and high-
temperature conditions. An advanced dual-stage system can address this issue by providing temperature regulation

through two distinctstages. The firststage can support faster engine warm-up and normal temperature control, while
the second stage can provide increased coolant flow when the engine experiences higher thermal loads. There is also a

need to evaluate the influence of dual-stage temperature regulation on overall engine performance. Parameters such as
coolant temperature, coolant velocity, pressure drop, heat-transfer rate, temperature distribution, fuel consumption,
thermal efficiency, and exhaust emissions should be considered. Computational Fluid Dynamics (CFD) can be used to

investigate coolant-flow behaviour and temperature distribution, while experimental testing can provide validation of
the numerical results. Thus, the primary problem identified in thisreview is the limitation of conventional single -stage
temperature regulation systems in maintaining optimum thermal conditions for heavy-duty C.I. engines under varying
operating conditions. The development and evaluation of an advanced dual-stage temperature regulation system can
provide a potential solution by improving temperature control, coolant-flow management, thermal stability, and engine
cooling response. A comprehensive review of existing research is therefore required to identify the current

developments, limitations, research gaps, and future opportunities in advanced dual -stage thermal management of
heavy-duty C.I. engines.

III. RESEARCH OBJECTIVE

The main objective of this review is to study and evaluate advanced dual -stage temperature regulation systems for

improving the thermal management of heavy-duty Compression Ignition (C.L) engines. The specific objectives of the

research are as follows.

The major objectives of this review paper are:

1. To study the fundamentals of thermal management and cooling requirements of heavy-duty C.I. engines under
different operating conditions.

2. To review the working principles, construction, and limitations of conventional single -stage thermostat-based
cooling systems.
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3. To investigate the working principle and potential applications of advanced dual -stage temperature regulation
systems for heavy-duty C.I. engines.

4. To examinethe effect of dual-stage temperature regulation on coolant flow, engine temperature, heat transfer, and
overall thermal stability.

5. To review the application of electronic thermostats, temperature sensors, actuators, and ECU-based control
systems for improved engine temperature regulation.

6. To study the influence of improved temperature regulation on engine performance, thermal efficiency, fuel
consumption, and component durability.

7. To examine the relationship between engine thermal management and exhaust emissions, particularly NOx, CO,
and unburned hydrocarbons.

8. To review the use of Computational Fluid Dynamics (CFD) and experimental methods for analyzing coolant flow,
pressure distribution, velocity distribution, and temperature distribution.

9. To identify the major limitations, challenges, and research gaps associated with advanced dual-stage temperature
regulation systems.

10. To discuss future research possibilities for developing efficient, responsive, adaptive, and reliable thermal
management systems for heavy-duty C.I. engines.

IV. LITERATURE REVIEW

The thermal management of internal combustion engines has been an important research area because engine
temperature directly affects combustion, fuel consumption, emissions, lubrication, and component durability.
Conventional cooling systems generally use mechanically driven coolant pumps, fans, and wax -type thermostats. These
systems are simple and reliable, but their ability to regulate coolant flow according to changing engine operating
conditions is limited. Research has therefore increasingly focused on electronically controlled pumps, variable -position
thermostats, intelligent control systems, and advanced thermal management strategies.

Amit Gupta et al (2026) investigated thermal management and optimization of a six-cylinder heavy-duty diesel engine
using coupled CFD, combustion, and conjugate heat-transfer analysis. The study developed a detailed numerical
methodology for simultaneously evaluating combustion, coolant flow, and heat transfer. Critical hot spots in the
cylinder block and cylinder head were identified through the coupled analysis. Different coolant-flow-path
modifications were then evaluated to improve heat transfer in critical regions. The optimized cooling-jacket design
improved heat-transfer efficiency by approximately 18% and reduced critical component temperatures. The study
demonstrates the importance of detailed CFD and thermal analysis in optimizing cooling systems for heavy-duty diesel
engines.

Zhou et al. (2026) investigated the thermal management of diesel engines using advanced cooling-system concepts and
numerical modelling. Their work considered the limitations of conventional mechanically driven cooling components
and examined the advantages of electrically controlled pumps, fans, and valves. The study emphasized that
conventional cooling systems are generally designed for maximum heat-load conditions and may provide excessive
coolant flow during many operating conditions. Advanced thermal management allows coolant flow and cooling
capacity to be adjusted according to actual engine requirements. The research demonstrated the importance of control
strategies in maintaining suitable engine operating temperatures. Such approaches provide an important foundation for
developing advanced temperature-regulation systems for heavy-duty applications.

Savaripour et al. (2025) investigated engine thermal management using a map-controlled thermostat. The study
considered an advanced cooling system consisting of an electrical water pump, electrical fan, and heated thermostat.
The thermostat was controlled according to engine operating conditions instead of relying only on a fixed opening
temperature. The results showed improvements in engine performance over different operating conditions, including
engine warm-up and low- and high-load operation. The study reported a reduction in fuel consumption along with
reductions in HC and CO emissions. The work demonstrates the potential of variable thermostat control for improving
engine thermal management.
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Liu et al. (2025) reviewed advanced thermal management systems and control strategies for internal combustion
engines. The study discussed the limitations of conventional mechanical cooling components and the development of
electrically controlled pumps, fans, valves, and thermostats. The researchers emphasized that controllable cooling
components can provide greater flexibility in regulating engine temperature. Electronic control allows the cooling
system to respond to changes in engine operating conditions more effectively than fixed mechanical systems. The study
also highlighted the importance of selecting suitable control strategies for achieving optimum thermal conditions.
These findings are directly relevant to the development of advanced temperature -regulation systems for heavy-duty C.1.
engines.

Praveen et al. (2024) reviewed advanced thermal-management techniques for internal combustion engines and
discussed the importance of improved cooling control. The study examined the limitations of conventional cooling
arrangements under varying engine operating conditions. Electrically controlled coolant pumps and temperature -
regulation devices were identified as important technologies for improving thermal control. The authors emphasized
that coolant flow should be matched with the actual thermal requirement of the engine rather than being continuously
supplied at a fixed rate. Improved control can reduce unnecessary cooling losses and support better engine efficiency.
The study provides useful background for the development of advanced dual-stage temperature regulation systems.

Bakatwar et al. (2024) investigated the performance and optimization of an engine cooling system using an
electronically controlled thermostat. The study recognized that a fixed thermostat temperature may not be suitable for
different combinations of engine speed and load. An electronic thermostat was therefore considered to provide
improved control of coolant temperature over different operating conditions. The research discussed the relationship
between coolant temperature, fuel consumption, power, emissions, and mechanical loading of engine components. The
results indicated the potential of electronically controlled thermostats for improving thermal efficiency and engine
operating conditions. This work supports the development of temperature -regulation systems that can respond more
effectively to changing engine requirements.

Haghighat et al. (2023) investigated an intelligent cooling system and its control model for improved engine thermal
management. The system incorporated an electrical fan, electrical thermostat, and electrical water pump instead of
relying completely on conventional mechanically controlled components. A control strategy was developed to regulate
the cooling components according to engine operating conditions. The study compared the intelligent system with a
conventional cooling system consisting of a conventional thermostat, fixed-speed water pump, and conventional fan
operation. The work demonstrated the importance of integrating electronically controlled cooling components for
improved thermal response and energy management. The study provides a significant basis for further development of
intelligent and multi-stage engine temperature-regulation systems.

Mu et al. (2022) investigated methods for improving the thermal efficiency of an engine using an advanced cooling
system incorporating an electronic water pump and dual thermostats. Their study considered different engine operating
conditions, including low-speed, medium-load, and high-load operation. The main electronic thermostat was used to
regulate coolant temperature according to the engine operating condition. Under high-load conditions, the electronic
water pump and dual thermostats could open fully to provide increased coolant flow through the engine. The study
demonstrated the importance of variable coolant flow and dual-stage temperature regulation in controlling engine
thermal loads.

Zhang et al. (2022) investigated an advanced control strategy for engine thermal management systems having
significant time delays. The system consisted of an electric thermostat, electric coolant pump, mechanical pump,
radiator, and electric fan. A control strategy was developed to improve engine temperature tracking while minimizing
the energy consumption of the thermal-management system. The study used a state predictor and disturbance estimator
to improve temperature-control accuracy. Experimental testing demonstrated accurate engine-temperature regulation
and energy consumption closeto the theoretical optimum. The work highlights the importance of advanced control
algorithms for modern electronically controlled cooling systems.
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Wang et al. (2021) investigated the temperature-control characteristics of an intelligent cooling system for a high-
speed marine diesel engine. The developed system used controllable cooling components, including an electronic
thermostatand electrically driven coolant pump. A variable-universe fuzzy-control algorithm was applied to regulate
the electronic thermostat, while a combined fuzzy and BP-PID strategy was used for pump control. Experimental
results showed reduced warm-up time and improved cooling accuracy under different operating conditions. The
intelligent system also reduced cooling-system power consumption and several measured emissions.

Assessment study (2021) investigated the application of an electrical coolant pump in a heavy-duty diesel engine. The
study examined different coolant-flow circuits and evaluated the behaviour of the system under different thermal
conditions. At coolant temperatures below the thermostat opening temperature, the short coolant circuit allowed coolant
to recirculate through the engine without passing through the main heat exchanger. When the thermostat opened, the
long coolant circuit directed coolant through the cooling module to reject heat to the surroundings. The study
demonstrated the importance of controllable coolant flow for heavy-duty engine thermal management. The findings
support the use of electrically controlled cooling components in advanced temperature -regulation systems.

Adsul et al. (2020) conducted a simulation study of the cooling system of a heavy-duty six-cylinder diesel engine. A
one-dimensional GT-Suite/GT-ISE model was developed to investigate coolant mass-flow and thermal distribution at
different steady-state operating conditions. The cooling system incorporated two interdependent thermostat valves,
identified as master and slave thermostats. The master thermostat controlled the radiator circuit, while the slave
thermostat provided a bypass flow path to the coolant pump. The simulation methodology was validated using
experimental engine-test data, and reasonable agreement was obtained between analytical and experimental results. The
study is particularly relevant to dual-stage temperature regulation because it demonstrates the application of multiple
thermostat valves in a heavy-duty diesel cooling system.

V. CONCLUSION

The literature reviewed in this paper demonstrates that effective thermal management is essential for achieving reliable
and efficient operation of heavy-duty Compression Ignition (C.1.) engines. Engine temperature has a direct influence on
combustion behaviour, fuel consumption, lubrication, component durability, and exhaust emissions. Conventional
cooling systems based on fixed-response mechanical thermostats are simple and reliable, but their ability to respond to
rapidly changing engine operating conditions is limited. The reviewed studies indicate that advanced temperature
regulation systems can provide improved control of coolant flow and engine operating temperature. Electrically
controlled thermostats, variable-speed coolant pumps, electronic fans, temperature sensors, and ECU-based control
strategies provide greater flexibility than conventional cooling arrangements. These technologies can regulate the
cooling capacity according to actual engine requirements and can reduce unnecessary coolant circulation and associated
energy losses. Dual-stage temperature regulation provides an additional opportunity to improve engine thermal
management. By regulating coolant flow through different stages according to temperature and engine load, the system
can support faster warm-up during low-temperature operation and provide increased cooling capacity during high -
temperature and high-load conditions. Such an approach is particularly suitable for heavy-duty C.I. engines, which
experience significant variations in thermal load during practical operation. The literature also shows that improved
temperature regulation can contribute to better thermal stability, reduced thermal stress, improved lubrication
conditions, and potentially lower fuel consumption and exhaust emissions. However, the effect on individual emission
parameters may vary depending on engine operating conditions and control strategy. Therefore, temperature regulation
should be optimized as an integrated engine-management problem rather than simply maximizing coolant flow.
Computational Fluid Dynamics (CFD), one-dimensional engine-system modelling, and experimental investigation are
important tools for evaluating advanced cooling systems. These methods can be used to study coolant velocity, pressure
drop, temperature distribution, heat-transfer characteristics, and thermal response. Combining numerical analysis with
experimental validation can provide a better understanding of the performance and limitations of advanced dual -stage
temperature regulation systems. Overall, the literature indicates a clear transition from conventional fixed -temperature
cooling systems toward adaptive, electronically controlled, and intelligent thermal -management systems. Although
significantresearch has been conducted on electronic thermostats, electric coolant pumps, intelligent cooling systems,
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and dual-thermostat arrangements, comparatively limited work has comprehensively evaluated an advanced dual-stage
temperature regulation system specifically for heavy-duty C.I. engines.
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