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Abstract: The current paper aims to present a thermal 

dissipation optimization for an Electronic Control Unit 

(ECU) cooled with thermal paste. The improvement 

consists of replacing the inside air of the module with four 

single-phase dielectric coolants in natural convection and 

one silicone elastomer compound, each of which has a 

higher thermal conductivity than air. Two distinct 

experiments were performed: electronics immersed in 

coolant with and without thermal paste, exposed to an 

ambient temperature of between -40°C and 105°C. 

Temperature measurements on the hot spots of these 

solutions were compared to electronic modules that are 

cooled only with thermal paste. 

Key words: thermal conductivity, convection, thermal paste, 

thermophysical properties of coolants. 

 

1. INTRODUCTION 
 

Cooling of electronic components in the automotive 

industry has started to be limited because of the large 

amount of power used to achieve functions. New 

requirements and the latest technologies have created a 

lot of opportunities and possibilities to develop new 

applications and functions for cars that users can connect 

with. Machine manufacturers must provide these features 

and services to compete in the market and meet customer 

demands. To accomplish this, from a business 

perspective, electronic units must become more 

powerful, smaller, and less expensive. This affects the 

thermal behaviour of the electronic control units. 

Currently, in conventional cars, the heat transfer systems 

used are too conservative, the most common being 

thermal paste, metal housings, or fan cooling solutions. 

The advantages of those methods are that they are cheap 

and can still provide enough heat transfer for the power 

used. The metal casing for electronic products serves as 

a heat sink for the environment. Certain areas of the case 

are specially designed for cooling purposes, either on the 

component or directly on the Printed Circuit Boards 

(PCB) where the thermal paste is placed, to improve the 

heat transfer. Aside from the previously mentioned areas, 

distance restrictions to electronic components should be 

considered when designing the housings. There are 

circumstances when it is no longer possible to design 

cooling domes in the housing, where thermal paste can 

be applied, but the temperature on certain components 

must be kept below the manufacturer's maximum 

temperature. These factors, combined with the design 

constraints of housing manufacturing, result in numerous 

air-filled areas within the module. Because air is an 

insulating medium, it has no effect on the heat transfer of 

electronic components. Liquids are generally excellent 

conductors of heat because of their relatively higher 

thermal conductivity than air. Also, compared with solid 

thermal paste, a liquid takes the shape of the entire space 

between electronic components and the housing, and this 

will help in dissipating heat. Unfortunately, while water 

is one of the best heat transfer fluids, it has one major 

drawback when it comes to cooling electronics: it is very 

conductive of electricity. A good alternative is dielectric 

liquids. Immersion cooling, which uses dielectric fluids, 

has become one of the most promising ways to get rid of 

heat from high power densities. 

Two types of direct immersion cooling exist: single 

phase immersion cooling (SLIC) and two-phase 

immersion cooling (2PIC). The challenges of 2PIC 

consist of being operationally complex and very costly 

and could not be implemented in this experiment. But 

the SLIC solution is more promising. Several studies 

have shown the benefits of using single-phase fluids. 

GRC Electrosafe, a hydrocarbon-based fluid, was 

highlighted [1] to have far superior heat transfer than 

an air-cooled solution. Mineral oil has achieved the 

best thermal results compared with silicone oil, 

synthetic and natural esters [2]. Mineral oil is also a 

strong option for battery immersion cooling systems 

because of their low cost, toxicity, and wide operating 

temperature range [3]. For electric vehicle batteries, 

many studies use hydrofluoroether [4,5] or natural and 
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synthetic esters [6] to investigate additional thermal 

solutions. Data centres use SLIC technology, and to 

achieve better thermal management, liquids are 

recirculated. A study with perfluorocarbon structured 

refrigerant (Fluorinert) proved that it can be a suitable 

coolant for immersion cooling with natural convection 

in a data center, [7]. As single-phase immersion 

coolants, Novec 3283, Novec 43, 50 cSt silicone oil, 

20 cSt silicone oil, and soybean oil were compared. 

They found that the 20 cSt silicone oil works better in 

natural convection than the 50 cSt silicone oil because 

it has a lower viscosity. 

Immersion of electronic components in viscous 

coolants provides a slight mechanical advantage due to 

the fluid's tendency to support electronic components. 

Depending on the viscosity of the fluid, it may also help 

stop vibrations and shocks by acting as a damper, [8]. 

This work proposes an improvement in heat transfer for 

automotive electronic modules exposed to an ambient 

temperature of between -40°C and 105°C, by replacing 

inside air with single-phase coolants without a pump or 

additional fan. Temperature measurements on the hot 

spots of these solutions were compared to an electronic 

module with only thermal paste cooling solution. 

 

2. EXPERIMENTAL VALIDATION 

 

2.1 Electronic module description 

The electronic module used in the experiments is made 

up of a PCB that is placed in an aluminium housing 

and covered by a steel upper housing, as shown in 

Figure 1. The module tested has a total power of 50W. 

Figure 2 depicts the placement of all five temperature-

measuring components: PCB, microcontroller (μC), 

two buck converters integrated circuit (ICs) and a two-

phase DC-to-DC boost converter IC with serial 

peripheral interface (SPI) with thermal sensor 

embedded, which allows monitoring the junction 

temperatures. 

 

 
Fig. 1. Electronic module exploded view 

 

 
Fig. 2.  Electronic components on top side PCB 

 

2.2. Test setup 

During the measurements, eleven different modules 

were tested:  

• one with thermal paste only, which was considered 

the reference for the complete study; 

 
Fig. 3. Thermal paste dispensing on bottom side PCB 

 

• one with thermal paste and silicone gel; 

• four with thermal paste and different four coolants; 

• one with silicone gel only;  

• four with the same four different coolants only. 
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Fig. 4. Heat transfer schematic of experiments 

 

Two experiments were conducted to determine the heat 

dissipation improvement, divided into Test 1 and Test 2. 

As shown in Figure 4, the first experiment consisted of 

five modules with coolants only, whereas the second 

experiment consisted of modules with coolants and 

thermal paste. The heat dissipation performance of both 

types of experiments was compared with the reference 

module. The reference module has Thermal Interface 

Material (TIM) under the PCB, where components 

Buck1, Buck2 and Boost were positioned as shown in 

Figure 3. The compound that is between the PCB and the 

heatsink is there to bridge the air gap, which would 

otherwise keep heat from moving efficiently. 

The reference module is cooled only by thermal paste, 

which is the most commonly used cooling solution in 

electronic components. In this reference measurement, 

the main heat transfer path from the hot spot to the 

housing is via thermal paste only. In test 1, the main 

heat transfer path from the hot spot to the housing is 

via thermal paste, and the second transfer path is via 

free convection and molecular conduction of the fluid. 

In test 2, the main heat transfer path from the hot spot 

to the housing is via dielectric coolant only. When the 

surrounding fluid is a liquid, radiation from the heat-

producing components is non-existent. 

The thermophysical properties of the coolants chosen 

are listed in Table 1. The silicone gel is an 

encapsulating material, which is mainly used to 

improve the dielectric strength of the power module 

and to protect power devices from chemical 

contamination, moisture diffusion, and mechanical 

damage. The four different dielectric coolants used for 

this study are: hydrofluoroether (HFE), synthetic 

hydrocarbon (SHC) and two synthetic esters (one with 

Low Kinematic Viscosity (LKV) and the other with 

High Kinematic Viscosity (HKV). 

 
Table 1. Thermophysical properties of coolants used 

 Thermal 

conductivitya 

 

[W/m*K] 

Kinematic 

Viscositya 

 

[mm2/s] 

Heat 

capacity 

 

[J/K*m3] 

 

Densitya 

 

[kg/m3] 

Specific 

heat 

 

[J/kg*K] 

Coefficient of 

expansiona 

 

[1/K] 

Boiling 

point 

 

[°C] 

Pour 

point 

 

[°C] 

HFE 0.065 0.77 1838640 1630 1128 0.0013 129 -100 

SHC 0.136 8.11b 1659000 790 2100 0.00067 >300 -57 

HKV 0.147 75 1841136 968 1902 0.00075 high -75 

LKV 0.129 16.4 1746812 916 1907 0.00080 high -75 

Silicone gel 0.2 -  970 - 0.0003 - - 

TIM 2        
a at 20°C 
b at 40°C   
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The modules were tested according to a method called 

temperature cycling. The test simulates varying low 

and high temperatures during the electrical operation 

of the system. The modules were placed into the 

climatic chamber, as shown in Figure 5. The 

temperature profile, as is illustrated in Figure 6, starts 

the program at room temperature for 30 minutes. Then 

the ambient temperature was gradually increased to 

85°C in 2°C increments. The ambient temperature of 

85°C was maintained for 70 minutes to ensure that the 

internal temperature of the components was stabilized. 

Then the ambient temperature was increased to 105°C 

(Tmax) and maintained for 70 minutes. Following the 

stabilization period, the temperature was gradually 

reduced to -40°C (Tmin) and held for 120 minutes 

before being returned to room temperature. The 

module operated in full power mode, which means 

around 50 watts of power in all the ambient 

temperature values described above. These 

temperature settings were selected because they cover 

a relatively large testing range for electronics in the 

automotive industry.

 

         
Fig. 5. ECUs placed in thermal chamber 

 

 
Fig. 6. Temperature profile 

 

3. EXPERIMENTAL RESULTS 

 

3.1 Temperature measurements 

Temperatures were monitored in real time during the 

temperature profile steps. However, to simplify this 

evaluation, a single temperature at time tst 

(stabilization temperature time) was considered for 

each ambient temperature value, T1, T2, T3 and T4, 

depicted in Figure 6. The tst was set to 2 minutes 

before any change in profile temperature, and it was 

used to make sure that the temperatures measured 

across the whole system were stable at each 

temperature interval. Figure 7, Figure 8 and Figure 9 

show the temperatures reached during the tests. The 

test results are divided into two categories in the 

graphs: solid bars represent the modules that were only 

filled with coolants, and pattern bars illustrate the 

modules that were filled with coolants and thermal 

paste. 

The highest temperatures are achieved in modules that 

are filled with liquids only. The following graphics, 

Figure 10, Figure 12, Figure 14, show the temperature 

drop of each cooling solution tested, but this might 

lead to wrong conclusions. 

Because there are eleven distinct modules utilized in 

each test, the amount of power consumed by each one 

could be different. 
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Fig. 7. Temperature values on Buck 1 and Buck 2. 

 

 
Fig. 8. Temperature values on Boost and PCB 

 

Therefore, to avoid being dependent on this power's 

slight fluctuations, as well as the overall temperature 

of the surrounding environment, the thermal resistance 

should be considered. The thermal resistance was 

calculated with formula (1). The thermal resistance 

shows how a thermal cooling solution is increasing the 

temperature per watt. 

 

 𝑅𝑡ℎ =
∆𝑇

𝑃
      (1) 

 

In the following graphics analysis, the temperature 

differences of the modules with coolant only and of the 

modules with coolant and thermal paste relative to the 

modules with thermal paste only were performed. 
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Fig. 9. Temperature values on μC 

 

Because the thermal behavior is similar at all analyzed 

ambient temperature values, in the current paper it 

highlights only the worst-case conditions, 105°C 

ambient temperature. 

The thermal improvement [%] relative to the standard 

used solution, where the modules are only with 

thermal paste, was calculated based on the thermal 

resistances. A minus improvement shows better 

thermal behavior and a plus improvement shows worse 

thermal behavior compared with the thermal paste 

only solution. 

For thermal cooling solutions with liquid and TIM, it 

was observed that the best fluid for Buck 1 was HKV 

liquid, which was explained by the highest thermal 

conductivity. 

 

 
Fig. 10. Temperature difference between coolant only, 

coolant liquids with TIM and TIM only on Buck 1 

 

 
Fig. 11. Thermal resistances improvement between coolant 

only, coolant with TIM and TIM only on Buck 1 

 

The average improvement in HKV coolant with thermal 

paste compared to thermal paste only is approximately 

6°C and 17°C compared to liquids alone. The second 

parameter that was observed to count is the kinematic 

viscosity, which if it is lower, it is better due to easier 

and optimal contact between components and housing. 

A low kinematic viscosity value decreases the 

possibility of having air trapped at contact surfaces. 

Because of this, HFE liquid demonstrates a second 

better thermal performance compared to other liquids 

that have been tested. Also, silicone gel has the highest 

value of thermal conductivity, but because of its high 

kinematic viscosity, there is a high possibility of having 

air trapped during curing at contact between 

components and housings.  

For thermal cooling solutions with liquid only, without 

any thermal paste, all the solutions are worse than the 

reference cooling solution with thermal paste only. 

The best thermal behavior is for HFE coolant, which 

has the lowest kinematic viscosity. Also, except for 

LKV coolant, which has unexplained thermal behavior 

during the measurements, silicone gel with the highest 

kinematic viscosity has the worst thermal behavior. 

So, the kinematic viscosity of the coolant seems to be 

more important than its thermal conductivity. 

The thermal behavior of μC wa slightly different than 

the other components. The μC is the only component 

that has no thermal paste underneath, and it is also 

affected by other components' power consumption, 

because Boost and Buck converters are controlled with 

PWM (Pulse Width Modulation) signals generated by 

a microcontroller. Due to the thermal runaway effect 

on μC, power consumption increases with the 

temperatures and decreases if the cooling solution is 

better. This fact explains why modules filled with HFE 

or HKV only registered temperatures that were 2°C or 

3°C lower than when thermal paste was used alone. 
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Fig. 12. Temperature difference between coolant only, 

coolant liquids with TIM and TIM only on Buck 2 

 

 
Fig. 13. Thermal resistances improvement between coolant 

only, coolant with TIM and TIM only, on Buck 2 

 

4. CONCLUSION 

 

Comparing the different coolants, it is obvious that 

HKV-Synthetic Ester is the best coolant. In second and 

third place among the alternative liquids were SHC-

synthetic hydrocarbon and HFE-hydrofluoroether, 

while in fourth place was silicone gel. The synthetic 

ester LKV performed the worst in these tests. 

In modules containing only coolants, the thermal 

behavior of the coolants remained in the same sequence 

for each analyzed component. HFE-hydrofluoroether 

demonstrated the greatest performance, followed by 

SHC-synthetic hydrocarbon and HKV-hydrofluoroether. 

Silicone gel and LKV failed to provide the optimal 

results. However, the strategy that utilizes solely cooling 

fluids moving by natural convection yields worse results 

compared to thermal paste. 

 
Fig. 14. Temperature difference between coolant only, 

coolant liquids with TIM and TIM only on μC 

 

 
Fig. 15. Thermal resistances improvement between coolant 

only, coolant with TIM and TIM only on μC 

 

By looking at modules with liquid and thermal paste, 

it was found that the thermal performance of liquids 

with high thermal conductivity is better. When only 

liquid cooling solutions were used to cool down 

electronic parts, the coolants with the lowest viscosity 

showed the lowest temperature increase compared 

with thermal paste only.  

These measurement results demonstrate that thermal 

paste cooling solutions could be enhanced by replacing 

the volume of air within the rest of the electronic 

modules with coolant. Depending on the chosen fluid, 

the improvement was up to 10% for the used boundary 
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conditions. 

The fundamental advantage of single-phase liquid 

imerssion cooling with natural convection over other 

cooling methods such as fans, heat pipes, Peltier, etc. 

is that the ECU requires no additional space. An 

extremely important and necessary measure is the 

hermetical sealing of the ECU. Also, the expansion of 

the coolant should be considered. 
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