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Abstract: 

To reduce the energy use and emissions in the transport sector, electric vehicles are typically proposed as 
(part of) the solution. Power electronics are an essential part of electrical drivetrains for electric vehicle 
applications. Due to the high power density of these components, active cooling is a necessity to avoid 
overheating of the power electronic components. This study experimentally investigates two-phase cooling of 
an inverter base plate with a dielectric fluid (Novec 649). An Infineon inverter for a power range of 20 kW to 
30kW is used in the experiments, where the base plat is horizontally in contact with a reservoir of dielectric 
fluid. Heat fluxes ranging from 6 kW/m² to 21 kW/m² were realised, which resulted in surface superheat 
temperatures of 8 °C to 15 °C. The fluid saturation temperature was varied in three levels (41 °C, 46 °C, 51 
°C). Next to the surface temperature, the inverter substrate temperature was measured to evaluate the heat 
transfer path from the inverter substrate to the cooling fluid. The measurements show that for the low heat 
dissipation rates tested in this study, the substrate temperature reaches a maximal value of 70 °C. 
Extrapolation of the measurements to higher heat fluxes shows that the method is also feasible for medium 
loads, but that at the highest loads the heat flux will reach the critical heat flux which will result in overheating. 
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1. Introduction 

The transport sector is one of the main contributors to the global emissions of carbon dioxide. This 

has driven to an increase of electrification of vehicles. One of the main drawbacks of electric vehicles 

is the limited driving range when compared to vehicles with classical internal combustion engines. 

One of the ways to increase the driving range is by increasing the power and energy density of the 

electric drivetrain, thereby getting equal or more power and energy from a smaller and lighter electric 

drivetrain [1]. This increase in power density also leads to an increase in heat dissipation per volume. 

To avoid overheating of and consequently damage to these power dense components, adequate 

cooling is required. One of the critical components when evaluating cooling is the inverter which 

converts the DC voltage of the batteries to an AC waveform for the electric motor [2]. For these 

power electronics, the state of the art is forced liquid cooling, usually with a water-glycol mixture as 

coolant. In a previous paper, several cooling methods for electric vehicles power electronics have 

been compared based on heat transfer modelling [3]. The results show that the most performant 

techniques are direct contact base plate liquid cooling, followed by two-phase immersion cooling, 

while also noting that these results require experimental validation. 

In this paper, pool boiling immersion cooling is experimentally studied as an alternative cooling 

method. This method can reduce the size of the heat sink and the power use of the cooling system 

while simultaneously featuring high heat transfer coefficients [4]. Pool boiling immersion cooling for 
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electronics has been investigated for several decades, utilizing refrigerants such as FC-72 and R-113. 

The drawback of these refrigerants is their high global warming potential (GWP). More recently, very 

low GWP refrigerants have been engineered and proposed as alternatives, but less studies have been 

made on their heat transfer performance. For this study, the refrigerant Novec 649 is used, as it has a 

very low GWP of 1. Forrest et al. [5] found the heat transfer performance to be similar to that of FC-

72 for a pool boiling experiment using a heated wire. One of the most critical aspects of utilizing 

boiling heat transfer for cooling is to remain below the critical heat flux (CHF). If the heat flux from 

the surface increases above the critical heat flux, a vapour film will form which acts as a thermal 

insulator [6]. Due to this layer, the temperature of the surface will increase rapidly, causing 

overheating and failure of the device to be cooled. 

The goal of this paper is to test the cooling performance of pool boiling on the base plate of an inverter 

module. To achieve this, a setup is constructed consisting of an inverter module and an electrical 

circuit, a refrigerant reservoir and a cooling circuit for conditioning the refrigerant and measuring the 

heat flow. The base plate and inverter substrate temperature is measured for varying inverter load and 

refrigerant saturation temperature. 

2. Experimental setup 

2.1. Inverter module 

The insulated-gate bipolar transistor (IGBT) inverter module used in the experiments is an Infineon 

HybridPACK type FS400R07A1E3 (Fig. 1). This is a six-pack (six diodes and six IGBTs) silicon 

carbide inverter module with a rated voltage of 650 V and a rated current of 400 A DC. The inverter 

module is powered by a circuit consisting of a second identical inverter module, power inductors and 

a DC source. This allows the three-phase power to be circulated through both inverter modules and 

the inductors, while the DC source can be smaller as it only has to provide the power losses and not 

the entire power circulated through the modules. The output current of the modules can be controlled 

up to 50 A, as this is the current limit for the power inductors used. This limit on the current results 

in low heat dissipation by the module in the measurements when compared to the heat dissipation at 

the maximal current rating of 500 A. A waveform with a switching frequency of 20 kHz is used. More 

details on the design of the electrical circuit can be found in [7]. 

             

Fig. 1.  Inverter module (left) and its interior (right) 
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2.2. Refrigerant reservoir 

To test the performance of pool boiling cooling of the inverter module, a stainless steel sealed 

reservoir with a height of 330 mm, length of 176 mm and width of 213 mm is made, which is shown 

in Fig. 2. The reservoir is filled with 4 l of refrigerant. As no air is present in the reservoir, the pressure 

and temperature can be controlled, as the state in the reservoir will always be a two-phase state, where 

pressure and temperature are linked by the saturation curve. At the bottom of the reservoir, the inverter 

base plate with dimensions 108 mm by 47 mm is in contact with the fluid in the reservoir. The inverter 

is connected to the reservoir with the bottom plate made of acrylic glass, which has a low thermal 

conductivity to avoid parasitic heat flows through the bottom plate to the fluid. At the top, a copper 

spiral tube is added in the vapour region for coolant to flow through. This transfers heat from the 

refrigerant which condenses. Two transparent polycarbonate windows are added to the reservoir to 

provide a visual observation of the boiling phenomenon. The main components are also shown in a 

cross-sectional view of the reservoir in Fig. 3. During the measurements, to avoid heat losses from 

the reservoir to the environment, the reservoir is insulated with a 5 cm thick layer of polyurethane 

with a thermal conductivity of 0.025 W/mK. 

2.3. Coolant circuit 

A schematic of the coolant circuit is shown in Fig. 4. The coolant used is a water and glycol mixture, 

with a monoethylene glycol content of 38.24% (mass based). A Neslab M100 chiller provides the 

coolant flow at a desired temperature and a three-way valve is used to control the mass flow rate 

going to the condenser in the reservoir. For each measurement, the coolant inlet temperature and 

three-way valve are set such that the refrigerant in the reservoir is kept at the desired temperature. A 

volume flow rate sensor and thermocouples at the inlet and outlet are implemented, along with mixers 

(based on the design in [8]) in front of the temperatures measurements to ensure the temperature in 

the tube cross section is uniform. 

2.4. Refrigerant 

The refrigerant used in the experiments is 1,1,1,2,2,4,5,5,5-nonafluoro-4-(trifluoromethyl)-3-

pentanone, more commonly known by its trade name Novec 649. This fluid is chosen because it has 

a low boiling point (49 °C) at atmospheric pressure and because of its very low GWP of 1. Further 

advantages are its non-flammability and non-toxicity. 

 

Fig. 2.  Refrigerant reservoir (non-insulated): 3D CAD drawing (left) and actual device (right) 
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Fig. 3.  Cross-sectional view of the refrigerant reservoir indicating the main components 

 

 

Fig. 4.  Schematic of the coolant circuit (M = flow meter, T = temperature measurement) 

3. Measurement analysis 

3.1. Sensors 

The temperature of the base plate is measured by ten type T thermocouples, fixed to the sides of the 

inverter base plate, with five sensors evenly distributed on each side. Next to the thermocouples, the 

inverter substrate temperature is measured by a NTC (negative temperature coefficient) thermistor 

integrated in the inverter (shown in the white rectangle on Fig. 1), which has an uncertainty of ± 1 °C 

in the range of temperatures measured in this research. The reservoir temperature is measured with 

two T-type thermocouples. As significant thermal gradients can be induced during operation, the 

thermocouples do not always give an accurate representation of the liquid saturation temperature. To 

complement the temperature measurements, a pressure transducer with an uncertainty of ± 450 Pa is 

also implemented to determine the pressure in the reservoir. By using the saturation curve of the 

refrigerant, this pressure can be related to the saturation temperature. 
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The coolant circuit is equipped with two inlet and two outlet temperature measurements for 

redundancy. This is done by four T-type thermocouples. The volume flow rate of the coolant is 

determined by an oval gear flow meter with an uncertainty of ± 1.5% of the reading. All 

thermocouples are calibrated to achieve an uncertainty on the temperature of ± 0.07 °C. 

3.2. Measurement processing 

Processing of the measurements is required to derive the heat dissipation of the module. The power 

input is not measured electrically, as the DC source also provides power for the losses of the second 

inverter module and the inductors. Measuring the losses of a single module electrically is not 

preferred, as the switching frequency of the inverter goes up to 20 kHz during the experiments, 

requiring a very high sample rate for voltage and current to get an accurate reading for the average 

power losses. Instead, the heat dissipation is derived from the energy balance of the reservoir. The 

reservoir and tubing are insulated to avoid heat losses to the environment. When drafting the energy 

balance for this system in steady state, the heat transferred through the base plate of the inverter is 

equal to the energy carried away by the coolant. By the measurements of the flow rate (V̇) and inlet 

temperature (Tin) and outlet temperature (Tout) of the coolant, the heat flow (Q̇) to the refrigerant can 

be derived as in Eq. (1) by determining the coolant density (ρ), inlet enthalpy (hin) and outlet enthalpy 

(hout) through the use of the CoolProp fluid property library [9]: 

�� = ��� �ℎ�	
(��	
) − ℎ��(���)�.  (1) 

To remove any electromagnetic interference on the measurements, the DC source voltage applied to 

the inverter is set to a value of 100 V, which is significantly lower than the nominal rating of the 

inverter (420 V). Above this value, increased noise levels and inaccuracies on the thermocouple 

measurements were perceived. 

4. Results and discussion 

As discussed in the previous section, the heat flow to the refrigerant is calculated from the energy 

balance of the coolant. Fig. 5 shows the heat dissipation measured for different current amplitudes, a 

DC source voltage of 100 V and a fixed refrigerant temperature of 51 °C. Results show that the heat 

dissipation varies nearly linearly with the current amplitude. The maximal heat flow measured at 50 

A is 106 W. 

The boiling curve of the pool boiling heat transfer is shown in Fig. 6. This plot illustrates the heat 

flux from the base plate surface as a function of the difference between the average base plate 

temperature measured with ten thermocouples and the refrigerant (saturation) temperature, also called 

the surface superheat temperature. For all measurement points, boiling was occurring, so no 

measurement points with purely natural convective heat transfer are included. The results show the 

expected non-linear heat transfer behaviour, where the heat flux increases with an increase in surface 

superheat temperature. Three different refrigerant saturation temperatures where applied in the 

experiments: 41 °C, 46 °C and 51 °C. Decreasing the refrigerant temperature results in an increase in 

the surface superheat temperature and thus a deterioration in the heat transfer, which is concurrent 

with previous research on pool boiling heat transfer. 
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Fig. 5.  Heat flow from the inverter base plate to the refrigerant as a function of the inverter current 

 

Fig. 6.  Heat flux as a function of surface superheat temperature for three different refrigerant 

saturation temperatures 
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The temperature measured with the thermistor on the inverter substrate is shown on Fig. 7 in a similar 

type of boiling curve as in Fig. 6. In this plot, the thermistor temperature measurement is used instead 

of the average of the thermocouple measurements. The thermistor measures the same trend for the 

temperature difference as function of the heat flux but at higher temperature differences, as this 

temperature measurement is closer to the heat sources (IGBTs and diodes in the inverter). The 

temperature difference measured here is thus the result of both the pool boiling heat transfer and of 

the conductive heat transfer in the inverter module. As the uncertainty of the inverter thermistor is 

higher, these measurements cannot give any conclusion on the influence of the refrigerant saturation 

temperature on the inverter substrate temperature difference. The maximal absolute temperature 

measured is 70 °C. 

 

Fig. 7.  Heat flux as a function of the temperature difference between the inverter substrate and the 

refrigerant for three different refrigerant saturation temperatures 

The maximal heat flux measured in the experiments is 21 kW/m² (or 2.1 W/cm²). This is a 

significantly lower than the heat fluxes at the maximal load of the inverter due to the limitations of 

the setup (the current is limited to 50 A at a switching frequency of 20 kHz). To asses if the pool 

boiling cooling method is still viable for higher inverter loads, the measurements are extrapolated to 

higher heat fluxes. Most correlations on pool boiling use a power law to correlate the heat flux to the 

superheat temperature, with an exponent equal to 3 [10]. As shown in Fig. 6, this function is also able 

to match the trend of the measurements performed in this study. However, this correlation is only 

valid in the nucleate boiling regime which occurs for heat fluxes up to the critical heat flux. With the 

correlation of Zuber [6], the critical heat flux for the three different saturation temperatures is 

calculated and plotted on Fig. 8. The heat dissipation at a current of 400 A and a switching frequency 

of 40 kHz is estimated at 1200 W, which relates to a heat flux of 236 kW/m². As this is higher than 

the calculated critical heat fluxes, the pool boiling method is not applicable for cooling the inverter 

at the highest loads. At these loads, film boiling will occur on the base plate, which causes the 

temperature to increase significantly above the allowable temperature (175 °C), resulting in failure 

of the inverter. 
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Fig. 8.  Fitted correlations for the boiling curves for three different refrigerant saturation 

temperatures with the calculated critical heat flux using the correlation of Zuber [6] 

5. Conclusions 

A setup to measure pool boiling heat transfer from an inverter base plate to a refrigerant at a controlled 

saturation temperature was constructed to evaluate the potential of this heat transfer mechanism for 

cooling of power electronics. Heat transfer measurements were performed at different inverter loads 

and different refrigerant saturation temperatures. The results show that the heat transfer rate increases 

with heat flux and saturation temperature, which is consistent with other pool boiling heat transfer 

measurements form literature. 

For the measurements performed in this study, the temperature of the base plate and of the inverter 

substrate remained well below the maximal allowable temperature of 175 °C for all inverter loads. 

However, due to limitations of the measurement setup, the maximal measured heat load (106 W) was 

low compared to the estimated heat load at high inverter loading conditions (1200 W). Estimations 

of the critical heat flux show that medium loads of the inverter can be cooled sufficiently, but at higher 

loads the heat flux will rise above the critical heat flux. For these heat fluxes, the temperatures will 

rise above 175 °C and cooling by pool boiling on the base plate will not be applicable. 

Acknowledgments 
This research was supported by Flanders Make, the strategic research centre for the manufacturing 

industry, and the HERMESFONDS in the framework of the Hipercool project (HBC.2016.0463). 

 

 

 

0 5 10 15 20 25 30
0

20

40

60

80

100

120

140

160

180

Surface superheat temperature [°C]

H
e
a
t 

fl
u
x
 [

k
W

/m
²]

 

 

Measurement (41°C)

Measurement (46°C)

Measurement (51°C)

Correlation (41°C)

Correlation (46°C)

Correlation (51°C)

CHF



9 

References 
[1] Emadi A, Lee YJ, Rajashekara K. Power electronics and motor drives in electric, hybrid electric, 

and plug-in hybrid electric vehicles. IEEE Transactions on industrial electronics. 2008 May 

28;55(6):2237-45. 

[2] Rajashekara K. Present status and future trends in electric vehicle propulsion technologies. IEEE 

Journal of Emerging and Selected Topics in Power Electronics. 2013 Apr 23;1(1):3-10. 

[3] Nonneman J, T’Jollyn I, Clarie N, Weckx S, Sergeant P, De Paepe M. Model-based comparison 

of thermo-hydraulic performance of various cooling methods for power electronics of electric 

vehicles. In 2018 17th IEEE Intersociety Conference on Thermal and Thermomechanical 

Phenomena in Electronic Systems (ITherm) 2018 May 29 (pp. 398-409). IEEE. 

[4] Chu RC. The challenges of electronic cooling: past, current and future. Journal of Electronics 

Packaging. 2004 Dec 1;126(4):491-500. 

[5] Forrest E, Buongiorno J, McKrell T, Hu LW. Pool boiling performance of Novec TM 649 

engineered fluid. 

[6] Zuber N. On the stability of boiling heat transfer. Transactions of the American Society of 

Mechanical Engineers. 1958 Apr 1;80. 

[7] Ravyts S, Zwysen J, Van den Broeck G, Hallemans L, Schlimpert S, Driesen J. An Experimental 

Setup to Evaluate the Efficiency and Cooling Capability of IGBT and SiC Power Modules. In 

PCIM Europe 2019; International Exhibition and Conference for Power Electronics, Intelligent 

Motion, Renewable Energy and Energy Management 2019 May 7 (pp. 1-7). VDE. 

[8] Meyer JP, Everts M. Single-phase mixed convection of developing and fully developed flow in 

smooth horizontal circular tubes in the laminar and transitional flow regimes. International 

Journal of Heat and Mass Transfer. 2018 Feb 1;117:1251-73. 

[9] Bell IH, Wronski J, Quoilin S, Lemort V. Pure and pseudo-pure fluid thermophysical property 

evaluation and the open-source thermophysical property library CoolProp. Industrial & 

engineering chemistry research. 2014 Feb 12;53(6):2498-508. 

[10] Cooper MG. Heat flow rates in saturated nucleate pool boiling-a wide-ranging examination 

using reduced properties. In Advances in heat transfer 1984 Jan 1 (Vol. 16, pp. 157-239). 

Elsevier. 


