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Abstract  

This paper presents a comparative CFD-study for a novel integration concept for mid-voltage power semiconductor mod-

ules. Cooling is primarily achieved through jet impingement on a structured Cu-Inlay from the bottom side and a second-

ary channel flow directly at the chip top side. This study investigates the thermal performance of three common dielectric 

coolants (Shell S5 LV, MIVOLT 808, MIDEL 7131) from various application areas. Under realistic boundary conditions 

(const. current of 50 A), the pumping characteristics are analysed across a coolant temperature range of -20 °C to 60 °C 

and a junction temperature of 125 °C to 150 °C. The study finds that at a constant flow rate, the thermal resistance (Rth,jf) 

varies only marginally between the investigated fluids. However, the viscosity-dependent pressure drop shows significant 

differences. It is concluded that the thermal management of the power semiconductors remains effective even at low 

temperatures, provided the coolant remains pumpable within the cooling circuit. 

 

1 Introduction 

Conventional packaging technology for medium-power 

semiconductors (2–10 kV) is based on ceramic substrates 

as electrical isolators (DBC/AMB) and bond wires for con-

tacting, with the module encapsulated in silicone gel and 

cooled externally. The main challenge is the trade-off be-

tween high electrical insulation (thick ceramic) and good 

thermal performance (thin ceramic). A promising alterna-

tive is immersion cooling with dielectric fluids integrated 

directly into the module. This method removes solid insu-

lators from the heat flow and enables double-sided cooling 

of the chips, thus overcoming the thermal limitations. By 

establishing a significantly shortened thermal path directly 

from the semiconductor surface to the coolant, this ap-

proach facilitates a decrease in thermal resistance and an 

increase in power density, aligning with the current indus-

try trend toward more compact and lightweight converter 

systems. Enhanced cooling performance allows for a re-

duction in the physical footprint of power modules while 

maintaining or even improving semiconductor reliability 

through lower junction temperatures. Furthermore, a supe-

rior heat dissipation enables a reduction in the required 

number of parallel chips for a given power rating, which 

directly translates into lower material costs and more eco-

nomically competitive module designs. 

1.1 Prior Art 

Dielectric liquids have long been used for insulation and 

cooling in power transformers  [1], and more recently, for 

immersion cooling in photovoltaics, data centers, and EV 

batteries  [2] [3]. Immersion-cooled power electronics, 

such as subsea converters [4] and mid-voltage DC/DC con-

verters for PV systems [5] have also emerged. 

Our group previously explored jet impingement cooling of 

PCB-embedded 1.2 kV IGBTs using transformer oil  [6]; 

[7] In the Franco-German ARCHIVE project, we developed 

a 20 kV power module using a ceramic substrate with an 

integrated liquid cooler, featuring six series-connected 3.3 

kV SiC MOSFETs on an AlN substrate integrated cooler 

[8]. Using HFE-7500 as the coolant, we achieved excellent 

thermal performance (Rth,jf = 0.47 K/W for a 32 mm² die). 

Building on the DiscoPAK project, which demonstrated a 

hybrid immersion and jet impingement cooling system for 

2 kV SiC MOSFETs [9], this paper further evolves the con-

cept. Prior experimental results using Shell S5 LV synthetic 

oil at 60°C achieved an Rth,jf  of 0.54 K/W (30 mm² die) at 

2.5 l/min per chip.  

1.2 Scope of this Paper 

While the initial study [9] demonstrated the feasibility of 

the concept using a single fluid (Shell S5 LV) at a fixed 

temperature of 60 °C, a comprehensive evaluation across 

the full application range is still missing. Furthermore, as 

the dielectric insulation capability of an immersion cooling 

setup for EV applications has already been demonstrated 

by Chen [10], the present study focuses exclusively on the 

thermal characterization of the power module. To address 

the remaining thermal gaps, this analysis expands the in-

vestigation to a wider temperature range from -20 °C to 

60 °C. Using CFD simulations, the thermal performance of 

three distinct dielectric fluids is investigated and compared 

to qualitatively assess their suitability for varying operating 

conditions and to identify potential thermal limits at ex-

treme temperatures 

2 Module Description 

Developed within the DiscoPAK project, this power mod-

ule showcases an innovative immersion dielectric cooling 

concept designed to evaluate the performance boundaries 

of dielectric fluids in power electronics. The design fea-

tures a double-sided cooling architecture: primary thermal 
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management is achieved via jet impingement targeting the 

structured backside of the semiconductor, while secondary 

cooling is provided by fluid flow across the top surface. A 

key advantage of this approach is the integration of power 

electronics using mainly standard PCB manufacturing pro-

cesses, which effectively obviates the need for specialized 

technical ceramics for electrical insulation. 

2.1 Module Structure 

The core of the module is the power PCB featuring embed-

ded 1.5 mm copper inlays (Figure 1), onto which two 2 kV 

SiC MOSFETs are silver-sintered. This power PCB is con-

figured as a half-bridge. Electrical interconnection to the 

connector board is established via spring contacts, while 

external power connections are facilitated through soldered 

screw terminals. To ensure environmental sealing, the con-

nector PCB is adhesive bonded to a polyamide cover. The 

thermal management system consists of a flow distributor 

below and a flow guide above the power PCB, which col-

lectively direct the coolant flow. The entire assembly is en-

capsulated in a polyamide housing, using O-rings to seal 

against the connector PCB at the top and an aluminium 

baseplate at the bottom. Further design details are provided 

in [9]. 

2.2 Flow path 

Figure 2 illustrates a cross-sectional view of the module to 

clarify the coolant path. The dielectric fluid enters through 

a central inlet in the aluminium baseplate and passes 

through a flow distributor, which bifurcates the stream and 

accelerates it into distinct jets. These jets impinge directly 

onto the structured copper inlays beneath the chips, provid-

ing primary cooling at the high-heat-flux zones. Subse-

quently, the coolant exits through lateral openings in the 

flow distributor to overflow the top surface of the power 

PCB (secondary cooling). To enhance heat transfer, a con-

vexly shaped flow guide is positioned above the chips to 

locally increase the flow velocity. 

3 Dielectric Fluids 

Driven by the growing research interest in immersion cool-

ing for electric vehicle (EV) batteries and data centers, a 

wide range of novel dielectric fluids with optimized ther-

mophysical properties has recently emerged. A compre-

hensive survey (Table 1) of common fluids was conducted, 

from which three promising candidates were selected for 

further detailed analysis. 

 

Table 1: Comparison of dielectric cooling fluids @20°C 

 

 

Figure 1: (a) power PCB top view, (b) power PCB bottom view, (c) exploded view 

Figure 2: Flow path illustration within power module cross section 



 

 

 

For temperatures above 20 °C, most organic coolants typi-

cally exhibit thermophysical properties within the same or-

der of magnitude, with the notable exception of viscosity, 

which varies significantly across different products. 

Among the evaluated fluids, hydrofluoroethers (HFEs) 

possess by far the lowest viscosity, theoretically making 

them ideal candidates for cooling applications. However, 

these fluids are excluded from further consideration due to 

the ongoing regulatory scrutiny surrounding per- and 

polyfluoroalkyl substances (PFAS). It is anticipated that 

these substances will face restricted availability or com-

plete phase-outs in the near future. The fluids Shell S5 LV, 

MIVOLT 808 and MIDEL 7131 were selected as they rep-

resent common coolants from various application fields, 

including data center, EV, and transformer cooling. Shell 

S5 LV represents a data enter coolant with very low viscos-

ity and excellent temperature stability, but also with a very 

low flash point of 150 °C which makes unsuitable for many 

applications, such as EV. MIVOLT 808 represents a cool-

ant specifically developed for the automotive sector. It has 

a slightly higher viscosity, a flash point of 194 °C and a 

very wide operating temperature range. MIDEL 7131 rep-

resents a widely known immersion coolant for transformer 

cooling with the highest flash point of the fluids examined 

here, at 275°C. However, it also has by far the highest vis-

cosity of the fluids examined. The relationship between in-

creasing viscosity and the associated increase in flash point 

has already been reported in [10]. 

Consequently, the selected candidate fluids offer high rel-

evance for the comparative study. However, these fluids 

exhibit significant differences in the temperature depend-

ence of their viscosity (see Table 2). While Shell S5 LV 

maintains a very low viscosity across a wide range, 

MIDEL 7131 shows a drastic, exponential increase in vis-

cosity at lower temperatures. Accurately capturing these 

characteristics in CFD simulations is crucial, particularly 

for assessing the cold-start behavior of the cooling system.  

 

In contrast, the remaining thermophysical properties hardly 

change within the considered temperature range. 

4 Methods 

The methods used in this paper are detailed in this section. 

Specifically, a CFD simulation model provides the funda-

mental data for subsequent evaluations, while an experi-

mental setup is implemented to validate the simulation re-

sults. 

4.1 CFD-Simulation Model 

The simulations were conducted using Ansys Fluent across 

two distinct models (see Figure 3). Simulations were per-

formed at typical flow rates of 1, 2, 3, 4, and 5 L/min. For 

both configurations, the k-ω SST turbulence model and a 

polyhedral mesh were employed. 

4.1.1 Hydraulic Model:  

A half-model of the overall system used to simulate the 

pressure drop (∆p). The domain covers the complete inter-

nal fluid volume of the module. Thermal equations are not 

solved in this model. For the fluids under investigation, 

physical properties were defined based on the specifica-

tions provided in the corresponding data sheets. 

4.1.2 Hydrothermal Model:  

A half-model of a single chip including the cooling struc-

ture, employed to simulate the junction temperature (Tj). 

This model incorporates all components necessary to accu-

rately represent the heat transfer from the chip to the fluid 

(Table 3).  

  

Table 2: Selected candidate fluids and their thermophysical properties under -20°C and 60°C 

Figure 3: (a) hydraulic model, (b) hydrothermal model bottom view, (c) hydrothermal model top view 



 

 

Table 3: Relevant component properties for simulation 

Component Property Value 

SiC-Chip Thermal cond. λ 200 W/(mK) 

SiC-Chip PLoss 144 W 

Copper Inlay Thermal cond. λ 400 W/(mK) 

FR4 Thermal cond. λ 0,188 W/(mK) 

Sinter Layer Thermal conductance 6x106 W/(m²K) 

4.2 Experimental Setup 

The thermal performance of the power modules is charac-

terized by the junction-to-fluid thermal impedance Zth,jf , 

defined as: 

𝑍𝑡ℎ,𝑗𝑓(𝑡) =
𝑇𝑗(𝑡) − 𝑇𝑓

𝑃𝑙𝑜𝑠𝑠
 

where Tj(t) represents the transient junction temperature 

following a power loss step Ploss, and Tfluid,in is the coolant 

inlet temperature. The steady-state value of this impedance 

is referred to as the thermal resistance Rth,jf. To determine 

Zth,jf , a constant power loss was applied to the device under 

test (DUT) using a regulated load current. Upon reaching 

thermal equilibrium, the load current was disconnected, 

and the thermal impedance was derived from the cooling 

transient. The junction temperature was monitored using 

the body diode voltage of the SiC-MOSFET as a Temper-

ature Sensitive Electrical Parameter (TSEP) at a constant 

sensing current of 30 mA. Prior to the measurements, a cal-

ibration was conducted in a convection oven between 20°C 

and 110°C, confirming a linear temperature-voltage rela-

tionship with a sensitivity of -0.418 K/mV. The experi-

mental setup comprised a Delta SM 18-220 power supply 

for the load current. The source-drain voltage was recorded 

for 10sec using a Keysight RIGOL DHO5104 oscillo-

scope. Rapid disconnection of the load current was 

achieved via a custom switching stage based on two 

MOSFETs. To account for initial oscillations (approx. 

50 µs) following the turn-off transient, the maximum junc-

tion temperature at t=0 was determined using the square-

root-of-time backward interpolation method. Additionally, 

a moving average filter was applied to the raw data to min-

imize noise in the resulting Zth,jf  curves. Two fluids (Shell 

S5 LV and MIVOLT 808) were tested at a temperature of 

60 °C. Five total flow rates were investigated (1, 2, 3, 4, 

and 5 L/min); accordingly, the flow rate per chip is half of 

the total volume flow. The experimental setup largely cor-

responds to the one described in more detail in [9]. 

5 Results 

5.1 Simulation 

The results, obtained at flow rates between 1 and 5 L/min, 

show the junction temperature as a function of the pumping 

power per chip (see Figure 4). With each curve represent-

ing a different coolant temperature, the impact of fluid vis-

cosity becomes apparent. Specifically, Shell S5 LV shows 

stable pumping power across the temperature range, 

whereas MIDEL 7131 requires significantly higher power 

at lower temperatures due to its viscosity profile. 

5.2 Experimental Validation 

Since the power dissipation in the experiments is generated 

via the current flow through the body diode, it does not 

match the fixed dissipation of (144 W) used in the simula-

tions. Consequently, the comparison between simulation 

and measurement in Figure 5 is based on the thermal re-

sistance (Rth,j-f) to ensure a consistent evaluation. The re-

sults show that the Shell S5 LV simulation closely matches 

the experimental findings. Interestingly, MIVOLT 808 

slightly outperforms the simulation, yielding improved 

Rth,j-f values. Due to its higher viscosity, MIVOLT 808 ex-

hibits a larger pressure drop compared to Shell S5 LV, es-

pecially at increased flow rates. Overall, the experimental 

and numerical data align well. Since maintaining lower 

fluid temperatures during the measurement are currently 

beyond the capabilities of the laboratory equipment, the re-

mainder of this study relies on the simulation results. 

Figure 4: CFD-Simulation results Tj (PPump/Chip) for (a) Shell S5 LV, (b) MIVOLT 808, (c) MIDEL 7131 

Figure 5: Comparison btw. simulation & measurement 



 

 

6 Discussion 

While a constant power dissipation of 144 W was used to 

determine Rth,j-f  in the simulation, actual system design is 

based on the nominal chip current. Since ohmic losses de-

pend on the temperature-dependent RDS(on), the simulation 

curves must be transformed to reflect a constant current 

scenario. Using Shell S5 LV as an example, we first approx-

imate the simulated data using power functions in the form 

of: 

 

𝑇𝑗,𝐶𝑃 = 𝑎 ∗ 𝑃ℎ𝑦𝑟𝑑.
𝑏 

 

This approximation is also shown in Figure 4 as dashed 

lines. The maximum deviation of the approximation func-

tion from the simulated values is typically only 3%. Here 

the Index CP stands for constant power and CC for constant 

current. The graph of Shell S5 LV at a coolant temperature 

of 60°C and a PLoss of 144 W therefore corresponds to: 

 

𝑇𝑗,𝐶𝑃 = 115,8 ∗ 𝑃ℎ𝑦𝑟𝑑.
−0,092 

 

The power dissipation for the target nominal current is de-

termined by first defining RDS(on) relative to the junction 

temperature. Using specifications from standard SiC-

MOSFET data sheets, this relationship can be modelled for 

a temperature range from 25 °C to 175 °C using a quadratic 

polynomial as an approximation function: 

 

𝑅𝐷𝑆,𝑂𝑁 = (2,5x10−5 ∗ 𝑇𝑗
2 + 0,0031 ∗ 𝑇𝑗 + 0,908)

∗ 𝑅𝐷𝑆,𝑂𝑁@(25°𝐶) 

 

The deviation of this approximation from the data sheet 

values is typically less than 1%. The power loss is calcu-

lated as: 

 

𝑃𝐿𝑜𝑠𝑠,𝐶𝐶 = 𝑅𝐷𝑆,𝑂𝑁 ∗ 𝐼2 
 

The graphs can now be transformed according to: 

 

𝑇𝑗,𝐶𝐶 = ((𝑇𝑗,𝐶𝑃 − 𝑇𝐹𝑙𝑢𝑖𝑑) ∗
𝑃𝐿𝑜𝑠𝑠,𝐶𝐶
𝑃𝐿𝑜𝑠𝑠,𝐶𝑃

) + 𝑇𝐹𝑙𝑢𝑖𝑑  

 

This yields the following graphical representation for a 

nominal current of I=50 A within the junction temperature 

range of 125 °C to 150 °C (Figure 6): 

 

It is noteworthy that the curves become increasingly steep 

at lower temperatures, which is attributed to the larger ∆T 

relative to the chip. In this regime, even a minimal change 

in the flow rate results in a significant reduction of the junc-

tion temperature. The described transformation now ena-

bles the representation of the required pumping power to 

maintain a target chip temperature as a function of the cool-

ant temperature (Figure 7). The diagram clearly illustrates 

the impact of the transformation. While the left plot shows 

the graphs under a constant power dissipation of 118 W, 

the right plot presents the same scenario under a constant 

current of 50 A. The dissipation of 118 W corresponds to 

the chip's power loss at an operating temperature of 125°C 

and a current of 50 A. Since RDS(on) increases with temper-

ature, more heat must be dissipated, necessitating a higher 

pumping power to maintain the junction temperature. This 

is evident from the overall increase in pumping power in 

the right plot (indicated by red arrow). Notably, for de-

creasing coolant temperatures, the required pumping 

power continues to decline despite the increasing viscosity 

(compare Table 2). This can be explained by the fact that 

the growing temperature gradient between the coolant and 

the chip becomes the dominant factor; consequently, a very 

low flow rate is sufficient to maintain the target junction 

temperature.  

  

Figure 6: Example of transformed graph for I = 50A 

Figure 7: Pumping power per chip as a function of coolant temperature at varying Tj 



 

 

A comparison of the three fluids (Figure 8) at a junction 

temperature of 125 °C yields the following results:  

 

Shell S5 LV requires the lowest pumping power to maintain 

the target junction temperature due to its low viscosity. In 

contrast, MIDEL 7131 exhibits the highest pumping power 

requirements, which is attributed to it having the highest 

viscosity among the fluids investigated. Since pumping 

power is defined as the product of flow rate and pressure 

drop, both of which are critical parameters for system de-

sign and pump selection, these variables must be examined 

individually. The previously introduced transformation can 

be applied to the simulation results for both flow rate and 

pressure drop, assuming that both quantities remain inde-

pendent of PLoss. Figure 9 shows the plotted pumping char-

acteristic at various coolant temperatures.  Here, the five 

points along each line represent the five simulated coolant 

temperatures from 60 °C to -20 °C.  

 

 

The results indicate that the highest pumping power is re-

quired at elevated coolant temperatures (see Figure 7). Alt-

hough the fluid viscosity is lowest at these temperatures, 

the diminishing temperature gradient between the coolant 

and the chip represents the most critical thermal constraint. 

Consequently, maintaining a low junction temperature at 

high ambient conditions necessitates significantly higher 

flow rates, where the physical limits are ultimately defined 

by the module geometry and fluid selection. Conversely, at 

low temperatures (down to -20 °C), the significantly in-

creased viscosity is counterbalanced by the larger temper-

ature delta between the fluid and the chip. The analysis 

shows that as long as the fluid remains pumpable at the 

minimum operating temperature, the junction temperature 

can be effectively controlled. However, high-viscosity flu-

ids like MIDEL 7131 exhibit a pressure drop at -20 °C that 

can exceed the requirements at 60 °C (see Figure 9 @ 

Tj=150 °C). For applications with extended requirements 

(e.g., automotive down to -40 °C), the pressure demand 

could exceed the capabilities of standard pump systems. In 

this regard, fluids such as Shell S5 LV and MIVOLT 808 

show more favorable characteristics for low-temperature 

operation. It should be noted that this analysis focused 

solely on the pressure drop within the power module. In a 

complete system, the cumulative pressure loss of the entire 

cooling circuit may be significantly higher. 

7 Conclusion & Outlook 

This paper investigates the thermal performance of three 

dielectric coolants (Shell S5 LV, MIVOLT 808, 

MIDEL 7131) integrated into a previously developed im-

mersion cooling concept. The study encompasses: 

• CFD simulations of the junction temperature (Tj) 

under a constant power loss of 144 W, with cool-

ant temperatures ranging from -20 °C to 60 °C. 

• Experimental validation of the simulation models 

using two selected fluids (Shell S5 LV, MIVOLT 

808). 

• A transformation methodology to adapt CFD re-

sults from constant power loss to a more realistic 

application scenario (constant current of I = 

50 A). 

• An analysis of pumping characteristics for system 

sizing, comparing the investigated fluids at target 

junction temperatures of 125 °C and 150 °C. 

 

The results demonstrate that: 

• The proposed cooling concept achieves a thermal 

resistance (Rth,j-f) of less than 0.5 K/W at a flow 

rate of 2.5 l/min per chip. 

• At lower coolant temperatures, the increasing 

temperature gradient between the coolant and the 

chips becomes the dominant factor, significantly 

facilitating chip cooling. 

• The increased pumping power required due to 

higher viscosity at low temperatures is negligible 

for thermal management, provided the dielectric 

fluid remains pumpable within the cooling circuit. 

 

Future work will involve experimental validation of these 

CFD results. To this end, the existing test bench will be 

upgraded with a high-performance chiller to characterize 

the system performance under extreme temperature condi-

tions. 

Figure 8: Coolant comparison under Tj = 125 °C 

Figure 9: Pumping characteristic of investigated fluids un-

der varying coolant temperature at const. current (50 A) for 

maintaining a Tj of 125 & 150 °C. 
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