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Abstract 
This paper describes modeling and experimental work to design and demonstrate a silicon carbide (SiC), 

single-side-cooled power module. Two SiC metal-oxide-semiconductor field-effect transistors (MOSFET) 

were used for each switch position and packaged on a metalized ceramic substrate. Thermal modeling was 

first conducted to optimize the module packaging to minimize junction-to-fluid thermal resistance and device 

temperature variations. This procedure identified the optimal device placement and baseplate thickness to 

maximize thermal performance. A heat exchanger – incorporating impinging jets of water-ethylene glycol - 

was designed to cool the module’s baseplate to minimize thermal resistance and pumping power. The heat 

exchanger used relatively low fluid velocities (<1.5 m/s) to minimize erosion-corrosion effects and relatively 

large fluid channel sizes (≥1 mm) to prevent clogging. The power module concept was fabricated, and 

experiments were conducted to measure its thermal performance. Direct current was used to power the 

module devices, and junction temperatures were measured via device temperature-sensitive parameters. The 

experimental results were found to be in good agreement with model predictions (within 2%) and yielded 

junction-to-fluid thermal resistance values as low as about 15 mm2∙K/W at relatively low pumping power 

values. The results demonstrate the improved performance associated with jet impingement cooling and 

represent an improvement over existing channel-flow-type cold plates, which can enable improvements to 

power density and reliability.  
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I. Introduction 
Designing an efficient thermal management system to 

provide low thermal resistance and uniform device 

temperatures is essential for reliable power electronics 

operation. Temperature-related stresses are known to be a 

leading cause of failure for power electronics components 

[1], [2], [3]. Mitigating these thermal-related failures 

requires high-fidelity modeling to design a thermal 

management system to manage steady-state and transient 

operating conditions.  

The majority of automotive power modules are cooled using 

water-ethylene glycol (WEG) coolant and use channel-flow-

type cold plates [4], [5], [6]. Pin-fin- and folded-fin-type fin 

structures are commonly used surface enhancement features 

found in automotive power module cold plates that provide 

relatively good thermal performance. The folded-fin-style 

structures also provide an economical thermal management 

solution. In all automotive cases, WEG coolant is pumped 

across the fins (i.e., fluid flow parallel to the heated cold plate 

surface) to extract heat. 

Jet impingement cooling impinges fluid jet(s) (i.e., fluid flow 

normal to the heated surface) onto the heated surface to 

dissipate heat. The thin boundary layers at the impingement 

zone provide high heat transfer coefficients [7], and the jets 

can be positioned to provide cooling directly at the heat 

source. Osman et al. [8], [9] designed a WEG jet 

impingement cooling system for an automotive power 

module. The jet-based cooling system used circular jets 

combined with pin-fin structures to provide relatively high 

heat transfer coefficients of about 40,000 W/m2∙K. Jet 

impingement-based cooling strategies for power electronics 

have also been reviewed by [3], [10]. 
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This paper summarizes the modeling and experimental 

validation of a jet impingement-cooled, silicon carbide (SiC) 

module. The concept uses a 3D-printed fluid manifold to 

provide cooling (via slot jets) to four SiC devices that make 

up the half-bridge module. Modeling was first used to 

optimize certain package and cold plate dimensions to 

improve reliability by reducing thermal resistance, 

improving device temperature uniformity, and minimizing 

pumping power. The final design was then fabricated and 

used for an experimental demonstration. Experiments were 

then conducted to measure the junction-to-fluid thermal 

resistance and pumping power at different conditions to 

validate model predictions. The SiC device’s electrical 

parameters were used to measure the junction temperatures, 

which were then used to compute thermal resistance values.  

 

II. Methods 
This section describes the approach used to design a single-

side-cooled, SiC half-bridge module consisting of two 650 V 

SiC metal-oxide-semiconductor field-effect transistors 

(MOSFET) per switch position. The devices were soldered 

to an aluminum nitride ceramic substrate. The ceramic 

substrate was then soldered to a copper baseplate that was 

directly cooled with WEG. SAC305 was the solder used for 

the device and substrate bonding. The goal was to design a 

cooling system that meets automotive requirements intended 

to prevent clogging (fluid channel size ≥1 mm) and 

minimizes erosion-corrosion effects (limit average velocities 

to <2 m/s).  

The modeling approach used to design the package is 

described first, followed by a description of the experimental 

apparatus and procedures. WEG coolant (50/50 mixture by 

volume) entering the module cold plate at 65°C and 3.3 

L/min (55.5 cm3/s) were the operating conditions used to 

design the system. The WEG directly cooled the module’s 

baseplate (i.e., no thermal interface material) using single-

phase heat transfer. The fabrication and experimental 

demonstration of the module and cooling system are the 

focus of this paper.  

A. Modeling Design 

The finite element method and computational fluid dynamics 

(CFD) were used to design the SiC package and its cold 

plate. Fig. 1 summarizes the design process. First, a small, 

device-scale CFD model was used to design the fin and slot 

jet dimensions. This process provided the heat transfer 

coefficient boundary condition that was used in a finite 

element model of the entire module. The model was then 

used to optimize the device placement and copper baseplate 

thickness to minimize thermal resistance and device 

temperature variation. Finally, CFD modeling was used to 

design the fluid manifold to deliver fluid to the module’s four 

SiC devices. Table 1 provides the material and fluid 

properties used in the model. 

Fig. 2 shows computer-aided design (CAD) drawings of the 

final power module and cooling system design. The final 

design used eight linear fins that were 0.5 mm wide and 3 

mm tall centered directly behind each device. A 1 mm 

channel spacing between each fin was used to comply with 

automotive requirements intended to prevent clogging 

issues. A 12 mm × 1 mm slot jet was centered directly over 

the fin areas and generated average jet velocities of about 1.2 

m/s. This design achieved a heat transfer coefficient of 

approximately 37,000 W/m2∙K. Additional details of the 

design can be found in [11]. 
 

 
Figure 1. Schematic showing the design and experimental 

demonstration approach. 

Table 1. Material and fluid properties used for the modeling work. 

Material/ 
Fluid 

Thermal 
Conductivity 

[W/m·K] 

Density  

[kg/m
3

] 

Specific 
Heat 

[J/kg·K] 

Viscosity  
[Pa·s] 

SiC [12] 
118 (at 
150°C) 

- - - 

Copper 390 - - - 

Aluminum 
nitride [13] 

170 - - - 

Solder 50 - - - 

WEG [14] 0.42 1,038 3,494 1.26×10
−3

 

  
Figure 2. CAD drawing of the final power module and cold plate 

design. The fluid manifold is shown transparent. 

1. Device-scale model to design 

fin and slot-jet dimensions

3. Design the fluid manifold 

2. Optimize device layout and 

baseplate thickness

4. Fabrication and experimental 

demonstration
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B. Experimetal Apparatus and Procedures 

The SiC module was then fabricated according to the 

modeling results (Fig. 3). The finned copper baseplate was 

fabricated using an electrical discharge machining method. 

The fluid manifold was additively manufactured 

(stereolithography) out of Rigid 10K [15] to allow for 

fabrication of the intricate, internal fluid flow channels. Fig. 

4 shows the fluid manifold and fin structures. Digital 

microscope measurements reveal good agreement between 

the fabricated parts and the design requirements. Two 

pressure ports were provided in the fluid manifold to allow 

for pressure drop measurements.  

 

 
Figure 3. The assembled SiC module and cold plate. 

The module and cold plate assembly was then piped into a 

WEG test bench for the experiments. The WEG was 

circulated through the module cold plates at flow rates of 1.7 

L/min (28.2 cm3/s), 2.5 L/min (41.7 cm3/s), and 3.3 L/min 

(55.5 cm3/s) and 65°C inlet temperatures. A Siemens 2400 

Power Tester was used to power the devices and measure 

device temperatures to compute junction-to-fluid thermal 

resistance values. SiC device temperatures were measured 

using the MOSFET’s internal body diode. Calibration 

procedures were first conducted from 60°C up to 100°C to 

obtain the temperature-versus-voltage correlations. Junction-

to-fluid thermal resistance values were obtained via the 

Power Tester following the procedures outlined in the 

JEDEC 51-1 standard [16]. A schematic of the flow loop is 

provided in Fig. 5. Experiments were conducted by heating 

the two SiC devices that make up the high-side switch (i.e., 

only two devices were powered during the experiments).  

C. Uncertainty Analysis 

An uncertainty analysis was conducted following the 

procedures described in [17]. Fluid inlet and outlet 

thermocouple probes (K-type) were calibrated, resulting in 

an estimated ±0.1°C uncertainty. Pressure drop 

measurements were obtained using a Setra Model 230 

differential pressure transducer with a 0–13.8 kPa (0–2 psi) 

measurement range. A Coriolis mass flow meter was used to 

measure fluid flow rates. The estimated uncertainty of the 

pressure and flow rate measurements are <2% and <1%, 

respectively. Obtaining the junction temperatures of the 

devices requires a temperature extrapolation procedure to 

eliminate electrical transient effects. The temperature 

extrapolation process makes it difficult to estimate the 

thermal resistance uncertainty. Thus, the thermal resistance 

values provided in figure plots are the average of three 

measurements, and the error bars correspond to the minimum 

and maximum measured values. Every test condition was 

repeated three times. 
 

 
Figure 4. The 3D-printed fluid manifold (top) and digital 

microscope images of the fluid manifold (bottom left) and copper 

heat sink fins (bottom right). 

 
Figure 5. Schematic of the WEG flow loop. 

III. Results and Discussion 

The CFD modeling and experimental results are provided in 

this section. The CFD model was modified to replicate the 

experimental conditions where only the two SiC devices 

were powered. The experimental results were then provided 

and compared with model predictions at various conditions.  
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A. Modeling Results 

The CFD model was adjusted to replicate the experimental 

conditions where only two devices were powered. The model 

imposed a device heat flux of 170 W/cm2 on the source side 

of the SiC MOSFET devices. A mass flow rate inlet 

boundary condition was imposed at the cold plate inlet using 

WEG (50/50 mixture by volume) entering at 65°C.  

Fig. 6 shows the CFD-computed temperature contours and 

velocity streamlines for three flow rate cases. Maximum 

device temperatures of 94.6°C were predicted for the 1.7 

L/min flow rate. Device temperature decreases to 92.5°C at 

the highest flow rate of 3.3 L/min. Additionally, the 

temperatures of the two paralleled devices are predicted to 

be within 1°C of each other. Similar temperatures are ideal 

because it allows for balanced current sharing between the 

paralleled devices, thus improving reliability. Local 

velocities of up to 2.5 m/s are computed, but average channel 

velocities are maintained below 1.5 m/s to minimize erosion-

corrosion effects to improve durability.  

 

 
Figure 6. CFD-computed temperature contours and velocity 

streamlines for 1.7 L/min (top), 2.5 L/min (middle), and 3.3 L/min 

(bottom) flow rate conditions. 

 

B. Experimental Results 

The Power Tester was used to measure the junction-to-fluid 

thermal resistance. Ninety amps of current was run across the 

two parallel SiC devices that make up the high-side switch, 

resulting in approximately 170 W/cm2 device heat flux 

dissipation. WEG coolant entering at 65°C was circulated 

through the module cold plate at various flow rates to provide 

cooling. A picture of the module piped into the WEG loop 

and electrically connected to the Power Tester is shown in 

Fig. 7.  

Pressure drop (inlet to outlet) versus flow rate values from 

experiments and model predictions are provided in Fig. 8. 

The measured pressure drop values are higher (as much as 

17% higher at 1.7 L/min) than model-predicted values. This 

is likely due to the slightly smaller channel sizes of the 

fabricated part compared to the model. For example, the slot 

width and fin channel gap were 0.92 mm and 0.97 mm, 

respectively, whereas the model assumed a 1 mm value for 

both. Additionally, the 3D fabrication produced a rough 

surface texture on the fluid manifold, which is not included 

in the model and likely also contributes to the higher 

measured pressure drop values. Better agreement of 5% 

deviation between model predictions and experiments is 

observed at the highest flow rate of 3.3 L/min. Overall, the 

pressure versus flow rate trend is very similar for both.  

 

 
Figure 7. The module with fluid and electrical connections. 

Junction-to-fluid specific thermal resistance versus flow rate 

values are provided in Fig. 9. The specific thermal resistance 

(R”th) is computed per Eq. 1:  

 

𝑅"𝑡ℎ =  (𝑇𝑑𝑒𝑣𝑖𝑐𝑒 − 𝑇𝑓𝑙𝑢𝑖𝑑)  𝐻𝑒𝑎𝑡 𝑓𝑙𝑢𝑥⁄         (1) 

 

where Tdevice is the temperature of the device, Tfluid is the fluid 

inlet temperature, and Heat flux is the device heat flux.  

Thermal resistance values computed using the maximum and 

average device temperatures (Tdevice) are provided for the 

model predictions. The top-side area-averaged temperature 

for the two SiC devices was used to compute the model’s 

T max = 93.3  C

T max = 94.6  C

T max = 92.5  C
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average thermal resistance values (see Fig. 9). The average 

temperatures are more representative of how the devices’ 

temperatures are measured and thus a better comparison to 

the experimentally measured values.  

 

 
Figure 8. Measured and predicted pressure drop versus flow rate 

curves. 

A model calibration was conducted to match model-

predicted thermal resistance values to the measured values 

for the 2.5 L/min flow rate condition. This calibration 

procedure adjusted the solder thickness values for both the 

die- and substrate-attach interfaces so that the model 

accurately predicted the thermal resistance at one flow rate 

condition. Die- and substrate-attach solder thickness values 

of 0.08 mm and 0.3 mm, respectively, were found to provide 

a good match between the model and experiments for the 2.5 

L/min case. These solder thickness values are consistent with 

typical power module packaging designs and were kept the 

same for the other flow rate conditions. No other parameters 

were modified for this calibration. 

Good agreement is observed between the measured and 

model-predicted average thermal resistance values for all 

three flow rate cases. The maximum deviation between 

model and experiments was less than 2% for the highest flow 

rate condition. Specific thermal resistance values as low as 

about 15 mm2∙K/W were measured for the 3.3 L/min case at 

a reasonable 5.8 kPa (0.85 psi) pressure drop. The use of an 

aluminum nitride ceramic substrate, combined with the 

relatively high heat transfer coefficients associated with jet 

impingement, provided a relatively high thermal 

performance for the SiC module. For comparison, the 2015 

BMW i3 has a specific thermal resistance of about 49 

mm2∙K/W, while a SiC-based power module (CREE 

WAB400M12BM3) cooled using a Wieland cold plate 

(CP3009) has a specific thermal resistance of about 25 

mm2∙K/W [18]. 

 
Figure 9. Measured and predicted specific thermal resistance 

versus flow rate curves. 

III. Conclusions 

A WEG jet impingement-based cooling system was designed 

for a SiC half-bridge power module. Modeling work was first 

conducted to optimize the key module features. The final 

design was then fabricated at the National Renewable Energy 

Laboratory and used for an experimental demonstration. Key 

findings from this study are listed below: 

• There was good agreement between model predictions and 

the experimentally measured values for both the pressure 

drop and junction-to-fluid thermal resistance values at 

various flow rates. 

• The combination of low package resistance (aluminum 

nitride ceramic) and high heat transfer coefficients from jet 

impingement provides a relatively low junction-to-fluid 

thermal resistance. Specific thermal resistance values as 

low as about 15 mm2∙K/W were measured for the highest 

flow rate condition of 3.3 L/min at a reasonable 5.8 kPa 

(0.85 psi) pressure drop.  

• The low total thermal resistance combined with the 

relatively uniform device temperatures (within 1°C) 

represent an improvement over existing power module 

performance. This, combined with the use of relatively 

large fluid channels (≥1 mm) to prevent clogging and low 

fluid velocities (to minimize erosion-corrosion effects), 

enable improvements to the module’s reliability. 
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