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Abstract 

Insulated Gate Bipolar Transistor (IGBT) modules are a frequently used switching and power control 

element in power electronics. A significant amount of heat is released due to conduction and switching 

losses inside the module. To ensure the efficient and long-term operation of the IGBT, the heat generated 

must be cooled effectively. Forced liquid cooled cold plates are widely used for high power density modules. 

In this study, a cold plate is designed for liquid cooling of three PrimePack3 IGBTs used in an industrial 

motor drive. Straight, staggered pin and oblique fin structures are applied to the cooling channels of the cold 

plate with a parallel flow configuration. The numerical model of the cold plate is developed and analyzed 

using a CFD software. The effects of fin structures on liquid cooling performance are compared and 

discussed in detail. The thermal resistance values for the staggered pin and oblique fin structures exhibit 

reductions of 46.5% and 60.1%, respectively, compared to the straight fin configuration. 
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1. Introduction 

 

Insulated Gate Bipolar Transistor (IGBT) modules are 

one of the most fundamental components in power 

electronics applications. IGBTs are used for power and 

speed control in many areas such as electric vehicles, 

renewable energy, motor drives and industrial 

machinery. The modules generate a significant amount of 

heat due to conduction and switching losses while 

regulating current and voltage levels. Due to the 

semiconductor structure of the modules, the junction 

temperatures must be at a certain level in order for 

reliable operation [1-3]. Air or two phase (heat pipes or 

vapor chambers) cooling systems are employed for low 

power level IGBT modules [4-12]. In high power 

applications, liquid cooling is applied due to its high heat 

transfer capacity and homogeneous temperature 

distribution [13,14]. The liquid cooling system consists 

of a cold plate (CP) that transfers heat directly from the 

modules to the coolant, a pump that facilitates coolant 

circulation, a radiator that transfers the heat to the 

ambient air, and auxiliary equipments.  

 

The fin structures, coolant channel configurations, and 

flow characteristics in CP have significant effects on 

cooling performance [15-22]. Yang et al. [23] 

investigated the performance of a CP with z-type parallel 

channels supported by phase change materials for battery 

cooling systems. They reported that the phase change 

material supported hybrid cold plate achieves the same 

heat transfer at 40% lower pumping power.  Om et al. 

[24] investigated the heat transfer of inclined fins in a CP 

for in-line, inclined and louvered arrangements. They 

showed that they obtained a homogeneous temperature 

distribution with the inclined fin structure. They found 

the highest Nusselt number with the louvered inclined fin 

arrangement. Wiriyasart and Naphon [25] investigated 

the effect of prismatic, cylindrical and conical fin 

structures on heat transfer in CP for water and nanofluids. 

They obtained the lowest surface temperature for both 

coolants in the conical fin structure. Zhang et al. [26] 

designed a mini-channel CP for the liquid cooling of 

high-heat-flux electronic devices. They conducted a heat 

transfer analysis for cooling channels with zigzag, 

square-wave, and wavy configurations within the mini-

channel. They observed a 12°C reduction in surface 

temperatures with the zigzag counter-flow channel 

configuration compared to straight channels. Imran et al. 

[27] aimed to enhance cooling performance by designing 

the liquid channels within a CP to follow the form of the 

flow streamline. They achieved up to a 12% 
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improvement in the Nusselt number with the new channel 

configuration. Ren et al. [28] designed a new CP using 

topology optimization. They reported that the maximum 

surface temperature of the new CP was reduced by 12% 

compared to the flat mini-channel plate. Jiang et al. [29] 

placed square, triangular, semicircular, and trapezoidal 

ribs into the flow channels of a CP to reduce pressure 

drop. They found that the rib structures resulted in a 2.1-

fold increase in heat transfer compared to a straight-

channel configuration. Pandey et al. [30] investigated the 

effects of pin-shaped fins on heat transfer and pressure 

drop in a CP with parallel flow channels. They reported 

a decrease of up to 92% in maximum temperatures 

against a 60% increase in pressure drop in the pin fin 

configuration. 

 

The above literature review includes extensive studies for 

liquid cooling of electronic devices using CPs. 

Considering manufacturing and cost constraints, there is 

a lack of studies investigating the effects of different fin 

structures in cold plates with parallel flow configurations. 

In this study, a parallel flow CP is designed for liquid 

cooling of three PrimePack3 IGBTs used in an industrial 

motor drive straight, staggered pin and oblique fin 

structures are applied to the coolant flow channels. A 

simulation model of the CP based on the finite volume 

method has been developed. For each configuration, 

maximum and average temperatures, as well as pressure 

drops, were determined at different coolant flow rates. 

Improvements in heat transfer have been presented 

graphically and discussed in detail. 

 

2. Geometry of the CP models 

 

The rectangular CP, with dimensions of 350 mm x 

390 mm x 14 mm as shown in Fig. 1, is manufactured 

from aluminum 6063 alloy using the CNC milling 

method. The three PrimePack3 IGBT modules are 

mounted on the CP top surface. The CP consist of a main 

block containing cooling channels, a cover, and adapters 

that facilitate coolant inlet and outlet. The coolant is a 

mixture of 50% ethylene glycol and 50% pure water by 

volume. The thermophysical properties of the CP 

material and coolant are given in Table 1.  
 

Table 1. Material Properties 

Material 
Density 

(kg·m-3) 

Specific Heat 

(J/(kgK)) 

Dynamic 

Viscosity 

(Pa.s) 

Thermal Conductivity 

(W/mK) 

Al 6063 2700 900 - 200 

Coolant 1045 3425 0.002 0.41 

 

 

Figure 1. IGBT mounted CP 

 

The structure of straight, staggered pin and oblique fin 

structures in the CP with parallel flow configuration is 

given in Fig. 2. All fin arrangements are set with a flow 

channel width of 3.5 mm and a height of 8 mm. The angle 

of inclination of the oblique fin is considered as 60º. 
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Figure 2. Fin structures in parallel flow CP 

3. Numerical Analysis and Data Reduction 

 

A three-dimensional numerical model has been 

developed to better understanding of the flow field and 

heat transfer characteristics of CP configurations in 

liquid cooling systems of IGBTs. The following 

assumptions are taken into account in the construction of 

the simulation model: (1) the flow is three-dimensional, 

incompressible and steady state; (2) the thermo-physical 

properties of the liquid are assumed constant; (3) 

radiation and natural convection effects are neglected; (4) 

heat transfer occurs only between the cold plate and the 

liquid.  

 

Using the above assumptions, the main equations 

for the simulation model can be expressed as follows: 

 

Continuity equation: 

 

𝛻. 𝑉
→

= 0      (1) 

 

Momentum equation: 

 

𝜌𝑓 (𝑉
→

. 𝛻𝑉
→

) = (µ𝑓 + µ𝑡)·∇2 V⃗⃗ - ∇p     (2) 

 

Energy equations for the liquid and solid domains 

(coolant and CP) are respectively given as: 

 

𝜌𝑓𝑐𝑝,𝑓(𝑉
→

. 𝛻𝑇)= k𝑓𝛻
2 T     (3) 

 

02 = Tks       (4) 

 

where, 𝜌𝑓 is the coolant density, kf and ks are the thermal 

conductivities of the coolant and CP solid material, 

respectively. 𝑐𝑝,𝑓 is the specific heat of the coolant. P, V 

and T are the pressure, velocity vector, and temperature, 

respectively. In the momentum equation,  𝜇𝑓 and 𝜇𝑡 are 

the viscosities of the coolant and eddy, respectively. The 

standard k-epsilon model is used for turbulence modeling 

as follows: 

 

𝜌𝑓
𝜕

𝜕𝑥𝑖
(𝑘𝑡V𝑖)= 

𝜕

𝜕𝑥𝑗
[(µ𝑓 +

µ𝑡

𝜎𝑘
)

𝜕𝑘𝑡

𝜕𝑥𝑗
] + 𝑃𝑘- 𝜌𝑓ε  (5) 

 

𝜌𝑓
𝜕

𝜕𝑥𝑖
(εV𝑖)= 

𝜕

𝜕𝑥𝑗
[(µ𝑓 +

µ𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] +𝐶1𝜀

ε

𝑘𝑡
𝑃𝑘- 𝐶2𝜀𝜌𝑓

𝜀2

𝑘𝑡
 (6) 

 

where, 𝜇𝑡 = 𝜌𝑓𝐶𝜇
𝑘𝑡

2

𝜀
, 𝑃𝑘 = 𝜇𝑡

𝜕V𝑖

𝜕𝑥𝑗
(
𝜕V𝑖

𝜕𝑥𝑗
+

𝜕V𝑗

𝜕𝑥𝑖
)  

The empirical constants are [31]: 

 

𝐶𝜇 = 0.09, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92 and 𝜎𝜖 = 1.3 

 

The CFD tool used for the numerical analysis is 

Simcenter FLOEFD. The SIMPLE algorithm is used to 

obtain the velocity and pressure couplings between the 

momentum and mass conservation equations. The 

pressure, momentum and energy equations are 

discretized by a second order upwind scheme. The 

iterative solution is performed with convergence targets 

of 10-6 for the energy equation and 10-3 for the continuity 

and momentum equations. The boundary conditions of 

the solution domain are presented in Fig. 3 and compiled 

in detail in Table 2. 
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Figure 3. Boundary conditions for computational domain 

 

Table 2. Details of the boundary conditions 

Boundary Parameter Value 

Inlet Volume flow rate Ranges from 20-30 l/min 

Inlet Temperature 25 0C 

Outlet Pressure outlet 0 Pa 

Fluid-solid interface surface Coupled wall - 

IGBTs mounting surfaces Constant heat source 1800 W for per IGBT 

Other surfaces Adiabatic - 

 

 

The thermal performance of the CP is generally related 

to the main parameters such as pressure drop, maximum 

surface temperature, thermal resistance, and performance 

evaluation criteria (PEC). The thermal resistance of the 

CP is computed using the equation: 

 

𝑅𝑡ℎ =
𝑇𝑚𝑎𝑥−𝑇𝑖𝑛

𝑄
       (7) 

 

In order to compare the hydrothermal performance of the 

CP with staggered pin and oblique fin structures with that 

of the CP with straight fins, the Performance Evaluation 

Criterion (PEC) was calculated as follows: 

 

𝑃𝐸𝐶 =
𝑅0/𝑅

(∆P/∆𝑃0)1/3     (8) 

 

where Tmax is the maximum surface temperature of the 

CP, Q is the heat load of the IGBTs, Tin is the coolant 

inlet temperature, ΔP and 𝑉̇ are the pressure drop and 

flow rate of the coolant, respectively.  

 

A grid structure has been established within the 

computational domain using hexahedral elements. To 

enhance the accuracy of the simulation, a high-resolution 

mesh has been employed particularly in the boundary 

layer region. The details of this grid configuration are 

presented in Fig. 4. For the grid independence study, a 

range of total grid sizes, namely 0.6, 0.8, 1.3, 1.97, 2.25 

and 2.6 million elements, has been used across the 

computational domain. The objective of this grid 

dependence analysis is to achieve a precise solution while 

minimizing the number of elements. The outcomes of the 

grid independence study are illustrated in Fig. 5. The 

results indicate that, beyond a grid size of 1.97 million 

elements, further refinement of the grid has a negligible 

impact on both pressure drop and temperature. 
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Figure 4. Grid structure 

 

 
Figure 5. Effects of element number on the pressure drop and surface temperature. 

 

4. Results 

 

Thermal performance analysis of a CP with three 

different fin structures has been carried out for different 

flow rates. Design parameters such as thermal resistance 

and pumping power are compared and analyzed for all 

three cases. Surface temperature and velocity distribution 

of the cold plate are given in Fig. 6 for coolant flow rate 

of 25 l/min. The maximum temperature value for the CP 

with straight fin configuration is 72.66 °C, while it is 

51.23 °C and 44.9 °C for the staggered pin and oblique 

fin structures, respectively. In the straight fin 

configuration, hot-spot zones are formed as can be 

clearly seen in the figure.
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Figure 6. Temperature and velocity distributions for different fin structures. 

 

In relation to the velocity contour plot, the staggered pin 

and oblique fin cases show a much more homogeneous 

temperature distribution due to increased turbulence 

effects. Fig. 7 shows the variation of the maximum CP 

surface temperature with flow rate for three different fin 

configurations. The straight fin configuration gives the  

highest surface temperature values ranging from 75.67 

°C at 20 LPM to 70.65 °C at 32 LPM. In the staggered 

pin configuration, the temperature decreases from 53.78 

°C to 49.3 °C for the same flow rates. In the oblique fin 

configuration, the maximum surface temperatures drop 

to 43.20°C at 30 LPM due to the homogeneous 

distribution of the coolant. 

 

 
Figure 7. Maximum surface temperature with flow rate. 

 

The effect of the coolant flow rate on the thermal 

resistance is shown in Fig. 8 for different fin structures. 

As can be clearly seen from the figure, the thermal 

resistance decreases with increasing flow rate due to the 

improvement of the heat transfer coefficient. Significant 

reduction in thermal resistance values is obtained for 

staggered pin and oblique fin structures compared to 

straight fin. For 30 LPM, the thermal resistance values 

for staggered pin and oblique fin structures are 0.013 and 

0.010 °C/W, respectively. 
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Figure 8. Thermal resistance values versus flow rate. 

 
Figure 9. Pressure drop values versus flow rate. 

 

Fig. 9 shows the variation in pressure drop with flow rate 

for three different fin structures. As expected, the 

pressure drop increases with increasing of the flow rate. 

According to the CFD simulation results, the highest-

pressure drop of approximately 27.24 kPa was obtained 

for 30 LPM in the oblique fin structure. The rate of 

increase in the pressure drop shows a similar trend in the 

straight and pin structures, while it is larger in the oblique 

fin structure. Finally, the improvement in the 

hydrothermal performance of the CPs with different fin 

structures is characterized by a general index, the 

performance evaluation criterion (PEC). This 

dimensionless index is used to compare the performance 

of the staggered pin and oblique fin configurations with 

the straight fin structure as shown in Fig. 10. It is clear 

that staggered pin and oblique fin structures provide 

significant improvements in thermal performance 

compared to straight fins. Despite the high pressure drops 

in the oblique fin structure, heat transfer is significantly 

increased due to the homogeneous distribution of the 

coolant between the fins, allowing higher PEC values to 

be obtained. 

 

 



 

Celal Bayar University Journal of Science  
Volume 21, Issue 3, 2025, p 80-88 

Doi: 10.18466/cbayarfbe.1732854                                                                                     M. B. Akgül  

 

87 

 
Figure 10. PEC values versus flow rate. 

 

5. Conclusion 

 

The hydrothermal performance of a parallel-flow cold 

plate (CP) designed for liquid cooling of three 

PrimePack3 IGBT modules in an industrial motor drive 

is comprehensively evaluated, including straight, 

staggered pin and inclined fin structures. As a result of 

the study, the main conclusions are summarized below: 

 

• The lowest surface temperature of 43.20 °C for 

30 LPM is obtained for the oblique fin structure. 

• The thermal resistance values for the staggered 

pin and oblique fin structures exhibit reductions 

of 46.5% and 60.1%, respectively, compared to 

the straight fin configuration. 

• The highest-pressure drop of 27.24 kPa at 30 

LPM is observed in the oblique fin structure. 

• The optimal thermal performance is observed in 

the oblique fin configuration. The pin fin 

structure exhibits an intermediate thermal 

performance, while the worst performance is 

found to occur in the straight fin configuration. 

 

It can be concluded that the superior thermal 

performance demonstrated by the oblique fin 

configuration highlights its potential as an optimal design 

choice for enhancing the efficiency of CP systems in 

high-power IGBT applications. 
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