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Abstract 

 

The need for effective cooling methods has become very critical because of the miniaturization and 

increasing heat flux density in power electronics equipment. The power electronics systems must have good 

thermal management engineering for efficiency and safe operation. Due to increasing heat loads, liquid 

cooling options are more preferred than the air cooling solutions. In this study, thermal performance of a 

liquid cooling plate is investigated by using computational fluid dynamics (CFD) tools. Different flow path 

configurations are examined for homogeneous and effective cooling of power electronics equipments with 

high power density. The pressure losses, surface temperatures and thermal resistances at different coolant 

flow rates are computed and compared together. Moreover, the influence of the cooling channel height and 

width on the thermal thermal performance is analyzed. 
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1. Introduction 

 

The insulated-gate bipolar transistors (IGBTs) are widely 

used as voltage-controlled switching element in power 

electronic applications. IGBTs can dissipate significant 

amount of heat during operation despite their small size. 

The junction temperatures of IGBTs must be kept at 

certain levels for operating safely at high performance. 

Taking into consideration the criteria such as size and 

weight, liquid cooling of IGBTs modules is more 

preferred than air cooled systems. IGBTs are generally 

mounted on a cold plate and junction temperatures are 

kept at the desired values by means of coolant circulation 

in liquid cooling applications. The cold plate studies 

which provide homogeneous cooling at low pressure 

losses have been the subject of many studies in the 

literature [1-18]. İlikan and Yayli [19] numerically 

investigated performances of three liquid cold plates with 

different flow configurations for li-ion battery cells in 

electric vehicle applications. Hetsroni et al. [20] studied 

the steady-state heat transfer for different types of 

microchannels for electronics cooling. They obtained a 

significant enhancement of heat transfer under the 

conditions of flow boiling in microchannels. Özbektaş et 

al. [21] numerically investigated the effect of flow 

circulation pattern and velocity on the performance of 

water-cooled heat sink. They showed that pressure 

difference, outlet temperature, power consumption, and 

heat transfer rate to air increased by increasing Reynolds 

number. Jayarajan and Azimov [22] proposed a novel 

cold plate design featuring a zig-zag serpentine flow 

pattern within a rectangular profile channel. Their study 

found that the increases in mass flow rate reduced the 

maximum temperature, and improved surface standard 

temperature and heat transfer rate but increases the 

pressure drop by nearly 49% Akbarzadeh et al. [23] 

conducted a new cold plate study for liquid cooling of 

lithium-ion batteries. They reduced the pump power by 

30% and achieved more homogeneous cooling with their 

newly developed cold plate. Huo et al. [24] designed a 

mini-channel cold plate for prismatic battery cells. They 

examined the effects of coolant flow rate, flow direction 

and ambient temperature in their studies. Jin et al. [25] 

developed a new cold plate with an oblique fin structure. 

They indicated that oblique finned cold plates were able 

to maintain the average temperature of the battery surface 

below 50 °C for a heat load of 1240 W at a flow rate of 

less than 0.9 l/min. Jassem and Salem [26] carried out 

experimental and numerical investigations of a finned 

cold plate under different conditions. They significantly 

increased the cold plate performance in their study. Pan 
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et al. [27] examined the performance of IGBT modules 

by way of integrating a vapor chamber into the cold plate 

utilized for cooling. They indicated that the performance 

of the cold plate integrated with the vapor chamber 

improved. Reeves et al. [28] examined the cooling 

performance by adding a novel fin pattern to the cold 

plate utilized in power electronics applications. They 

indicated that novel fin structure improved heat transfer 

without significant pressure loss.  Zhang et al. [29] 

investigated cold plates with linear, S and helix type flow 

configurations for cooling IGBT modules. They found 

that the cold plate of S-type with guide plates possess the 

favorable thermal performance. Zhang et al. [30] carried 

out CFD investigation of two novel designs of variable 

cross-section overflow channels of manifold cold plates 

for lithium-ion batteries. They reported that the average 

temperature of the cooling plate surface of the novel 

manifold design decreased by 3.65 K compared to the 

conventional manifold unit. Chu et al. [31] found that the 

heat transfer coefficient of hybrid nanofluid drastically 

enhances compared to distilled water for varying the inlet 

velocity. Nada et al. [32] reported that the nanofluid 

provides an enhancement of the heat transfer rate 

compared to water due to the higher thermal conductivity 

of the nanoparticles. 

 

In this study, the performance analysis of a cold plate 

integrated with two IGBT modules used in power 

electronics applications is carried out for different flow 

configurations and coolant flow rates. The cooling 

performance is investigated for series, parallel and series-

parallel flow configurations. The temperature 

distributions and thermal resistances of the cold plate 

with pressure losses are determined at different flow rates 

and presented graphically. The effects of the cooling 

channel height and width on the thermal performance are 

examined. The proposed series-parallel flow 

configuration contributes to the effective cooling of 

IGBTs modules. 

 

2. Methodologies 

 

2.1. Physical Model of Cold Plate 

 

Fig.1 (a) shows IGBTs mounted cold plate.  The cold 

plate consists of a main metal block, cover and coolant 

inlet/outlet adapters as given in Fig.1 (b).  Generally, high 

thermal conductivity metals such as aluminum are used 

for producing cold plates. In this study, main metal block 

material is chosen AL 6063 alloy and cover is Al 1050. 

Two PrimePack3 IGBT modules are mounted on the cold 

plate. The modules are cooled by coolant which 

circulates within the machined flow channels inside the 

main block.  A mixture of 50% ethylene glycol in 50% 

water is used as the coolant.  The thermophysical 

properties of the coolant and solid materials are given in 

Table 1. 

 

 
 

Figure 1. (a) IGBT mounted cold plate; (b) Assembly of subcomponents of the cold plate. 

 

Table 1.  Material Properties 

 

Material 
Density 

(kg·m-3) 

Specific Heat 

(J/(kgK)) 

Dynamic 

Viscosity 

(Pa.s) 

Thermal Conductivity 

(W/mK) 

Al 1050 2705 900 - 227 

Al 6063 2700 900 - 200 

Coolant 1045 3425 0.002 0.41 

 

Three flow configurations are considered in order to 

examine thermal performance of cold plate. Coolant flow 

paths such as serial, parallel and serial/parallel are 

machined inside the cold plate and shown in Fig.2. Cross-

sectional dimensions of the flow channels are the same 

for all configurations. 
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Figure 2. Flow configurations of the cold plate 

 

 

2.2. Numerical Model and Grid Dependence 

Verification 

 

The Simcenter FLOEFD [33] is used to perform 

numerical analysis and this commercial software is based 

on a 3D finite volume solver for the Navier-Stokes and 

energy equations. The computational domain consists of 

solid and fluid regions. Solid regions represent the cold 

plate body and fluid regions indicate the coolant. 

Incompressible flow and steady state conditions are 

assumed for the analysis. The governing equations are 

expressed as follows: 

 

Continuity equation: 

 

0. 


V       (1) 

 

Momentum equation: 

 

V µ· + p - =)V.V( 2





     (2) 

 

Energy equations for fluid and solid domains are 

respectively given as: 

T k =).V( 2

f


Tc p     (3) 

 

02  Tk s       (4) 

 

In these equations, , ρ is the coolant density, μ, k and cp 

are the dynamic viscosity, thermal conductivity and 

specific heat, respectively. P is the pressure, V is the 

mean velocity vector and T is the temperature. 

 

The coolant inlet temperature of 55 °C is used for all the 

simulations. Flow rates are defined as 10, 15 and 20 

l/min, respectively. The standard k-ε turbulent model is 

used to model turbulent flow. Pressure at the cold plate 

outlet is set to 100 kPa. In the analysis, each IGBTs 

module is assumed to dissipate heat a rate of 2 kW. The 

effective heat dissipation region of IGBT elements is 

generally in the middle region, which comprises about 

50% of the contact surface. The constant heat flux is 

applied to the 50% of the IGBTs total contact area. The 

other surfaces of the cold plate is considered as adiabatic. 

The schematic presentation of the boundary conditions is 

given in Fig.3 and summarized in Table 2. 
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Figure 3. Boundary conditions  

Table 2. Details of the boundary conditions 

 

Inlet Volume flow inlet 

Outlet Pressure outlet 

Fluid-solid interface surface Coupled wall 

IGBTs mounting surfaces Constant heat flux 

Other surface Adiabatic 

 

In order to evaluate thermal performance of the cold 

plate, some performance parameters  need to be defined. 

Maximum surface temperature (Ts,max), pressure drop of 

the coolant (ΔP) across the cold plate, thermal resistance 

(Rth) and the effectiveness (ε) of the cold plate are 

considered as main parameters. Thermal resistance and 

effectiveness equations are given as follows: 

 

)(,
0

,max,

kW

C

Q

TT
R

incs

th


    (5) 

 

incs

incoc

TT

TT

,max,

,,




     (6) 

 

where Ts,max is the maximum surface temperature of the 

cold plate, Q is the total heat load of the IGBTs, Tc,in and 

Tc,o are the coolant inlet and outlet temperatures, 

respectively. 

 

A grid is created by the hexahedral elements in the 

computational domain. High-resolution mesh is adopted 

in the vicinity of the boundary layer region for the 

simulation accuracy. Fig. 4 presents the created grid 

structure.   The total number of grids of 0.7, 1.1, 1.3 and 

1.75 million are applied for the grid dependence test in 

the computational domain.  The purpose of the grid 

dependence study is to obtain precision solution with 

smaller number of elements.   The results of the grid 

dependence study are given in Fig. 5. The results of the 

surface temperature and pressure drop indicate about 

0.1% variation for more than 1.39 million grid elements. 
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Figure 4. Grid structure 

 

 

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

 

 

3. Results and Discussion 

 

3.1. Effects of Flow Channel Configuration 

 

The thermal analysis of a cold plate with three different 

flow channel structure is conducted for various flow 

rates. The velocity, pressure and temperature 

distributions are compared for the three flow channel 

configuration. Surface temperatures of the cold plate are 

given in Fig. 6 for different flow rates.  The lowest 

surface temperature is observed on the serial-parallel 

channel configuration. In addition to this, the maximum 

surface temperature of the parallel channel is higher than 

that of serial. Also, it is observed that the temperature 

distribution in the serial-parallel channel configuration is 

more homogeneous on the IGBTs mounting surfaces 
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compared with the other configurations. It is apparent 

that as the flow rate increases, the maximum and average 

surface temperatures of the cold plate decreases due to 

strong convection effects.  

 

 

 
 

Figure 6. Temperature distribution on the cold plate for different flow rates 

 

Table 3. Effectiveness and thermal resistance values of cold plate for flow rate of 10 l/min 

 

Channel Type ε Rth 

Parallel Channel 0.0968 17.3 

Serial Channel 0.1233 12.15 

Serial-Parallel Channel 0.2272 7.33 

 

The computed thermal resistance and effectiveness 

values are presented in Table 3 for flow rate of 10 l/min. 

The low thermal resistance implies that the plate transfers 

the more heat from the IGBT module. To make a 

comparison of the thermal resistances, the lowest thermal 

resistance occurs in the series-parallel channel, while the 

highest thermal resistance occurs in the parallel channel 

cooling plate. On the contrary of the thermal resistance, 

effectiveness value is the highest for the case of serial-

parallel configuration.  This is because decrease in the 

maximum surface temperature and improved the 

temperature uniformity.  

 

Fig. 7 shows the velocity distributions in the mid-height 

plane for different flow rates. It can be seen that, the 

velocity of the coolant in the parallel channels is 

significantly slower than other configurations. The low 

flow velocity values cause high surface temperature and 

poor temperature uniformity on the cold plate surface. A 

more uniform velocity distribution is achieved in the 

serial-parallel configuration compared to the serial flow 

channels. In addition to this, the flow velocity values 

increase by the flow rate.
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Figure 7. Velocity distribution on the cold plate for different flow rates 

 

The thermal resistance and pressure drop values are 

presented in Fig. 8 and 9 for various flow rates. The cooling 

performance of the cold plate is significantly enhanced for 

serial-parallel flow configuration for each flow rate. The 

thermal resistance decreases for all flow configurations 

with the increase of flow rate due to strengthening of 

convection effects. Pressure drop values increase with the 

increase of the flow rate. This increase is much more 

evident for the case of serial-parallel flow configuration due 

to high coolant velocity in the flow channels and extra 

minor losses arising from the channel structure.    

 

 
Figure 8. Variation of thermal resistance for different flow rate values 
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Figure 9. Variation of pressure drop for different flow rate values 

 

3.2. Effects of Channel Aspect Ratio 

 

The flow channel dimensions play a vital role for 

effective heat removal with optimum pumping power for 

the cold plate applications. The presentation of the flow 

channels is given in Fig. 10.  The effect of the aspect ratio 

(defined as the ratio of channel height to the channel 

width ) on the cooling performance is analyzed in this 

section for the serial-parallel configuration. 

 

 
 

Figure 10. Schematic diagram of channel layout  

 

The surface temperature distribution of the cold plate for 

flow rate of 10 l/min is shown in Fig. 11. It is obvious 

that the surface temperature of the cold plate with aspect 

ratio of 1.1 is lesser than other two cases. For fixed flow 

rate, the coolant velocity increases with the decrease of 

the aspect ratio. Larger coolant velocities indicate more 

powerful convective heat transfer. As shown in Table 4, 

the aspect ratio plays dominant role in the cold plate 

pressure drop. The pressure drop increases about two-

fold when the aspect ratio decreases to 1.1 from 1.7. Also, 

it is observed that the effect of the aspect ratio on the 

thermal resistance is lower compared to the pressure 

drop.
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Figure 11. Surface temperature distributions for various aspect ratios  

 

Table 4. Thermal resistance, pressure drop and maximum surface temperature values for various aspect ratios 

 

Aspect Ratio 1.1 1.4 1.7 

Rth (0C/kW) 7.10 7.33 7.47 

ΔP (kPa) 19.69 12.83 10.13 

Tmax (0 C) 83.41 84.35 84.88 

4. Conclusion 

 

In this study, the performance analysis of a cold plate 

containing two IGBTs utilized in the rail system 

applications is carried out for different flow 

configurations and coolant flow rates. Three different 

flow configurations are studied namely series, parallel 

and series-parallel. Temperature distributions, thermal 

resistance and pressure drops in the cold plate for 

different flow rates are obtained by using commercial 

software. According to the analysis results, the maximum 

temperature decreases significantly for series-parallel 

flow configuration. The thermal resistance decreases 

about 60% in the case of serial-parallel configuration 

comparing with the parallel flow channels. Moreover, 

despite the improvement in the thermal resistance, 

pressure drop values for serial parallel configuration are 

a 10 times higher than in parallel configuration. In 

addition to this with the increase of the channel aspect 

ratio, pressure drop decreases by 48.5% while the thermal 

resistance increases by only %5. The serial-parallel 

channel configuration can provide a significant 

performance improvement in electronic cooling 

applications with proper aspect ratio optimization. 
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