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With the rapid development of electronic science and technology, power electronic devices 

are increasingly efficient, intelligent, small, and multi-functional. To ensure the thermal 

reliability of these devices, it is particularly important to make a reasonable heat dissipation 

design. However, there is insufficient research into the precise measurement of the flow 

field and temperature field within real high-voltage power electronic devices under the heat 

dissipation state of liquid cooling. To fill the gap, this paper carries out a heat flow field 

analysis on the heat dissipation features of high-wattage power cabinets. Out of the 

multiple power electronic device groups in a typical high-wattage power cabinet, a row of 

power electronic device units was taken as the objects. Then, several power electronic 

devices were analyzed numerically to establish a thermal model of the power electronic 

device group. Next, we designed the dissipation structure of the group, obtained the 

correlation between the flow field uniformity and temperature distribution of power 

electronic devices, and analyzed the effects of the ambient temperature of the group, the 

flow rate of cooling air, and other factors on the temperature features of power electronic 

devices. The proposed thermal model and dissipation system design strategy were proved 

feasible through experiments. 
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1. INTRODUCTION

With the rapid development of electronic science and 

technology, and the growing functional requirements on 

electrical equipment, power electronic devices are 

increasingly efficient, intelligent, small, and multi-functional 

[1-6]. Some power electronic integrated circuits have reached 

the thermal flux of 100W/cm2. There are even microwave 

power devices with higher power consumption per unit 

volume, and volume power density, and high-wattage power 

electronic power modules [7-13]. However, the functional 

integrated power electronic devices have a very limited space. 

If the heat cannot be vented from the closed space, the power 

electronic devices might fail [14-18]. To ensure the thermal 

reliability of power electronic devices, it is particularly 

important to reduce the high temperature and high heat flow 

and high thermal flux in the limited space, and to make a 

reasonable heat dissipation design. 

The recent boom of science and technology has motivated 

domestic industrial producers to handle the heat generated in 

the production of power electronic devices. Zhu and Liu [19] 

analyzed the heat generating circuits and groups of power 

electronic devices, discussed the heat dissipation design of 

these devices, and detailed the common cooling methods and 

cooling effects of these devices. Hou et al. [20] introduced a 

two-phase micro-channel thermal management system that 

uses refrigerant R1234yf with a low global warming potential. 

The system contains two identical aluminum micro-channel 

radiators, which are serial connected in the cooling loop. The 

other components include a gas flow meter, a micro 

compressor, a condenser, a throttling device, and an auxiliary 

measurement device. Experimental results show that the 

thermal management system can disperse a heat flow of 526 

526 W/cm2, while keeping the junction temperature below 

120°C. Li et al. [21] explained the thermal effect of the 

piezoelectric micromechanical ultrasound converter, and 

expected to apply the device to the heat dissipation of power 

electronic devices. Experimental results show that, the 

resonance frequency of the converter did not change much 

under different external thermal flows. According to 

simulation and test results, the frequency is negatively 

correlated with the side length of the converter. With the 

increase of the thermal flux of integrated circuit chips, the 

traditional rectangular micro-channel has almost reached the 

limit. It is important to improve the heat dissipation in the 

limited space by optimizing the structure or enhancing heat 

transfer. Li et al. [22] adopted the three-dimensional (3D) 

conjugate value simulation model to analyze the flow and 

temperature features of the structure of silicon-based 

rectangular micro-channels. The results show that the micro-

channel with a loose-front, tight-end turbulence chamber 

boasts the optimal flow and heat transfer performance. The 

performance can be further improved by increasing the 

Reynolds number. Wu and Ozpineci [23] focused on 

understanding the thermal impact of using separate power 

devices, and the limitations of using traditional thermal design 

methods. According to experience, the basis of thermal system 

design is selecting radiators with necessary thermal resistances 

from the manufacturer’s data list. This approximation 

approach has proven to be an effective way to preliminarily 

design silicon-based power modules. 

The above studies are significant for understanding the flow 

field, temperature, and heat flow propagation in the space of 

power electronic devices. However, all these studies were 
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conducted in the closed space model of the devices. In the real 

space of the devices, the temperature and heat flow propagate 

under the heat dissipation mode of liquid cooling. Overall, 

there is insufficient research into the precise measurement of 

the flow field and temperature field within real high-voltage 

power electronic devices under the heat dissipation state of 

liquid cooling. To fill the gap, this paper carries out a heat flow 

field analysis on the heat dissipation features of high-wattage 

power cabinets. Section 2 chooses to study a row of power 

electronic device units from the multiple power electronic 

device groups in a typical high-wattage power cabinet, 

numerically analyzes several power electronic devices, and 

establishes a thermal model of the power electronic device 

group. Section 3 deigns the dissipation structure of the group, 

obtains the correlation between the flow field uniformity and 

temperature distribution of power electronic devices, and 

analyzes the effects of the ambient temperature of the group, 

the flow rate of cooling air, and other factors on the 

temperature features of power electronic devices. Section 4 

verifies the feasibility of the proposed thermal model and 

dissipation system design strategy through experiments. 

 

 

2. THERMAL MODELING 

 

This section chooses to study a row of power electronic 

device units from the multiple power electronic device groups 

in a typical high-wattage power cabinet, and numerically 

analyzes several power electronic devices. Figure 1 shows the 

internal structure of a typical high-wattage power cabinet. 
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Figure 1. Internal structure of a typical high-wattage power 

cabinet 

 

Before building the thermal model of the power electronic 

device groups in the typical high-wattage power cabinet, the 

relevant hypotheses need to be established: 

(1) Each power electronic device in each group has the same 

switching features, flow capacity, saturation voltage drop, and 

driving power. 

(2) The thermal behavior of power electronic device groups 

is equivalent to that of power electronic device groups in other 

modules. 

(3) The heat conduction between power electronic devices 

via connectors and wires is negligible. 

(4) We only considered the Ampere's force power 

characterized by the current loads of the power cabinet, and 

the internal resistance of each device group, and ignored the 

heat loss induced by the Ampere's force power and reversible 

entropy heat. 

Based on the law of energy conservation, this study 

combines the known heat generation and heat transfer of 

power electronic device units, and establishes a reduced order 

thermal model for each power electronic device group, 

according to the inside, surface, and contact air of power 

electronic devices. Let Φd,j, Φr,j, and Φx,i be the inner 

temperature, surface temperature, and contact air temperature 

of the i-th power electronic device, respectively. The 

following model can be established: 
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According to the proposed reduced order thermal model for 

each power electronic device group, the state variable of the 

thermal management system for the power electronic circuit in 

the high-wattage power cabinet was defined as a=[Φd,i Φr,i 

Φx,i]T, and the input and output of the system were defined as 

v=[Z2S Φx,i-1]T and b=Φr,I, respectively. Then, the state of the 

thermal management system can be given by: 
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(2) 

 

The output of the thermal management system can be 

expressed as:  

 

 , 0 1 0r zb Φ a= =  (3) 

 

After the power electronic circuit has been running for 20 

min, the temperature of a power electronic device, and the 

temperature of the contact air gradually increase along the 

fluid flow direction. There is a very small temperature 

difference between adjacent power electronic devices, and the 

contact airs of the two devices. Considering the small relative 

error between discrete points and the fitting points of contact 

air temperature, this paper assumes that the temperature of the 

cooling liquid from the cooling system gradually increases 

along its flow direction. 

Since it is difficult to measure the mixed air temperature in 

the flow channel, the temperature of the inlet cooling liquid in 

the heat dissipation system was selected as the input to the 

thermal management model. Thus, Φx,i-1 needs to be replaced 

by Φx,0. Let z be the serial number of power electronic devices. 

Then, we have the following hypothesis: 
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Combining formulas (4) and (3), it is assumed that a=[Φd,z 

Φr,z Φx,z]T, v=[Z2S Φx,0]T, the input of the thermal management 
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system is Φx,0, the system disturbance is Z2S, and the system 

output is Φr,z. The state of the thermal management system of 

power electronic devices can be expressed as: 
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(5) 

 

The output of the system can be expressed as: 

 

 , 0 1 0r zb Φ a= =  (6) 

 

 

3. DESIGN OF HEAT DISSIPATION STRUCTURE  

 

The mainstay of the power cabinet is composed of orderly 

arranged power electronic device groups. Thus, it is necessary 

to analyze the cooling effect of the liquid cooling heat 

dissipation structure of the power cabinet on the power 

electronic device groups. By exploring the design of the heat 

dissipation structure, it is possible to obtain the correlation 

between the uniformity of the corresponding flow field, and 

the temperature distribution of power electronic devices. 

Meanwhile, the authors discussed the effects of the ambient 

temperature of the group, the flow rate of cooling air, and other 

factors on the temperature features of power electronic devices. 

Compared with other cooling liquid heat dissipation 

structures, the symmetric tree-shaped double bifurcation 

liquid cooling structure features uniform temperature 

distribution in the thermal field, and good heat dissipation 

performance. This structure can reduce the on-state voltage 

drop of power electronic devices, and further lower their 

energy consumption. 

According to the Murray's law, which distributes fluid by 

the law of minimum time and energy, if the fluid inside the 

liquid cooling pie approximates a Newtonian fluid in the 

laminar state, then the cumulative sum of the third power of 

the inner diameter for a branch of the liquid cooling pipe 

equals the cubic value of the inner diameter of the superior 

pipe. However, this equation does not apply, when the fluid 

inside the liquid cooling pipe is a turbulence. Then, it is 

important to optimize the structure of each superior pipe and 

its branches, in order to derive the relationship between the 

two values in the case of turbulence. Let k be the friction factor; 

g be the pipe length; e be the inner diameter of the liquid 

cooling pipe; τ be the density of the fluid inside the pipe. Then, 

the inner pressure difference of the pipe can be established 

based on Darcy’s law: 
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The pressure difference of each branch is stated in formula 

(7). Let wn be the mass flow of the fluid. Then, the flow 

resistance in the pipe of the turbulence state can be derived 

from the density, velocity, and profile of the fluid: 
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Based on formulas (7) and (8), the following equation can 

be derived: 
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The total volume flow of each branch can be calculated by: 

 

1 1u u uw w w= +  (10) 

 

The branches in the liquid cooling pipe, which is established 

on the symmetric tree-shaped double bifurcation liquid 

cooling structure, are parallel connected. Thus, the flow 

resistance of the two branches can be calculated by: 
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Each superior pipe can be viewed as the serial connection 

between its two branches. Thus, the total flow resistance of an 

entire branch can be calculated by:  
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(12) 

 

Combining formula (12) and formula (8), the total flow 

resistance of the entire structure can be calculated by: 
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Provided that the inner space of the power cabinet remains 

the same, the liquid cooling system is optimized to minimize 

the energy consumption of power electronic devices. Then, the 

volume of a single bifurcation structure can be calculated by: 
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To minimize the flow resistance in the liquid cooling pipe, 

this paper introduces the Lagrange function G. Let μ be the 

Lagrange factor. Then, function G can be obtained by 

combining formulas (13) and (14): 
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Finding the derivative of G to dv, dk, and dx, respectively, 

and making the derivatives zero: 
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The above results can be derived comprehensively to obtain:  
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7 7 7

3 3 3
0 1 2e e e= +  (17) 
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1

2
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From formula (18), the optimal relationship can be derived 

between the branch diameter and the diameter of the superior 

pipe. In addition, it can be obtained that the length ratio of the 

two branches equals 1/3 order of their diameter ratio. For our 

symmetric tree-shaped double bifurcation liquid cooling 

structure, the two branches of each superior pipe must have the 

same diameter and length, and the diameter of each superior 

pipe must satisfy e0=23/7e1,2. 

Considering the actual space inside the power cabinet, the 

proposed liquid cooling pipe network has a power series of 5, 

and 2 bifurcations. Through the calculation principle in this 

section, the structural dimensions of the network can be 

obtained, including the diameter and length of the liquid 

cooling pipe. 

 

 

4. EXPERIMENTS AND RESULTS ANALYSIS 

 

 
(a)Inlet flow 

 
(b)Outlet flow 

 

Figure 2. Inlet and outlet flows of cooling liquid of the heat 

dissipation system before and after system optimization 

Figure 2 compares the inlet and outlet flows of cooling 

liquid of the heat dissipation system before and after system 

optimization. It can be seen that the optimization of the 

thermal management system significantly suppressed the flow 

fluctuation of the cooling liquid, resulting in a close to optimal 

heat dissipation state. Of course, the liquid flows in some 

liquid cooling pipes oscillated slightly, because the location of 

the heat dissipation system cannot be easily in the power 

cabinet. For our symmetric tree-shaped double bifurcation 

liquid cooling structure, the nonuniformity of fluid flow in 

some pipes is acceptable, facing the constraints of the outer 

boundaries of power electronic devices. Further structural 

adjustment would affect the flows in other branches. As shown 

in Figure 2, the proposed thermal model and the proposed 

design strategy for the heat dissipation system are both feasible. 

The distribution of the heat flow field is significantly improved, 

after the thermal management system is optimized by our 

strategy. 

 

 
 

Figure 3. Inside, surface, and contact air temperatures of 

each device 

 

 
 

Figure 4. Temperatures of different device groups 

 

Figure 3 presents the inside, surface, and contact air 

temperatures of each device. Figure 4 displays the 

temperatures of different device groups at different positions. 

It can be observed that, under the velocity inlet boundary 

condition, all power electronic devices inside the cabinet had 

basically the same temperature. Their temperature difference 
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was smaller than the pipe inlet boundary condition. Comparing 

the two sets of simulation results, it can be learned that, for the 

cooling liquid velocity in the pipe, the actual working 

condition of the pipe could not be simulated, if the flow is 

fixed under the velocity inlet condition. It is better to use the 

pipe inlet boundary condition. 

To further explore the influence of pipe width and liquid 

mass flow on the heat dissipation of device groups, the highest 

temperature of power electronic devices was taken as the 

metric of heat dissipation performance of the power cabinet, 

and a comparative experiment was carried out. Since only two 

parameters are considered, it is not necessary to adopt the 

orthogonal design. Thus, the data were processed through the 

binary variance analysis of the non-repeatable tests. Table 1 

compares the device temperatures at different combinations. 

Table 2 compares the temperatures and pipe outlet pressures 

before and after system optimization. 

The results in Tables 1 and 2 show that the symmetric tree-

shaped double bifurcation liquid cooling structure reduced the 

pipe outlet pressure, ensured the smooth flow of cooling liquid 

in each branch, boosted the liquid flow capacity (which is 

constrained by the limited space of the power cabinet), and 

lowered the inside temperature of the cabinet in normal 

operation. 

 

Table 1. Device temperatures at different combinations 

 
Inner diameter Mass flow 350 400 450 

0.24 72.5℃ 69.7℃ 65.2℃ 

0.25 67.9℃ 63.1℃ 62.8℃ 

0.26 61.4℃ 68.2℃ 62.7℃ 

0.27 60.9℃ 69.2℃ 65.6℃ 

 

Table 2. Temperatures and pipe outlet pressures before and 

after system optimization 

 

 
Pre-

optimization 

Post-

optimization 
Variation 

Temperature 

Mean 63.8 69.4 -2.4 

Maximum 71.5 66.7 -2.1 

Minimum 66.3 63.9 -1.3 

Pipe outlet 

pressure 

Mean 32.8 25.8 -6.7 

Maximum 35.2 29.4 -5.2 

Minimum 25.9 16.2 -6.9 

 

 
 

Figure 5. Cooling fluid flows after optimization 

Due to the high processing cost, this study only processes 

the heat dissipation structure after the optimization of the 

thermal management system. The mass flow of the cooling 

liquid was controlled at about 0.25 kg/s. Then, the flows in the 

18 branches of the liquid cooling pipe were counted and 

ranked. Figure 5 compares the test value and actual value of 

each branch flow. It can be observed that the model 

simplification causes an error between inlet-outlet pressure 

difference of the liquid cooling pipe in the heat dissipation 

system. The maximum error was less than 8.7%, and the mean 

error was 0.89%. The reason is that the actual flow resistance 

is large for the cooling liquid in the heat dissipation system. 

The results demonstrate the reliability of our simulation. 

 

 

5. CONCLUSIONS 

 

Taking high-wattage power cabinets as example, this paper 

explores the heat dissipation features through heat flow field 

analysis. Out of the multiple power electronic device groups 

in a typical high-wattage power cabinet, a row of power 

electronic device units was taken as the objects. Next, several 

power electronic devices were analyzed numerically to 

establish a thermal model of the power electronic device group. 

After that, the authors devised the dissipation structure of the 

group, obtained the correlation between the flow field 

uniformity and temperature distribution of power electronic 

devices, and analyzed the effects of the ambient temperature 

of the group, the flow rate of cooling air, and other factors on 

the temperature features of power electronic devices.  

Through experiments, the inlet and outlet flows of cooling 

liquid of the heat dissipation system before system 

optimization were compared with those after the optimization, 

revealing that the optimization of the thermal management 

system significantly suppressed the flow fluctuation of the 

cooling liquid, resulting in a close to optimal heat dissipation 

state. In addition, the temperatures of device groups at 

different positions were displayed. The results show that, it is 

better to use the pipe inlet boundary condition. To further 

explore the influence of pipe width and liquid mass flow on 

the heat dissipation of device groups, the highest temperature 

of power electronic devices was taken as the metric of heat 

dissipation performance of the power cabinet. The cooling 

liquid flows before and after the optimization were compared, 

which further verifies the feasibility of the proposed thermal 

model and design strategy for heat dissipation system. 
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