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Abstract 

 

Performance analysis of a loop 

heat pipe system for IGBT module 

application 
. 
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The Graduate School 

 

Seoul National University 

 

 

Recently, the importance of the railroad industry is increasing as a 

low-carbon, high-efficiency, mass transportation method. In 

particular, the decentralized-power type train is preferred because 

of its excellent acceleration and transport efficiency compared to the 

centralized-power type train, and related technology developments 
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are actively taking place. In the case of decentralized-power type 

high-speed railway, a propulsion system is installed for each vehicle, 

so there is a limited space for a cooling system. Accordingly, the 

importance of cooling performance and efficient space utilization of 

the cooling system is increasing. 

In this study, a loop type heat pipe was studied for temperature 

management of IGBT which is a semiconductor transistor applied to 

high-speed railway and subway propulsion systems. It was applied to 

increase the amount of cooling capacity per unit volume and the 

uniformity of the heat. 

To analyze the applicability, three heat pipes were designed and 

manufactured. The performance of each heat pipe was compared by 

experiments. Theoretical analysis was conducted in order to 

manufacture the loop type heat pipe. Experiments were conducted 

regarding the optimal operating conditions to measure the accurate 

performance. An experiment was performed to confirm the sort of 

refrigerant and its charging rate, and it could be experimentally 

verified that the optimal condition was when the water was selected 

as the refrigerant with charging rate of 34.4%. 
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The conventional and loop type heat pipe experiments were 

conducted by simulating the high-speed railway or subway operating 

environment. The performance of each manufactured heat pipe was 

compared and analyzed while increasing the heat load of the simulated 

IGBT from 1800 W to 2400 W in a forced convection environment. As 

a result, the maximum temperature of the IGBT was lower when the 

loop type heat pipe was used, and the maximum cooling capacity was 

also calculated to be larger. Both heat pipes were satisfied the target 

performance for IGBT cooling. 

Considering the operating life of the IGBT, the temperature uniformity 

of the IGBT is also an important cooling performance. An experiment 

was conducted to compare the temperature uniformity of the IGBT 

cooled by the heat pipe, and more improved results were obtained by 

the loop type. 

It has been experimentally proven that the loop type heat pipe can 

increase the cooling efficiency for the decentralized-power system. 

At the same time, it was confirmed that a loop type heat pipe could be 

an efficient cooling method when considering the high density and 

miniaturization of future semiconductor components. 
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Chapter 1. Introduction 

 

1.1 Background of the study 

 

The train including high-speed railway has become a more important 

transportation in recent years as low-carbon, high-efficiency, and 

mass transportation systems. High-speed train is an eco-friendly 

transportation that emits lower carbon dioxide than that of a 

passenger car. Therefore, the demand for technology developments 

in high-speed train are expected to increase. 

The type of train can be divided into centralized-power type and 

decentralized-power type according to the power device application 

method. The centralized-power type is a train in which a separate 

power device vehicle exists, and decentralized-power type is a train 

in which the power devices exist under each vehicle. Centralized-

power type train do not have good acceleration, so they are 

advantageous for long-distance driving without stopping, and have 

the advantage of excellent ride quality in the cabin. However, there 

are disadvantages in that it is difficult to maintain the time interval 

between the trains in the operation where frequent stops are required. 

Also, there is a disadvantage of reducing the transport capacity due 

to the separated propulsion power devises vehicle. The main 
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advantage of decentralized-power type train is excellent acceleration, 

so it is suitable for subways or high-speed trains with frequent stops. 

It is known that decentralized-power type train has about 30% better 

acceleration and deceleration performance, and transport capacity 

than the centralized-power type train by the development of HEMU-

430X which is one of decentralized-power type train. [1] 

Due to the advantages of these decentralized-power type train, 

developed countries have been focused on the development of 

decentralized-power type trains to increase the speed of railways 

and increase the amount of transportation since the 2000s as shown 

in Figure 1.1. [2] In recent years, in consideration of energy 

efficiency, the development of high-speed train capable of reducing 

the shaft weight has been focused on decentralized-power type train. 

There is a case where the shaft weight was reduced from 17 tons to 

14 tons through the distributed arrangement of the propulsion system. 

[3] In the case of South Korea, KTX and KTX-Sancheon, which are 

mainly used, are centralized-power type train, and in 2007, 

decentralized-power type train HEMU-430X began to be developed. 

The propulsion control system of train is a core technology, but with 

the recent development of power semiconductor and electronic circuit 

technology, core parts have been discontinued, increasing uncertainty 

in securing reliability. The application of IGBTs to the main circuit 
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switching elements of large-capacity propulsion control devices is 

becoming common as the development of electronic device technology. 

[4] IGBT has strong temperature characteristics and has an 

appropriate allowable temperature range. To keep the power 

converter at the operating temperature, a cooling devices capable of 

removing the heat released by the internal resistance is required. [5] 

The cooling method applied to the train is selected in consideration of 

the cooling capacity. The maximum thermal load of GTO Thyristor of 

normal train such as subway is about 800W, and in case of high-speed 

train with IGBT, it is around 1500~2000W. At low heat loads of less 

than 1000W, aluminum heatsinks using forced convection are mainly 

used as a cooling system. For loads higher than that, various cooling 

systems such as liquid (water) cooling type, heat pipe, phase changing 

type are used. [5] 
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Fig. 1.1 High-speed train development trend [2] 
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Table. 1.1 summarizes the various types of cooling systems by the 

train. The French Alstom TGV, the predecessor of KTX, uses 

submerge cooling system for cooling electric devices. It is a concept 

introduced as a phase change device since the 1970s and has been 

used until now. Submerge type cooling system is easy for large-

capacity cooling by placing the element in a container. However, since 

the power semiconductor is immersed in the working fluid, 

maintenance is difficult. Although the structure of the cooler can be 

miniaturized, there is a disadvantage in that the weight of the cooler 

itself is heavy and the amount of working fluid required is large.[6] 

Heat pipes were applied to South Korea KTX-Sancheon. The cooler 

consists of a VCHP with a block connected to the power 

semiconductor, and several fins installed on the condenser for 

radiating heat to the outside air. A working fluid which is excellent in 

the performance of heat transfer capability is injected into the pipe 

tube and vacuum is maintained. It transfers heat through the change 

phase of the refrigerant inside the container. Specifications of the heat 

pipe of the power converter currently used is a cooling capacity of 5 

kW by forced convection in an environment of -35 ~ 40°C. [6] 

The traditional liquid (water) cooling system which has an excellent 

performance regarding reliability is applied to the KTX-Eum and 

HEMU-430X in South Korea. It consists of a pump for the working 
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fluid circulating, a water-cooling plate and the cooling water, and a 

heat sink. The water-cooling system has disadvantages such as 

contamination of the pipe wall by antifreeze and an increase in 

maintenance cost due to leakage of coolant. [7] 

In Japan, Shinkansen Fastec 360 uses water-cooling system. 

However, performance tests are being conducted on a method that 

uses a mixture of water cooling and phase change cooling. [4] 

Although this disadvantage can be solved by a VCHP, a different type 

of it is needed. Because it should be installed in a limited space in a 

decentralized-power type train. Also, long-distance heat transport 

should be possible depending on the type of the train. In addition, in 

recent years, due to the discontinuation of electric devises like IGBTs 

of subway or high-speed rail that have been previously applied, there 

are cases where electric devises are replaced with elements having a 

thermal load equal to or greater than that of the existing ones. In this 

case, a cooler with improved cooling performance that should be 

installed in a predefined limited space is required, and at the same 

time, flexible arrangement of cooling device parts should be possible. 

A loop type can be the way to solve this problem. It has high density 

of cooling capacity with the ability to keep temperature uniform. It can 

also transport heat over long distances. There will be no entrainment 

limit as vapor and liquid flows separately. Comparing the performance 
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with conventional heat pipes by applying the loop type heat pipe to 

the IGBT modules of train is meaningful in that it presents a new 

cooling method for train IGBT with the improved cooling capacity. 
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Table. 1.1 Cooling technology for trains [6] 
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1.2 Literature review 

 

1.2.1 Cooling of electric devises method 

 

Liquid cooling system, air type chiller, evaporative cooling system and 

heat pipes are applied for cooling IGBTs or electric devices in high-

speed rail or subway. Before studying the loop heat pipe as a cooling 

method to increase space efficiency, investigations of recent research 

cases related to cooling of IGBTs, or electric devices and the effects 

on it were conducted.  

Lee et al. [8] proposes a heat pipe design technology, such as the 

length ratio of the evaporation and condensing parts, and the injection 

amount of the working fluid for cooling semiconductors for subway 

vehicles. For heat transport of 300 W per unit, a pipe with a diameter 

of 15.88 mm was suitable. When the length ratio of the evaporator and 

the condensing part is 3.5 or more, the appropriate range of the 

refrigerant is determined to be 80% to 90%. Cho et al. [9] studied the 

suitability and commercialization of a crossflow plate heat exchanger 

to maintain a 10 kW-class power conversion semiconductor within 

the allowable temperature range of 100 ℃. In conclusion, thermal load 

of 10 kW can be cooled by water cooling system with the coefficient 

of about 2500~3000 𝑊/𝑚ଶ𝐾. Xavier Perpiñà et al. [10] analyzed the 
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effect of non-uniform heat distribution inside the IGBT module on the 

reliability of the railway power inverter and the effect of thermal cycle 

on the components of the IGBT module. And it was found that the 

non-uniform temperature distribution at the package level causes the 

failure of the IGBT module due to overheating. Lee et. al [11] studied 

the heat pipe design processes in order to get a reliability of the power 

devices in a railway propulsion system. Four design methods were 

suggested over 20-year lifetime which is the requirements in the 

train industry with an accuracy of 80% or more for junction 

temperature.  

 

1.2.2 Loop heat pipe as a cooling system 

 

LHPs and CPLs were introduced to improve the performance in the 

case of a heat pipe which is applied a long pipe with wicks and small 

pore radius. [12] Stenger [13] suggested CPL in 1966. The first loop 

heat pipe was developed by Maydanik [14] in 1972. The development 

of it was due to the possibilities to be applied in space. As a cooling 

system in space, it is required high transport capacity. 

Jentung Ku et al. [15] analyzed the temperature fluctuation that can 

be found under certain conditions with the temperature never 

converge. And confirmed that the temperature oscillation of the 
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condensed liquid causes the temperature fluctuation of cc and the 

fraction fluctuation of void inside the evaporator core. Zhang 

Hongxing et al. [16] researched the effects regarding the startup of 

operation and correlation the startup with the steady-state operation 

of LHPs. It has been found that the increase of the pressure leading 

to condensation of the refrigerant in CC, as well as heat leakage from 

the evaporator to CC, causes the temperature of CC to rise during 

start-up. Tarik Kaya et al. [17] established numerical model of the 

capillary porous structure of LHP regarding the heat and mass 

transfer with boiling limit. It is confirmed that in order to enhance the 

limitation of cooling performance related to boiling, it is recommended 

to maintain good contact at the pin-wick interface with the removal 

of non-condensable gases. Shane Storring [18] designed and 

manufactured three LHPs and presented a detailed development 

process including initial design criteria like materials of pipe, 

assembly, fluid filling, and sealing. After optimizing the conditions of 

fluid inventory, the LHPs were able to start and operate reliably in a 

power load range of 5 to 55 W. Ki [19] studied a loop heat pipe test 

model for the power conversion semiconductor applied to high-speed 

rail. LHP start-up stability was confirmed at a relatively low heat load, 

and the resistance was 1.052~1.62 ℃/W at a thermal load of 50W. 

Lizhan Bai et al. [20] studied a mathematical model of steady-state 
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LHP and analyzed it using experimental data. Presented the results of 

distribution of pressure drop, influence of the temperature of sink. 

Xianbing Ji et al. [21] designed and investigated LHP regarding the 

wicks with composite multiscale porous to study cooling performance 

and start-up features. The composite multiscale porous wicks 

reduced the time of start-up, lowered the temperature of pipe wall, 

and the temperature fluctuation. At a thermal load of 200 W, the loop 

type had a wall temperature of 63℃ and reached a 40𝑊/𝑐𝑚ଶ. Ainur 

Rosidi et al. [22] simulated heat transfer and flow characterization 

phenomena in a wickless LHP. This simulation study provided the 

results of the influence of evaporator charging ratio and thermal load 

in LHP. In the case of a 80% charging ratio and an evaporator thermal 

load of 55°C was applied, natural circulation flow was possible after 

1000 seconds passed when the working fluid reached the saturation 

temperature. 

 

1.3 Purpose and scope 

 

As the use of electronic devices increases in various fields, there are 

demands to improve the cooling capacity per unit volume in industrial 

fields such as high-speed train and energy storage systems. This 

study proposes a loop type heat pipe that can replace the conventional 



 １３ 
 

heat pipe as a way of improving the cooling capacity per unit volume, 

A loop type is more advantageous than a conventional one in terms of 

long-distance heat transport, enabling efficient arrangement of 

cooling devices and increasing space efficiency. In addition, greater 

heat can be transferred by reducing the resistance between the 

movement of the heated gas and the liquefied working fluid. The goal 

of this study is to experimentally analyze the performance difference 

between a loop type and a conventional type. 

A conventional type and a loop type having a similar structure were 

designed and manufactured to experimentally confirm the 

performance. Conventional heat pipe system was manufactured with 

14EA single tube heat pipes with groove type wick structure. Loop 

type heat pipe was manufactured by reflecting operating limits in 

Chapter 2, and compatibility of working fluid and material for stable 

steady-state operation. 

In Chapter 3 and Chapter 4, the performances of the conventional type 

and the loop type were compared through the experiment. For the 

newly applied loop type, the optimal operating conditions for the 

refrigerant were suggested by comparing the performance regarding 

the type and the amount. The performance comparison of each heat 

pipe was made in terms of maximum cooling capacity with thermal 

resistance and temperature uniformity of the IGBT module. Forced 



 １４ 
 

convection was applied by the wind tunnel to simulate the railway 

operating conditions, and the IGBT was simulated using VA meters 

with power supplies. Experimental results of the conventional type 

and the loop type heat pipe were compared and analyzed by 

calculating the maximum cooling capacity and the temperature 

uniformity in the IGBT module depending on the degree of forced 

convection and the thermal load. 
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Chapter 2. Design and manufacture 

 

2.1 Concept design 

 

Heat pipe applied for cooling the train SIV stack is generally in the 

form of a simple tube with an internal wick structure. When thermal 

load is affected to the evaporator located in the heating element, the 

refrigerant is vaporized and moves inside the tube to reach the 

condenser. In the condenser part, several fins are generally installed 

for efficient heat transfer, and the working fluid is liquefied after 

cooling. The wick inside the heat pipe generates a capillary force that 

can move the liquid refrigerant back to the evaporator. As a result, 

the continuity of operation is ensured, and the refrigerant circulates 

in the pipe. The conceptual diagram of the conventional type is shown 

in Figure 2.1. 

To enhance the space efficiency, the loop type was applied in this 

study with a separate pipe return line to return the refrigerant from 

the reservoir of condenser to the reservoir of evaporator. Due to the 

separate return pipe, the movement of the liquefied refrigerant does 

not act as a resistance to the movement of the steam generated in the 

evaporator, so the cooling performance will be improved. The 

conceptual diagram of the loop type is shown in Figure 2.2.  
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In the conventional type, several separated heat pipes in the form of 

a sing tube were press-fitted parallel to one aluminum plate to form 

one system. Both ends of each single heat pipe are sealed with 

endcaps, and the refrigerant of each pipe is completely separated. 

Since loop type heat pipe should be formed as one system, connecting 

parts to connect each single heat pipe are required. In Figure2.2, there 

are two reservoirs connecting each heat pipe. One is located under 

the condenser to collect the liquefied refrigerant, and the other is 

located at the top of the evaporator so that the steamed refrigerant 

passes. The steamed refrigerant moves through a single return pipe. 
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Fig. 2.1 Conceptual diagram of conventional heat pipe 
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Fig. 2.2 Conceptual diagram of loop type heat pipe 
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2.2 Element Design 

 

Element design was carried out in consideration of target 

specifications such as installation space, cooling capacity, and 

operation limits. 

  

2.2.1 Target specification 

 

The heat pipe applied in this study is used to cool the IGBT module 

of the subway or high-speed rail SIV stack. This study is aimed at 

cooling the IGBT module shown in Figure 2.3, which typically 

generates 800 W of heat per unit. A total of 3 IGBTs are installed in 

the subway SIV Stack with the total amount of heat 2400 W. Three 

IGBTs are placed on the base plate as shown in Figure 2.4. The space 

allowed for cooling module is 925 × 630 × 633.5. 

The main performance used in the train is △T and the thermal 

resistance R. The △T is defined as equation 2.1. 

 

△ 𝑇 =  𝑇௠௔௫,ூீ஻் − 𝑇௔௠௕                                      (2.1) 

 

The maximum cooling capacity can be determined by the allowable 

value of △T.  The maximum allowable value of △T suggested by 
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the railway company is 60°C in consideration of the reliability of 

IGBT module.  

At a heat source of 2400 W, △T should be less than or equal to 60°C. 

Total thermal resistance can be calculated by equation (2.2). 

 

R୲୭୲ =
்೓೚ ି்೎೚೗೏

୕
                                           (2.2) 

 

The maximum allowable thermal resistance R should be lower than 

0.025 K/W in this study. The heat pipe used in the study is installed 

on the train and is affected by the driving wind. The SIV stack applied 

to the subway is usually 3 m/s in many cases, so the above target 

specification should be satisfied in the 3 m/s driving wind environment. 
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Fig. 2.3 IGBT module to be installed on SIV stack 
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Fig. 2.4 Location of IGBTs on the SIV stack 
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2.2.2 Refrigerant and pipe 

 

2.2.2.1 Refrigerant 

 

It is recommended that the operating temperature of the IGBTs of the 

subway SIV Stack used in this study be kept below 120 ℃. Therefore, 

in this study, it is necessary to select a working fluid that is mainly 

applied to relatively low-temperature heat pipes. In addition, to 

maximize the performance of the heat pipe, it is necessary to select 

the refrigerant considering the Figure of Merit. Figure of Merit M is 

expressed as equation 2.3. [23]  

 

M =
ρ

ౢ
σ୦ౢ౬

μ
ౢ

                                                    (2.3) 

 

With the given Figure of Merit, the maximum heat transfer amount is 

expressed as the equation 2.4 [26]. 

 

(QL)ୡ,୫ୟ୶ = 2 ൬
σρ

ౢ
୦ౢ౬

μ
ౢ

൰ (
୏

୰ౙ
)A୵                                  (2.4) 

 

Therefore, the amount of heat transfer increase as the Figure of Merit 

increase. Figure 2.5 shows the Figure of Merit by the working fluid. 
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According to N.Dunbar and P.Cadell , in case of loop heat pipe, Figure 

of Merit changed as Equation 2.5. [25] 

 

M =  
ρ

౬
୦ౢ౬

ళ/రσ

μ
౬

భ/ర                                             (2.5) 

 

This difference is known to occur because the vapor line flow in the 

LHP is generally turbulent, and the vapor pressure drop is dominant. 

[23] Considering the Figure of Merit of conventional type and loop 

heat pipe, the suitable working fluids for this study are water and 

ammonia. However, due to the useful range of the working fluid, water 

is the most suitable working fluid. 
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Fig. 2.5 Figure of Merit by the working fluid [25] 

 

 

 

 

 

  



 ２６ 
 

2.2.2.2 Specification of pipe 

 

Compatibility between the refrigerant and the material is the most 

important. The compatibility of the refrigerant and the container 

material affects the problems such as corrosion and erosion caused 

by chemical reactions and the production of non-condensable gas, 

which can result in fatal consequences for the performance of the heat 

pipe. In addition, the weight, tensile strength, and thermal conductivity 

of the material are taken into consideration. [24] In consideration of 

compatibility with water, excellent thermal conductivity, and 

economic feasibility, the material was decided to be copper. 

To determine the diameter of single pipe tube, Mach number should 

be considered. Mach number of the steam should not exceed 0.2. 

Reflecting this, the minimum inner diameter to be selected should be 

larger than this. [24] 

 

d୴ = (
ଶ଴୕ౣ౗౮

πρ
౬

௛೗ೡටγ
౬

ୖ౬୘౬

)
భ

మ                                     (2.6) 

 

Considering this and the space that can be attached to the SIV Stack, 

it was decided to use the standard copper pipe of Ø15.88 for heat 

pipe production. According to the ASME code, the maximum allowable 
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stress when designing a pipe container that withstands vapor pressure 

is stipulated as 25% of the ultimate tensile strength. [24] This copper 

tube can withstand a maximum pressure of 74.5 Mpa, so there is no 

problem in applying it to heat pipe production. 

 

2.2.2.3 Wick structure 

 

Wick is installed on the inner wall of each pipe tube to generate 

capillary force. A screen wick, groove wick, sintered metal wick, etc. 

can be used as wick structure. In some cases, a combination of various 

types of wicks can be installed. In order to increase heat transfer, 

high permeability of the wick is required, while in order to induce 

large capillary force, the smaller capillary radius is advantageous. 

Groove type wick has the disadvantage of having a large capillary 

radius, but considering the economic feasibility, it has very good mass 

productivity. [26] In this study, considering the possibility of 

expansion and distribution, the most economical triangular groove 

type was applied. When the target performance was not achieved with 

the groove type wick, another type of wick will be considered. 
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2.2.3 Operation limits 

 

Continuous operation may not be possible under certain operating 

conditions, which is affected by the operating limit. The possible areas 

of the limitations are shown in Figure 2.6. [28] 

 

2.2.3.1 Capillary limit 

 

As in this study, the most likely and important limitation in the low 

temperature range is the capillary limit. The total pressure loss which 

is required for the refrigerant to circulate the loop increases as the 

magnitude of the mass flow rate increases. This value should be lower 

than the maximum capillary pressure that can be generated at the 

steam-liquid interface of the wick. [27] This can be expressed by 

Equation (2.7). 

 

∆ Pୡ,୫ୟ୶ ≥ ∆P୲୭୲ =  ∆P୴,୥୰ + ∆P୴ + ∆P୪                          (2.7) 

 

Due to a curved liquid surface, there are pressure differences. If the 

surface is not spherical with two radii 𝑟ଵ  and 𝑟ଶ , then pressure 

difference can be calculated by the Equation (2.8). [27] 
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∆Pୡ = σ ቀ
ଵ

୰భ
+

ଵ

୰మ
ቁ (Young − Laplace equation)                  (2.8) 

 

Through the equation (2.9), the maximum capillary pressure is 

obtained from the microstructure of a given wick. [27] 

 

∆Pୡ,୫ୟ୶ =
ଶσ

ౢ

୰౛౜౜
cosθ                                        (2.9) 
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Fig. 2.6 Operation limits of heat pipe [28] 
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2.2.3.2 Boiling limit 

 

It refers to a case in which the operation is restricted because the 

bubbles generated by boiling in the liquid return path impede the axial 

flow of the liquid. In general, it can be calculated with the following 

equation (2.10). [29] 

 

Qୠ,୫ୟ୶ =
ଶπ୐౛୏౛୘౬

λρ
౬

୪୬ቀ
౨౟
౨౬

ቁ
(

ଶσ

୰౤
− Pୡ)                                    (2.10) 

 

However, in the open groove type among groove wicks, it is not 

applicable because the vapor generated by the open groove gap can 

be discharged to the vapor area. The calculation results are for the 

reference only. 

 

2.2.3.3 Sonic limit 

 

It is an operating limit that is considered when given a heat flux large 

enough that the vapor velocity at the end of the evaporator reaches 

the sonic velocity. Sonic velocity at the end of the evaporator can be 

expressed by equation (2.11). [29] 
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𝑀௩ =
ொ

஺ೡఘೡ௛೗ೡඥఊೡோೡ ೡ்
                                             (2.11) 

 

The maximum heat transfer is expressed as the following equation 

(2.12). [29] 

 

𝑄௦,௠௔௫ =  𝐴௩𝜌௩ℎ௟௩ ቂ
௥ೡோೡ ೡ்

ଶ(௥ೡାଵ)
ቃ

ଵ/ଶ
                                    (2.12) 

 

The sonic limit is usually very large for low-temperature heat pipes, 

so it can be said that there is no practical problem. If the diameter of 

vapor flow path is too small, it may be a problem, but in this study, it 

is not applied by using a copper tube of Ø15.88. 

 

2.2.3.4 Entrainment limit 

 

Inside of the pipe tube, the vapor flows from the evaporator to the 

condenser and the liquid is returned by the wick. [30] This entrain 

could be acted as resistance by the surface tension.[30]  

Kim and Peterson studied and defined the Webber number that can 

determine the occurrence of entrainment. [31] 

 

𝑊𝑒 =  
ఘೡ௩మ௭

ఙ೗
                                                  (2.13) 
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In (2.13), z is the variable regarding the space of wick. 

Entrainment may occur when We is of the order 1. [30] The limiting 

vapor velocity, 𝑣௖, is calculated by equation (2.14). 

 

𝑣௖ =  ට
ଶగఙ೗

ఙೡ௭
                                            (2.14) 

 

Thus, the maximum axial flux is shown in the equation (2.15).[30] 

 

𝑞 =  ට
ଶగఘೡ௛మఙ೗

௭
                                                (2.15) 

 

However, Entrainment limit is less important in the low-temperature 

heat pipe 
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2.3 Manufacture of heat pipe 

 

A total of three heat pipes were manufactured by reflecting the 

concept design, working fluid, pipe selection results and operation 

limit. A conventional one (Type #1) and a loop type (Type #2) for 

the main experiment were manufactured, and one more new type 

(Type #3) for additional experiments was manufactured, 

respectively. Table 2.1 summarizes the specifications of the 

manufactured heat pipe. They have the same size as 560 x 510 x 560 

including external frame, which satisfies the condition that it should 

be within 925 × 630 × 633. 

The 3D modeling result of the conventional type is shown in Figure 

2.7. A total of 14EA Ø15.88 copper single tube heat pipes are press-

fitted into a 25 mm-thick main aluminum plate to constitute a system. 

The interval of each single pipe was set to be about 30 mm. For 

efficient space utilization, heat pipe single tubes are bent. The bending 

angle was set to over 90° so that the working fluid liquefied in the 

condenser could effectively return to the evaporator with the help of 

gravity. The lengths of the evaporator and condenser of all pipes are 

the same length of 330 and 424 mm, respectively, but the total length 

of the pipe is different as shown in Figure 2.7. Consists of 8 pipes 

marked in green and 6 pipes marked in red, and this is to increase the 
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strength of the fin installed in the condenser. A total of 44 fins were 

installed with a size of 560 x 220 x 1t. The manufactured conventional 

heat pipe is expressed in Figure 2.8. 
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Table 2.1 The specification of heat pipe 

 

Type of Heat pipe #1 #2 #3 

Container Material Copper 

Outer Diameter Ø15.88 

Inner Diameter Ø14.08 

Length 
Evaporator 330 

Condenser 424 

No of reservoir 0 2 1 

No of retrun line 0 1 0 

Geometry of Wick Groove 

Target Resistance 0.025 

 Target Size of Module 925 × 630 × 633.5 

Refrigerant Distilled Water 

Fill Charge Ratio 30% or more 
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Fig. 2.7 3D Modeling of conventional type (Type #1) 
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Fig. 2.8 Manufactured conventional type (Type #1) 
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Most of the parts of the loop type were manufactured similarly with 

the conventional type so that the effect of the loop could be 

experimentally compared in the performance comparison. The sizes 

of Ø15.88 14 EA copper tubes, main plate, evaporator, and condenser 

are the same. The difference is 2 reservoirs and 1 return pipe, which 

can be seen in the 3D modeling of the loop type in Figure 2.9. In the 

figure, two reservoirs are marked in orange, and the return line is 

marked in red. The two reservoirs connect each single pipe tube to 

form a loop type system. The size of the reservoir located at the 

bottom of the evaporator is 560 x 110 x 110, and the size of the 

reservoir located at the top of the condenser is 560 x 110 x 150. The 

manufactured loop type is shown in Figure 2.10. 

Figure 2.11 shows the heat pipe type #3 which is additionally 

manufactured to analyze the effect of reservoir on the IGBT module 

temperature distribution. The shape is the same as that of a 

conventional heat pipe, and single pipe tubes are connected to one 

reservoir at the bottom of the evaporator. Since there is no separate 

reservoir at the top of the condenser, it does not form a loop. 
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Fig. 2.9 3D Modeling of loop type heat pipe (Type #2) 
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Fig. 2.10 Manufactured loop type heat pipe (Type #2) 
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Fig. 2.11 Heat Pipe for additional experiment (Type #3) 
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Chapter 3. Experimental setup and facility 

 

3.1 Simulation of environment 

 

3.1.1 Simulation of IGBT module 

 

Three IGBTs of size 89 × 250 × 19 are attached to the SIV Stack 

of size 925 × 630 × 633.5, and base thermal load of each IGBT 

module is 800 W, respectively. To simulate the same heat 

characteristics as the IGBT module, three aluminum blocks of the 

same size were manufactured as shown in Figure 3.1. Heat was 

simulated with a cartridge heater, and a total of 6 cartridge heaters 

were applied per block as shown in Figure 3.2. Cartridge heaters can 

generate maximum 250 W of heat per unit, so a maximum of 1500 W 

of heat per block can be applied. Cartridge heaters were installed in 

blocks at around 30 mm intervals. Heat is supplied by the power 

supply, and for thermal load control, the VA meter (PW3178, HIOKI) 

shown in Figure 3.3 was used. To measure the performance of 

conventional type and loop type in various cases, the total thermal 

load was made from 1800 W to 4500 W. 

To facilitate heat transfer from the simulated block to the stack, the 

IGBT module simulated by aluminum block and main plate of heat pipe 
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module were attached using a conductive compound (G-747, 

ShinEtsu). Finally, the SIV Stack and simulated IGBT modules 

installed are shown in Figure 3.4. 
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Fig. 3.1 Aluminum block for IGBT simulation 
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Fig. 3.2 Cartridge heater with aluminum block 
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Fig. 3.3 Power supply and VA meter 
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Fig. 3.4 Heat pipe with simulated IGBT module 
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3.1.2 Operating environment simulation 

 

IGBT module of SIV Stack is applied to subway or high-speed rail, so 

cooling is required while driving. Therefore, the IGBT module is 

affected by the driving wind and the wind speed of the driving wind 

varies depending on the driving characteristics of the train. 

Considering the air flow into the IGBT module while driving, the 

experiment was conducted for three driving winds of 1 m/s, 3 m/s and 

5 m/s. The standard wind speed suggested by the railroad company 

is 3 m/s. The driving wind was simulated with a wind tunnel as 

expressed in Figure 3.5. In consideration of the driving direction, a 

heat pipe was installed so that the running wind flows along the heat 

pipe condenser fins. The experiment was conducted in an enclosed 

space so as not to be affected by convection other than the driving 

wind. The wind speed was measured using the thermoelectric 

anemometer (MODEL 6162, KANOMEX) shown in Figure 3.6. The 

thermoelectric anemometer measures the wind speed within 50 m/s 

with a measurement unit of 0.01 m/s, and the measurement error is 

0.15 m/s. 
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Fig. 3.5 Wind tunnel and heat pipe 
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Fig. 3.6 Thermoelectric anemometer  

(MODEL 6162, KANOMEX) 
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3.2 Experimental setup 

 

3.2.1 Setup of heat pipe 

 

In order to conduct experiment, it is necessary to inject the 

refrigerant and maintain the internal vacuum. If there is an air in the 

heat pipe and it is not a vacuum state, the heat pipe performance will 

be deteriorated, making accurate performance testing impossible. A 

vacuum pump as shown in Figure 3.7 was used to create a vacuum 

after injecting working fluid into the pipe tube. Vacuum pump is a 

diffusion oil type, and XGS-600 (Varian) and KVC were used as 

vacuum controllers. For extraction using a vacuum pump, a separate 

fill tube and valve were installed on the reservoir above the heat pipe 

condenser as shown in Figure 3.8. When the refrigerant was injected, 

the internal air was extracted 5 times or more to lower the internal 

pressure to 0.001 bar. 0.001 bar is a low pressure that can be 

obtained by using a vacuum pump of Figure 3.7, and it can be 

considered that a vacuum state is achieved when the pressure is 

achieved. 
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3.2.2 Experiment facility 

 

The schematic of experiment for the performance test is expressed 

in Figure 3.9 and Figure 3.10. A heat pipe was installed to connect 

with the wind tunnel to simulate the driving wind effect by forced 

convection. The speed of the driving wind was measured and 

controlled with a thermoelectric anemometer every 4 seconds.  

The temperatures of the IGBTs were measured every 2 seconds 

using a thermocouple, and the measured data was collected through 

DAQ. The heat of the simulated IGBT module is supplied through the 

cartridge heater, and it is controlled by the power supply and VA 

meter. Figure 3.10 is the picture of installed facility. 

Temperature was measured using K-type thermocouple. The 

location of temperature measurement points (maximum 17 points) in 

the IGBT Module is shown in Figure 3.11 and Figure 3.12. 

Temperatures were measured at three points in each of IGBTs #1, 

#2, and #3. The temperature between each IGBT was also measured 

for the reference. To calculate the cooling capacity of each heat pipe 

△T, the air inlet, outlet points of the wind tunnel, and the air 

temperature above and below the heat pipe were measured separately. 

In the case of the loop type, as expressed in Figure 3.12, the 

temperature of reservoirs and return line were measured to check 
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whether the loop type heat pipe was operating correctly. The 

temperature data measured every 2 seconds were collected using the 

DAQ (DR 230, YOKOGAWA) in Figure 3.13. 

The VA meter is composed of three channels as shown in Figure 3.14 

so that the thermal load of the three IGBTs attached to the heat pipe 

can be adjusted respectively. Each channel controls one IGBT thermal 

load, and the maximum thermal load is 1500W per channel. 
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Fig. 3.7 Vacuum pump with vacuum controller 
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Fig. 3.8 Heat pipe and fill valve on the reservoir 
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Fig. 3.9 Schematic of experiment 
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Fig. 3.10 The facility for the performance measuring 
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Fig. 3.11 Measuring points of temperature 
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Fig. 3.12 Measuring points of temperature (Type #2) 
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Fig. 3.13 Data Acquisition (DR 230, YOKOGAWA) 
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Fig. 3.14 VA meter (Model : PW3198, HIOKI) 
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3.2.3 Experimental case 

 

The experiment can be divided into an experiment to find the optimal 

condition of heat pipe operation and an experiment to measure the 

performance. The case of experiments to find the optimal case are 

summarized in Table 3.1. Selection of the refrigerant and the optimal 

filling rate were confirmed through the experiment. According to the 

Chapter 2, water is theoretically expected to be the optimal working 

fluid. The performance was compared experimentally with FC-72. 

To decide the optimal filling rate, considering the filling rate of the 

conventional type, 1300 cc was determined as the smallest amount of 

working fluid among the experimental cases. The performance was 

measured by increasing the amount of working fluid from 1300 cc to 

1700 cc. Heat pipe performance test was carried out based on the 

standard operating environment of 2400 W heat generation and 

driving wind speed of 3 m/s. In the end, the two optimal filling rates 

with excellent performance tests were conducted by the driving wind 

from 1m/s to 5m/s and the thermal load of 1800 W to 3600 W. 

Experiments were carried out on various cases as shown in Table 3.2, 

and finally, the working fluid and the working fluid filling rate were 

determined as the optimal operating condition. 

After determining the optimal operating conditions for the 
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conventional type and the loop type, a performance comparison 

experiment was conducted as shown in Table 3.3. The performance 

comparison experiment is divided into △T (the difference between 

maximum temperature of IGBTs and the ambient temperature) 

measurement with the calculation of maximum cooling capacity and 

temperature uniformity measurement of IGBT module. 

△T was measured for each heat pipe module while changing the 

thermal load from 1800 W to 4500 W at driving wind of 1 m/s, 3 m/s, 

and 5 m/s. The maximum value of △T required to maintain the 

performance of the IGBT module suggested by the railroad company 

is 60℃. Based on this, the maximum cooling capacity and thermal 

resistance for each case were calculated and compared. 

The degree of temperature uniformity was compared for each case. 

The temperature distribution of IGBT for each case was expressed 

schematically. The uniformity was calculated by the standard 

deviation and the difference between the maximum and minimum 

temperature of each IGBT #1, #2, and #3.  

Finally, a separate additional experiment was conducted to confirm 

the effect of the reservoir regarding the temperature uniformity. 
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Table 3.1 Experiment case of optimal operation condition (refrigerant) 

Working 

fluid 

Quantity of working fluid 

1300cc 1400cc 1500cc 1550cc 1600cc 1650cc 1700cc 

FC-72 WF_F_1 WF_F_2 WF_F_3 - WF_F_5 - - 

Water WF_W_1 WF_W_2 - WF_W_4 WF_W_5 WF_W_6 WF_W_7 
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Table 3.2 Experiment case of optimal operation condition (quantity) 

Quantity 

of 

Refrigerant 

Driving 

Wind 

Thermal Load 

1800 W 2400 W 3000 W 3600 W 4200 W 4500 W 

1600 CC 

1 m/s QF1_1_1 QF1_1_2 QF1_1_3 QF1_1_4 - - 

3 m/s QF1_3_1 QF1_3_2 QF1_3_3 QF1_3_4 - - 

5 m/s - - QF1_5_3 QF1_5_4 - - 

1650 CC 

1 m/s QF2_1_1 QF2_1_2 QF2_1_3 QF2_1_4 - - 

3 m/s QF2_3_1 QF2_3_2 QF2_3_3 QF2_3_4 - - 

5 m/s - - QF2_5_3 QF2_5_4 QF2_5_5 QF2_5_6 
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Table 3.3 Experiment case of performance analysis 

Type of 

Heat pipe 

Driving 

Wind 

Thermal Load 

1800 W 2400 W 3000 W 3600 W 4200 W 4500 W 

Conventional 

Heat pipe 

(Type #1) 

1 m/s HP1_1_1 HP1_1_2 HP1_1_3 HP1_1_4 - - 

3 m/s HP1_3_1 HP1_3_2 HP1_3_3 HP1_3_4 - - 

5 m/s - - HP1_5_3 HP1_5_4 HP1_5_5 HP1_5_6 

Loop type 

Heat pipe 

(Type #2) 

1 m/s HP2_1_1 HP2_1_2 HP2_1_3 HP2_1_4 - - 

3 m/s HP2_3_1 HP2_3_2 HP2_3_3 HP2_3_4 - - 

5 m/s - - HP2_5_3 HP2_5_4 HP2_5_5 HP2_5_6 
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Chapter 4. Experimental results 

 

4.1 Optimal working conditions 

 

Through the experiment, the refrigerant and the optimal refrigerant 

filling rate were determined. 

 

4.1.1 Determining refrigerant 

 

Theoretically, the optimal working fluid is expected to be water in this 

study, but for experimental confirmation, the performance was 

compared by experiments when the working fluid was water and FC-

72. For accurate performance comparison regardless of the optimal 

amount of working fluid, the experiment was conducted while 

increasing the amount of working fluid from 1300 cc to 1700 cc. The 

experiment was carried out in the case of a driving wind of 3 m/s and 

a thermal load of 2400 W, which is the standard case. 

In the case of FC-72, when the working fluid amount was 1300 cc 

and 1400 cc, the heat pipe could not operate due to overheating with 

dry-out. In these cases, the increase of the temperature did not stop 

even when △T reached about 100 K, so the experiment was stopped 

in the middle. In the case of working fluid volume of 1500 cc and 1600 
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cc, the heat pipe operated normally, but the △T was 71.5 K and 70.5 

K respectively which exceeded the target △T of 60 K, and failed to 

achieve the target performance. The change of △T by the time for 

each working fluid amount is shown in Figure 4.1. 

In the case of using water as the refrigerant in the same way, the 

target was achieved for the △T to be less than 60 K. As in the case 

of using FC-72, when the amount of working fluid was 1300 cc, the 

heat pipe did not work normally due to overheating with dry-out. 

When the amount of working fluid is 1400 cc, the temperature 

converges, but △T is 86.9 K, failing to achieve the target 

performance. When the amount of working fluid was 1550 cc, △T was 

lower than 60 K and the target performance was achieved. The △T 

change by the time and the amount is shown in Figure 4.2. 

The experimental results when FC-72 and water were used as 

working fluids are summarized in Table 4.4. Based on the results and 

a related theory in Chapter 2, water was determined as the refrigerant. 
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4.1.2 Optimal filling rate of refrigerant 

 

The performance varies depending on the amount of refrigerant, so it 

is important to study the optimal amount of refrigerant. To determine 

the optimal filling rate of the loop type, an experiment was conducted 

by increasing the amount of water from 1300 cc to 1700 cc. The 

experimental results in case of forced convection of 3 m/s and thermal 

load of 2400 W are shown in Figure 4.3. When the working fluids were 

1300 cc and 1400 cc, overheating due to dry-out occurred and normal 

operation was impossible. In case of 1550 cc, the performance △T 

was 53 K, less than the target △T of 60 K and the target performance 

was achieved. According to the results of experiment, in case of 3 m/s 

driving wind and 2400 W thermal load, the optimal amount of working 

fluid for loop type was 1650 cc with the △T of 42.7 K, the minimum 

△T among the all cases. When the amount of working fluid was 1600 

cc and 1700 cc, △T was 48.5 K and 47.9 K, respectively, higher than 

42.7 K. 

The optimal working fluid filling rate of the loop type heat pipe was 

around 34.4% in the case of the amount of refrigerant 1650 cc. This 

value is higher than the optimal filling rate of the conventional type of 

around 15%. The reason why the optimal filling rate of the loop type 

is higher than that of the conventional heat pipe is due to the 
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difference in inside volume. In the case of a loop type, unlike a 

conventional type, reservoirs and a return pipe exist separately. Since 

the reservoir under the evaporator should be filled with working fluid 

for the stable operation, it is analyzed that more working fluid is 

required. 

In order to confirm the 1650 cc as an optimal amount of refrigerant 

for the manufactured loop type, the experiments in Table 4.2 were 

conducted, respectively, and the results are shown in Figure 4.4 and 

Table 4.5. Performance of 1650 cc was better in all the cases 

conducted, and it was experimentally confirmed that 1650 cc and the 

filling rate of 34.4% were the optimal operation conditions regarding 

the working fluid. 
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Fig. 4.1 △T by the quantity of working fluid (FC-72) 
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Fig. 4.2 Temperature by the quantity of working fluid (Water) 
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Fig. 4.3 △T by the quantity of working fluid (water) 
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Fig. 4.4 Performance comparison of 1600 cc and 1650 cc 
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Table 4.1 △T by the working fluid 

Working 

fluid 

Quantity of working fluid 

1300cc 1400cc 1500cc 1550cc 1600cc 1650cc 1700cc 

FC-72 97.8 K 98.0 K 71.1 K - 70.5 K - - 

Water 98.0 K 86.9 K - 53.0 K 48.5 K 42.7 K 47.9 K 

 

 

 

 

  



 77 
 

 

 

Table 4.2 △T by the quantity of working fluid 

Quantity 

of 

Refrigerant 

Driving 

Wind 

Thermal Load 

1800 W 2400 W 3000 W 3600 W 4200 W 4500 W 

1600 CC 

1 m/s 48.3 K 59.3 K 72.1 K 84.8 K - - 

3 m/s 37.5 K 48.5 K 56.8 K 67.3 K - - 

5 m/s - - 46.1 K 54.3 K - - 

1650 CC 

1 m/s 44.8 K 56.3 K 67.1 K 77.2 K - - 

3 m/s 34.6 K 42.7 K 51.6 K 60.0 K - - 

5 m/s - - 40.5 K 48.0 K 55.3 K 58.7 K 
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4.2 Results of performance 

 

The performance in this study is △T ( ∆𝑇௠௔௫,ூீ஻் − ∆𝑇௔௠௕ ) and 

temperature uniformity. In this study, for the reliable use of IGBT 

module, △T should be maintained below 60 K for the heat pipe to be 

applied to the train. There is no standard for temperature uniformity, 

but the more uniform distribution of heat the better. 

 

4.2.1 Maximum cooling capacity 

 

An experiment was conducted to measure the cooling performance of 

conventional type and loop type one by reflecting the optimal 

operating conditions. 

 

4.2.1.1 Performance of the conventional type 

 

The measured IGBT temperature by the time of the conventional type 

at base case, 3 m/s driving wind and 2400 W thermal load, is shown 

in Figure 4.5. The △T was 46.3 K and the target performance was 

achieved. Although there was a temperature difference between the 

three IGBTs, the temperatures all converge. 

To calculate the maximum cooling capacity of the heat pipe, △T was 
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measured in the case of the thermal load from 1800 W to 4500 W. 

△T by the time for each thermal load in 3 m/s forced convection can 

be seen in Figure 4.7. Even when the thermal load is 3600 W, the 

temperature converges and cooling is performed, but △T is 67.6 K, 

which makes it fail to achieve the target performance. But, when the 

thermal load was 3000 W, △T reached 56.6 K. If the maximum 

cooling capacity is calculated using linear interpolation based on the 

△T of each case, the maximum cooling capacity of the conventional 

heat pipe at 3m/s forced convection is calculated as 3185 W. 

The experiment was conducted in the same way when the forced 

convection was 1 m/s and 5 m/s. The results are expressed in Figure 

4.6 and Figure 4.8, respectively. In all cases, the △T values reached 

a converging steady state, but in some cases, the △T exceeded 60K 

and the target performance was not reached. In the case of forced 

convection 1 m/s, the target performance was achieved with a △T 

value of 59.6 K up to a thermal load of 2400 W. In the case of forced 

convection of 5 m/s, the value of △T was about 60 K up to a thermal 

load of 4500 W, resulting in the target performance level. The △T 

for all the cases conducted is shown in Figure 4.9. 
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Fig. 4.5 IGBT temperature of conventional heat pipe 

 (3 m/s, 2400 W) 
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Fig. 4.6 Conventional type △T 

(1 m/s forced convection) 
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Fig. 4.7 Conventional type △T 

(3 m/s forced convection) 
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Fig. 4.8 Conventional type △T 

(5 m/s forced convection) 
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Fig. 4.9 Performance of conventional heat pipe (Type #1) 
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4.2.1.2 Performance of the loop type heat pipe 

 

The same method of experiment was conducted for the loop type. 

Temperature by the time of the loop type at base case, 3 m/s driving 

wind and 2400 W thermal load, is shown in Figure 4.10. △T was 

measured as 42.7 K, achieving target performance, and it was 3.6 K 

lower than the conventional heat pipe. Although the degree of 

temperature fluctuate from initial start-up to stabilization state is 

greater than that of conventional heat pipes, it is at a level that is not 

a problem when applied to IGBT module cooling. The △T by the time 

for each thermal load in 3 m/s forced convection can be seen in Figure 

4.12. Even when the thermal load is 3600 W, the temperature 

converges and △T is 60 K, achieving the target performance. At 3 

m/s forced convection, the maximum cooling capacity of the loop type 

is 3600 W. Experiment was conducted in the same way when the 

forced convection was 1 m/s and 5 m/s, respectively. The results are 

expressed in Figure 4.11 and Figure 4.13. 

In all cases, the △T reached a converging steady state, but in some 

cases, the △T exceeded 60 K and the target performance was not 

reached. The target performance was not achieved only when the 

thermal load was 3000 W or more in forced convection of 1 m/s among 

the cases in which the experiment was conducted. In the case of 
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forced convection 1 m/s, the target performance was achieved with a 

△T of 59.6 K up to a thermal load of 2400 W. For forced convection 

of 5m/s, the target performance was achieved with a value of △T of 

58.7 K even at a thermal load of 4500 W. The △T for all the cases 

conducted is shown in Figure 4.14.  

 

  



 87 
 

 

 

 

 

Fig. 4.10 IGBTs temperature of loop type heat pipe 

(3 m/s, 2400 W) 
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Fig. 4.11 Loop type heat pipe △T 

(1 m/s forced convection) 
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Fig. 4.12 Loop type heat pipe △T 

(3 m/s forced convection) 
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Fig. 4.13 Loop type heat pipe △T 

(5 m/s forced convection) 
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Fig. 4.14 Performance of loop type (Type #2) 
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The △T of the loop type changes slightly with time even if it 

converges. The change is about 1.0 K level, so there is no problem in 

using the IGBT module.  

Figure 4.15 shows the comparison of △T of conventional type and 

loop type. On average, the △T of the loop type was 5.2% lower than 

that of the conventional type, showing better performance. 

The thermal load with a △T of 60 K was the maximum cooling 

capacity for each case, and it was estimated and calculated using 

linear interpolation. In the base case, the maximum cooling capacity 

of the conventional type and the loop type was 3185 W and 3600 W, 

respectively, and the loop type heat pipe had about 8.1% higher 

cooling capacity. Accordingly, the resistances of the cooling system 

were 0.019℃/W and 0.018℃/W, respectively, and the resistance of 

the loop type was about 5.5% lower than that of the conventional type. 
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Fig. 4.15 Performance comparison of heat pipe #1 and #2 
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Table 4.3 Experiment results of performance 

Type of 

Heat pipe 

Driving 

Wind 

Thermal Load 

1800 W 2400 W 3000 W 3600 W 4200 W 4500 W 

Conventional 

Heat pipe 

(Type #1) 

1 m/s 48.2 K 59.8 K 70.3 K 81.7 K - - 

3 m/s 35.7 K 46.3 K 56.6 K 67.6 K - - 

5 m/s - - 40.5 K 48.1 K 58.5 K 60.6K 

Loop type 

Heat pipe 

(Type #2) 

1 m/s 44.8 K 56.3 K 67.1 K 77.2 K - - 

3 m/s 34.6 K 42.7 K 51.6 K 60.0 K - - 

5 m/s - - 40.5 K 48.0 K 55.3 K 58.7 K 

 

 



 95 
 

 

 

 

 

Fig. 4.16 Maximum cooling capacity of heat pipe #1 and #2 
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4.2.2 Temperature uniformity 

 

The temperature uniformity of heat pipe is important performances 

by the applied application. In an IGBT module, the uniformity of 

temperature can affect the IGBT lifetime. 

Fig. 4.17 shows the measured temperature of each IGBTs when a 

conventional type is installed in an environment of 3 m/s driving wind 

and 2400 W heat supply. There was a large average temperature 

difference of about 14 K between IGBT1 and IGBT3. This is due to 

the installation environment in which the influence of the driving wind 

for each IGBT cannot be the same. IGBT1, which is located close to 

the wind tunnel, was affected by the driving wind more than IGBT3, 

so the average temperature of IGBT1 was measured to be lower than 

that of IGBT3. The maximum temperature difference among the 9 

temperature measurement points was 16.6 K, and the standard 

deviation of the measurement temperatures was calculated as 6.4. 

Figure 4.18 indicates the temperature of each IGBTs in the case of a 

loop type system with 3 m/s forced convection and 2400 W thermal 

load. The average temperature was measured similarly for all IGBTs. 

The average temperature difference between IGBTs was 1.0 K, and 

the temperature uniformity was superior to than that of a conventional 

type. The maximum temperature differences among the 9 measured 
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points were 14.5 K, and the standard deviation of the measured 

temperature was 5.0. This is superior to the conventional heat pipe 

calculated by 16.6 K and 6.4, respectively. 
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Fig. 4.17 Temperature of each IGBT in conventional heat pipe 
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Table. 4.4 Temperature of each IGBT in conventional heat pipe 

IGBT1 IGBT2 IGBT3 

Spot 
Temperature 

(℃) 
Spot 

Temperature 

(℃) 
Spot 

Temperature 

(℃)  

#7 48.3 #8 59.4 #9 63.3  

#4 50.0 #5 59.6 #6 63.6  

#1 51.3 #2 61.3 #3 64.9  

Average 49.9 Average 60.1 Average 63.9  
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Fig. 4.18 Temperature of each IGBT in loop type heat pipe 

 

20.0

30.0

40.0

50.0

60.0

70.0

47.0
56.161.5

47.653.860.3 52.2
54.7

57.4 Te
m

pe
ra

tu
re

 (
℃

)IGBT1 IGBT2 IGBT3



 101 
 

 

 

 

Table. 4.5 Temperature of each IGBT in loop type heat pipe 

IGBT1 IGBT2 IGBT3 

Spot 
Temperature 

(℃) 
Spot 

Temperature 

(℃) 
Spot 

Temperature 

(℃)  

#7 47.0 #8 47.6 #9 52.2  

#4 56.1 #5 53.8 #6 54.7  

#1 61.5 #2 60.3 #3 57.4  

Average 54.9 Average 53.9 Average 54.8  
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Fig. 4.19 Temperature of Type #1 (3 m/s, 3600 W) 
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Fig. 4.20 Temperature of Type #2 (3 m/s, 3600 W) 
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The standard deviation and temperature differences of conventional 

type and loop type depending on the thermal load are shown in Figure 

4.11. The temperature uniformity was better in loop type as the 

thermal load increased. For each heat pipe, when the forced 

convection was 3 m/s and the thermal load was 3600 W, the 

temperature change with time is expressed in Figure 4.19 and Figure 

4.20. When the temperature converges, the temperature deviation of 

the loop type is smaller than that of the conventional type. However, 

there was a temperature deviation within the IGBT in the case of loop 

type, which seems to be the effect of heat conduction of the 

refrigerant stored in the manifold reservoir. This part is expected to 

be improved by minimizing the size of the reservoir. 

To find out whether the temperature deviation in the IGBT of the loop 

type is the effect of the reservoir, a new type as shown in Figure 2.11 

was manufactured. This is a heat pipe in which only the reservoir 

under the evaporator is installed in the conventional type, and the rest 

parts is the same. Results of experiment in the base case are shown 

in Figure 4.22 and Figure 4.23. According to the Table 4.6 and Table 

4.7, the temperature deviation in the IGBT module increased from 2.0 

K to 6.2 K as the installation of reservoir. As a result of this additional 

experiment, it is confirmed that the relatively large temperature 

deviation in the IGBT in the loop type is due to the influence of the 
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reservoir. Therefore, it was found that minimizing the volume of the 

manifold for connecting each heat pipes is better for performance 

when manufacturing loop type heat pipes. 
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Fig. 4.21 Comparison of heat distribution 
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Fig. 4.22 Performance of Type #2 
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Table 4.6 IGBT Temperature of Heat Pipe Type #2 
 

IGBT1 IGBT2 IGBT3 

Spot 
Temperature 

(℃) 
Spot 

Temperature 

(℃) 
Spot 

Temperature 

(℃)  

#7 77.5 #8 82.5 #9 78.7  

#4 77.7 #5 82.7 #6 79.1  

#1 80.3 #2 84.5 #3 80.1  

T (#1)- 
T (#7) 

2.8 
T (#2)- 
T (#8) 

2.0 
T (#3)- 
T (#9) 

1.4  
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Fig. 4.23 Performance of Type #3 
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Table 4.7 IGBT Temperature of Heat Pipe Type #3 
 

IGBT1 IGBT2 IGBT3 

Spot 
Temperature 

(℃) 
Spot 

Temperature 

(℃) 
Spot 

Temperature 

(℃)  

#7 76.3 #8 85 #9 77.7  

#4 77.7 #5 92.6 #6 87.2  

#1 82.7 #2 91.2 #3 86.9  

T (#1)- 
T (#7) 

6.4 
T (#2)- 
T (#8) 

6.2 
T (#3)- 
T (#9) 

9.2  
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4.3 Discussion 

 

Through the experiment, it was confirmed that the performance of the 

loop type was superior to that of the conventional type in terms of 

cooling capacity and heat uniformity.  

In the case of a loop type, when the temperature converges, there is 

oscillation in the temperature, but the degree of oscillation is at around 

1.0 K, and the effect on the IGBT module is insignificant. The time it 

takes for the temperature to converge from start-up is long compared 

to the conventional type, but the difference is not large, and it is not 

a problem due to the continuous operation tendency of the train. 

However, in terms of cooling capacity per unit capacity and cooling 

uniformity, a loop type is better. 

The reason that the performance of the loop type is superior to that 

of the conventional type is that the resistance generated when the 

fluid circulates the heat pipe is smaller. Loop type has a separate 

return pipe where the fluid liquefied from the condenser returns, so 

the resistance with the refrigerant in the steam state that is relatively 

small. In a conventional type, the circulation of the liquid refrigerant 

liquefied in the condenser and the vaporized refrigerant in the 

evaporator occurs in one pipe, resulting in resistance, which leads to 

the entrainment limit discussed in Chapter 2. 
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According to Kim et. al [32], the flow friction coefficient of the entire 

system can be expressed as equation (4.1) below. 

 

∑ 𝐹௜  =  𝐹௩,௚௥ + 𝐹௩,௟ + 𝐹௟,௟ + 𝐹௖ + 𝐹௦௖ + 𝐹௖௖ + 𝐹௪
௡
௜ୀଵ                   (4.1) 

 

The maximum heat transfer limit is calculated by equation (4.2). [32] 

 

(QL)ୡ,୫ୟ୶ =
∆୔

(୊౬,ౝ౨ା୊౬,ౢା୊ౢ,ౢା୊ౙା୊౩ౙା୊ౙౙା୊౭)
                        (4.2) 

 

Therefore, as the flow friction coefficient decrease, the maximum 

heat transfer amount increases. In Equation (4.1), the difference 

between the loop type and the conventional type is the friction 

coefficients 𝐹௩  and 𝐹௟  in the vapor and liquid transport pipes. 

Expressing each as an equation, it is (4.3) and (4.4). [32] 

 

𝐹௩,௟ = (
ଵ

ଶ
)

(ிೡோ௘ೡ)ఓೡ

ௗೡ
మ஺ೡఘೡℎ೗ೡ

                                              (4.3) 

 

𝐹௟,௟ = (
ଵ

ଶ
)

(ி೗ோ௘೗)ఓ೗

ௗ೗
మ஺೗ఘ೗ℎ೗ೡ

                                               (4.4) 

 

In equations (4.3) and (4.4), the variable related to the shape of the 

heat pipe is the diameter d. Each flow friction decreases as the 
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diameter increases. Although the size of the pipe used to 

manufacture the loop type and the conventional type is the same, the 

cross-sectional area of the vapor and liquid transport pipe is larger 

due to the return pipe in the loop type case. Therefore, it can be 

seen that the friction coefficient of the loop type is smaller, and the 

heat transfer amount is increased. 
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5. Conclusion 

 

In this study, a conventional type (Type #1) and a loop type (Type 

#2) were applied for IGBTs for high-speed trains and subways. A 

loop heat pipe was manufactured by modifying the conventional heat 

pipe applied to the IGBT module of subway, and the optimal operating 

conditions were experimentally investigated. In addition, the cooling 

performance and cooling uniformity were calculated and measured, 

respectively, and compared by changing the driving wind and heat load 

conditions. 

Figure of Merit of loop type is different from that of conventional heat 

pipe, but the performance of the water was the best, and the optimal 

filling rate was 34.4%, which was higher than that of the conventional 

pipe by around 15%. This difference occurred due to the volume of 

the reservoir added when designing the loop type system. In order to 

operate the manufactured loop type normally, the reservoir under the 

evaporator needs to be filled with refrigerant, which increases the 

amount of required refrigerant. 

Since heat pipes are installed in high-speed railways and subways, 

performance measurements were performed under forced convection 

conditions of 1 m/s to 5 m/s in consideration of the operating 

environment. The heat load is applied from 1800 W to 4500 W, and 
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the target performance is less than △T 60 K at 2400 W. Both 

conventional heat type and loop type achieved target performance. 

Cooling performance △T is approximately 5.2% lower in loop type 

heat pipe than conventional heat pipe on average. Loop type heat pipe 

has about 8.1% greater cooling capacity and 5.5% lower thermal 

resistance than conventional heat pipe on average. 

In terms of temperature uniformity, the loop type heat pipe was better 

than conventional heat pipe. In the base test condition, the standard 

deviation of the loop type was 22% lower than the standard deviation 

of the conventional type, and the difference between the maximum 

and minimum temperature was 13% lower. In addition, if the volume 

of the reservoir for connection is minimized when manufacturing the 

loop type, the temperature uniformity is expected to be further 

improved. The temperature uniformity was better in loop type as the 

heat load increased. 

Loop type can be used as a good solution not only for decentralized 

-power type trains, which are in increasing demand, but also for 

cooling in a limited space or long-distance heat transport. 
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국 문 초 록 

 

최근 철도 산업은 저탄소, 고효율 운송수단으로 그 중요성이 증대되고 

있다. 특히 분산형 동력방식의 고속철도는 집중형 동력방식의 고속철도 

대비 가속도와 운송효율이 좋아 관심 받고 있으며, 관련 기술개발도 

활발하게 일어나고 있다. 분산형 동력방식의 고속철도는 추진 시스템이 

열차마다 각각 설치되어, 냉각을 위한 냉각기 설치 공간에 한계가 있다. 

이에 따라 냉각시스템의 냉각성능과 효율적인 공간활용의 중요성이 

증대되고 있다. 

본 연구에서는 고속철도 및 지하철 추진시스템에 적용되어 있는 

반도체 트랜지스터인 IGBT의 냉각을 위하여, 단위 부피당 냉각 열량의 

증대와 온도 분포의 균일성을 개선할 수 있는 냉각방법을 연구하였고 

루프형 히트파이프를 개선 방안으로 제시하였다. 

루프형 히트파이프의 적용 가능성을 분석하기 위해, 지하철에 설치할 

수 있는 공간에 설치 가능하며, IGBT의 발열량을 냉각할 수 있는 

히트파이프를 설계 및 제작하였다. 루프형 히트파이프의 성능은 별도로 

제작한 일반적인 히트파이프와 비교하였다.  루프형 히트파이프의 

제작을 위해 이론적 분석이 선행되었으며 정확한 성능을 측정하기 

위하여 냉각 시스템의 최적 운전조건에 관한 연구와 실험을 진행하였다. 

작동 유체와 충전 비율을 결정하기 위한 실험을 수행하였고, 물을 작동 

유체로 34.4%의 충전율로 운전 하였을 경우가 최적 조건임을 
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실험적으로 확인하였다. 

일반적인 히트파이프와 루프형 히트파이프의 실험은 고속철도 또는 

지하철 운전 환경을 모사하여 진행하였다. 강제 대류 환경에서 모사한 

IGBT의 발열량을 1800 W에서 2400 W까지 상승시켜가며, 각각의 

히트파이프의 성능을 비교분석 하였다. 실험결과 루프형 히트파이프를 

활용할 경우가 IGBT의 최고온도가 더 낮았으며, 최대 냉각가능 용량도 

더 크게 계산되었다. 루프형 히트파이프를 사용하였을 경우와 일반 

히트파이프를 사용하였을 경우 모두 IGBT 냉각 성능은 만족하였다. 

IGBT의 운전 수명을 고려하였을 때, IGBT의 온도 균일성도 중요한 

냉각성능이다. 히트 파이프에 의해 냉각된 IGBT의 온도 균일성을 

비교하는 실험을 진행하였고, 루프형 히트파이프에서 더 개선된 결과를 

얻을 수 있었다. 

루프형 히트파이프가 분산형 동력방식에 적용되는 IGBT를 냉각 

효율을 증가시킬 수 있음을 실험적으로 증명하였다. 또한 미래 반도체 

부품의 고밀도화와 소형화를 고려하였을 때, 루프형 히트파이프는 향후 

다양한 방면에 적용 가능한 효율적인 냉각 방법이 될 수 있음을 

확인하였다. 

 

주요어 : 루프히트파이프, IGBT모듈, 냉각용량, 온도 균일성, 동력분산형 

고속철도 

학번 : 2017-26361 
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