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ABSTRACT The solenoid pulse inductor is a key component of the electromagnetic launch (EML) system, 

and effective thermal management is a necessary condition for reliable and stable operation under 

continuous discharge condition. A 3D transient coupling heat transfer model for the solenoid pulse inductor 

with liquid cooling mode was established, and the temperature distribution and the characteristics of heat 

dissipation of the inductor under continuous discharge condition has been analyzed. A temperature 

measurement system was designed, and the accuracy of the 3D coupling model has been verified. In 

addition, effects of the flow rate, the inlet temperature and the coolant on the efficiency of liquid cooling 

were analyzed by using this model. The results show that during continuous discharge, the maximum 

temperature and maximum temperature difference of the inductor continue to increase, but the rising speed 

rapidly slows down. Raising the flow rate can effectively improve the efficiency of the liquid cooling and 

decrease the temperature difference in the inductor during continuous discharge, but the marginal benefit of 

raising the flow rate is gradually reduced. Dropping the inlet temperature has little effect on the efficiency 

of the liquid cooling, and ethylene glycol solution can replace deionized water as the liquid cooling coolant 

for the pulse inductor under low temperature condition. This paper is expected to help to improve the 

thermal management and optimize the performance of the solenoid pulse inductor. 

INDEX TERMS continuous discharge, electromagnetic launch (EML), numerical analysis, pulse inductor, 

thermal analysis 

I. INTRODUCTION 

The electromagnetic launch (EML) technology accelerates 

the object to ultra-high speed with the help of 

electromagnetic thrust, and converts electromagnetic 

energy into kinetic energy during a very short time to 

complete various launch tasks. It has the characteristics of 

short acceleration time, strong muzzle kinetic energy and 

flexible operation radius, which is favored by military 

equipment researchers [1-4]. The power required for EML 

is provided by the high-power pulse power supply (PPS). 

The capacitive PPS is widely used in EML research due to 

its mature technology and good reliability [5-6]. As an 

important component of capacitive PPS, the pulse inductor 

plays an essential role in adjusting the peak value, the pulse 

width and variation rate of the discharge current [7-9]. The 

discharge current of the pulse power supply can reach 

hundreds of kiloampere, which results in a large amount of 

heat generated in the pulse inductor. The pulse inductor is 

generally epoxy resin packaging structure, which is not 

conducive to heat dissipation. With the development of 

EML technology, whether continuous pulse discharge can 

be realized is an important criterion to measure the 

performance of the PPS [10].  However, continuous pulse 

discharge will cause heat to accumulate in the pulse 

inductor, causing a considerable temperature rise. If the 

pulse inductor cannot be cooled effectively, the energy 

conversion efficiency of the PPS will decrease, and even 

lead to thermal damage of the pulse inductor [11]. 

Therefore, effective thermal management measure is the 

prerequisite for reliable and stable operation of the pulse 

inductor under continuous discharge condition. Accurate 

calculation of the temperature distribution of the pulse 

inductor is the basis of thermal management system design. 

Finite element method is widely used in the thermal 

analysis of the pulse inductor because of its high accuracy. 
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Liu [10] studied the temperature field and thermal stress 

distribution of coaxial cylinder pulse inductor under single 

discharge condition by establishing 2D finite element 

analysis model, and designed relative experiment to verify 

the calculation results. Yu [11] investigated the thermal 

accumulation and diffusion process of coaxial cylinder 

pulse inductor with natural cooling mode by developing the 

3D transient heat transfer model, and built a pulse inductor 

experimental rig to validate the model. Li [12] established a 

3D fluid-solid coupling heat dissipation model for the 

saturated reactor, and researched the effect of thermal 

conductivity of epoxy resin on heat dissipation performance 

of saturated reactor. Tong [13] presented a pulse inductor 

with a circular multi-winding structure with epoxy resin-

casting technique, and studied its electromagnetic force, 

temperature distribution and fatigue behavior by building 

3D finite element analysis model. The pulse inductor with 

solenoid-structure has the advantage of easy cooling design 

and is more suitable for continuous discharge condition. 

However, there are few studies on the thermal analysis of 

solenoid pulse inductor under continuous discharge 

condition. 

The main aim of this paper is to investigate the 

temperature distribution and the characteristics of heat 

dissipation of the solenoid pulse inductor with liquid cooling 

mode under continuous discharge condition. In Section II, a 

single discharge cycle is divided into discharge stage and 

discharge interval stage. A 3D electromagnetic-thermal 

coupling model is established during discharge stage, and a 

3D fluid-solid coupling model is established during discharge 

interval stage. By using this model, the temperature 

distribution and the characteristics of heat dissipation of the 

solenoid pulse inductor under continuous discharge condition 

are analyzed in Section III. To validate the models, a 

temperature measurement system is designed in Section IV. 

In order to determine the relative impact of each parameter 

on the efficiency of liquid cooling, the parameter analysis is 

performed in Section V. Finally, a summary is given in 

Section VI. This paper is expected to help to improve the 

thermal management and optimize the performance of the 

solenoid pulse inductor. 

II. MATHEMATICAL MODEL 

In this section, the 3-D transient coupling heat transfer model 

of the solenoid pulse inductor is established based on theories 

of electromagnetics, heat transfer and hydrodynamics. The 

prototype of the solenoid pulse inductor is shown in Fig. 1(a), 

and Fig. 1(b) shows the installation diagram of the inductor. 

The coil is wound by a copper tube with a rectangular cross 

section, and the epoxy resin-casting technique is adopted to 

reinforce the structure and insulation properties [13]. 

Deionized water is passed through the copper tube to remove 

the heat generated during the discharge process. The specific 

parameters of the solenoid pulse inductor are shown in 

Table I. 

 

 

 

TABLE I 

PARAMETERS OF THE SOLENOID PULSE INDUCTOR 

Parameters Value 

Height of the inductor(mm) 360 

External diameter of the inductor(mm) 195 

Internal diameter of inductor(mm) 131 

Number of coil turns 23.5 

Section size of coil(mm) 12×10 

Section size of flow channel(mm) 8×6 

Inductance(μH) 28 

 

 

FIGURE 1. The prototype and installation diagram of the solenoid pulse 

inductor. 

The analysis model of the inductor is shown in Fig. 2. To 

reduce the complexity of the analysis model, the connection 

structure between the nozzle and the coil is ignored. 

 

FIGURE 2. The analysis model of the solenoid pulse inductor. 

In order to investigate the temperature distribution of the 

solenoid pulse inductor with liquid cooling mode, the 

following assumptions have been made. 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3089485, IEEE Access

 

3 
 

1) The physical parameters of coil and epoxy resin are 

homogeneous and are not affected by the temperature. 

2) The initial temperature of the inductor is uniform and is 

equal to the ambient temperature. 

3) The epoxy resin is ideal insulator, so the influence of 

epoxy resin can be ignored in the electromagnetic 

calculation. 

4) As the thermal time constant of the coil is far greater than 

the pulse width of discharge current [14-15], the heat 

transfer between the coil and the deionized water can be 

ignored during discharge stage. 

Based on the above assumptions, a single discharge cycle 

is divided into discharge stage and discharge interval stage, 

and the mathematical model is established respectively, as 

shown in Fig. 3. 

 

FIGURE 3. The calculation process of a single discharge cycle. 

A. DISCHARGE STAGE 

During the discharge stage, the mathematical model is 

electromagnetic-thermal coupling model. The computational 

domain includes the coil and the epoxy resin. The measured 

pulsed discharge current and its spectrum distribution are 

shown in Fig. 4. As the frequency of the discharge current is 

relatively low, the time-varying electromagnetic field 

calculation can be simplified to magnetoquasistatic field 

calculation [16]. The equation for the temperature field 

calculation is the unsteady heat conduction equation with 

internal heat source (Joule heating effect) [17]. The 

mathematical model during the discharge stage is as follows 

[16-17] 
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Where, H is magnetic field intensity, J is current density, 

E is electric intensity, B is magnetic flux density, μ is 

permeability, γ is conductivity, ρ is density, c is specific heat, 

κ is thermal conductivity, t is time, T is temperature. The 

subscript c represents the coil, and the subscript r represents 

the epoxy resin. 

B. DISCHARGE INTERVAL STAGE 

During the discharge interval stage, the mathematical 

model is fluid-solid coupling model. The computational 

domain includes the coil, the epoxy resin and deionized 

water. The equation for the temperature field calculation is 

the unsteady heat conduction equation without internal heat 

source. The equations for flow field calculation are 

composed of continuity equation, momentum conservation 

equation and energy conservation equation [18]. The 

mathematical model during the discharge interval stage is as 

follows [17-18] 
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Where, U is velocity, ν is viscosity, p is pressure, I is 

identity matrix, the subscript w represents deionized water. 
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FIGURE 4. The measured pulse discharge current and its spectrum 

distribution. 

C. BOUNDARY CONDITIONS 

At the boundary of the electromagnetic field calculation 

domain (Г1), B and E obey natural boundary condition. The 

boundary conditions are as follows: 

1 1
c c0 0
 
 B E，                         (11) 

E and H is continuous in the tangential direction of the 

surface of the coil (Г2), B is continuous in the normal 

direction of Г2. The boundary conditions are as follows: 
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Where, en is the normal direction of the boundary. 

At the lateral surface of the inductor (Г3), the boundary is 

air natural convection heat transfer boundary. The boundary 

condition is as follows: 
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Where, ham is the heat transfer coefficient of air natural 

convection, the subscript am represents the ambient. As the 

heat transfer coefficient of air natural convection is 

generally between 1 W/(m
2⸱K) and 10 W/(m

2⸱K) [17], ham 

is set as 10 W/(m
2⸱K) in this paper. 

As shown in Fig. 1(b), the top and bottom surface of the 

inductor (Г4) are covered by insulation plates.  Considering 

the poor thermal conductivity of the insulation plates and 

the contact thermal resistance, heat transfer between the 

inductor and insulation plates can be ignored. So the top 

and bottom surface of the inductor (Г4) is regarded as 

adiabatic boundary. The boundary condition is as follows: 
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The thermal contact between the coil and the epoxy resin 

is non-ideal thermal contact. So at the contact face between 

the coil and the epoxy resin (Г5), the boundary conditions 

are as follows: 
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Where, q is heat flux, Rctr is contact thermal resistance 

between the coil and epoxy resin.  According to the factory 

report, the value of Rctr is 0.0008(m
2⸱K)/W. 

At the contact face between the coil and deionized water 

(Г6), the boundary is forced convection heat transfer 

boundary and no-slip boundary. The boundary conditions 

are as follows: 
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Where, hw is the force convective heat transfer 

coefficient between the inductor and deionized water. 

The initial conditions are as follows: 
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III. THERMAL ANALYSIS 

According to the research needs of the current EML system, 

the pulse inductor needs to withstand more than10 

discharges at the frequency of 10 times/min. The maximum 
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allowable temperature of epoxy resin for the pulse inductor 

is 403.15K under long term operation condition [19]. 

Considering the safety margin, the maximum temperature 

of the solenoid pulse inductor needs to be below 393.15K 

during continuous discharges. 

Physical parameters of the coil and epoxy resin are 

shown in Table II, physical parameters of deionized water 

are fitted as function of temperature, the general formula is 

shown in (18), and the coefficient is shown in Table Ⅲ. 
2 3 4

1 1 2 3 4 5a a T a T a T a T                  (18) 

Where, the temperature range is 273.15K-373.15K. 
TABLE II  

PHYSICAL PARAMETERS OF COPPER AND EPOXY RESIN 

Parameter Copper Epoxy Resin 

γ/(S/m) 5.8×107 - 

μ(T·m/A) 1.257×10-6 - 

ρ/(kg/m3) 8933 2200 

c/(J/kg·K) 385 503 

κ/(W/(m·K)) 400 0.26 

 

TABLE III 

PHYSICAL PARAMETER COEFFICIENT OF DEIONIZED WATER 

φ1 ρ/(kg/m3) c/(J/kg·K) κ/(W/(m·K)) υ/(kg/m·s) 

a1 816.7876 7212.2 -2.4025 2.2061 

a2 1.48 -23.6206 2.1758×10-2 -2.3535×10-3 

a3 -2.9442×10-3 5.8249×10-2 -5.0848×10-5 9.4569×10-6 

a4 - -4.4064×10-5 3.9387×10-8 -1.6916×10-8 

a5 - - - 1.1350×10-11 

 

Based on the coupling model built in Section II, the 

temperature distribution of the solenoid pulse under 

continuous discharge is analyzed by finite element method. 

The frequency of pulse discharge is 10tmes/min, and the 

pulse number is 10. The initial temperature of the inductor 

is equal to the ambient temperature, 298.15K. The flow rate 

of deionized water is 5L/min, and the inlet temperature of 

deionized water is 298.15K.  

The simulation results are shown in the Fig. 5 and Fig. 6. 

Fig. 5 shows the temperature distribution at middle section 

plane of the inductor during continuous discharge. It can be 

observed that, during continuous discharge, the temperature 

of the inductor in the outlet zone is the highest and continues 

to increase; however, the temperature of the inductor in the 

inlet zone is the lowest and does not change much. That is 

because the deionized water is heated during the flow process, 

and the cooling power gradually decreases from the inlet to 

the outlet. This causes the temperature difference in the 

inductor to increase with continuous discharge. As shown in 

partial enlarged drawing, there is an obvious temperature 

gradient on the contact surface between the coil and epoxy 

resin, which is because of non-ideal thermal contact. Due to 

the skin effect and the proximity effect of the discharge 

current [9], the temperature distribution in cross section of 

the coil is not uniform. 

 

FIGURE 5. Temperature distribution at middle section of the inductor 

Fig. 6(a) shows the variation of the maximum temperature 

of the inductor during continuous discharge. It can be 

observed that the maximum temperature of the coil and the 

epoxy resin increases with continuous discharge, but the 

rising speed rapidly slows down. The maximum temperature 

of the inductor after the 10
th
 discharge is 407.04K, and is 

only 0.18K higher than that after the 9
th
 discharge, which 

means the heat accumulated in the inductor basically no 

longer increases after 9
th
 discharge cycle. As shown in partial 

enlarged drawing, the variation of the maximum temperature 

of the epoxy resin lags behind that of the coil, due to the 

influence of contact thermal resistance, which is helpful to 

prevent the epoxy resin from thermal damage. Most of the 

time, the outlet temperature of the deionized water is equal to 

the maximum temperature of the inductor, which means the 

maximum temperature of the inductor can be monitored by 

measuring the outlet temperature of the deionized water. 

Fig. 6(b) shows the variation of heat transfer during 

continuous discharge. It can be observed that the forced 

convection heat transfer between the deionized water and the 

coil is the main way of heat dissipation, and the contribution 

of air natural convection heat transfer can be neglected. The 

heat transfer between the coil and the epoxy resin is small, 

thus most of the accumulated heat of the inductor is stored in 

the coil. As the maximum temperature of the inductor after 

10
th
 discharge exceeds the allowable temperature, the liquid 

cooling conditions with inlet temperature of 298.15K and 
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flow rate of 5L/min cannot meet the temperature control 

requirements of the inductor during continuous discharge. 

 

 

FIGURE 6. Thermal analysis results of the solenoid inductor during 10 

discharges. 

IV.  MODEL VALIDATION 

Due to the epoxy resin packaging structure, the internal 

temperature of the solenoid pulse inductor cannot be 

measured directly. And due to the low thermal diffusivity 

of the epoxy resin, the surface temperature of the inductor 

does not change much during continuous discharge. So the 

outlet temperature during continuous discharge and the 

surface temperature of the inductor at 120s after continuous 

discharge are chosen to validate the analysis model. 

The measurement system is shown in Fig. 7. Fig. 7(a) 

shows the schematic diagram of the measurement system. 

Due to the advantages of low thermal inertia and high 

accuracy [20], the K-type thermocouples are selected as 

temperature sensor, and include 2 K-type sheathed 

thermocouples and 6 K-type thin-film thermocouples. The 

location of these thermocouples is shown in Fig. 7(b). The 

data acquisition card is made by the USB_DAQ module of 

Hengkai Technology. A Labview routine was developed to 

control the measurement system. The accuracy of the 

measurement system is 0.2K, and the response time of the 

measurement system is 0.1s. 

 

FIGURE 7. The measurement system 

The experiment of 10 discharges was carried at the 

frequency of 10 times/min. The experiment parameters are 

shown in Table Ⅳ. The flow rate of the deionized water is 

7L/min and the inlet temperature of the deionized water is 

295.8K. 

TABLE IV 

EXPERIMENT PARAMETERS 

Parameter Value 

Discharge voltage 10kV 

Pulse width 15ms 

Discharge number 10 

Discharge interval 6s 

Discharge duration 54s 

Ambient temperature 295.8K 

Initial temperature of the inductor 295.8K 

 

The comparison of the simulation results and 

experimental results is shown in Fig. 8. Fig. 8(a) shows the 

comparison of outlet temperature of deionized water during 

continuous discharge, and Fig. 8(b) shows the comparison 

of the temperature of measuring point at 120s after 10
th
 

discharge. It can be observed that the experiment results are 

slightly larger than the simulation results. The reasons for 

the deviation may be as follows: 

1) The effect of temperature on the resistance of the coil 

was ignored in simulation analysis;  

2) The response delay of the measurement system affected 

the experimental results.  

For outlet temperature of deionized water, the maximum 

deviation is 3.3K and the average deviation is 2.34K. For the 

temperature of measuring points, the maximum deviation is 

2.9K and the average deviation is 2.42K. As the difference 

between the simulation results and the experimental results 

are small, and the tendency is same, the reliability and 

accuracy of the 3-D transient coupling heat transfer model of 

the solenoid pulse inductor have been verified. 
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FIGURE 8.  Comparison of experimental results and simulation results 

V.  PARAMETRIC ANALYSIS 

The efficiency of the liquid cooling during continuous 

discharge involves many factors. The parametric analysis 

provides the information to determine the relative influence 

of each factor and, thus, to improve the thermal 

management and optimize its working condition for the 

solenoid pulse inductor. As the inductance of the solenoid 

pulse inductor is related to its structure and size [21-22], the 

structure and size of the flow channel are generally not 

changed during thermal management design stage. The 

parameters selected to analyze are the flow rate, the inlet 

temperature and the coolant. 

A.  IMPACT ANALYSIS OF THE FLOW RATE 

The flow rate is a key factor that affects the convective 

heat transfer coefficient between the pulse inductor and the 

coolant. Fig. 9 shows the thermal analysis results of the 

inductor at flow rate of 5L/min, 7L/min, 9L/min and 11L/min. 

The coolant is deionized water, and the inlet temperature is 

298.15K. 

 

 

 

FIGURE 9. Influence of the flow rate on thermal analysis results of the 

inductor. 

Fig. 9(a) shows the effects of the flow rate on the 

maximum temperature of the inductor. It can be observed 

that the maximum temperature of the inductor decreases 
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rapidly with the rise of the flow rate. After the 10
th
 discharge 

(54.015s), the maximum temperature of the inductor has 

decreased by 16.3K, 25.3K and 31.4K with the rise in flow 

rate from 5L/min to 7L/min, 9L/min and 11L/min, 

respectively, and the maximum temperature difference in the 

inductor decreased by 16.1K, 25.1K and 31.3K, as shown in 

Fig. 9(b). Fig. 9(c) shows the effects of the flow rate on the 

heat dissipation by liquid cooling, and after the 10
th
 discharge 

cycle (60s), the dissipation by liquid cooling has increased by 

49.3kJ, 69.2kJ and 78.3kJ with the rise in flow rate from 

5L/min to 7L/min, 9L/min and 11L/min, respectively.  

This indicates that raising the flow rate can effectively 

improve the efficiency of the liquid cooling and decrease the 

temperature difference in the inductor during continuous 

discharge, but the marginal benefit of raising the flow rate is 

gradually reduced. When the coolant is deionized water and 

the inlet temperature is 298.15K, the temperature control 

requirements of the inductor during continuous discharge can 

be met as long as the flow rate is greater than 7L/min. 

B.  IMPACT ANALYSIS OF THE INLET TEMPERATURE 

The inlet temperature is a factor that affects the 

temperature difference between the inductor and the coolant. 

Fig. 10 shows the thermal analysis results of the inductor at 

inlet temperature of 298.15K, 293.15K and 288.15K. The 

coolant is deionized water, and the flow rate is 5L/min. 

Fig. 10(a) shows the effects of the inlet temperature on 

the maximum temperature of the inductor. It can be 

observed that the maximum temperature of the inductor 

decreases slightly with the drop of the inlet temperature. 

After the 10
th

 discharge (54.015s), the maximum 

temperature of the inductor has decreased by 5.5K and 

10.2K with the drop in inlet temperature from 298.15K to 

293.15K and 288.15K, respectively, and the maximum 

temperature difference in the inductor decreased by 3.5K 

and 4.1K, as shown in Fig. 10(b). Fig. 10(c) shows the 

effects of the inlet temperature on the heat dissipation by 

liquid cooling, and after the 10
th

 discharge cycle (60s), the 

dissipation by liquid cooling has increased by 29.1kJ and 

55.2kJ with the drop in inlet temperature from 298.15K to 

293.15K and 288.15K, respectively. 

This indicates that dropping the inlet temperature has 

little effect on the efficiency of the liquid cooling and the 

temperature difference in the inductor during continuous 

discharge. As the inlet temperature must be more than 2K 

higher than the local dew point [23], during the thermal 

management design stage, the inlet temperature of the 

coolant should be equal to the ambient temperature. 

 

 

 

FIGURE 10. Influence of the inlet temperature on thermal analysis 

results of the inductor. 
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C.  IMPACT ANALYSIS OF THE COOLANT 

When the ambient temperature is lower than 273.15k, 

deionized water cannot be used as coolant because of 

freezing. This can be solved by adding ethylene glycol to 

deionized water. Ethylene glycol is colorless transparent 

viscous liquid, and can be used as aqueous-freezing-point 

depressant. When the concentration of ethylene glycol by 

mass is 40%, the freezing point of the solution is 250.85K; 

and when the concentration of ethylene glycol by mass is 

60%, the freezing point of the solution is 224.85K [24]. In 

addition, the addition of ethylene glycol does not affect the 

insulation performance of deionized water [25]. Fig. 11 

shows the thermal analysis results of the inductor when the 

coolant is deionized water, aqueous solution of 40% 

ethylene glycol by mass and aqueous solution of 60% 

ethylene glycol by mass. The flow rate is 7L/min, and the 

inlet temperature is 298.15K. The physical parameters of 

the ethylene glycol aqueous solution are shown in Table Ⅴ 

[24]. As temperature has little effect on the density, specific 

heat and thermal conductivity of the solution, the effects of 

temperature on the density, specific heat and thermal 

conductivity of the solution are ignored, and only the 

effects of temperature on the viscosity of the solution are 

considered. 

TABLE V 

PHYSICAL PARAMETERS OF ETHYLENE GLYCOL AQUEOUS SOLUTION 

Mass 

Fraction 

ρ 

(kg/m3) 

c 

(J/kg·K) 

κ 

(W/(m·K)) 

υ 

(kg/m·s) 

40% 1057.6 3485 0.408 φ2 

60% 1083.87 3106 0.336 φ3 

3 6 2 9 3

2 0.219196 1.80256 10 4.99387 10 4.64555 10T T T            

(19) 
3 5 2 8 3

3 0.54477 4.55361 10 1.22726 10 1.19992 10T T T           

(20) 

Where, the temperature range is 298.15K-373.15K. 

Fig. 11(a) shows the effects of the coolant on the 

maximum temperature of the inductor. It can be observed 

that the addition of ethylene glycol will slightly increase the 

maximum temperature of the inductor during continuous 

discharge. After the 10
th

 discharge (54.015s), the maximum 

temperature of the inductor has increased by 5.7K and 

10.6K with the mass fraction of ethylene glycol from 0% to 

40% and 60%, respectively, and the maximum temperature 

difference in the inductor increased by 4.6K and 9.4K, as 

shown in Fig. 11(b). Fig. 11(c) shows the effects of the 

coolant on the heat dissipation by liquid cooling, and after 

the 10
th

 discharge cycle (60s), the dissipation by liquid 

cooling has decreased by 34.3kJ and 52.4kJ with the mass 

fraction of ethylene glycol from 0% to 40% and 60%, 

respectively. 

This indicates that adding ethylene glycol to deionized 

water has little effect on the efficiency of the liquid cooling 

and the temperature difference in the inductor during 

continuous discharge. Thus, under low temperature 

conditions, ethylene glycol solution can replace deionized 

water as the liquid cooling coolant for the pulse inductor 

under continuous discharge condition. 

 

 

 

FIGURE 11. Influence of the coolant on thermal analysis results of the 

inductor. 
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VI.  CONCLUSIONS 

A 3D transient coupling heat transfer model for the 

solenoid pulse inductor with liquid cooling mode was 

established, and the temperature distribution and the 

characteristics of heat dissipation of the inductor under 

continuous discharge condition has been analyzed. A 

temperature measurement system was designed to measure 

the outlet temperature of deionized water during continuous 

discharge and the surface temperature of the inductor at 

120s after continuous discharge, and the accuracy of the 3D 

coupling model has been verified. Furthermore, effects of 

the flow rate, the inlet temperature and the coolant on the 

efficiency of liquid cooling were analyzed by using this 

model. The results can help to improve the thermal 

management and optimize the performance of the solenoid 

pulse inductor. The following conclusions were obtained: 

 During continuous discharge, the temperature of the 

inductor in the outlet zone is the highest and continues 

to increase, but the rising speed rapidly slows down; 

the temperature of the inductor in the inlet zone is the 

lowest and does not change much. 

 The maximum temperature difference of the inductor 

continues to increase, but the rising speed rapidly slow 

down during continuous discharge. 

 Due to the non-ideal thermal contact, there is an 

obvious temperature gradient between the coil and 

epoxy resin, and the temperature change of epoxy 

resin lags behind that of the coil, which is helpful to 

prevent the epoxy resin from thermal damage. 

  The forced convection heat transfer between the 

deionized water and the coil is the main way of heat 

dissipation, and most of the accumulated heat during 

continuous discharge is stored in the coil. 

 Raising the flow rate can effectively improve the 

efficiency of the liquid cooling and decrease the 

temperature difference in the inductor during 

continuous discharge, but the marginal benefit of 

raising the flow rate is gradually reduced.  

 Dropping the inlet temperature has little effect on the 

efficiency of the liquid cooling and the temperature 

difference in the inductor during continuous discharge. 

And the inlet temperature should be equal to the 

ambient temperature when designing the thermal 

management. 

 Under low temperature conditions, ethylene glycol 

solution can replace deionized water as the liquid 

cooling coolant for the pulse inductor under continuous 

discharge condition. 
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