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The results of mathematical modelling of a heat pipe with induction heating of the core, designed for efficient 

transfer of low-temperature heat flow to the working fluid in conditions of limited dimensions, are presented. The 

design includes a thin-walled copper casing, a porous wick structure made of non-magnetic stainless steel mesh, 

and a magnetic stainless steel core heated by a cylindrical induction coil placed on the casing above the core. Based 

on physical models of heat transfer, a mathematical description of the processes has been developed that takes into 

account induction heat generation, the heat capacity of the tube components, and heat losses due to free convection. 

The dependence of the heating dynamics and thermal efficiency on the angle of inclination of the heat pipe relative 

to the vertical has been established. The results of the calculations showed that maximum efficiency is achieved in 

a vertical position, and with an increase in the angle of inclination above 60°, there is an increase in gravitational 

resistance to fluid motion, which leads to a gradual decrease in heat transfer. It has been shown that at inclinations 

up to 80°, the performance of the structure is maintained, but to ensure stable operation at even greater angles, 

additional measures are necessary: reducing the radius of the pores of the wick structure to increase capillary 

pressure, increasing the thickness or number of mesh layers, and selecting working fluids with more favourable 

wetting properties. Further work is aimed at experimental verification of the obtained models and optimisation. 
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Introduction 

Due to their high thermal conductivity, heat pipes are 

widely used in various devices for heat transfer, heating, 

temperature equalisation, etc. [1-4]. Due to the 

insignificant temperature difference along the length of 

the body, wick heat pipes can be used as low-temperature 

heat sources for warming the human body. In [1], the 

influence of various types of cores on the efficiency of 

heating the tube body in a vertical orientation was 

investigated. This allows the optimal material and size of 

the core to be selected but does not allow us to understand 

how the temperature of the tube will change when its angle 

of inclination changes. In addition, the design of the tube 

and the induction system for heating the coolant were not 

described theoretically, which does not allow for an 

accurate assessment of the thermal and energy 

characteristics of the tube and prediction of their changes. 

I. Problem statement 

In order to evaluate the influence of various elements 

of the tube design on its overall thermal resistance, 

determine the temperature difference along the length of 

the body, understand the behaviour of the wick heat pipe 

at different angles of orientation in space, and find the 

limiting angles of inclination, it is necessary to create a 

mathematical model of a heat pipe with a porous wick. For 

fast and efficient heating of the heat pipe, it is necessary 

to calculate the parameters of the main elements of its 

induction heating system and simulate the operation of 

this system in a specialised software environment. 
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II. Presentation of the main material 

The design of a heat pipe with a porous wick and 

induction heating of the coolant is shown in Fig. 1. It is 

based on a thin-walled copper tube 1, 0.5 m long, with a 

diameter of 0.018 m, a wall thickness of  

𝑡𝑤𝑎𝑙𝑙 = 1 ∙ 10−3 m, an inner radius of 𝑟𝑖𝑛 = 8 ∙ 10−3 m, 

sealed at the bottom with a P-shaped copper cover 2. The 

P-shaped design of the cap allows additional heat to be 

supplied to the heat pipe from below using a heater 3, the 

contact area of which with the pipe is covered with thermal 

paste 4 to improve heat transfer. A frame 5 made of S-

Glass aluminosilicate glass with high thermal conductivity 

and low gas emission for operation in a vacuum is installed 

inside the lower part of the tube [5]. The frame is  

𝑙𝑒𝑣𝑎𝑝 = 3 ∙ 10−2 m long and 𝑡𝑓𝑟𝑎𝑚𝑒 = 3 ∙ 10−4 m thick. A 

core 6 made of strips of thin magnetic stainless steel AISI 

430 is wound onto it in multiple layers. The core is evenly 

distributed along the length of the frame 5 and has a 

thickness of 𝑡𝑐𝑜𝑟𝑒 = 3 ∙ 10−4 m. The frame 5 has holes 7 

designed for free circulation of the coolant. The coolant 8 

(distilled water) is poured to the level of the upper end of 

the frame 5, and its volume is 4.5 ml. Above the core, close 

to frame 5, a porous wick 9 made of mesh (100 mesh) is 

installed, made of non-magnetic stainless steel AISI 304 

(wire diameter 𝑑𝑤 = 114 ∙ 10−6 m, hole size  

𝑑ℎ = 149 ∙ 10−6 m, porosity 𝜙𝑤𝑖𝑐𝑘 = 0,7) with a length 

of 450 mm. The wick has four full turns, tightly adjacent 

to each other, with a total thickness of 𝑡𝑤𝑖𝑐𝑘 ≈ 1 ∙ 10−4 m. 

At the upper end of the tube 1, above the porous wick 9, 

the vacuum valve body 10 is soldered, the fastener 11 of 

which is installed on a caprolon gasket 12. 

 

 
Fig. 1. Design of a heat pipe with induction heating. 

 

Number 13 indicates the soldering points in the heat 

pipe casing. 

To achieve a low temperature difference along the 

surface of the heat pipe, the working pressure of saturated 

steam inside it is 12.3 kPa at a temperature of 50°C. 

A cylindrical inductance coil 14 is used for induction 

heating of the core 6 with high-frequency currents. Coil 14 

is wound in the lower part of the heat pipe on an insulating 

layer 15 made of heat-conducting heat-resistant silicone 

compound SE 4486 from DOW with a thermal 

conductivity of 1.9 W/(m·K) [6] with a thickness of 0.1 

mm and contains 100 turns of PEV-2-0.25 copper wire [7]. 

Current is supplied to coil 14 through current-carrying 

rings 16 using terminals 17. Externally, the coil is covered 

with a layer 18 of Sinteflex 515 composite electrical 

insulation material [8], which is wrapped in two layers of 

copper foil 19, each 0.1 mm thick, to shield the coil. Holes 

are made in the electrical insulating material 18 and screen 

19 for the current-carrying terminals 17, which, in order to 

reduce the length of the communication lines, are soldered 

directly to the induction heating control board 20, which 

is powered by an external signal generator. The board 20 

has conductive tracks only on the upper side, to which 

radio elements are directly soldered. The lower side of the 

board is completely covered with foil, which is connected 

to the ‘ground’ terminal to protect against interference. 

The air gap 21 allows the temperature of the board to be 

reduced by free air circulation. The open part of the heat 

pipe, which participates in heat exchange 𝑙0 = 0,45 m. 

During heat transfer in a heat pipe with a porous wick, 

certain temperature differences arise, which can be 

expressed in terms of the equivalent thermal resistances of 

the corresponding electrical links [9-11]. 

Fig. 2 shows the transverse temperature differences 

that arise along one side of the heat pipe 1 with a core 2 

placed on a frame with holes 3 and a porous wick 4 placed 

horizontally, during the transfer of external heat flow 𝑄𝐼  

through the steam channel 5 from the evaporation zone to 

the condensation zone. 

 

 
Fig. 2. Temperature differences along the length of a tube 

with a porous wick. 

 

Fig. 3 shows the equivalent electrical circuit of 

thermal resistances that arise during the operation of the 

tube in Fig. 2. The direction of the heat flow 𝑄𝐼  is chosen 

as the direction of current flow. 

Heat is removed from the surface of the heat pipe by 

convection and thermal radiation [9, 10]. Additional 

temperature differences appear in the evaporation and 

condensation zones due to heat transfer by thermal 

conductivity through the walls of the heat pipe. Thermal 

resistances also exist at the liquid-vapour interface and in 

the vapour core of the pipe [10-12]. 

The following symbols are used in Fig. 3: 𝑅𝑤𝑎𝑙𝑙.𝑒 and 
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𝑅𝑤𝑎𝑙𝑙.𝑐 – thermal resistances of the heat pipe wall in the 

evaporation and condensation zones, K/W; 𝑅𝑐𝑜𝑟𝑒 – 

thermal resistance of the core, K/W; 𝑅𝑓𝑟𝑎𝑚𝑒  – thermal 

resistance of the frame, K/W; 𝑅𝑝.𝑡.𝑒 and 𝑅𝑝.𝑡.𝑐 – thermal 

resistances of the phase transition from liquid to vapour in 

the evaporation and condensation zones, K/W; 𝑅𝑤𝑖𝑐𝑘.𝑐 – 

thermal resistance of the porous wick saturated with 

working fluid in the condensation zone, K/W; 𝑅𝑒𝑣𝑎𝑝 – 

thermal resistance of the vapour flow, K/W. 

 
Fig. 3. Equivalent thermal resistances of a heat pipe under 

the action of a heat flux 𝑄𝐼 . 
 

The total thermal resistance of the tube is found from 

the expression:
 

 Rtotal. = Rwall.e + Rcore + Rframe + Rp.t.e + Revap + Rp.t.c + Rwick.c + Rwall.c (1)

 

To calculate thermal resistance in a working heat pipe, 

we will use the following dependencies [9]: 
 

 Rwall.e =
ln(

rin+twall
rin

)

2⋅π⋅λm⋅levap
, (2) 

 

where 𝑙𝑒𝑣𝑎𝑝 is length of the evaporation zone, m; λm is 

thermal conductivity of the heat pipe wall material; 
 

 Rcore =
ln(

rin
rin-tcore

)

2⋅π⋅λcore⋅levap
, (3) 

 

where 𝜆𝑐𝑜𝑟𝑒  is thermal conductivity of the core material, 

W/(m·K). 

To evaluate the effective thermal conductivity of the 

core, a model of successive layers was used, which is more 

realistic for a structure where the layers are arranged in 

sequence to the action of the heat flow. Typical porosity 

values for such cores range from 20% to 40%. Let us take 

the average porosity of the coolant to be, 𝜙𝑙 ≈ 30%  then 

the volume fraction of steel is 𝜙𝑐𝑜𝑟𝑒 ≈ 70 %: 
 

 
1

λcore
=

φcore

λAISI430
+

φl

λl
, (4) 

 

where 𝜆𝑙 is thermal conductivity of the working fluid, 

W/(m·K); 𝜆𝐴𝐼𝑆𝐼430 is thermal conductivity of the core 

material, W/(m·K); 
 

 Rframe =
ln(

rin-tcore
rin-tcore-tframe

)

2⋅π⋅λframe⋅levap
, (5) 

 

where 𝜆𝑓𝑟𝑎𝑚𝑒 is thermal conductivity of the frame 

material, W/(m·K); 
 

 Rp.t.e =
1

hevap⋅Aevap
=

1

hevap⋅2⋅π⋅rin⋅levap
, (6) 

 

where ℎ𝑒𝑣𝑎𝑝 is heat transfer coefficient during liquid-

vapour phase transition, W/(m2K) [13]; 
 

 Revap =
μsteam⋅lo

ρsteam⋅Asteam⋅r2
vap⋅Lliquid

, (7) 

 

where 𝜇𝑠𝑡𝑒𝑎𝑚 is dynamic viscosity of steam, Pa·s; 𝜌𝑠𝑡𝑒𝑎𝑚 

is density of steam, kg/m3; 𝐴𝑠𝑡𝑒𝑎𝑚 is cross-sectional area 

of the steam channel, m2; 𝐴𝑠𝑡𝑒𝑎𝑚 = 𝜋 ⋅ 𝑟2
𝑣𝑎𝑝, 𝑟𝑣𝑎𝑝 is 

radius of the steam channel, m; 𝑟𝑣𝑎𝑝 = 𝑟𝑖𝑛 − 𝑡𝑤𝑖𝑐𝑘, m; 

𝐿𝑙𝑖𝑞𝑢𝑖𝑑 is latent heat of evaporation, J/kg; 

 

 𝑅𝑝.𝑡.𝑐 =
1

ℎ𝑐𝑜𝑛𝑑⋅𝐴𝑐𝑜𝑛𝑑
=

1

ℎ𝑐𝑜𝑛𝑑⋅2⋅𝜋⋅𝑟𝑖𝑛⋅𝑙𝑐𝑜𝑛𝑑⋅𝜑𝑤𝑖𝑐𝑘
, (8) 

 

where ℎ𝑐𝑜𝑛𝑑  is heat transfer coefficient during vapour-

liquid phase transition, W/( m2K) [13]; 𝑙𝑐𝑜𝑛𝑑  is length of 

the condensation zone, 𝑙𝑐𝑜𝑛𝑑 = 0.45 m; 
 

 𝑅𝑤𝑖𝑐𝑘.𝑐 =
𝑙𝑛(

𝑟𝑖𝑛
𝑟𝑣𝑎𝑝

)

2⋅𝜋⋅𝜆𝑒𝑓𝑓⋅𝑙𝑐𝑜𝑛𝑑
, (9) 

 

 𝜆𝑒𝑓𝑓 = 𝜆𝑙 ⋅
2⋅𝜆𝑙+𝜆𝑤𝑖𝑐𝑘−2⋅𝜑𝑤𝑖𝑐𝑘⋅(𝜆𝑙−𝜆𝑤𝑖𝑐𝑘)

2⋅𝜆𝑙+𝜆𝑤𝑖𝑐𝑘+𝜑𝑤𝑖𝑐𝑘⋅(𝜆𝑙−𝜆𝑤𝑖𝑐𝑘)
, (10) 

 

where 𝜆𝑤𝑖𝑐𝑘 is thermal conductivity of porous wick, 

W/(m·K); 
 

 𝑅𝑤𝑎𝑙𝑙.𝑐 =
𝑙𝑛(

𝑟𝑖𝑛+𝑡𝑤𝑎𝑙𝑙
𝑟𝑖𝑛

)

2⋅𝜋⋅𝜆𝑚⋅𝑙𝑐𝑜𝑛𝑑
 (11) 

 

The temperature difference between the evaporation 

and condensation zones, taking into account the cross-

section of the heat pipe, is determined by the formula: 
 

 𝛥Т = 𝑅𝑡𝑜𝑡𝑎𝑙 ⋅ 𝑄  (12) 
 

The data for calculating the thermal parameters of the 

tube are given in Table 1. 

The calculation of model parameters using the above 

formulas is shown in Table 2. 

Let us calculate the maximum heat flux that a heat 

pipe can transfer in bubble boiling mode at a given vapour 

temperature. We will use the calculation method given in 

[14]. 
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Table 1. 

Data values for calculating tube parameters 

Parameter Meaning Unit of measurement 

𝜆𝑚 390 W/(m·K) 

𝜆𝑙 0.643 W/(m·K) 

𝜆𝐴𝐼𝑆𝐼430 26.1 W/(m·K) 

𝜆𝑓𝑟𝑎𝑚𝑒 1.3 W/(m·K) 

𝜆𝑤𝑖𝑐𝑘 0.784 W/(m·K) 

ℎ𝑒𝑣𝑎𝑝 4000 W/(m2K) 

𝑟𝑣𝑎𝑝 7·10-3 m 

𝜇𝑠𝑡𝑒𝑎𝑚 9.65·10-6 Pa·s 

𝜌𝑠𝑡𝑒𝑎𝑚 0.094 kg/m3 

𝐴𝑠𝑡𝑒𝑎𝑚 1.54·10-4 m2 

𝐿𝑙𝑖𝑞𝑢𝑖𝑑  2300000 J/kg 

ℎ𝑐𝑜𝑛𝑑  6000 W/(m2K) 

 

Table 2. 

Calculated tube parameters 

Parameter Meaning 
Unit of 

measurement 

𝜆𝑐𝑜𝑟𝑒  2.03 W/(m·K) 

𝑅𝑤𝑎𝑙𝑙.𝑒 0.0016 K/W 

𝑅𝑐𝑜𝑟𝑒 0.1 K/W 

𝑅𝑓𝑟𝑎𝑚𝑒  0.162 K/W 

𝑅𝑝.𝑡.𝑒 0.147 K/W 

𝑅𝑒𝑣𝑎𝑝 0.0091 K/W 

𝑅𝑝.𝑡.𝑐 0.0105 K/W 

𝑅𝑤𝑖𝑐𝑘.𝑐 0.06 K/W 

𝜆𝑒𝑓𝑓  2.03 W/(m·K) 

𝑅𝑤𝑎𝑙𝑙.𝑐 0.00106 K/W 

𝑅𝑡𝑜𝑡𝑎𝑙 0.491 K/W 

𝛥Т 4.91 K 
 

To ensure normal operation of the heat pipe in bubble 

boiling mode, the maximum capillary pressure must be 

greater than or equal to the sum of the pressure drops that 

occur in the heat transfer system. This allows the liquid to 

circulate freely inside the pipe, overcoming all resistance 

[15]. This condition is described by the following formula 

[14]: 

 

 (𝛥𝑝𝑘)𝑚𝑎𝑥 ≥ 𝛥𝑝𝑔 +  𝛥𝑝𝑙𝑖𝑞𝑢𝑖𝑑 + 𝛥𝑝𝑠𝑡𝑒𝑎𝑚, (13) 

where (𝛥𝑝𝑘)𝑚𝑎𝑥 is maximum capillary pressure, Pa; 𝛥𝑝𝑔 

is gravitational component of total pressure drop, Pa; 

𝛥𝑝𝑙𝑖𝑞𝑢𝑖𝑑  is pressure drop in the fluid flow (heat carrier), 

Pa; 𝛥𝑝𝑠𝑡𝑒𝑎𝑚 is pressure drop in the steam flow, Pa. 

When determining the minimum flow rate of the 

working fluid that will ensure the transfer of the required 

heat flow, the pressure drop in the steam flow can be 

neglected.  

The components of expression (13) are calculated 

according to the following dependencies:  
 

 𝛥𝑝𝑘 =
2⋅𝜎𝑙𝑖𝑞𝑢𝑖𝑑

𝑟𝑝𝑜𝑟𝑒
⋅ 𝑐𝑜𝑠 𝜃, (14) 

 

where 𝜎𝑙𝑖𝑞𝑢𝑖𝑑  is surface tension of the working fluid, N/m; 

𝑐𝑜𝑠 𝜃  is contact angle; 𝑟𝑝𝑜𝑟𝑒  is effective radius of the pore 

wall, m. 

 

 𝛥𝑝𝑔 = 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 ⋅ 𝑔 ⋅ 𝑙𝑜 ⋅ 𝑠𝑖𝑛 𝜑, (15) 

 

where 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 is density of the working fluid, kg/m3; 𝑔 is 

acceleration due to gravity, m/s2;  𝜑 is angle of inclination 

of the heat pipe, degrees; 
 

 𝛥𝑝𝑙𝑖𝑞𝑢𝑖𝑑 =
𝜇𝑙𝑖𝑞𝑢𝑖𝑑⋅𝑙𝑜⋅𝑄𝑚𝑎𝑥

𝐾𝑤𝑖𝑐𝑘⋅𝐴𝑤𝑖𝑐𝑘⋅𝜌𝑙𝑖𝑞𝑢𝑖𝑑⋅𝐿𝑙𝑖𝑞𝑢𝑖𝑑
, (16) 

 

where 𝜇𝑙𝑖𝑞𝑢𝑖𝑑  is viscosity of the working fluid, N·s/m2; 

𝐴𝑤𝑖𝑐𝑘  is cross-sectional area of the heat pipe wick, m2. 

The maximum permissible heat flow that a heat pipe 

can transfer in pre-crisis heat exchange mode is calculated 

using the following formula: 
 

 𝑄𝑚𝑎𝑥 = 𝑚𝑚𝑎𝑥 ∙ 𝐿𝑙𝑖𝑞𝑢𝑖𝑑 , (17) 

 

where  𝑚𝑚𝑎𝑥 is working fluid consumption in the nozzle 

at maximum steam temperature, kg. 

The expression for calculating the working fluid flow 

rate in the wick at maximum steam temperature 𝑚𝑚𝑎𝑥  is 

obtained by making the following assumptions: 

– the properties of the working fluid along the tube are 

constant; 

– the pressure drop in the steam flow is negligible; 

– the structure of the wick is homogeneous. 

Hence
 

 𝑚𝑚𝑎𝑥 =
𝜌𝑙𝑖𝑞𝑢𝑖𝑑

𝜇𝑙𝑖𝑞𝑢𝑖𝑑
∙

𝐾𝑤𝑖𝑐𝑘⋅𝐴𝑤𝑖𝑐𝑘

𝑙𝑜
(

𝜎𝑙𝑖𝑞𝑢𝑖𝑑

𝑟𝑝𝑜𝑟𝑒
⋅ 𝑐𝑜𝑠 𝜃 − 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 ⋅ 𝑔 ⋅ 𝑙𝑜 ⋅ 𝑠𝑖𝑛 𝜑)  (18)

 

To calculate this, we will use the parameters given for 

experimental heat pipes in [1] (𝑄 = 10W, 𝑇 = 𝑇𝑚𝑎𝑥 =
50°C), the characteristics of distilled water at a 

temperature of 50 °C [16], given in Table 3, and the 

conditions of ideal wetting, when 𝜃 = 0°. The 

permeability for the selected type of wick, according to the 

Kozeni-Karmann equation, is 𝐾𝑤𝑖𝑐𝑘 = 1.61 ⋅ 10−11 m2. 

Then 𝐴𝑤𝑖𝑐𝑘 = 3.14 ⋅ (𝑟𝑖𝑛
2 − 𝑟𝑣𝑎𝑝

2) = 3.14 ⋅ ((8 ⋅

10−3)2 − (7 ⋅ 10−3)2) ≈ 4.7 ⋅ 10−5 m2. 

The pore radius is found from the empirical 

expression [17]:  

 

 𝑟𝑝𝑜𝑟𝑒 ≈
𝑑𝑤⋅𝑆𝑤

8
, (19) 

 

where 𝑆𝑤 is specific window ratio, which for a 100 mesh 

grid and 0.114 mm wire is ≈ 0.5; 

 

 𝑟𝑝𝑜𝑟𝑒 ≈
0,000114⋅0.5

8
≈ 7.13 ⋅ 10−6𝑚.  

 

The calculation 𝑚𝑚𝑎𝑥 and 𝑄𝑚𝑎𝑥for 𝜑 from 0° to 90° 

with a resolution of 10° is given in Table 4. 

The calculation of the tube parameters to satisfy 

condition (13) is given in Table 5. 
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The calculations showed that the designed tube is 

capable of effectively transferring a heat flux of up to 

10 W. The calculated maximum power (𝑄𝑚𝑎𝑥) 

significantly exceeds the specified value (68.8 W versus 

10 W in a practically horizontal position), which indicates 

a high safety margin and stability of its operation. 

Verification of the capillary limit (condition (13)) 

confirmed that the tube can operate normally at angles of 

inclination from 0° to 70°. However, as calculations show, 

at angles of inclination close to the vertical position (over 

80°), the capillary pressure becomes insufficient to ensure 

the circulation of the working fluid. This leads to a 

significant reduction in fluid flow, which in turn causes a 

heat exchange crisis and cessation of heat transfer, as 

demonstrated by 𝑄𝑚𝑎𝑥 approaching zero. 

Thus, the designed heat pipe is reliable and effective 

within the specified power range (up to 10 W) at angles of 

inclination up to 70°. 

To ensure reliable operation of the heat pipe at angles 

of inclination exceeding 80°, the following must be done: 

– use a wick structure with a smaller pore radius and 

higher capillary pressure; 

– increase the thickness or number of wick mesh 

layers to reduce hydraulic resistance; 

– use a working fluid with a lower surface tension 

coefficient and greater surface wetting ability; 

– organise additional cooling in the condensation 

zone. 

Let us calculate the parameters of the induction 

heating system of the heat pipe. From the design shown in 

Fig. 1, the inductance of a single-layer cylindrical coil can 

be determined using a simplified formula [18,19]: 
 

 𝐿𝑐𝑜𝑖𝑙 = 𝜇 ⋅
𝑁2⋅𝐴𝑐𝑜𝑖𝑙

𝑙𝑐𝑜𝑖𝑙
,  (20) 

 

where 𝐿𝑐𝑜𝑖𝑙  is coil inductance (H); 𝜇 is absolute magnetic 

permeability of the coil core (H/m); 𝑁  is number of coil 

turns (pcs.); 𝐴𝑐𝑜𝑖𝑙   is coil cross-sectional area (m2); 𝑙𝑐𝑜𝑖𝑙  is 

coil length (m). 

Absolute magnetic permeability is calculated as  

𝜇 = 𝜇𝑟 ∙ 𝜇0, where 𝜇𝑟 is the relative magnetic 

permeability of the core material; 𝜇0 is the magnetic 

permeability of a vacuum, equal to 4𝜋 ⋅ 10−7 H/m. 

The core material AISI 430 is ferritic stainless steel, 

which has ferromagnetic properties [20]. Its relative 

magnetic permeability can vary significantly depending 

on the specific condition of the material (annealed, cold-

rolled) and the intensity of the magnetic field. However, 

for average values, values in the range from 100 to 1000 

are often indicated [21,22]. Based on practical studies 

conducted for AISI 430 steel strips, we will take the 

average value of relative magnetic permeability  

𝜇𝑟 = 300. Hence 𝜇 = 300 ⋅ 4 ⋅ 3.14 ⋅ 10−7 = 3.77 ⋅
10−4 H/m [23,24]. 

The number of coil turns is N=100. The coil is wound 

on a heat pipe with a diameter of 𝐷𝑜.𝑝. = 18 mm, on top 

of a layer of insulating heat-conducting compound with a 

thickness of 0.1 mm. Therefore, the diameter of the coil is 

𝐷𝑐𝑜𝑖𝑙 = 𝐷𝑜.𝑝. + 0.1 ⋅ 2 = 18 + 0.2 = 18.2 mm, or 

0.0182 m. The length of the coil wire is: 
 

𝑙𝑤 = 𝜋 ⋅ 𝐷𝑐𝑜𝑖𝑙 ⋅ 𝑁 = 3.14 ⋅ 0.0182 ⋅ 100 = 5.72 m. (21) 
 

Given that the resistance of the PEV-2-0.25 wire is 

𝑅𝑤 = 0.357 Ohm·m, we can find the total resistance of 

the inductance coil: 
 

 𝑅𝑐𝑜𝑖𝑙 = 𝑙𝑤 ⋅ 𝑅𝑤 = 5.72 ⋅ 0.357 = 2.04 ≈ 2 Оm (22) 
 

The coil has a length of 𝑙𝑐𝑜𝑖𝑙 = 30 mm and is 

positioned symmetrically to the centre of the core 6 for 

better flux coupling. 

The cross-sectional area of the coil is found from the 

Table 3. 

Properties of the heat tr/ansfer fluid at 50 °C [16] 

𝐿𝑙𝑖𝑞𝑢𝑖𝑑, MJ/kg 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 , kg/m3 𝜇𝑙𝑖𝑞𝑢𝑖𝑑 , N·sm2 𝜎𝑙𝑖𝑞𝑢𝑖𝑑 , N/m 𝜆𝑙, W/(m·K) 

2.38 988 0.000547 0.0679 0.643 
 

Table 4. 

Calculation results 𝑚𝑚𝑎𝑥 and 𝑄𝑚𝑎𝑥 at different tube inclination angles 

𝜑, degrees 0 10 20 30 40 50 60 70 80 90 

𝑚𝑚𝑎𝑥, kg 
2.9× 

×10-5 

2.85× 

×10-5 

2.72× 

×10-5 

2.5× 

×10-5 

2.22× 

×10-5 

1.86× 

×10-5 

1.45× 

×10-5 

9.89× 

×10-6 

5.03× 

×10-6 
0 

𝑄𝑚𝑎𝑥, W 68.8 67.8 64.7 59.6 52.7 44.3 34.4 23.5 12 0 
 

Table 5. 

Verification of condition (13) at different angles of inclination of the heat pipe 

𝜑, degrees 𝛥𝑝𝑔, Pa 𝛥𝑝𝑙𝑖𝑞𝑢𝑖𝑑 , Pa 𝛥𝑝𝑘, Pa Fulfilment of condition (13) 

0° 0 9517.7 19038.2 Yes 

10° 758.9 9379.3 19038.2 Yes 

20° 1491.64 8950.5 19038.2 Yes 

30° 2180.8 8245 19038.2 Yes 

40° 2804.5 7290.4 19038.2 Yes 

50° 3340.9 6128.4 19038.2 Yes 

60° 3777.1 4758.8 19038.2 Yes 

70° 4099.8 3250.9 19038.2 Yes 

80° 4296.1 1660.1 19038.2 Yes 

90° 4361.5 0 19038.2 - 
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expression [24,25]: 
 

 𝐴𝑐𝑜𝑖𝑙 = 𝜋 ⋅ (
𝐷𝑐𝑜𝑖𝑙

2

4
) = 3.14 ⋅ (

0.01822

4
) = 2.6 ∙ 10−4𝑚2 (23) 

 

Now let's substitute the values of the corresponding 

quantities into the formula (20):  
 

𝐿𝑐𝑜𝑖𝑙 = 3.77 ⋅ 10−4 ⋅
1002⋅2.6⋅10−4

0.03
≈ 0.0327 H ≈ 32.7 mH.  

 

For efficient and rapid heating of thin-walled 

magnetic stainless steel cores using an induction coil, it is 

important to select the optimal frequency [26]. This 

frequency is determined by the depth of current 

penetration into the material 𝛿 - the thickness of the layer 

in which the induced currents are concentrated and 

effectively converted into heat. It is calculated using the 

formula [27,28]: 
 

 𝛿 = √
2𝜌

𝜔𝜇
= √

2𝜌

2𝜋𝑓𝜇
= √

𝜌

𝜋𝑓𝜇
 (24) 

where 𝛿 is current penetration depth (m); 𝜌 is specific 

resistance of the material (Ohm·m); 𝑓 is frequency (Hz). 

For the most effective induction heating, the depth of 

current penetration must be less than the thickness of the 

core wall [29]. This will ensure maximum current 

concentration in the material and, as a result, the fastest 

heating. Therefore, considering the core thickness of 

0.3 mm, we will choose   𝛿 ≈ 0,15 mm. 

From expression (24) we obtain the formula for the 

optimal excitation frequency of the coil: 
 

 𝑓 =
𝜌

𝜋⋅𝜇⋅𝛿2 (25) 

 

For AISI 430 steel, let's take an average value of  

𝜌 ≈ 7.5 ⋅ 10−7 Ohm·m, then: 
 

𝑓 =
7.5⋅10−7

3.14⋅3.77⋅10−4⋅0.000152 = 28158 ≈ 28.16 𝑘𝐻𝑧. 

 

The total resistance of the coil at the optimum 

excitation frequency is [30,31]:
 

 𝑍𝑐𝑜𝑖𝑙 = √𝑅𝑐𝑜𝑖𝑙
2 + 𝑋𝐿𝑐𝑜𝑖𝑙

2 = √𝑅𝑐𝑜𝑖𝑙
2 + (2𝜋𝑓𝐿𝑐𝑜𝑖𝑙)2 = √2.042 + (2 ∙ 3.14 ∙ 28158 ∙ 32.7 ∙ 10−3)2 = 76.1 𝑂ℎ𝑚  (26)

 

and is practically equal to its reactive resistance, because 

𝑋𝐿𝑐𝑜𝑖𝑙
≫ 𝑅𝐿𝑐𝑜𝑖𝑙

. 

This means that the active power used to heat the coil 

wire will be minimal compared to the reactive power. 

High inductive resistance is normal for inductive loads 

and is the reason for using a resonant circuit. Therefore, to 

compensate for reactive power, we connect a capacitor in 

parallel to the coil, creating a parallel resonant circuit. The 

current consumed from the power source at resonance will 

be minimal, but the currents circulating between the 

inductance and capacitance inside the circuit will be 

maximal due to the resonance of the currents [32]. The 

high voltage of the resonant circuit will create a powerful 

magnetic field that will increase the efficiency of the 

induction heating of the core. 

The formula for calculating the resonance frequency 

is as follows: 
 

 𝑓р =
1

2𝜋√𝐿𝑐𝑜𝑖𝑙⋅𝐶
 (27) 

 

Given the condition that 𝑓 = 𝑓р, the capacitance of the 

capacitor is determined by the expression:
 

 С =
1

(2𝜋𝑓)2⋅𝐿𝑐𝑜𝑖𝑙
=

1

(2⋅3.14⋅28158)2⋅32.7⋅10−3 ≈ 9.78 ⋅ 10−10 = 978 𝑝𝐹. (28)

 

At the resonant frequency, the reactive resistances of 

inductance and capacitance are compensated, and the total 

resistance of the circuit is equal to its active resistance. 

Thus 𝑍0 = 𝑅𝑐𝑜𝑖𝑙 = 2 Ohm.   

To determine the required circuit current, we need to 

start from the power required to heat the core, which, 

according to the data given in [1], is 10 W. 

To calculate the supply voltage of the resonant circuit, 

we will use the expression for determining power: 
 

 𝑃0 = 𝐼2 ∙ 𝑅𝑐𝑜𝑖𝑙, (29) 
 

Where 𝐼 = √
𝑃0

𝑅𝑐𝑜𝑖𝑙
= √

10

2
≈ 2.23 𝐴.  

The significant current flowing through the conductor 

of the inductance coil will not cause its insulation to break 

down, as excess heat is effectively dissipated by the 

surface of the heat pipe. 

The supply voltage of the resonant circuit is 

determined by Ohm's law: 
 

 𝑈𝑝 =
𝑃0

𝐼
=

10

2.23
= 4.48 ≈ 4.5 V.  

 

However, considering the voltage drop across the 

open circuit control transistor (approximately 0.5 V), we 

can assume 𝑈𝑝 = 5 V. 

Based on the results of calculations in Multisim 14.3, 

a two-transistor control circuit for an induction heater of a 

heat pipe was modelled, consisting of a parallel resonant 

circuit calculated above. Due to the low supply voltage of 

the circuit, field-effect transistors with 5 V logic level 

control were selected. For simplicity of implementation, 

the circuit was excited by rectangular pulses from the 

generator. The oscillograms obtained at the resonance 

frequency (Fig. 4) showed the correct operation of the 
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induction heating system and the possibility of practical 

implementation of the control circuit powered by a power 

bank. 

Conclusions 

The paper presents a theoretical and computational 

study of a low-temperature wick heat pipe with induction 

heating of the core located inside it, which is designed for 

rapid heat transfer to the working fluid. A mathematical 

model of the heat balance was constructed, taking into 

account induction heating, the heat capacity of the 

elements, and heat transfer during free convection. The 

calculated maximum power of the heat pipe significantly 

exceeds the specified value (68.8 W in a vertical position 

versus 10 W in a horizontal position), which indicates a 

significant margin of safety and high stability of operation.  

The dependence of the heating time and maximum 

thermal power on the angle of inclination of the heat pipe 

has been determined. It has been shown that in a vertical 

position, heat transfer efficiency is maximised due to the 

optimal operation of the wick structure and natural 

circulation of the coolant. Normal pipe operation occurs at 

angles of inclination up to 70°. When the tube is tilted up 

to 80°, operability is maintained, but efficiency gradually 

decreases due to an increase in gravitational resistance to 

the movement of the working fluid. 

For reliable operation of the heat pipe at angles of 

inclination greater than 80°, it is necessary to use a wick 

with a smaller pore radius and higher capillary pressure, 

increase the number of mesh layers or their thickness, use 

a working fluid with a lower surface tension coefficient 

and greater ability to wet the surface instead of distilled 

water, and organise additional cooling in the condensation 

zone. 

The elements of the induction heating system and the 

parameters of the oscillating circuit have been calculated. 

The system has been simulated in Multisim 14. 

The results of calculations and modelling showed that 

the design of the heat pipe and the induction heating 

system of the coolant are effective and reliable. The 

proposed design has a significant safety margin and 

operates stably over a wide range of angles of inclination. 

The electrical part of the system, based on a parallel 

resonant circuit, ensures high heating efficiency with 

minimal power losses. These theoretical conclusions 

provide a reliable basis for moving on to the second part 

of the work, devoted to the creation of a test rig and 

experimental confirmation of the results obtained. 
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Дослідження ефективності теплопередачі гнітової теплової трубки з 

індукційним нагріванням осердя з магнітної нержавіючої сталі 
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Представлено результати математичного моделювання теплової трубки з індукційним нагрівом 

осердя, призначеної для ефективної передачі низькотемпературного теплового потоку робочій рідині в 

умовах обмежених габаритів. Розглянуто конструкцію, що включає тонкостінний корпус з міді, пористу 

гнітову структуру із сітки з немагнітної нержавіючої сталі та осердя з магнітної нержавіючої сталі, яке 

нагрівається за допомогою циліндричної індукційної котушки, розміщеної на корпусі над осердям. На 

основі фізичних моделей теплообміну розроблено математичний опис процесів, що враховує індукційне 

виділення тепла, теплоємність компонентів трубки та теплові втрати при вільній конвекції. Встановлено 

залежність динаміки нагріву та теплової ефективності від кута нахилу теплової трубки відносно вертикалі. 

Результати розрахунків показали, що при вертикальному розташуванні досягається максимальна 

ефективність, а зі збільшенням кута нахилу понад 60° спостерігається зростання гравітаційного опору руху 

рідини, що призводить до поступового зменшення теплопередачі. Показано, що при нахилах до 80° 

працездатність конструкції зберігається, однак для забезпечення стабільної роботи при ще більших кутах 

необхідні додаткові заходи: зменшення радіуса пор гнітової структури для підвищення капілярного тиску, 

збільшення товщини або кількості шарів сітки, а також підбір робочих рідин із більш сприятливими 

змочувальними властивостями. Подальші роботи спрямовані на експериментальну перевірку отриманих 

моделей та оптимізацію конструктивних параметрів для розширення діапазону робочих кутів нахилу. 

Ключові слова: теплова трубка, осердя, термічний опір, тепловий потік, теплопровідність, 

резонансний контур, частота. 
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