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In this article presented results of measurements of heat conductivity coeffi-
cient of the porous material, obtained by melting industrial steel grade ‘Steel 
3’ in the range of temperatures from −140 to +400°C measured on ИT-λ-400 

installation. Comparison of the obtained results with data existing in scien-
tific literatures on porous steel became with various degrees of porosity, 

showed their good agreement. Heat conductivity of such porous samples un-
like well-known mechanisms (electronic and phonon) heat conductivity of 

metals. Heat transfer in this material is explained by mechanisms, which in-
clude transfer through solid pore walls and through gases being inside pore. 

Key words: mix of air–propane, supersonic jet, flame, steel, heat conductivi-
ty, pore, electron, and phonon. 

У статті наведено результати вимірювань коефіцієнта теплопровідности 

пористого матеріялу, одержаного при топленні промислової криці марки 

«Сталь 3» в діяпазоні температур від −140 до +400°С, виміряного на уста-
новці ИТ-λ-400. Порівняння одержаних результатів з наявними в науко-
вій літературі даними з пористої криці з різним ступенем пористости по-
казали їх добрий збіг. Теплопровідність таких пористих зразків відрізня-

 
Corresponding author: Eshkuvat U. Arzikulov 
E-mail: eshquvat@mail.ru 
 
Citation: E. U. Arzikulov, X. Xasanov, S. K. Eshmamatov, S. Q. Akhrorov, 
M. D. Toshboyev, Sh. J. Quvondiqov, and D. T. Bobonov, Heat Conductivity of the 

Material Obtained by Melting Steel on the Flame Supersonic Jet of Mix of Air–
Propane, Metallofiz. Noveishie Tekhnol., 44, No. 8: 1003–1012 (2022). DOI: 
10.15407/mfint.44.08.1003 

Metallophysics and Advanced Technologies  
Ìåòàëîôіç. íîâітні òåõíîë.  
Metallofiz. Noveishie Tekhnol.  
2022, vol. 44, No. 8, pp. 1003–1012 
https://doi.org/10.15407/mfint.44.08.1003 
Reprints available directly from the publisher 

 2022 G. V. Kurdyumov Institute for Metal Physics,  
National Academy of Sciences of Ukraine 

Published by license under  
the G. V. Kurdyumov Institute for Metal Physics–

N.A.S. of Ukraine Publishers imprint. 
Printed in Ukraine. 

https://doi.org/10.15407/mfint.44.08.1003
https://doi.org/10.15407/mfint.44.08.1003


1004 E. U. ARZIKULOV, X. XASANOV, S. K. ESHMAMATOV et al. 

ється від добре відомих механізмів (електронної та фононної) теплопро-
відности металів. Теплопередача в цьому матеріялі пояснюється механіз-
мами, які включають передачу через тверді стінки пор і через гази, що 

знаходяться всередині пор. 

Ключові слова: суміш повітря–пропан, надзвуковий струмінь, полум’я, 

криця, теплопровідність, пори, електрони та фонони. 
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1. INTRODUCTION 

In modern materials science, interest is gradually growing in obtaining 

new materials with predetermined properties and their application for 

solving various applied problems. Certain successes have been achieved 

in the technology of obtaining porous materials with unique physico-
chemical, mechanical, electrical, and magnetic properties. Although 

there are various natural porous materials in nature, in recent years, 
the interest of researchers around the world is riveted to the artificial 
synthesis of such materials by various methods [1]. There are many 

types of porous and foamy materials with properties not typical of con-
ventional materials, such as low density and high specific surface area 

[2]. These materials are used for the manufacture of lightweight struc-
tures, as biomaterials for medical orthopaedics, various filters, ther-
mal insulators, catalysts, heat carriers, electrodes, vibration and 

acoustic energy dampers, shock energy absorbers, etc. [3]. Porous mate-
rials with such properties are successfully used in various thermal in-
stallations as heat exchangers, heat transfer fluids for heat pipes [4]. 

2. EXPERIMENTAL DETAILS 

To study the temperature dependence of the thermal conductivity of 

the porous materials synthesized by melting steel on the flame super-
sonic jet of mix of air-propane based on industrial steel grade ‘Steel 3’, 

was used an IT-λ-400 device designed to measure the thermal conduc-
tivity of solid materials. The measurement technique and processing of 

their results are described in detail in [5]. With this measurement 

technique, the relative measurement error was 3–5%. 
 For the synthesis of a porous material based on industrial steel, a 

special furnace made of refractory bricks was used. For moulding, spe-
cial cylindrical shapes were made based on fine-grained graphite or 

from refractory bricks with a height of 3 mm and a diameter of 16 mm, 

which was firmly mounted on the focus of the burner flame. 
 After that, a special burner was installed in front of the furnace, so 

that the focus of the flame of the supersonic flow exactly coincided 



 HEAT CONDUCTIVITY OF THE MATERIAL 1005 

with the centre of the cylindrical shape. 
 After that, using a special nozzle creating a supersonic flow of gas-
es, a mixture of air and propane was ignited in a flame of which the 

temperature can reach up to 2300°С. (For melting steel, depending on 

the grade, a temperature in the range of 1550–1600°С is required). 

  
a b 

  
c d 

  
e f 

Fig. 1. Images of the surface topology obtained using a scanning electron mi-
croscope: a, b—the sample of initial steel before melting; c, d, e, f—images 

pores with differed resolution. 
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 After melting, the liquid steel flows into the mould and fills it. Af-
ter extinguishing the flame, the mould filled with liquid metal is 

cooled naturally to room temperature and then the shaped sample is 

taken out of the mould. At the same time, the synthesized samples had 

a porous structure (Fig. 1). Measurement of their porosity according to 

the standard technique showed 68% of the porosity of the samples ob-
tained. 
 To study the temperature dependence of the synthesized porous ma-
terial based on steel, samples were made with the form and geometric 

dimensions shown as in Fig. 2, b. For this, cylindrical shape samples 

 
 

a b 

Fig. 2. Scheme of heat flow propagation in the chosen method: 1—base, 2—
plate, 3—pin plate, 4—test sample, 5—rod (а); the requirement for the size 

(diameter) and the smoothness of the sample surface (b). 

  
a b 

Fig. 3. Images of the synthesized samples: immediately after demolding (a); 
after mechanical cutting with a diamond disc (b). 
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with dimensions h = 2 ± 0.1 mm and d = 15 ± 0.3 mm were made using a 

3D diamond cutting machine (Fig. 3). 
 To ensure good thermal contact between the elements of the cell and 

the test sample, the surface of the sample was polished to a level of 

±0.65 µm. 
 To reduce the harmful effect of the roughness of the contacting sur-
faces of the standard and the sample on the measurement accuracy, as 

well as to improve their thermal contact, a high-temperature paste was 

used. 

3. RESULTS AND DISCUSSION 

In Figure 4 presents the results of experiments on the temperature de-
pendence of the thermal conductivity coefficient of porous steel sam-
ples with different degrees of porosity (60 and 68%) synthesized by 

melting industrial steel grade ‘Steel 3’ in the flame of a supersonic 

flow of an air-propane mixture. In the same Figure, for comparison, 
the temperature dependences of the thermal conductivity coefficient 

of porous steel with different degrees of porosity obtained by other 

technologies are shown. Data taken from [3]. 
 As can be seen from Figure 4 the thermal conductivity coefficients 

of the porous steel samples synthesized by us with a porosity of 60 and 

68% are less than 1.3 and 2.6 times in comparison with the thermal 

 

Fig. 4. Temperature dependences of the thermal conductivity coefficient of 

the synthesized samples with porosity of 60% and 68% and the initial steel. 
Here are the published data [3] of the temperature dependence of steel grade 

‘Steel 3’. 
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conductivity coefficient of the initial ‘Steel 3’ steel sample, respective-
ly. In addition, the curves of the temperature dependences in the in-
vestigated temperature region of the porous samples synthesized by 

melting steel on the flame supersonic jet of mix of air–propane and the 

porous samples synthesized by other technologies is described by dif-
ferent dependences. So, for example, the temperature dependence of a 

steel sample with 48% porosity obtained by hot pressing can be ap-
proximated by a functional dependence of the form Q(t) = 26.33 − 

− 0.0213t + 1.275⋅10−0.5t2, while those for the porous samples synthe-
sized by melting steel on the flame supersonic jet of mix of air-propane 

are approximated dependence of the form Q(t) = 0.0403t + 

+ 1.7972⋅10−0.5t2. It should be noted that there is some similarity in the 

general form of these dependences, and this, in turn, shows the simi-
larity of the mechanisms of thermal conductivity and temperature de-
pendences of the thermal conductivity coefficients of the above sam-
ples. The difference in the thermal conductivity coefficient of a porous 

sample synthesized in a supersonic flame of an air-propane mixture 

with a porosity of 60% compared to porous steel with the same porosi-
ty, but synthesized by other methods, turned out to be about 1.33 

times less. 
 To explain the obtained results, it is necessary to take into account 

the dependence of the thermal conductivity of materials on the follow-
ing important thermodynamic and acoustic properties, such as: tem-
perature conductivity, heat capacity, density, speed of sound propaga-
tion. The effective coefficient of thermal conductivity of materials can 

be calculated using the above parameters. 
 Predicting the thermal conductivity of porous materials, even after 

many theoretical simplifications, is a difficult and sometimes impossi-
ble problem. The thermal conductivity of porous materials mainly de-
pends on the pore structure (opening or closing of the cell), their geo-
metric configuration (spherical, cylindrical, etc.), the relative orienta-
tion of the pores, location and distribution, pore size, type of crack, 
etc. and therefore theoretical modelling heat transfer processes and 

predicting is a very difficult problem. 
 It is known that the process of heat transfer in solids mainly depends 

on their crystal structure, electrical and magnetic properties and is 

transmitted mainly by phonons and free electrons [13]. The thermal 
conductivity of porous materials is transmitted by three mechanisms: 
electronic and phonon, along solid matrix (pore walls) [6–10], convec-
tive, through gases filling the pores [11, 12], and radiant mechanisms 

[14–17]. The thermal conductivity of metals is well explained using of 

the classical electronic theory [13, 18]. The observed discrepancy be-
tween theory and experiments was eliminated using the Fermi–Dirac 

quantum statistics for an electron gas [19]. From the beginning, for 

the theoretical description of the thermal conductivity of such materi-
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als, a model was applied, according to which these materials consist of 

hard spheres with the same radii filled with gas, and with this approx-
imation, expressions were obtained for calculating their thermal con-
ductivity coefficient [24]. With the further development of the theory, 

based on a number of theoretical approximations, expressions were ob-
tained, the calculation results for which are close to the experimental 
results [20–23]. It should be noted that there is no complete theory de-
scribing the mechanisms of thermal conductivity of porous materials. 
 The processes of heat transfer and thermal conductivity of porous 

samples synthesized in a flame of a supersonic air–propane (or air–
methane) mixture are complex phenomena due to the presence in its 

volume of heterogeneous phases: gas-filled spherical regions and solid 

crust covering these spherical regions. The lower values of the coeffi-
cient of thermal conductivity of porous steel in relation to the original 
metal steel is associated with a large difference in the coefficients of 

thermal conductivity of metals and gases, as well as the process of heat 

transfer between them and the pressure of gases in the pores. These 

processes are associated with various structural parameters, such as 

density, pore size distribution, the possibility of connecting cells, open 

or closed cells, surface roughness etc., which are very difficult to 

measure accurately and generalize. 
 To explain the mechanisms of thermal conductivity of porous mate-
rials synthesized in a supersonic flame of an air–propane (or air–
methane) mixture is difficult due to the lack of comprehensive detailed 

 

Fig. 5. Pore size distribution on the surface of the synthesized sample. 
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studies to determine and control the degree of porosity, the shape and 

size of pores, as well as the pore volume distribution. In our opinion, 
the above parameters depend on the outlet pressure of the gas mixture, 

the ratio of the concentration (pressure) of the gas mixture in the flow, 

the temperature of the liquefied steel, the delay time of the steel in the 

liquid state, the cooling rate, etc. Concerning, it is of interest to study 

the pore size distribution to explain the thermal conductivity of the 

porous steel synthesized by melting steel on the flame supersonic jet of 

mix of air–propane. The pore size distribution on the surface of porous 

steel sample is shown in Fig. 5. These distributions were constructed 

by multiple measurements of the pore sizes of various samples and 

their averaging. 
 As can be seen from Figure 4 the pores on the surface of the sample 

are distributed in a complex manner. There are four maxima on the 

distribution, which lie in the range of pore sizes 0÷20, 80÷100, 
120÷140, and 80÷100 µm. The number of pores corresponding to the 

maxima is in the ratio 1:1.6:2.7:8. As mentioned above, the pore size 

plays a key role in the thermal conductivity of porous materials. If due 

to the pore size distribution of the investigated samples, it can be con-
cluded that in the process of heat transfer, the key role plays pores 

with sizes lying in the range of 1–140 µm. Based on the foregoing, it 

can be assumed that in the studied porous samples, heat is mainly 

transferred along solid walls of pores by electronic and phonon mecha-
nisms, and also through gases filling the pores, by convective mecha-
nism. 

4. CONCLUSIONS 

Based on the analysis state of art in thermal conductivity of porous 

materials and the experimental studies came to the following conclu-
sions: 
 – thermal conductivity coefficients of the porous steel samples syn-
thesized by melting steel on the flame supersonic jet of mix of air-
propane with a porosity of 60 and 68% are less than 1.3 and 2.6 times 

in comparison with the thermal conductivity coefficient of the initial 
‘Steel 3’ sample, respectively. In addition, the curves of the tempera-
ture dependencies in the investigated temperature region of the stud-
ied porous samples and the porous samples synthesized by other tech-
nologies are described by different dependencies. It should be noted 

that there is some similarity in the general form of these dependences, 
and this, in turn, shows the similarity of the mechanisms of thermal 
conductivity and temperature dependences of the thermal conductivi-
ty coefficients of the above samples; 
 – on base the pore size distribution of the investigated samples, it 

can be concluded that in the process of heat transfer to the investigated 
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samples the key role plays pores with sizes lying in the range of 1–140 

µm and it can be assumed that in the porous samples, heat is mainly 

transferred along solid walls of pores by electronic and phonon mecha-
nisms, and also through gases filling the pores, by convective mecha-
nism. 
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