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1. Introduction 

Reducing heat emissions through the construction of buildings and struc-
tures, industrial equipment, heating networks and other facilities is the main goal 
of energy saving. Therefore, the production and use of thermal insulation materi-
als in thermal technologies and construction is an important component in ensur-
ing the sustainable development of society.  

One of the most promising technologies to produce porous structures is 
the use of fly ash thermal power station as the base material. The authors of 
(Chudnovsky 1962) explored the possibility of using as solid mineral filler to 
obtain porous structures solid wastewater and coal ash. Study Dehghan (2016) 
presents a novel thermal plasma melting technique for neutralizing and recycling 
municipal solid waste incinerator (MSWI) ash residues. MSWI ash residues were 
converted to water-quenched vitrified slag using plasma vitrification, which is 
environmentally benign. Slag is produced as a raw material in producing porous 
materials for architectural and decorative applications, eliminating the problem 
of its disposal (Koshlak & Pavlenko 2019). Propose to use fly ash and silicon 
dioxide in the production of autoclaved aerated concrete. However, in this work, 
as in all of the above, the aim was not to carry out comprehensive studies aimed 
at selecting the composition of the raw material mixture based on cheap raw ma-
terials (in our case, the technogenic waste – TPP ash). 

Thermophysical characteristics of porous thermal insulation materials are 
generally determined by the structure, size, type and shape of pores, as well as their 
relative arrangement in the material (Pavlenko & Koshlak 2019). The most im-
portant thermophysical properties of porous materials include three characteristics 
of heat transfer: thermal conductivity, thermal diffusivity and specific heat. 
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The thermal conductivity of materials depends on the following factors: 
1) the physical state and structure, which are determined by the phase state of the 

substance; degree of crystallization and crystal size; anisotropy of thermal 
conductivity of crystals and direction of heat flux; the volume of porosity of 
the material and the characteristics of the porous structure, 

2) the chemical composition and the presence of impurities, the latter especially 
affect the thermal conductivity of crystalline bodies, 

3) operating conditions depending on the temperature, pressure, humidity of the 
material. 

 
The most important of these characteristics is thermal conductivity. The 

thermal conductivity of porous materials with a constant composition of the solid 
phase depends on the porosity, type and characteristics of the porous structure. 

Also thermophysical characteristics of porous materials will vary de-
pending on the size and location of pores, chemical composition and molecular 
structure of the components, humidity. The specific heat of the materials depends 
on their nature and to a small extent on the volume of porosity. Average density 
is a value that is equal to the ratio of the mass of a substance to its volume, is 
measured in kg/m3. It should be noted that the average density of thermal insula-
tion materials is quite low compared to most building materials, because a con-
siderable volume is occupied by pores. The density of thermal insulation materi-
als used in construction ranges from 17 to 400 kg/m3, depending on their purpose. 

Humidity – adversely affects the thermophysical properties of thermal 
insulation products. As the moisture content of the insulating (and building) ma-
terials increases, their thermal conductivity dramatically increases. An important 
characteristic of a thermal insulation material is the sorption moisture, which is 
the equilibrium hygroscopic moisture of the material, at different temperatures 
and relative humidity. 

Water absorption (hygroscopicity) – (the ability of a material to absorb 
and retain moisture in the pores in direct contact with water) has a negative effect 
on the thermal conductivity of the material, because with increasing humidity the 
thermal conductivity increases. 

Temperature resistance is an important property of thermal insulation 
materials, especially when used to insulate industrial equipment operating at high 
temperatures. The application temperature of insulation materials should be 
slightly lower than their temperature resistance, since it is necessary to take into 
account destructive phenomena in products with prolonged heating (Muthtam-
ilselvan et al. 2010, Kahveci 2017). 



The Investigation of Thermophysical Characteristics… 539
 

Frost resistance – the ability of a material in a saturated state to withstand 
repeated alternation of freezing and thawing without signs of destruction. The 
longevity of the whole structure depends on this indicator. 

The mechanical properties of thermal insulation materials include 
strength (compression, bending, tensile, resistance to the formation of cracks). 

Strength – the property of materials to resist the destruction of external 
forces that cause deformation and internal stresses in the material. The strength 
of thermal insulation products depends on the structure, strength of their solid 
component (skeleton) and porosity. Solid material with small pores is more du-
rable than material with large uneven pores. 

2. Purpose of work and research methods 

Conducting a study of raw material mixture based on TPP Bursthyn ash 
to identify patterns of change in the thermophysical characteristics of porous ma-
terials. Thermal conductivity in porous material is due to various physical pro-
cesses that can be reduced to three types: conduction, convection, and radiation. 
Literature sources indicate that the dependence of thermal conductivity has the 
character of an exponential function (Nield & Bejan 2013). These dependencies 
are not sufficiently clear and expressive in nature, which makes it impossible to 
offer an analytical expression to describe this function, especially at large values 
of material density. In our experiments, the coefficient of thermal conductivity 
was determined in the dry state and in the state of sorption moisture, which did 
not exceed 20%. 

The thermal conductivity of porous insulation materials was investigated 
using an IT-λ-400 instrument. The test specimens of cylindrical shape with 
a thickness of 5 mm and a diameter of 15 mm were placed in the device and 
subjected to heating to 800°C. In this temperature range, the thermal conductivity 
of the material was determined according to the standard procedure outlined in 
the operating instructions of the device. 

The thermal conductivity of the samples was calculated by the formula: 

𝜆 ൌ
௛

ோೞ
 (1) 

where: 
 – thermal conductivity, h – sample thickness, RS – thermal resistance. 

 
To improve the measurement accuracy, the thermal conductivity of each 

sample was measured three times, followed by averaging. The measurement error 
was 4-5%. The experimental value of the thermal conductivity of the samples 
varied from 0.04 to 1.3 W/(mK). 
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Investigation of the compressive strength of the specimens. The compres-
sive strength of materials was determined by standard methods (Tarasov 2016). 
To determine the compressive strength, the cubes with rib sizes of 5 and 10 cm 
were cut. The samples were dried to constant weight at a temperature of  
105-110°C. Cubes tested on the press. The maximum effort obtained during the 
test was taken as the value of the destructive load, such as the compressive 
strength was in the range of 0.3-8.0 MPa. 

Water absorption. To determine the water absorption was made samples 
of dimensions 100×100 mm with a thickness of the product. The sample was 
dried to constant weight and immersed in water at 20°C, covered with a mesh and 
mounted on top of the sample and kept for twenty-four hours. For the first three 
hours, half the thickness of the specimen was under water, and then completely 
in water after all the time. After the experiment, the sample was wiped with 
a cloth, weighed on scales. Water absorption W, % was calculated by the formula: 

𝑊 ൌ
௠భି௠

௠
∙ 100  (2) 

where: 
m – dry sample mass, g; m1 – mass of water saturated with the sample, g. 

 
Water absorption in the experiments varied from 1 to 18%. 

3. Experimental research 

The experimental data were processed using the planned experiment 
method. As the objective function (Y, W/(mK)), thermal conductivity is accepted. 
The experiment was based on the program of the central composite rotatable plan 
of the second order of Box-Hunter (Pian 2016). The kernel of the plan is repre-
sented by the semicolon 25-1 (1 = Х1Х2Х3Х4Х5). Controlled factors are those in-
vestigated in the previous series of experiments. The selected factors satisfy the 
requirements of controllability, interdependence, uniqueness, which must be sat-
isfied by variational factors when planning the experiment. 16 experiments were 
implemented at the basic levels, supplemented by another 10 experiments at the 
star points (the magnitude of the star shoulder in our case is 2) and six experi-
ments at the center of the plan. The main levels, factor variation intervals, and 
boundaries of the study area were selected from previous experiments and based 
on information (Table 1). 

The feedback function is approximated by a second-order polynomial: 

𝑌 ൌ 𝑏଴ ൅ ∑ 𝑏௜ 𝑋௜ଵழ௜ழ௞ ൅ ∑ 𝑏௜ 𝑋ଶ௜ଵழ௜ழ௞ ൅ ∑ 𝑏௜,௟ 𝑋௜ଵழ௜,௟ழ௞ 𝑋௟  (3) 

where: 
k – number of independent variables. 
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Table 1. Basic levels, intervals of variation of factors and boundaries 

Factor Code 
Value 

Change 
interval 

-2 -1 0 +1 +2 Δ 
Ash content, 

part of weight 
Х1 0 30 60 90 120 30 

Clay content, 
part of weight 

Х2 0 20 40 60 80 20 

Water content, 
part of weight 

Х3 10 30 50 70 90 20 

Temperature, оС Х4 100 150 300 450 600 150 

Content Na2SO4, 
part of weight 

Х5 0 3 6 9 12 3 

 
The processing of the experimental results and the analysis of the regres-

sion model were performed using the “Experiment Planning” module of the Stat-
graphics 5.0 Plus statistical program. The significance of the coefficients of the 
model was determined with the help of the P-level and shown on a standardized 
Pareto graph (Fig. 1). The vertical line in Fig. 1 corresponds to 95% of the statis-
tical significance of the coefficients. According to Fig. 1, the coefficients for the 
linear terms of the regression equation for the ash, water and temperature contents 
are statistically significant. In this case, the coefficients for pair interactions are 
statistically insignificant and may not be taken into account when calculating the 
obtained model. 

 

 

Fig. 1. Significance of model coefficients (Pareto graph) 
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The regression equation, given the significance of the coefficients, is: 
Y1 = 0,978724 - 0,00966389ꞏX1 - 0,00824062ꞏX3 +          
+ 0,000705556ꞏX4 + 0,0000322917ꞏX2

1 + 0,0000664062ꞏX3
2  (4) 

The adequacy of the model of the studied process is confirmed by the 
high value (about 100%) of the coefficient of determination R2 = 99,44%, as well 
as the small value of the standard error of the estimate SE = 0,1598. 

As can be seen in many cases, the difference between these data is negli-
gible. Most of the experimental points are near the straight line. 

 

 

Fig. 2. Comparison of experimental (observed) and estimated (predicted) model data (2) 
 

Fig. 3. Surfaces of the influence of paired factors on thermal conductivity  
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Fig. 4. Surfaces of the influence of paired factors on the thermal conductivity  
of porous materials 

 
As can be seen from the three-dimensional cross sections of the hyper-
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decreases. This is consistent with our understanding of the influence of these fac-
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(Y2). As can be seen from the figures in Fig. 5 data, statistically significant are 
the coefficients for the linear terms of the regression equation for the water con-
tent (X3), clay (X2), ash (X1), temperature (X4) and interaction X3X4, X4X5. 

 

 

Fig. 5. Significance of model coefficients (Pareto graph) 
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The model was found to be adequate to the process under study (coeffi-
cient of determination R2 = 96.9%, standard error of estimate SE = 0.29). 

Figure 6 shows a comparison of experimental and predicted data. The dif-
ference between these data is small. 

 

 

Fig. 6. Comparison of experimental (observed) and estimated (predicted) model data (5) 
 
In Fig. 7 shows the surfaces of the influence of paired factors on the 

strength of porous materials based on the ash of a thermal power plant. 
 

 
a)                                                    b) 
 
 
 
 
 
 
c) 
 
                                                      c) 

Fig. 7. Surfaces of influence of factors on the strength of porous ash-based materials:  
a) Y2 = f(X1,X3); b) Y2 = f(X2,X3); с) Y2 = f(X1,X2) 
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The water absorption (Y3) of porous materials depends, first of all, on the 
presence of open porosity of the material. The conditions of the experiments did 
not change (Table 1). Water absorption was assessed by controlling the change 
in mass of the test samples of the porous materials. Water absorption in the ex-
periments varied from 1 to 18%. 

In Fig. 8, we can distinguish statistically significant coefficients for the 
terms of the regression equation for Y3: temperature (X4, X2

4), ash (X1), water 
(X3), clay (X2, X2

2) and interaction X1X4. 
 

 

Fig. 8. Significance of model coefficients (Pareto graph) 
 
The regression equation, given the significance of the coefficients, is: 
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a)                                                      b) 
 

 
 c)                                           d) 

Fig. 9. Surfaces of influence of factors on water absorption of porous materials based on 
ash of thermal power stations: a) Y3 = f(X1,X2); b) Y3 = f(X1,X4); c) Y3 = f(X3,X4);  
d) Y3 = f(X1,X2) 

 
From the graphs, for example, Figs. 7, 9, it follows that by increasing the 
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which is actually to be proved. 

4. Conclusions 

The results obtained give a qualitative and quantitative assessment of the 
components of the raw material mixture based on ash with structural indicators 
of materials. The very structure of the material affects the thermophysical char-
acteristics in a certain quantitative dimension. The proposed dependencies deter-
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and with the help of variables X1, X2, X3, X4, X5 it is possible to control the swell-
ing process to achieve optimal values of these thermophysical parameters. The re-
sults obtained suggest that the parameter Yi can be optimized by selecting the 
investigated factors. 

 
The project is supported by the program of the Minister of Science and Higher 
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Abstract 

Thermophysical characteristics of porous thermal insulation materials (PTM) are 
generally determined by the structure, size, type and shape of pores, as well as by their 
mutual arrangement in the material. Thermal conductivity is one of the most important 
among these characteristics, is caused by different physical processes and can be reduced 
to three types: conduction, convection and radiation. Literature sources imply that thermal 
conductivity dependence is represented as an exponential function. These dependencies fail 
to have a sufficiently clear and pronounced nature and do not allow developing an analytical 
expression to describe this function, especially at high values of material density. In our 
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experiments, the thermal conductivity coefficient was determined in the dry and sorption 
humidity states, not exceeding 20%. The thermal conductivity of porous thermal insulation 
materials was studied using an IT-λ-400 device. Cylindrical test specimens, 5 mm thick and 
15 mm in diameter, were placed in the device and heated to 800°C. Within this temperature 
range, the material thermal conductivity was determined according to the standard proce-
dure described in the device operating instructions. The observed data were processed using 
the designed experiment approach. Thermal conductivity is considered as the target function 
(Y, W/(m K)). The experiment was conducted according to the program of the central com-
posite rotatable second-order design by Box-Hunter. The factors, studied in the previous 
series of experiments, are considered as controllable ones. Variable factors shall meet these 
criteria during experiment design process. 16 experiments were conducted at basic levels 
and supplemented by another 10 experiments at star points. 

Keywords: 
porous thermal insulation materials, thermal conductivity, convection, radiation, 
Burshtyn TPP ash, Box-Hunter 

Badanie właściwości termofizycznych porowatych materiałów 
izolacyjnych na bazie popiołu TPP Burshtyn 

Streszczenie 

Właściwości termofizyczne porowatych materiałów termoizolacyjnych (PTM) 
są ogólnie określone przez strukturę, wielkość, rodzaj i kształt porów, a także przez ich 
wzajemne rozmieszczenie w materiale. Przewodność cieplna jest jedną z najważniejszych 
spośród tych cech, jest spowodowana różnymi procesami fizycznymi i może być zredu-
kowana do trzech rodzajów: przewodzenia, konwekcji i promieniowania. Źródła litera-
tury sugerują, że zależność przewodności cieplnej jest reprezentowana jako funkcja wy-
kładnicza. Zależności te nie mają wystarczająco wyraźnego charakteru i nie pozwalają na 
opracowanie analitycznego wyrażenia opisującego tę funkcję, szczególnie przy wysokich 
wartościach gęstości materiału. W naszych eksperymentach współczynnik przewodności 
cieplnej został określony w stanie suchym i wilgotności sorpcji, nie przekraczając 20%. 
Przewodność cieplną porowatych materiałów termoizolacyjnych badano za pomocą urzą-
dzenia IT-λ-400. Próbki cylindryczne o grubości 5 mm i średnicy 15 mm umieszczono 
w urządzeniu i ogrzano do 800°C. W tym zakresie temperatur przewodność cieplna ma-
teriału została określona zgodnie ze standardową procedurą opisaną w instrukcji obsługi 
urządzenia. Obserwowane dane zostały przetworzone przy użyciu zaprojektowanego po-
dejścia eksperymentalnego. Przewodność cieplna jest uwzględniana jako funkcja celu (Y, 
W/(m K)). Eksperyment przeprowadzono zgodnie z programem centralnego obrotowego 
kompozytowego projektu drugiego rzędu firmy Box-Hunter. Zmienne czynniki muszą 
spełniać te kryteria podczas procesu projektowania eksperymentu. Przeprowadzono 16 
eksperymentów na poziomach podstawowych i uzupełniono o kolejne 10 eksperymentów 
w punktach gwiazdowych. 

Słowa kluczowe: 
porowate materiały termoizolacyjne, przewodnictwo cieplne, konwekcja,  
promieniowanie, popiół Bursthyn TPP, Box-Hunter 
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