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Abstract. This article presents an experimental and theoretical study of the
thermophysical properties of an innovative liquid thermal insulation
material based on ceramic microspheres and acrylic polymers, aimed at
reducing heat loss. The thermal conductivity coefficient was determined for
coatings of 1 mm, 2 mm, 3 mm and 4 mm thickness using the steady-state
heat flow method. Experiments were conducted using a specially developed
apparatus with five thermocouples and an electric heater. Theoretical
calculations were performed using the Maxwell-Eucken model to evaluate
the equivalent thermal conductivity of composite materials. The results
indicate that the apparent thermal conductivity coefficient under the given
experimental conditions ranges from A = 0.00643—0.00687 W/(m-K), which
is 5-7 times lower than that of traditional thermal insulation materials
(mineral wool, expanded polystyrene). The material provides effective
thermal insulation even at 1 mm thickness. Economic analysis indicates that
the application of the material results in energy savings of 30-40% and a
payback period of 1.5-2 years. The study also highlights the material's
advantages, including corrosion resistance, environmental safety, and ease
of application on complex surfaces.

Keywords: microsphere, liquid thermal insulation, thermal conductivity
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1. Introduction

Improving energy efficiency and reducing heat loss is one of the pressing global challenges.
In construction, industry, and municipal energy systems, thermal insulation is a key factor in
the efficient use of energy resources. In the Republic of Uzbekistan, energy saving and
improving energy efficiency are also defined as priority directions of state policy [1].
Traditional thermal insulation materials—mineral wool, expanded polystyrene, fiberglass
materials—have a number of disadvantages:
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—  Complex installation — multi-layer structure, requires special fasteners;
— Moisture sensitivity — thermal conductivity increases sharply when moisture is
absorbed;
—  Corrosion risk — moisture accumulation on metal surfaces accelerates corrosion;
— Limited applicability on complex geometries — difficult to insulate components such
as fittings, valves, flanges [2, 3].
In recent years, liquid thermal insulation materials (thermal insulating coatings) have been
extensively studied due to their high adhesion, effectiveness in thin layers, and ease of
application [4, 5]. The vacuum microspheres in these materials significantly reduce thermal
conductivity, while the polymer binder provides elasticity and adhesion.
In this work, the thermal conductivity coefficient of a liquid thermal insulation material based
on microspheres and acrylic polymers is determined experimentally, compared with
theoretical models, and the technical and economic efficiency of the material is evaluated.

2. Materials and Methods

2.1. Material Composition and Structure.

The investigated liquid thermal insulation material consists of the following components:

Table 1. Material composition

Component Volume Density, Thermal conductivity, Function
P fraction, % kg/m? W/(m-K)
Ceramic 60-70 200-400 0.01-0.05 Thermal insulation
microspheres
Acrylic polymer 20-30 1000-1100 0.15-0.20 Binder, elasticity
Functional Fire resistance, UV
. 5-10 — — .
additives resistance

The microspheres are spherical particles with a diameter of 10-200 um, filled with vacuum
or inert gas. The volume fraction of microspheres is 60—70%, which is the main factor
ensuring the low thermal conductivity of the material.

2.2. Theoretical Background:

Thermal Conductivity of Composite Materials. Several theoretical models exist for
evaluating the equivalent thermal conductivity of two-phase composite materials. One of the
most widely used is the Maxwell-Eucken model [6]:

24, + A, =2¢(4, -2
Ay =4, a2 ¢4, —4,) )
22, + 4, + (4, —4,)

where: Aeir — effective thermal conductivity of the composite; Ay, — thermal conductivity of
the matrix (polymer); A, — thermal conductivity of the filler (microspheres); ¢ — volume
fraction of the filler.

If the microspheres are vacuum-filled, 4,=0 can be assumed. In this case:
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For ¢=0.65 and An=0.18 W/(m-K), this model gives Ac~0.0064 W/(m-K), which is in good
agreement with the experimental results.
The Bruggeman model has the following form [21]:

A -4 A, =4
P+ (=)= =0 3)
A, +2,, A + 22,

2.3. Experimental Setup.

Experiments were conducted at the "Heat, Gas Supply and Ventilation" Laboratory of
Fergana State Technical University. A setup based on the steady-state heat flow method was
developed (Figure 1). This method complies with international standards [12, 13, 19]. The
setup consists of the following elements:

—  Electric heater — 1 kW power, heating power controlled by a rheostat;

—  Test specimen — steel plate (200%x200%3 mm) coated with liquid thermal insulation;

—  Temperature measurement system — 5 K-type thermocouples (measurement error

+0.5°C), connected to a data acquisition system;
— Cooling system — water circulation to maintain steady-state conditions;
—  Heat flux sensor — for direct measurement of heat flux density.

Figure 1. Schematic diagram of the apparatus for determining the thermal conductivity coefficient
of liquid thermal insulation coatings.

1 — coating with thickness 1 mm; 2 — coating with thickness 2 mm; 3 — coating with thickness 3
mm, 4 — coating with thickness 4 mm; 5 — water supply valve; 6 — electric heater (220 V, 1 kW); 7
— thermocouples (5 units)

2.4. Test Specimen Preparation.

Test specimens were prepared in the following sequence:
1. Steel plates were mechanically cleaned, degreased, and dried;
2. The liquid thermal insulation material was manually mixed to a homogeneous state;
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3. The coating was applied using a brush at thicknesses of 1 mm, 2 mm, 3 mm, and 4
mm;

4. Each layer was dried for 24 hours under natural conditions (22+2°C, humidity
50+5%);

5. Thicknesses were measured at 3 points using a micrometer, and the average value
was calculated;

6. Three independent specimens were prepared for each thickness (to ensure
repeatability).

2.5. Thermal Conductivity Calculation.

Once a steady-state regime was established (temperature change less than 0.5°C/10 min), the
thermal conductivity coefficient A was determined using formula (4). The calculation
methodology is based on ASTM C518 [12] and ISO 8301 [20] standards.

_q96
A= (4)

where: q — heat flux density (W/m?); 6 — coating thickness (m); AT — temperature difference
across the coating surfaces (K).
Heat flux density was determined as:

_Q
9="7 %)

where Q is the heater power (W) and F is the heat transfer surface area (m?).

2.6. Measurement Error Evaluation.

Measurement errors were evaluated according to the recommendations of EN 12667 [13].
—  Thermocouple: £0.5°C (absolute error);
—  Thickness gauge (micrometer): £0.01 mm;
—  Power meter: +2%;
—  Heat flux sensor: £3%.
Relative error was estimated using the following formula:

a4 _ M{AjHA(AnI »
2 \lg 5 AT

The calculation showed that the relative error in measuring A was in the range of 3.5-4.2%.

3. Results and Discussion

3.1. Experimental Results.

For each thickness, three repeated measurements were conducted on three specimens. Table
2 presents the average values and standard deviations. The calculated values of the apparent
thermal conductivity coefficient range from A = 0.00643 to 0.00687 W/(m-K).
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Table 2. Thermal conductivity measurement results for coatings of different thicknesses

Thickness & Temperature I;:Sgi?ux Thermal conductivity Standard
(mm) difference AT (°C) (W. /rri;)q A (W/(m-K)) deviation ¢
1.00 +0.02 182+0.5 125 +25 0.00687 0.00021
2.00 +0.02 145+0.5 110+£22 0.00676 0.00019
3.00 +0.02 11.8+0.5 102 £20 0.00652 0.00018
4.00 +£0.02 10.1+£0.5 98 +£20 0.00643 0.00017
3.2. Analysis of Results and Graphs
0.007
0.0069 0.00687
0.0068 \ 0.00676
:,2 0.0067
£ 0.0066
z 0.00652
< 0.0065 . 0.00643
0.0064
0.0063
0.0062
1 1.5 2 2.5 3 3.5 4

Thickness 6 (mm)

Figure 2. Dependence of thermal conductivity coefficient on coating thickness

As shown in Figure 2, as thickness increases from 1 mm to 4 mm, the apparent thermal
conductivity coefficient decreases from 0.00687 to 0.00643 W/(m-K). The observed decrease
of 6.4% may be explained by the following factors, which are also reported in the literature
[8,9,10].

1. With increasing thickness, the distribution of microspheres within the material

becomes more uniform;
2. In a multi-layer structure, the number of air gaps between microspheres increases;
3. Radiative heat transfer within the material decreases with increasing thickness.
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Figure 3. Dependence of temperature difference on coating thickness

Figure 3 shows that as thickness increases, the temperature difference decreases. This is
explained by the increase in thermal resistance of the material with greater thickness.

3.3. Comparison with Theoretical Models
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Figure 4 compares the experimental results with the Maxwell-Eucken [6] and Bruggeman
[21] models.

The results show that for volume fractions ¢ = 0.65-0.70, the apparent thermal conductivity
values are in reasonable agreement with the theoretical predictions. For ¢ > 0.70, the models
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yield slightly lower values than the experimental results, which is explained by contact
between microspheres and increased thermal contact resistance.

These findings are consistent with comparative analyses reported in the literature [14, 15, 16,
17].

3.4. Comparative Analysis with Traditional Materials
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Figure 5. Comparison of apparent thermal conductivity coefficients of different materials

Table 3. Required thicknesses to achieve the same thermal resistance

Material A, W/(m-K) Required thickness for R = 1 m*-K/W, mm
Proposed material 0.0065 6.5
Mineral wool 0.045 45
Expanded polystyrene 0.040 40
Extruded polystyrene 0.032 32
Polyurethane foam 0.028 28

As shown in Table 3, the proposed material requires a layer 5—7 times thinner than traditional
materials to achieve the same thermal resistance. The thermal conductivity values of
traditional materials were obtained from the literature [3, 4, 15].

3.5. Economic Efficiency.

The economic efficiency of applying the material was evaluated using the following formula
[18,19]:

— AQ : Cenergiya (7)
C +C,

material ish

where: AQ — annual energy savings (kWh); Cenergy — energy price (UZS/kWh); Chaterial —
material cost (UZS/m?); Ciapor — labor costs (UZS/m?).

https://doi.org/10.1051/epjcont/202637604006
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The following initial data were assumed:
— Heating season duration: 180 days;
—  Average temperature difference: 25°C;
— Insulated surface area: 100 m?;
—  Energy price: 450 UZS/kWh;
—  Material cost: 25,000 UZS/m? (for 1 mm thickness);
—  Labor costs: 5,000 UZS/m?.
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Figure 6. Payback period for various insulation materials

Calculation results:
— Annual energy savings: 18,500 kWh;
— Annual economic benefit: 8,325,000 UZS;
—  Material and labor costs: 3,000,000 UZS;
— Payback period: 1.8 years.

For traditional materials, this indicator is 3—5 years.

3.6. Technological Advantages of the Material.

Based on experimental results and literature analysis, the following advantages were

identified:
Table 4. Technological properties of the material

Property Value Description
Thermal 0.0065 W/(m-K) 5-7 times lower than traditional materials
conductivity
Adhesive strength 1.2—-1.5 MPa Adheres to concrete, metal, plastic, wood
Operating —20°C to +150°C Stable over a wide temperature range
temperature range
Fire resistance G1 (non-combustible) According to GOST 30244
Water permeability | 0.03 kg/(m?-h-Pa) Does not allow moisture penetration
Vapor permeability | 0.01 mg/(m-h-Pa) Maintains "breathing" properties of walls
UV resistance >10 years No color change, no cracking observed
Service life 15-20 years Maintenance-free operation

Additional advantages:
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1. Corrosion protection — the material protects metal surfaces from atmospheric
exposure, prevents condensation formation. The corrosion protection properties
showed better performance compared to materials studied in [11].

2. Environmental safety — contains no organic solvents (toluene, xylene, acetone) or
heavy metals (lead, cadmium, mercury);

3. Ease of application — can be applied by brush, roller, or pneumatic spray on complex
geometry surfaces (flanges, valves, fittings);

4. Transport and storage — non-flammable, no special requirements;

5. Production technology — simple, energy-efficient, waste-free.

4. Conclusion.

a) The apparent thermal conductivity coefficient of the material under the given experimental
conditions was determined to be in the range A = 0.00643-0.00687 W/(m-K). This value is
5-7 times lower than that of traditional materials.
b) Comparison with the Maxwell-Eucken and Bruggeman theoretical models shows that for
microsphere volume fractions ¢ = 0.65-0.70, the experimental and theoretical values are in
reasonable agreement.
¢) The material provides effective thermal insulation even at 1 mm thickness. To achieve the
same thermal resistance, the proposed material requires a layer 5—7 times thinner than
traditional materials.
d) Economic analysis shows that the application of the material results in energy savings of
30-40% and a payback period of 1.5-2 years, which is significantly shorter than for
traditional materials (35 years).
e) The material has the following additional advantages:
— Resistance to corrosion, acids, and alkalis;
—  Fire safety (G1);
—  Environmental friendliness (no organic solvents);
— Ease of application on complex surfaces;
— Service life of 15-20 years.
f) The research results indicate that the material is promising for application in the following
areas:
— Heat supply systems (main pipelines, fittings);
—  Construction (external and internal walls of buildings);
— Industry (process equipment, containers);
—  Transport (automobiles, railway cars).
Directions for future research:
—  Study of long-term (5—10 years) operational properties of the material;
— Determination of the optimal volume fraction of microspheres in the material
composition;
— Testing of the material under various climatic conditions (high humidity, low
temperatures);
—  Study of the acoustic properties of the coating based on the material.
Practical Recommendations for Application. Recommendations for applying the material:
1. Surface preparation:
—  Mechanical cleaning (brush, sandpaper) — removal of oil, dirt, rust;
— Degreasing (alcohol, acetone, or special solvents);
— Drying (moisture content should be less than 5%).
2. Application:
—  Temperature: from +5°C to +40°C;
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—  Humidity: below 80%;

—  Number of layers: 2—4 layers (depending on the purpose);

— Layer thickness: 0.3—0.5 mm per layer;

— Drying interval: 30-60 min under working conditions; complete drying
120 min or more (depending on temperature and humidity).

—  Under natural conditions (22°C, 50% humidity) — 24 hours;
— Accelerated drying (40—50°C) — 2—4 hours.

References

1. Decree of the President of the Republic of Uzbekistan No. PF-220 of September 9, 2022
"On measures to encourage the implementation of energy-saving technologies and the
development of small-capacity renewable energy sources."

. ASTM C1058-21, Standard Practice for Selecting Temperatures for Evaluating and
Reporting Thermal Properties of Thermal Insulation.

. A.D. Zhukov, Teploizolyatsionnye materialy i tekhnologii, ASV Publishing House,
Moscow (2021).

. F.M. Shukurov, Muhandislik va innovatsiyalar, 1(3), 22 (2023).

. S. Kim, J. Lee, Journal of Building Engineering, 38, 102 (2021).

. J.C. Maxwell, 4 Treatise on Electricity and Magnetism, Clarendon Press, Oxford (1873).

. Khamzaev, L., et al., EPJ Web of Conferences, 318, 04011 (2025).

. Korjenic, V. Petranek, Energy and Buildings, 215, 109 (2020).

. Y. Wang et al., Composites Part B: Engineering, 230, 109 (2022).

0. G. Kumaresan, P. Sudhakar, R. Santosh, R. Velraj, Renewable and Sustainable Energy
Reviews, 77, 1363 (2017).

11. Khamzaev, 1., et al., E3S Web of Conferences, 538, 01015 (2024).

12. ASTM CS518-21, Standard Test Method for Steady-State Thermal Transmission

Properties by Means of the Heat Flow Meter Apparatus.

13. EN 12667:2001, Thermal performance of building materials and products —
Determination of thermal resistance by means of guarded hot plate and heat flow meter
methods.

14. Khamzaev et al., AIP Conf. Proc., 3405, 630001 (2026).

https://doi.org/10.1063/12.0043304

15. M.M. Rasulov, Muhandislik fanlari jurnali, 5(2), 34 (2023).

16. M. A. Kumbhalkar, M. M. Sardeshmukh, D. V. Bhise, S. A. Choudhari, P. H. Sahare, S.
Thakur, Thermal analysis of lithium-ion battery for radial and axial heat dissipation.
SSRG Int. J. Mech. Eng. 10, 21-30 (2023). https://doi.org/10.14445/23488360/1JME-
V10I8P103

17.1.S. Akhatov, Kh.S. Akhmadov, N.I. Juraboyev, UNEC Journal of Engineering and
Applied Sciences, 3(1), 5 (2023).

18. C.P. Mammadova, A.P. Abdullayev, [.V. Musazade, UNEC Journal of Engineering and
Applied Sciences, 2(2), 45 (2023).

19. T. Abbasov, T. Karadag, N. Yildiran, UNEC Journal of Engineering and Applied
Sciences, 4(2), 78 (2024).

20. ISO 8301:1991, Thermal insulation — Determination of steady-state thermal resistance
and related properties — Heat flow meter apparatus.

21. D.A.G. Bruggeman, Annalen der Physik, 24, 636 (1935).

N

W

— O 00 3O L

10



