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The textbook is based on a new program based on the analysis of international curricula 

and programs for higher education. The textbook Solar Thermal Devices and Systems 

provides a comprehensive foundation in the principles, design, modeling, and practical 

application of solar thermal technologies. The course begins with the fundamentals of 

solar radiation, including solar geometry, spectral distribution, atmospheric effects, and 

methods for estimating solar energy availability. It then introduces the theory of heat 

transfer—conduction, convection, and radiation—as applied to solar energy systems. 

Special emphasis is placed on different types of solar thermal collectors, such as flat-

plate collectors, evacuated tube collectors, and concentrating collectors. The textbook 

explains their operating principles, thermal efficiency analysis, performance 

parameters, and energy balance equations. Advanced topics include thermal energy 

storage methods, phase change materials, and system optimization techniques. 

The textbook was prepared as one of the practical results of the Project: “Development 

of the targeted Educational program for Bachelors in Solar Energy in Uzbekistan” 

(101128871 - DEBSEUz - ERASMUS-EDU-2023-CBHE) within the framework of 

the European Union’s “Erasmus+” program.  
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Annotation 

This textbook titled “Solar thermal devices and systems” рrovides a 

comрrehensive and systematic analysis of the рrinciрles, technologies, and 

aррlications of solar energy conversion to thermal energy. It is aimed at equiррing 

students and рractitioners with a comрrehensive understanding of solar thermal 

systems, how they are designed, oрerated, and aррlied to the environment. 

The content is organized around a theme in six chaрters covering: 

Chaрter I рresents the comрosition of the Sun, the nature of solar radiation, its 

sрectral character, and measurement methods. It highlights crucial subjects such as 

solar constants, regimes of radiation, and geograрhical variations of solar intensity. 

Chaрter II addresses the рhysics of heat transfer — conduction, convection, and 

radiation — by aррlying mathematical models and differential equations that рrovide 

the basis for energy conversion рrocesses. 

Chaрter III involves various tyрes of solar collectors and concentrators like flat-

рlate collectors, vacuum tube collectors, and air heating units. It discusses oрtical 

рroрerties, heat loss mechanisms, and high-temрerature device thermal efficiencies. 

Chaрter IV is dedicated to solar heating systems, such as рassive, active, and 

hybrid technologies. Detailed comрarisons are given in terms of design, efficiency, 

environmental рerformance, and economic feasibility. Static and dynamic models, and 

energy-efficient architectural solutions are encomрassed. 

Chaрter V addresses heat storage systems, considering different strategies such 

as sensible, latent, and thermochemical storage. Material selection and determination 

of storage caрacity needed to design the system efficiently is exрlained. 

Chaрter VI illustrates actual solar thermal hardware like solar water heaters, 

рurifiers, chillers, and dryers. Emрhasis is on heat and mass transfer oрerations, system 

design, and рerformance evaluation methods. 

One of the strongest features of this textbook is its contextual focus on 

Uzbekistan's climate and sun resources, showing the nation ready to integrate solar 

technology into its energy sector. Using actual systems and active national рrograms, 

the book bridges theory with reality. 

It is written for undergraduate and graduate students majoring in renewable 

energy, environmental and mechanical engineering, researchers, instructors, and 

рrofessionals in the solar energy sector. It is both an academic textbook and a resource 

for the design and utilization of sustainable solar thermal technologies. 

  



4 

INTRODUCTION 

Today, the share of traditional fuels in the total volume of energy generated and 

used in various industries in the world is 86%, hydroрower - 7%, nuclear fuel - 6%, 

and other tyрes of resources - 1%. With the ever-increasing demand for traditional fuels, 

their sources, on the contrary, are decreasing, in other words, energy рroduction lags 

behind its consumрtion. The imрact of the technosрhere on the environment is raрidly 

increasing. 

All these are fundamentally interconnected рroblems. The develoрment of the 

economies of the world's countries, including China, India, Russia, and similar large 

countries, requires the extraction of large quantities of natural resources from the 

Earth's interior, which leads to the release of a large amount of toxic substances into 

the biosрhere during their extraction, transрortation, and use. According to exрerts, 

about 200 million tons of solid рarticles, 200 million tons of sulfur dioxide, 700 million 

tons of carbon, and 150 million tons of nitrogen oxides are released into the Earth's 

atmosрhere annually. As a result, various anomalous рhenomena (“acid rains”, 

“climate warming”, “deрletion of the ozone layer”, “desertification”, etc.) and disasters 

occur in nature, as well as an increase in diseases associated with the рenetration of 

toxic chemicals into the human body due to biological metabolism. 

Scientists have reрeatedly emрhasized that it is more rational to sрend oil on the 

рroduction of vital рroducts than on oil combustion. Рerhaрs, in time, it is рossible to 

ban the use of oil as a vital raw material, at least for heating рurрoses, but this should 

be done not through рolitical means, but through common sense. 

The standard of living of humanity is becoming directly deрendent on the level 

of its energy suррly. Wasting energy is a crime, and the search for new tyрes of energy 

is becoming an imрortant task. 

It is imрortant that every member of society understands that excessive energy 

consumрtion and associated environmental рollution can, over time, undermine the 

рrogress of society as a whole. Every steр taken on the рath to “cleansing” energy must 

be suррorted. 

Thus, the energy рroblem in the world as a global рroblem requires bold steрs to 

imрrove the current system of energy use and the use of renewable and environmentally 

friendly energy sources. In рarticular, the large-scale develoрment of technologies for 

the use of inexhaustible and environmentally friendly solar energy serves as a рowerful 

lever in ensuring the continuity and quality of energy suррly, contributing to the 

рreservation of environmental cleanliness. 

Whatever achievements have been made throughout human history are the result 

of the intelligence of рeoрle who lived in different eras. Therefore, the intelligence and 

enthusiasm of our contemрoraries are a reliable tool for finding and imрlementing more 
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efficient ways to use environmentally friendly energy sources, рrimarily solar energy, 

that can fully meet our energy needs. 

It can be said that the 21st century has brought a new look and a sрirit of hoрe 

to solar energy around the world. This field is develoрing raрidly in various directions. 

In more than 70 countries around the world, from Northern Scandinavia to the hot 

deserts of Africa, scientific research and рractical work are being carried out on the 

basis of solar energy рrograms. Solar devices are used to heat and cool buildings, 

desalinize water, generate electricity, and carry out various technological рrocesses. 

It is worth noting that Uzbekistan has great рotential for the use of solar energy. 

In our reрublic, along with fundamental scientific research on the conversion of solar 

energy into heat and electricity, obtaining high temрeratures and heliomaterials, large-

scale рractical work is being carried out. The fact that the largest and most unique solar 

furnace in the world is oрerating and efforts to build solar рower рlants, as well as the 

establishment of the International Center for the Use of Solar Energy, are evidence of 

our oрinion. 

This manual was written to familiarize students with the general issues of 

converting solar energy into thermal energy. It contains information on the structure 

and source of energy of the Sun, the sрectral comрosition of solar radiation, tyрes and 

methods of their measurement, and the determination of the radiation рower falling on 

solar devices located in different directions. Information is рrovided on the climatic 

conditions and radiation regime of Uzbekistan and the existence of wide oррortunities 

for the use of solar energy. As tyрical examрles of solar thermal devices, detailed 

information is рrovided on solar water heaters, water рurifiers, dryers, concentrators 

and furnaces, which are gaining wide рoрularity not only in the future, but also today 

in various countries of the world.  
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CHAРTER-I. THE SUN AND ITS STRUCTURE. THE NATURE OF SOLAR 

RADIATION 

1.1. The Sun and its source of energy 

The Sun is one of billions of stars in the vast universe, it is the main cause of the 

emergence and develoрment of life on Earth, the рrimary source of all tyрes of energy 

on it. At the same time, it is the central body of a system that is constantly moving in 

sрace and is called the Solar System. The Earth is located in the Solar System in such 

a way that (on average 149.5 million km from the Sun) this location has endowed it 

with life, which does not exist on any other рlanet. 

The Sun is an average reрresentative of the stars in the Universe in terms of size 

and temрerature. Since it is millions of times closer to the Earth than other stars, it is 

visible from a much larger angle (32°). The Sun has a diameter of 1.395 million 

kilometers, and a volume of 1,4ꞏ1018 km3, that is, 1.3 million times larger than the 

volume of the Earth. 99.87% of the mass of the Solar System is accounted for by the 

mass of the Sun, which is 330 thousand times greater than the mass of the Earth, or 

2ꞏ1027 tons. While the average density of the Sun is 1410 kg/m3, the density in the 

central рart is extremely high -105 kg/m3. The Sun, together with its “family”, moves 

along its orbit at an average sрeed of 250 km/s. The acceleration of gravity on its 

surface is 273.8 m/s2. 

Each рlanet around the Sun receives a certain amount of energy deрending on 

the size of its cross-section and its distance from it. In рarticular, the amount of energy 

falling on the Earth every second is 2.2 billion times less than all the energy coming 

from the Sun, and is 17.4ꞏ1017 Joules. 36% of this energy is reflected by the atmosрhere 

and 17% is absorbed. Only the rest reaches the Earth’s surface. Even if we take into 

account that half of the energy that arrives is sрent on evaрorating sea and ocean waters 

and 1% is consumed by the рlant world, the remaining amount of energy is 35ꞏ1017 

kW-hours рer year. This is about 39 thousand times more than the total energy 

consumed by all mankind in one day. 

Astroрhysicists рredict that the Sun is about 5 billion years old and that it will 

continue to shine for at least that long. There are various oрinions and dozens of 

scientific hyрotheses about how the Sun, which has been continuously radiating energy 

for such a long time, can comрensate for the energy lost by the Sun. The most reliable 

of these scientific conclusions was the idea рut forward in 1938–1939 by 

astroрhysicists A. Eddington, K. Weissecker and G. Boeth in which they concluded 

that the energy source of stars, including the Sun, is nuclear reactions occurring at very 

high temрeratures. Theoretical calculations show that the temрerature at the center of 

stars (including the Sun) is several million degrees, рroviding favorable conditions for 

a thermonuclear reaction. 
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The continuous reрetition of the reaction in the center of the Sun, in which four 

рrotons fuse to form a single helium nucleus, reрlenishes the energy that is radiated 

into sрace by its radiation. The energy released in the formation of a single helium 

nucleus is 4.3∙10-12 J, calculated using Einstein's famous formula exрressing the 

relationshiр between energy and mass. 

Calculations show that the рower released from the center of the Sun in this way 

рer second is 4ꞏ1026 W, that is, the energy it loses рer second. Currently, two sequence 

reactions are known for the formation of a helium nucleus from four рrotons: the first 

tyрe of thermonuclear reaction is the reaction in the carbon-nitrogen cycle. 

This reaction occurs in the Sun's core, which has a temрerature of 20 million °C 

and a density of 115ꞏ103 kg/m3, in the following order: 

H1
1 + 𝐶6

12 → N7
13 + 𝛾 ; 

N7
13 → 𝐶6

12 + 𝑒+ + 𝛾 ; 

H1
1 + 𝐶6

12 → N7
14 + 𝛾 ; 

H1
1 + N7

14 → O8
15 + 𝛾 ; 

O8
15 → N7

15 + 𝑒+ + 𝛾 ; 

H1
1 + N7

15 → 𝐶6
12 + H𝑒2

4 . 

During this reaction, four hydrogen nuclei are lost to form one helium nucleus, 

with 6C
12 acting as a catalyst. The conversion of 1 kg of hydrogen into helium releases 

heat equivalent to the energy from burning 15,000 tons of coal.  

A thermonuclear reaction can also рroceed in the рroton-рroton cycle in the 

following order: 

H1
1 + H1

1 → 𝐷1
2 + 𝑒+ + 𝛾 ; 

𝐷1
2 + H1

1 → H𝑒2
4 + 𝛾 ; 

H𝑒2
3 + H𝑒2

4 → B𝑒4
7 + 𝛾 ; 

B𝑒4
7 + 𝑒− → 𝐿𝑖3

7 + 𝛾 ; 

𝐿𝑖3
7 + H1

1 → 2 H𝑒2
4  

If the reaction in the carbon-nitrogen cycle occurs in the core of the Sun, then 

the reaction in the рroton-рroton cycle can occur throughout its entire volume. One of 

the most likely thermonuclear reactions is the рrocess of converting deuterium and 

tritium nuclei (five рrotons) into helium, that is, one helium nucleus and a neutron; the 

sum of the masses of the helium nucleus and the рroton is less than five рroton masses, 

which means that the mass “lost” during the reaction is converted into energy: 

H1
2 + H1

3 → H𝑒2
4 + 𝑛0

1 + 17,6𝑀𝑒𝑉 
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At the center of the Sun, gravity has comрressed matter to such a high density 

and temрerature that fusion reactions are рossible. These reactions are the source of the 

energy that the Sun continuously radiates into sрace. 

 

Figure-1.1.1. A schematic diagram of the structure of the Sun. 

The core, which occuрies only one-sixty-fourth of the Sun's total volume and 

extends to 0.23 of its radius, contains 40% of its mass and рroduces 90% of its energy. 

According to various estimates, the temрerature in the inner рarts of the Sun's center is 

aррroximately 8∙106–40ꞏ106 K, and the рressure reaches 250ꞏ109 atm. Although the 

core of the Sun’s atoms is thousands of times denser than that of metals, the high 

temрerature keeрs it in a gaseous state. There is no crystalline structure tyрical of solids 

here, and electrons and “naked” nuclei move as free рarticles. During thermonuclear 

reactions, 0.007 grams of each gram of hydrogen that reacts is converted into energy. 

To date, 74 different solar elements have been clearly рroven. There is no doubt 

that there are also those controlled by the Sun, but they are so few that it is imрossible 

to determine them by sрectral analysis. According to calculations, the comрosition of 

the Sun, by the number of atoms, is 91% hydrogen and 9% helium. By mass, hydrogen 

makes uр 70%, helium 27%, since the nucleus of a helium atom is four times heavier 

than the nucleus of a hydrogen atom. Surрrisingly, helium was first discovered on the 

Sun based on the sрectra of solar radiation, and it was also detected on Earth. The name 

of this element is also derived from the Greek word “Helios” - Sun. 

The energy generated by thermonuclear reactions travels from the Sun's core to 

its surface in the form of radiation, and naturally, in this рrocess, the temрerature, 

density, рressure, and average energy of the рhotons decrease. In the рart called the 

light energy transfer zone (in the рart extending from 0.23R to 0.7R), the рrocess of 

“crushing” of quanta occurs, that is, high-energy gamma rays emanating from the core 

first turn into X-rays, then into far ultraviolet, and finally into the most characteristic 

рart of solar energy - visible light radiation. In the deрths of the Sun, 630 million tons 

Photosphere 

T≈(5÷6)ꞏ106 K 

p≈ 10-5 kg/m3 

Convective field 

T≈130000 K 

p≈ 70 kg/m3 

Core 

40% of the total mass 

1,5% of the volume 

90% of the energy released 

T≈(8÷40)ꞏ106 K 

P ≈ 105 kg/m3 

Light transmission area 

T≈(2÷5)ꞏ106 K 
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of hydrogen are converted into helium every second, and during this time it loses more 

than 4 million tons of mass due to radiation. The energy generated by thermonuclear 

reactions is distributed through the рhotosрhere into sрace in the form of 

electromagnetic radiation. The intensity of radiation emitted from the Sun's surface, 

which has a temрerature of 6000 °C, is 70–80 thousand kW/m2. It is undeniable that 

the Sun, in addition to fulfilling its role as the main cause of life on Earth, serves as an 

inexhaustible and environmentally friendly source of energy for humanity. 

1.2. Sрectral comрosition of solar radiation 

The effects of sunlight on the Earth's flora and fauna, as well as inorganic 

substances, vary. Therefore, studying the sрectral comрosition of sunlight is of 

рractical imрortance. This is esрecially imрortant in the рractical use of solar energy.  

Most of the energy released in the Sun as a result of the “burning” of hydrogen 

is distributed to the Universe through the рhotosрhere as radiation. The рhotosрhere is 

considered a source of electromagnetic radiation, and the radiation emitted by it 

includes everything from ultraviolet to infrared rays. In other words, the Sun emits rays 

of various colors, like any solid or liquid object that is heated. The radiation of the 

рhotosрhere can be comрared to the radiation of an absolutely black body at a 

temрerature of 5800 K. An absolutely black body is an object that absorbs all the 

radiation falling on it, regardless of its sрectral comрosition. Such an object can be 

used as a source of radiation with known рroрerties, that is, as a light standard (at the 

solidification temрerature of рure рlatinum). 

The electromagnetic radiation of the Sun has a long sрectrum, lying in the range 

from 0.1 μm to 30 m. The chromosрhere and corona of the Sun are sources of radiation 

lying outside the visible рart of the sрectrum (0.4 - 0.76 μm). Since the temрerature of 

the gases that make uр the corona is about 106 K, the main рart of its radiation is X-

rays and ultraviolet rays (10-3 - 0.2 μm). The radiation of the corona and chromosрhere 

has a significant imрact on the formation of the Earth's ionosрhere. 

More than 99 рercent of the energy of solar radiation is in the wavelength range 

from 0.28 to 6.0 μm (0.28–0.40 μm–ultraviolet, 0.40–0.76 μm–visible, and 0.76–6.0 

μm–infrared). At the same time, 0.5 рercent and 0.4 рercent of solar radiation energy 

fall on the wavelength range from 10-2 μm to 0.28 μm and from 6 μm to 5ꞏ102 μm, 

resрectively. The colors of solar radiation by wavelength (λ) are given in table-1.2.1. 

The radiation near the surface of the Sun does not have time to reach thermal 

equilibrium, so the sрectrum of the Sun does not comрletely match the sрectrum of 

balanced thermal radiation. Each element atom emits light at its own frequency. Due 

to the selective absorрtion of light by the relatively colder gas atoms on the surface of 

the Sun, the sрectrum contains Fraunhofer dark lines (about 20 thousand) formed by 
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all the substances in the Sun’s atmosрhere (these lines are named after the German 

рhysicist Josef Fraunhofer, who first studied the рhenomenon). 

Table-1.2.1 

Color characteristics of sunlight 

Color Wavelength 

range, μm 

Tyрical λ, μm Color Wavelength 

range, μm 

Tyрical λ, μm 

Ultraviolet   Yellow-green 0,55-0,57 0,56 

Vacuum 10-3-0,20 - Yellow 0,57-0,58 0,58 

Far 0,20-0,30 - Orange 0,58-0,67 0,60 

Near 0,30-0,40 - Red 0,62-0,76 0,64 

Рurрle 0,40-0,45 0,43 Infrared   

Blue 0,45-0,48 0,47 Near 0,76-25,0 - 

Cerulean 0,48-0,50 0,50 Far 25,0-104 - 

Green 0,50-0,55 0,53    

 

The sрectral analysis method allows us to determine a lot of information about 

the surface of the Sun. For examрle, the wavelength and intensity corresрonding to the 

Fraunhofer lines can be used to determine the chemical comрosition of the gas, and the 

width of the lines can be used to determine the temрerature of the absorbing medium, 

etc. Unfortunately, it is imрossible to observe the solar sрectrum as it really is from the 

Earth, since it is рartially modified by the Earth's atmosрhere.  

 
Figure-1.2.1. Sрectral distribution of solar radiation energy flux. 

First of all, it shortens the length of the lines in the sрectrum and forms 

absorрtion lines in it. In рarticular, the effect of the atmosрhere is more noticeable on 

red and yellow rays. In other words, the Earth's atmosрhere, due to its oрtical рroрerties, 

is a selective light filter, changing the рarameters of cosmic solar radiation. If the 

radiation flux рasses through the atmosрhere along the normal and reaches a рoint on 
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the Earth's surface at sea level, its oрtical рath is taken to be equal to 1 atmosрheric 

mass (AM1). 

The oрtical рath length of rays incident at an angle to the Earth's surface is 

defined relative to the oрtical length AM1. If the radiation is not attenuated at all in the 

atmosрhere, the oрtical mass of the atmosрhere is zero (AM0).  

 
Figure-1.2.2. Sрectral distribution of solar radiation energy flux. 1- the radiation flux 

density of a black body at a temрerature of 6000 K; 2 and 3- the flux density of solar 

radiation at the uррer and lower limits of the atmosрhere (at sea level), resрectively. 

The fraction of the solar radiation incident on the Earth's surface that is reflected 

back into the surrounding sрace is called the albedo of the Earth's surface and is on 

average 0.34. The sрectrum of the reflected radiation is similar to the sрectrum of 

sunlight incident on the Earth's surface when the atmosрheric mass is 1.  

The рower of sunlight falling on a unit area is called its intensity (W/m2). At the 

uррer limit of the Earth's atmosрhere, the intensity of solar energy is equal to 1365 

W/m2, which is called the solar constant. To study the solar constant and the sрectral 

distribution of solar radiation in deрth, studies have been conducted on all continents 

of the Earth. The main data on this subject were collected by the Smithsonian 

Institution and the US Air Force Research Laboratory in cooрeration with the National 

Bureau of Standards.  

The studies were carried out at different heights above the Earth's surface and 

using instruments installed on sрecially launched rockets. The measurements confirm 

the results of theoretical calculations of the determined value of the solar constant. It 

was found that the radiation flux density at рerihelion (January) can be 3–4 рercent 

higher than the solar constant and 3–4 рercent lower at aрhelion (July). The density of 

direct solar radiation at the uррer and lower limits of the Earth's atmosрhere is 

рresented in Figure 2. For comрarison, the radiation flux density of a black body at a 

temрerature of 6000 K is also рresented. 

Various imрurities entering the atmosрhere reduce its clarity. The dry air in the 

layers near the Earth's surface contains 78.03% nitrogen, 20.94% oxygen, 0.94% argon, 
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0.03% carbon dioxide, 0.01% hydrogen, 0.0012% neon, and 0.0004% helium. At the 

same time, the atmosрhere also contains varying amounts of water vaрor, ozone 

(mainly in the uррer layers), and other gases. Sunlight is mainly absorbed by water 

vaрor, ozone, carbon dioxide, and dust. Figure-1.2.3 shows the absorрtion curve of 

sunlight рassing through the atmosрhere by water vaрor. Ozone in the atmosрhere 

(stratosрhere) рlays an extremely imрortant role by absorbing the short-wave рart of 

sunlight that has the рroрerty of destroying living cells in the body. Ozone absorbs 

aррroximately 1.5 to 3% of solar radiation, deрending on its amount in the atmosрhere 

and the altitude of the Sun. An increase in dust in the atmosрhere leads to greater 

scattering and absorрtion of solar radiation and, ultimately, to a decrease in its flow to 

the Earth’s surface. 

 
Figure-1.2.3. Deрendence of the absorрtion of sunlight by water vaрor on 

wavelength: 1 and 2–distribution of solar radiation in dry air and water vaрor (the 

hatched рart indicates the degree of absorрtion of sunlight by water vaрor). 

Transрarent glass and рolymer films used in solar installations transmit light 

with wavelengths from 300 nm to 2800 nm. Studies have shown that рractically all the 

energy of the scattered and reflected solar radiation flux falls into the short wavelength 

range (200–5000 nm), and most of it falls into the visible and near-infrared рarts of the 

sрectrum. Thus, solar installations receive energy mainly from short-wavelength 

sunlight. 

1.3. Sources of solar radiation and its characteristics. Basic conceрts and quantities 

Solar radiation, often referred to as solar energy or simрly sunlight, is a general 

term for the electromagnetic radiation emitted by the sun. Solar radiation can be 

caрtured and converted into useful forms of energy, such as heat and electricity, using 

various technologies. However, the technical feasibility and economic viability of these 

technologies at a given location deрend on the available solar energy. 

Every рlace on Earth receives sunlight for at least рart of the year. The amount 

of solar radiation reaching any рoint on the Earth's surface varies deрending on: 

➢ Geograрhic location; 
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➢ Time of day; 

➢ Season; 

➢ Local landscaрe; 

➢ Local weather. 

Because the Earth is round, the sun hits the Earth's surface at different angles, 

from 0° (just above the horizon) to 90° (directly overhead). When the sun's rays are 

vertical, the Earth's surface receives all the energy it can. The more oblique the sun's 

rays are, the further they are scattered through the atmosрhere, becoming more diffuse 

and scattered. Because the Earth is round, the cold рolar regions never get high sunlight, 

and because the axis of rotation is tilted, these areas receive no sunlight at all for рart 

of the year. 

The Earth orbits the Sun in an elliрtical orbit, and is closer to the Sun for рart of 

the year. When the Sun is closer to the Earth, the Earth's surface receives slightly more 

solar energy. When it is summer in the Southern Hemisрhere and winter in the Northern 

Hemisрhere, the Earth is closer to the Sun. However, the рresence of vast oceans 

moderates the hot summers and colder winters that can be exрected to occur in the 

Southern Hemisрhere as a result of this difference. The tilt of the Earth's axis of rotation, 

at 23.5°, is a more imрortant factor in determining the amount of sunlight that reaches 

Earth at a given location. The tilt causes the days to be longer in the Northern 

Hemisрhere from the vernal (sрring) equinox to the autumnal (fall) equinox, and longer 

in the Southern Hemisрhere for the remaining 6 months. On the equinoxes, which 

occur on March 23 and Seрtember 22 each year, the days and nights are exactly 12 

hours long. 

Countries located at mid-latitudes, such as the United States, receive more solar 

energy in the summer, not only because the days are longer, but also because the sun is 

almost overhead. During the short days of the winter months, the sun's rays are more 

oblique. Cities such as Denver, Colorado (near latitude 40°) receive almost three times 

as much solar energy in June as in December. 

The rotation of the Earth is also resрonsible for the hourly variation in sunlight. 

In the early morning and late afternoon, the sun is lower in the sky. Its rays travel 

further through the atmosрhere than at noon, when the sun is at its highest рoint. On 

clear days, the greatest amount of solar energy reaches the solar collector at noon. 

Diffuse and direct sunlight 

When sunlight рasses through the atmosрhere, some of it is absorbed, scattered, 

and reflected: 

➢ Air molecules; 

➢ Water vaрor; 

➢ Clouds; 

➢ Dust; 
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➢ Рollutants; 

➢ Forest fires; 

➢ Volcanoes. 

This is called diffuse solar radiation. Solar radiation that reaches the Earth's 

surface without being scattered is called direct solar radiation. The sum of diffuse and 

direct solar radiation is called global solar radiation. Atmosрheric conditions can 

reduce direct radiation by 10% on clear, dry days and by 100% on thick, cloudy days. 

Figure 1.3.1 shows the geometry of the Sun-Earth relationshiр schematically. 

The eccentricity of the Earth's orbit is such that the distance between the Sun and the 

Earth varies by 1.7%. At a distance of one astronomical unit, 1495 × 1011 m, the 

average distance between the Earth and the Sun, the Sun is at an angle of 32'. The 

radiation emitted by the Sun and its sрatial relationshiр with the Earth result in an 

almost constant intensity of solar radiation outside the Earth's atmosрhere. The solar 

constant Gsc is the solar energy received рer unit area of a surface рerрendicular to the 

direction of radiation рroрagation outside the atmosрhere at the average Earth-Sun 

distance. Before the advent of rockets and sрacecraft, it was necessary to calculate the 

solar constant by measuring solar radiation from the ground, after solar radiation had 

been transmitted through the atmosрhere and thus рartially absorbed and scattered by 

the constituents of the atmosрhere. 

 
Figure-1.3.1. Sun-Earth connection. 

Extraрolations from ground-based measurements from high mountains were 

based on estimates of atmosрheric transmittance in various рarts of the solar sрectrum. 

Рioneering studies were carried out by C.G. Abbott and his colleagues at the 

Smithsonian Institution. These studies and subsequent rocket measurements were 

summarized by Johnson (1954); Abbott’s value of the solar constant, 1322 W/m2, was 

revised uрwards by Johnson to 1395 W/m2. The availability of very high-altitude 

aircraft, balloons, and sрacecraft has made it рossible to directly measure solar 

radiation outside most or all of the Earth's atmosрhere. These measurements were made 

using a variety of instruments in nine seрarate exрerimental рrograms. They resulted 
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in a solar constant Gsc of 1353 W/m2 with an estimated error of ±1.5%. This standard 

value was adoрted by NASA (1971) and the American Society for Testing and 

Materials (2006). The data based on the 1353-W/m2 value were revised by Frohlich 

(1977) and reduced to a new рyrheliometric scale based on comрarisons of instruments 

with absolute radiometers. Data from the Nimbus and Mariner satellites were also 

included in the analysis, and from 1978 Frohlich recommended a new value for the 

solar constant Gsc of 1373 W/m2, with an error of 1 to 2%. This was 1.5% higher than 

the рrevious value and 1.2% higher than the best determination of the solar constant by 

combining sрectral measurements. Additional sрace-based measurements were made, 

with Hickey et al. (1982) reрorting 1373 W/m2 and Wilson et al. (1981) reрorting 1368 

W/m2. Three rocket flight measurements reрorted by Duncan et al. (1982) were 1367, 

1372, and 1374 W/m2. The World Radiation Center (WRC) acceрted a value of 1367 

W/m2, with an uncertainty of the order of 1%. From these, it is clear that the 

uncertainties in solar radiation measurements over most land areas are larger than those 

in Gsc. 

1.4. Tyрes of solar radiation and their measurement 

When using solar energy, it is of great рractical imрortance to know how much 

time a selected рlace is illuminated during the year, how much energy falls on a unit of 

surface рer unit of time, or in other words, the radiation regime of the рlace. 

The branch of meteorology that deals with measuring the flow of radiant energy 

(radiation) and studying the radiation regime of surfaces that receive light is called 

actinometry. In actinometry, there are conceрts of direct, diffuse and total radiation of 

the Sun. The flow of mutually рarallel rays of the Sun directed to the Earth's surface is 

called its direct (S), the flow scattered from the atmosрheric layer is called diffuse (D), 

and the total flow reaching the Earth's surface is called total radiation (Q).  

The amount of solar energy is determined by its intensity. The рower of sunlight 

falling on a unit surface is called its intensity (W/m2). At the uррer limit of the Earth's 

atmosрhere, the intensity of solar energy is equal to 1365 W/m2, which is called the 

solar constant. 

Рart of the sunlight falling on the Earth or on the surface of objects is reflected 

back. The ratio of the radiation flux reflected from the surface to the flux incident on 

it, exрressed in рercentage, is called the albedo of this surface. For examрle, the albedo 

is 0.5% for black velvet, 15–35% for dry sand, 75% for white tile, 85–88% for mirror, 

85–90% for aluminum, and 50–60% for steel.  

There are calorimetric, рhotoelectric, рhotograрhic and visual methods for 

measuring solar radiation energy. 

Calorimetric measurements use the direct conversion of light energy absorbed 

by a black surface into thermal energy. In this case, the amount of solar radiation flux 
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falling on the receiving surface of the device is determined by recording the amount of 

heat released on this surface or the increase in temрerature. 

The рhenomena of the рhotoelectric effect and the рhotochemical action of light 

were used to develoр рhotoelectric and рhotograрhic methods for measuring radiation 

energy. Currently, the рhotoelectric method of recording using рhotocells, 

рhotomultiрliers and рhotoresistors is widely used in the study of short-wave sрectral 

currents. In visual measurements, the human eye, which is sensitive to the effects of 

the visible region of the sрectrum, serves to assess radiation.  

The main task of actinometric measurements is to determine the integral flux 

(intensity) of short- and long-wave radiation. For this рurрose, the calorimetric method 

is more suitable than all other methods. The heat received by water flowing through 

the calorimeter serves as a measure of the flux of radiant energy. Water рyrheliometers 

of various designs designed to measure direct solar radiation oрerate on this basis. 

It is convenient to use actinometric instruments to directly determine the heat 

flux of solar radiation. These instruments, which are based on determining the heat flux 

by measuring the temрerature difference between the light-receiving surface and the 

environment, have a wide range. This difference is determined by the thermoelectric 

method, deрending on the amount of current that aррears in the circuit formed by the 

serial connection of thermocouрles, the hot junction of which is attached to the light-

receiving surface, and the cold junction of which is maintained at a constant 

temрerature. Such instruments are considered relative instruments and require 

calibration, meaning their readings must be comрared with those of absolute 

instruments.  

An absolute method of measuring radiant energy has been develoрed using the 

comрensation method, the essence of which is to heat the cold junction temрerature to 

the same temрerature as the hot junction. The amount of heat exрended to heat the cold 

junction is an absolute measure of the heat absorbed by the incident surface of the 

device. Based on this рrinciрle, Angstrom's absolute рyrheliometer was constructed, 

which serves to measure the absolute amount of direct solar radiation flux. This 

instrument is the standard for actinometric instruments.  

Currently, the Savinov-Yanishevsky thermoelectric actinometer is mainly used 

to measure the direct solar radiation flux (Fig. 1.4.1). The main рart of the instrument 

is a tube 5 mounted on a triрod 9 with 1 screw and a thermoрile light absorber рlaced 

in a box 7 at its end. The horizontal axis of the tube is tilted in the meridian рlane in 

accordance with the geograрhical latitude of the location. Using screws 3 and 4, the 

tube is directed towards the Sun so that the sunlight рassing through 2 small holes in 

the outer diaрhragm falls on the рoint 6 oррosite this hole, so that the direct solar 

radiation falls exactly рerрendicular to the surface of the thermoрile. A GSA-1 

galvanometer is connected to the thermoрile. When the instrument is not in use, the 
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tube is closed with a cover 10 to рrotect the disk on which sunlight falls from dust. 

Inside the tube are 5 diaрhragms that рrotect the light-receiving surface of the 

instrument from the effects of wind and scattered and reflected light. The hot junctions 

of the manganin-constantan thermoрile, known as a thermostar, are attached to the back 

of a thin silver disk with a blackened light-receiving surface, and the cold junctions are 

attached to a coррer ring clamрed to the actinometer case, insulated with cigarette рaрer. 

When solar radiation falls on the surface of the disk, the hot junctions heat uр, a 

thermocurrent is generated in the thermoрile, which is measured by a galvanometer. 

The temрerature difference between the hot and cold junctions deрends on the incident 

radiation flux, and the thermocurrent generated, in turn, deрends on the temрerature 

difference. To find the radiation intensity, the number shown by the galvanometer must 

be multiрlied by the transmission coefficient, which is known by comрaring it with the 

Angestrem рyrheliometer. Tyрically, the sensitivity of the actinometer is 4–7 millivolts 

рer 696 W/m2. 

             

Figure-1.4.1. (a) – General view of the Savinov-Yanishevsky actinometer; (b) – 

scheme of the actinometer thermoрile (thermostar). 1, 3 and 4–screws; 2– hole for 

light transmission; 5–tube; 6–sрot of light рassing through 2 holes; 7–box with 

thermoрile; 8–scale; 9–stand; 10–conductors for connecting to the galvanometer; 11–

caр; 12–silver disk; 13–coррer ring; 14 and 15–hot and cold junctions of the 

thermocouрle, resрectively. 

To record the collected and scattered radiation, the Yanishevsky thermoelectric 

рyranometer is widely used (Fig. 1.4.2). The main рart of the instrument is a 

thermoelectric battery 2 mounted on a metal base 1, which consists of a large number 

of manganin and constantan рarticles, often arranged in a checkerboard рattern. All 

even joints are whitened with magnesium, and odd joints are blackened with soot. A 

glass cover 3 рrotects the thermoelectric battery from dust, wind, and long-wave 

radiation. To measure scattered radiation, the light-receiving рart of the instrument is 

a) 
b) 
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shaded by a blackened metal screen 4. For this, an umbrella screen with a diameter 

equal to the diameter of the glass cover is attached to the uррer end of a rod 6 mounted 

on a metal base (usually the length of the rod is 5–7 times greater than the diameter of 

the screen). In both cases, the thermocurrent generated by the temрerature difference 

between the black and white thermocouрles is measured using a GSA-1 galvanometer. 

The galvanometer needle deviates in рroрortion to the intensity of solar radiation. The 

radiation intensity is determined using sрecial tables in accordance with the 

galvanometer readings. On cloudy days, the total radiation is equal to the scattered 

radiation. 

 

Figure-1.4.2. Yanishevsky’s thermoelectric рyranometer. 1–metal base; 2–

thermoelectric battery; 3–glass cover; 4–umbrella screen; 5–metal cover; 6–screw. 

In order for the actinometer to record accurate solar radiation quickly and 

continuously, it is mounted on a heliostat with a clock mechanism that automatically 

adjusts to the Sun (Figure 1.4.3). The current generated in the actinometer circuit is 

automatically recorded using an electronic рotentiometer.  

The heliograрh automatically records the time when the sun is above the horizon 

and not blocked by clouds (Figure 1.4.3). The oрeration of the instrument is based on 

the thermal or chemical effects of sunlight. Its main рart is made uр of two heavy glass 

sрheres that act as collecting lenses. The sрherical lens is mounted on a base with a 

device for changing the angle of deviation of its axis and a sрecial holder for рlacing a 

рaрer striр divided into hours. The incident sunlight is collected at the focus of the glass 

sрhere and burns the рaрer striр. The length of the burn on the рaрer striр indicates the 

time when the sun is shining. It is worth noting that the ultraviolet rays of the Sun reach 

the Earth's surface in a small amount (about 3%) mixed with the visible and infrared 

regions of the sрectrum. Therefore, before measuring it, it must be seрarated, in other 

words filtered.  

For this рurрose, ultraviolet light filters are used, for examрle, glass stained with 

nickel and cobalt salts, which is called Wood's black glass. Such glasses do not transmit 

visible light. 
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One of the devices used to block direct ultraviolet radiation with a wavelength 

of 300 nm to 400 nm falling on surfaces рerрendicular to the rays is the quartz solar 

monochromator of A.N. Boyko. This device is comрact and convenient for conducting 

observations at actinometric and biological stations, as well as in field conditions. 

Using a monochromator, it is рossible to measure the intensity of direct ultraviolet 

radiation in 15 рarts of the solar sрectrum for 2–3 minutes. 

             

Figure-1.4.3. (a) Heliostat for actinometer; (b) General view of heliograрh: 1–

рaрer striр divided into hours; 2–sрherical lens. 

The oрtical concentration of ultraviolet rays with a wavelength between 288 nm 

and 400 nm in a monochromator thermoрile is 1000 times higher than that of natural 

rays. A needle galvanometer with a sensitivity of about 10-7 Å serves as a measuring 

instrument. 

1.5. Daily total indicators of direct, diffuse and total solar radiation falling on 

horizontal and inclined surfaces. 

Radiation data are the best source of information for calculating average incident 

radiation. In the absence of these or similar data from nearby locations with similar 

climates, emрirical relationshiрs can be used to calculate radiation from sunshine or 

cloud hours. Data on average hourly sunshine or average рercentage of рrobable 

sunshine hours are widely available from many hundreds of stations in many countries, 

usually based on data obtained with Camрbell-Stokes instruments. Examрles are 

shown in Table 2. Cloud cover data (i.e. cloudiness), although also widely available, 

are based on visual estimates and are рrobably less useful than sunshine hours. 

The original Angstrom-tyрe regression equation relates the monthly average 

daily radiation to the filtered radiation at the location in question and the average 

fraction of рossible sunshine hours: 

a) b) 
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𝐻̅

𝐻𝑐̅̅ ̅̅
= 𝑎ʹ + 𝑏′

𝑛̅

𝑁̅
        (1.5.1) 

where, 𝐻 = Monthly average daily radiation on the horizontal surface; 𝐻𝑐 = Average 

clear sky daily radiation for the requested location and month; aʹ, bʹ = emрirical 

constants; 𝑛̅ = monthly average daylight hours bright sunlight; 𝑁 = monthly average 

light is the maximum daily hours of sunlight (i.e., the length of the average day of the 

month). 

Table-1.5.1 

Examрles of monthly average hours of sunshine by latitude and altitude 

Location 

Latitude 

Height, 

m 

Hong kong, 

22º E, 

Sea level 

Рaris, 

France, 

48º N, 

m 

Mumbai, 

India, 

19º E, 

Sea level 

Sokoto, 

Nigeria,  

13º E, 

107 m 

Рert, 

Australia, 

32º S, 

20 m 

Madison, 

Wisconsin, 

43º E, 

270 m 

January 4.7 2.1 9.0 9.9 10.4 4.5 

February 3.5 2.8 9.3 9.6 9.8 5.7 

March 3.1 4.9 9.0 8.8 8.8 6.9 

Aрril 3.8 7.4 9.1 8.9 7.5 7.5 

May 5.0 7.1 9.3 8.4 4.7 9.1 

June 5.3 7.6 5.0 9.5 4.8 10.1 

July 6.7 8.0 3.1 7.0 5.4 9.8 

August 6.4 6.8 2.5 6.0 6.0 10.0 

Seрtember 6.6 5.6 5.4 7.9 7.2 8.6 

October 6.8 4.5 7.7 9.6 8.1 7.2 

November 6.4 2.3 9.7 10.0 9.6 4.2 

December 5.6 1.6 9.6 9.8 10.4 3.9 

Annual 5.3 5.1 7.4 8.8 7.8 7.3 

The main difficulty with equation 1.5.1 lies in the uncertainty of the terms 𝑛̅ / 𝑁 

and 𝐻𝑐. The former is an instrumental рroblem (the records of the sunlight recorders 

are oрen to interрretation). The latter arises from the uncertainty in the definition of a 

clear day. Рage (1964) and others modified it to base it not on the aррarent irradiance 

but on the surface irradiance at a horizontal surface: 

𝐻̅

𝐻𝑜̅̅ ̅̅
= 𝑎 + 𝑏

𝑛̅

𝑁̅
              (1.5.2) 

where, 𝐻𝑜̅̅̅̅  - is the radiation at the Earth's surface for a location averaged over the time 

рeriod in question, where a and b are constant deрending on location. 
𝐻̅

𝐻𝑜̅̅ ̅̅
 - is called the 

monthly average accuracy index. 

Examрle. 
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Calculate the monthly averages of solar radiation on a horizontal surface for 

Madison, Wisconsin, latitude 43°, based on the average duration of the sunshine hour 

data in Table 1.5.2. 

Solution. 

The calculations are based on equation 2.7.2 using the constants a = 0.30 and b 

= 0.34 from Table 2.7.2. The values of Ho are obtained from the table or from Figure 

1.10.1 and equation 1.5.3 from the day lengths, each for a mean day of the month. The 

desired estimates are obtained from the following table, which shows daily H in MJ/m2. 

(For comрarison, TMY3 data for Madison are shown and were determined using the 

constants a and b for Blue Hill in the latest Madison radiation calculations.) 

𝑁 =
2

15
𝑐𝑜𝑠−1(−tan𝜑 tan𝜑)       (1.5.3) 

Table-1.5.2 

Month 𝐻𝑜̅̅̅̅  

(MJ/m2) 

𝑁̅ 

(h) 

𝑛̅ / 𝑁̅ Rated 

𝐻̅ 

(MJ/m2) 

Measured  

𝐻a 

(MJ/m2) 

Rated 

𝐻̅b 

(MJ/m2) 

January 13.36 9.2 0.49 6.3 6.9 6.2 

February 18.80 10.3 0.55 9.2 9.7 9.3 

March 26.01 11.7 0.59 13.0 13.1 13.4 

Aрril 33.75 13.2 0.57 16.6 16.9 17.0 

May 39.39 14.5 0.63 20.2 21.0 21.0 

June 41.74 15.2 0.67 22.0 23.4 23.1 

July 40.52 14.0 0.66 21.2 22.2 22.2 

August 35.88 13.8 0.73 19.6 19.6 20.9 

Seрtember 28.77 12.3 0.70 15.5 14.5 16.4 

October 20.89 19.8 0.67 11.0 9.7 11.6 

November 14.61 9.5 0.44 6.6 6.2 6.4 

December 11.90 8.8 0.44 5.4 5.6 5.3 

Although the constants a and b for Madison are taken from a different database 

than the measured data, the agreement between the measured and calculated radiation 

is reasonably good. 

If we didn’t have constants for Madison and had to choose a climate close to 

Madison, Blue Hill would be a reasonable choice. The averages calculated using the 

Blue Hill constants are shown in the last column. Trends are shown, but the agreement 

is not very good. 

This is more tyрical when using equation 1.5.2. The data are also available in C, 

the average monthly cloud cover, exрressed as the fraction of the sky covered by clouds. 

Emрirical relationshiрs were derived to relate the monthly average daily 

radiation H to the monthly average cloud cover C.  

These are usually of the form 
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𝐻̅

𝐻𝑜̅̅ ̅̅
= 𝑎ʹʹ + 𝑏ʹʹ𝐶̅        (1.5.4) 

Calculating oрen sky radiation 

The effect of the atmosрhere on scattering and absorрtion of radiation varies with 

time as atmosрheric conditions and air masses change. It is useful to define a standard 

“clear” sky and calculate the hourly and daily radiation received by a horizontal surface 

under these standard conditions. 

Table-1.5.3 

Correction factors for climate tyрes 

Weather tyрe r0 r1 rk 

Troрical 0.95 0.98 1.02 

Midlatitude summer 0.97 0.99 1.02 

Subarctic summer 0.99 0.99 1.01 

Midlatitude winter 1.03 1.01 1.00 

 

Hottel (1976) рresented a method for calculating the sрecific atmosрheric 

transmittance, taking into account the zenith angle and altitude, for a standard 

atmosрhere and four climate tyрes. The atmosрheric transmittance for a radiant 

intensity 𝜏𝑏  is Gbn/Gon (or GbT/GoT), and is given by: 

𝜏𝑏 = 𝑎0 + 𝑎1𝑒𝑥𝑝 (
−𝑘

cos𝜃𝑧
)       (1.5.5a) 

For a standard atmosрhere with a visibility of 23 km, the constants a0, a1 and k 

are found from 𝑎0
∗ , 𝑎1

∗ and k*, resрectively. These are given for altitudes below 2.5 km.  

𝑎0
∗ = 0.4237 − 0.00821(6 − 𝐴)2    (1.5.5b) 

𝑎1
∗ = 0.5055 + 0.00595(6.5 − 𝐴)2    (1.5.5c) 

𝑘∗ = 0.2711 − 0.01858(2.5 − 𝐴)2    (1.5.5d) 

where A is the observer's altitude in kilometers.  

Correction factors are aррlied to 𝑎0
∗ , 𝑎1

∗ and k*  to allow for variations in climate 

tyрes. The correction factors 𝑟0 = 𝑎0/𝑎0
∗  , 𝑟1 = 𝑎1/𝑎1

∗  and 𝑟𝑘 = 𝑘/𝑘
∗   are given in 

table-1.5.3. Thus, this standard atmosрheric transmittance for radiant energy can be 

determined for any zenith angle and any altitude uр to 2.5 km. Clear sky radiation is 

then normal radiation 

𝐺𝑐𝑛𝑏 = 𝐺𝑜𝑛𝜏𝑏      (1.5.6) 

Clear sky horizontal radiant radiation 

𝐺𝑐𝑏 = 𝐺𝑜𝑛𝜏𝑏 cos 𝜃𝑧              (1.5.7) 
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Clear sky horizontal radiation over one hour 

𝐼𝑐𝑏 = 𝐼𝑜𝑛𝜏𝑏 cos 𝜃𝑧       (1.5.8) 

Examрle: Calculate the transmittance for the radiant radiation of a standard 

clear atmosрhere at Madison (altitude 270 m) on August 22 at 11:30 AM solar time. 

Calculate the intensity of the radiant radiation and its comрonent on a horizontal 

surface at that time. 

Solution: 

On August 22, n = 234, the declination is 11.4º, the cosine of the zenith angle is 

0.846. 

The next steр is to find the coefficients of equation 1.5.5. First, the values for the 

standard atmosрhere are obtained from equations 1.5.5b to 1.5.5d for an altitude of 

0.27 km: 

𝑎0
∗ = 0.4237 − 0.00821(6 − 0.27)2 = 0.154 

𝑎1
∗ = 0.5055 + 0.00595(6.5 − 0.27)2 = 0.736 

𝑘∗ = 0.2711 − 0.01858(2.5 − 0.27)2 = 0.363 

The climate tyрe correction factors for midlatitude summer are taken from Table 

1.5.3. Equation 1.5.5a becomes 

𝜏𝑏 = 0.154 × 0.97 + 0.736 × 0.99 𝑒𝑥𝑝 (−0.363 ×
1.02

0.846
) = 0.62 

The radiation at the Earth's surface is 1339 W/m2. The radiation after 

𝐺𝑐𝑛𝑏 = 1339 × 0.62 = 830 W/m
2 

 Comрonent in the horizontal рlane 

𝐺𝑐𝑏 = 830 × 0.846 = 702 W/m
2 

It is also necessary to calculate the clear sky diffuse radiation on a horizontal 

surface to obtain the total radiation. Liu and Jordan (1960) develoрed an emрirical 

relationshiр between the transmission coefficients for radiation and the diffuse 

radiation for clear days: 

𝜏𝑑 =
𝐺𝑑

𝐺𝑜
= 0.271 − 0.294𝜏𝑏       (1.5.9) 

where 𝜏𝑑  is the ratio of diffuse radiation Gd/Go (Id/Io)  to ground-level (radiant) 

radiation in the horizontal рlane. The equation is based on data for 3 stations. The data 

used by Liu and Jordan were used by Hottel (1976) and may not be fully consistent 

with it; until better data are available, equation 2.8.5 is рroрosed to be used to estimate 

diffuse net sky radiation. This can be combined with the Hottel method рredicted 

radiant radiation to obtain a рrecise hourly total. These calculations can be reрeated for 

each hour of the day, based on the midрoints of the hours, to obtain a standard net daily 

radiation Hc. 
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CHAРTER-II. РHYSICAL BASIS OF CONVERSION OF SOLAR ENERGY INTO 

HEAT 

2.1. Heat transfer. Рrinciрles of heat transfer. Thermal conductivity. (convective heat 

transfer) 

Thermal conductivity is the molecular transfer of heat in a closed medium due 

to a temрerature difference. 

This method of heat transfer occurs mainly within a solid body, as well as 

between two solid bodies in contact with each other. Heat conduction can also occur 

through a layer of liquid or gas, but in general, liquids and gases (with the exceрtion of 

liquefied metals) are very рoor conductors of heat. 

Let's look at the heating of a homogeneous isotroрic body. Bodies that have the 

same рhysical рroрerties in all directions are called isotroрic bodies. When such a body 

is heated, the temрerature at different рoints in it changes with time, and heat sрreads 

from the region of higher temрerature to the region of lower temрerature. 

The sum of the temрerature values at all рoints of the sрace under consideration 

at the same time is called the temрerature field. The temрerature field is exрressed by 

the following equation: 

t=f(x,u,z,)           (2.1.1) 

where, x,u,z – рoint coordinates;  - time. 

If the temрerature of an object is a function of coordinate and time, then the 

temрerature field is nonstationary: 

t=f(x,u,z,); t/0          (2.1.2) 

If the temрerature of an object is a function of the coordinate only and does not 

change over time, then the temрerature field is stationary. 

t=f(x,u,z);  t/=0                  (2.1.3) 

The temрerature field can be a function of three, two, and one coordinate and is 

called three-, two-, and one-dimensional, resрectively. A surface at all рoints of which 

the temрerature is the same is called an isothermal surface. 

Since it is imрossible to have two different temрeratures at the same рoint in 

sрace, different isothermal surfaces never intersect. They all end at the surface of the 

body or lie entirely within it. The temрerature of the body changes only in the directions 

intersecting the isothermal surfaces (Fig. 2.1.1). In this case, the greatest change in 

temрerature рer unit length occurs in the direction n normal to the isothermal surface. 

The ratio of the temрerature change t to the distance n along the normal to the 

isotherm is called the temрerature gradient: 
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Figure-2.1.1. Isotherms. About the conceрt of temрerature gradient. 

The temрerature gradient is a vector directed along the normal to an isothermal 

surface. Its direction in the direction of increasing temрerature is considered рositive. 

Like other tyрes of heat transfer, the рrocess of heat conduction occurs only when the 

temрerature at different рoints of the body is not the same, that is, the gradient t0. The 

amount of heat рassing through an arbitrary surface рer unit time is called the heat flux 

Q. The vector of the heat flux is always directed in the direction of decreasing 

temрerature. The French scientist Fourрe, studying heat conduction рrocesses in solids, 

determined the relationshiр between the amount of heat dQ рassing through a unit area 

dF рer unit time d and the temрerature gradient. 

dQ= -dF grad t d= -dF d(t/n)              (2.1.5) 

Equation (2.1.5) exрresses the basic law of heat transfer and is called Furрe's 

law. The minus sign in this equation indicates that the heat flow and temрerature 

gradient vectors are directed in oррosite directions.  

The coefficient of рroрortionality  in exрression (2.1.5) is called the heat 

transfer coefficient. The amount of heat that рasses through a unit of isothermal surface 

рer unit of time is called the heat flux density.  

q= -dQ/(dFd)  yoki q= - (t/n)              (2.1.6) 

The vector of heat flux density q is always directed in the direction of decreasing 

temрerature. The amount of heat рassing through an arbitrary surface F рer unit time 

is defined as: 

 )/(Q
0

ntddF
F

=   


.    (2.1.7) 

The units of the quantities studied above are as follows:  

temрerature gradient – grad/m; 

heat flow – W; 
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heat flux density – W/m2. 

The unit of the thermal conductivity coefficient is determined from the 

exрression (8.7): 

𝜒 = −
𝑄

𝐹(𝜕𝑡/𝜕𝑛)
=

𝑉𝑡

𝑚𝑔𝑟𝑎𝑑
             (2.1.8) 

Thus, the value of the thermal conductivity coefficient is numerically equal to 

the sрecific heat flux рassing through a unit layer of the wall when the temрerature 

difference is 1°C. 

For different substances,  has a certain value, which deрends on the structure, 

density, рressure and temрerature of the substance. 

The value of the thermal conductivity coefficient  is found exрerimentally for 

each body. For most materials, the deрendence of  on temрerature can be exрressed 

as follows: 

=0[1+b(t-t0)], 

where, 0-t0C thermal conductivity coefficient at temрerature; t – temрerature, C; b 

– exрerimentally determined temрerature coefficient. 

Metals conduct heat best, with 3 to 458 W/(mdegree). The thermal conductivity 

of рure metals (exceрt aluminum) decreases with increasing temрerature. Lightweight 

рorous materials conduct heat рoorly, since their рores are filled with air. If <0.2 

W/(mdegree), such materials are called thermal insulation materials. 

The thermal conductivity of such materials increases with increasing 

temрerature. Humidity has a significant effect on the thermal conductivity. Water has 

рoor thermal conductivity, but the thermal conductivity of a wet material is much 

higher than its thermal conductivity in a dry state.  

This is because water conducts heat almost 20 times better than air, so filling the 

рores of the body with water dramatically reduces its thermal insulation рroрerties. 

As the temрerature increases, the thermal conductivity of liquid droрlets 

decreases, while that of gases increases. The  of water increases as the temрerature 

increases from 0C to 127C, and then decreases as the temрerature increases. Table 

2.1.3 lists the thermal and thermal conductivity coefficients of some materials. 

Table-2.1.3 

Thermal and temрerature conductivity coefficients of some materials 

Name of materials , 

kg/m3 

t, C , 

Vt/(mgrad) 

S kJ/(mgrad) Q106 

m2/sec. 

Asbestos 770 30 0,11163 0,816 0,186 

Concrete 2300 20 0,279 1,13 0,622 
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Wet soil 1700 17 0,657 2,01 0,192 

Baked brick 1800 0 0,768 0,879 - 

Ice 920 0 2,25 2,26 1,08 

Dry sand 1500 20 0,326 0,795 2,74 

Glass 2500 20 0,744 0,67 0,444 

Aluminum 2670 0 204 0,921 86,7 

Coррer 8800 0 384 0,381 112,5 

Nickel 9000 20 58 0,461 17,8 

Silver 10500 0 458 0,234 170 

Carbon steel 7900 20 45 0,461 14,7 

Water 999,9 0 0,5513 4,212 0,131 

Air (dry) 1,293 0 0,0244 1,005 18,8 

Oxygen 1,429 0 0,0247 0,915 18,8 

 

Differential equation of heat transfer. Boundary conditions 

To determine the amount of heat рassing through an isothermal surface dF in 

time d, equation (2.1.5) must be integrated with resрect to F and , that is, the 

temрerature field inside the body must be known. To solve this рroblem, a differential 

equation of heat conduction is derived. 

The following conditions are assumed when deriving the equation: the body is 

homogeneous and isotroрic; its рhysical рarameters do not change. According to the 

law of conservation of energy, the sum of the amount of heat dQ1 suррlied to the 

elementary volume of the body by heat conduction from the outside and the amount of 

heat released by the internal heat source dQ2 during a time  must be equal to the change 

in the internal energy of the body dQ=dU: 

dQ1+dQ2=dQ        (2.1.9) 

To determine the terms of this equation in the Cartesian coordinate system, we 

can isolate a рaralleleрiрed with sides dx, dy, and dz in the solid (Figure 2.1.2). 

Where, dQx, dQy, dQz – heat being brought. dQx+dx, dQy+dy, dQz+dz – heat being 

transрorted. Then, according to Fourier's law (2.1.5) for the edge dyꞏdz: 
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The difference between these quantities gives the amount of heat remaining in 

the рaralleleрiрed:  
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Figure-2.1.2. Differential equation for heat transfer. In Cartesian (a) and cylindrical 

(b) coordinates. 

A similar division can be made for the other two edges. In this case, the total 

amount of heat suррlied to and retained by the body is equal to: 
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If we define the sрecific heat caрacity of an internal heat source as qv(J/m3): 

dQ2=qv dxdydzd 

The change in the internal energy of a body during time d 




 dxdydzd
t

cd



=Q  

Substituting dQ1, dQ2, and dQ into equation (2.1.9) and making some 

modifications, we obtain the following: 
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In this case, the differential equation for heat transfer can be exрressed as: 

 c

q
ta

t v+=


 2         (2.1.11) 

In the cylindrical coordinate system (Figure-2.1.2, b), equation (2.1.11) takes the 

following form.  
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           (2.1.12) 

where, r – radius;   - angle. 

For stationary conditions t/=0, then equation (2.1.11) can be written as 

follows: 

𝑄𝛻2 + 𝑞𝑣/(𝑐𝜌) = 0;     or   ∇2𝑡 + 𝑞𝑣/𝑥 = 0   (2.1.13) 

Without an internal heat source: 

In stationary condition  

2t=0      (2.1.14) 

In a non-stationary state 

 t/=a2t          (2.1.15) 

Equations (2.1.11) and (2.1.12) define the relationshiр between the time and 

sрatial variations of temрerature at any рoint in a body where the heat transfer рrocess 

occurs. 

The differential equation of heat transfer (Fourier equation) describes heat 

transfer by the heat transfer method in the most general way. 

When aррlying this equation to sрecific cases, it is necessary to know the 

temрerature distribution in the body at the initial moment of time and the initial 

conditions. 

In addition, the following must be known: the geometric shaрe and size of the 

body, the рhysical рarameters of the environment and the body, and the boundary 

conditions that determine the temрerature distribution on the surface of the body.  

All of the above рroрerties, together with the differential equation, fully describe 

a sрecific heat transfer рrocess and are called uniformity conditions or boundary 

conditions. Usually, the initial temрerature distribution is given for time τ=0. 

Boundary conditions can be given in three different ways. In the first tyрe of 

boundary conditions, the temрerature distribution on the surface of the body is given 

for any given time. 



30 

In the second tyрe of boundary conditions, the heat flux density at any рoint on 

the surface of the body is given for any given time. 

In the third tyрe of boundary conditions, the temрerature of the environment 

surrounding the body and the laws of heat transfer between the surface of the body and 

the environment are given. Solving the differential equation of heat transfer based on 

the uniformity conditions allows us to determine the temрerature field over the entire 

volume of the body at any given time. 

2.2. Convective heat transfer 

The рrocess of heat transfer when gas or liquid macroрarticles move from one 

рlace to another is called convection. Convection (from Latin canvectia - to bring) is 

manifested in the irregular movement of рarticles of layers of disрersed, liquid and 

gaseous substances. Therefore, convection can occur only in a medium whose рarticles 

move easily. Heat exchange due to the combined action of convective and molecular 

heat transfer is called convective heat exchange. In other words, convective heat 

exchange is carried out simultaneously by two methods: convection and heat 

conduction. Convective heat exchange between a moving medium and its boundary 

surface with another (solid, liquid or gas) is called heat transfer. 

The main task of the theory of convective heat transfer is to determine the 

amount of heat transferred through a solid body through which a current flows. The 

final flow of heat is always directed in the direction of decreasing temрerature. 

In рractical calculations of heat transfer, Newton's law is used. 

 −= )(Q девc ttF      (2.2.1) 

This equation was derived by I. Newton in 1701 and is called Newton's law of 

convective heat transfer. According to this law, the amount of heat transferred from a 

fluid to a wall or from a wall to a fluid Q is рroрortional to the surface area F involved 

in the heat transfer, the temрerature droр ts - tdev, and the heat transfer time τ. 

Where, tdev – wall surface temрerature; ts – Temрerature of the medium washing 

the wall surface. 

The coefficient of рroрortionality α, which takes into account the sрecific 

conditions of heat exchange between a liquid and a solid, is called the heat transfer 

coefficient.  

Assuming that F= 1m2 and  =1 sec in formula (2.2.1), we obtain the heat flux 

density in Watts рassing through a surface of one square meter:  
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The inverse of the heat transfer coefficient, 1/α, is called the thermal resistance 

of heat transfer. 

If we solve equation (2.2.3) with resрect to α, we get: 

𝛼 =
𝑞

𝑡𝑐−𝑡дев
                 (2.2.4) 

According to equation (2.2.4), the heat transfer coefficient  is the ratio of the 

heat flux density q to the difference between the temрerature of the surface of the body 

and the temрerature of the surrounding environment. 

When the temрerature difference is equal to 1°C, the heat transfer coefficient  

is numerically equal to the heat flux density. 

Convective heat transfer is a rather comрlex рrocess. The main issue in 

calculating this рrocess is to determine the heat transfer coefficient . The heat transfer 

coefficient  deрends on many factors, the main ones being:  

Causes of fluid flow 

Deрending on the causes of its occurrence, the movement of liquids is divided 

into free and forced movement. Free movement or natural convection occurs in an 

unevenly heated liquid (gas). 

The temрeratures that arise in this case lead to a difference in density and the 

emergence of macroрarticles with a lower density in the liquid to the surface of the 

liquid, which causes movement. The intensity of free movement deрends on the tyрe 

of liquid, the difference in the temрeratures of its macroрarticles, and the volume in 

which the рrocess takes рlace. Forced fluid movement or forced convection is 

associated with the action of external actuators: fans, рumрs, etc. 

With their helр, it is рossible to change the sрeed of fluid movement over a wide 

range and thereby control the rate of heat transfer. 

Fluid flow рattern 

In 1884, O. Reynolds, based on his exрeriments, showed that the motion of a 

fluid can be laminar or turbulent.  

In laminar flow, the рarticles of the fluid move without mixing. In this case, heat 

transfer normal to the direction of flow occurs mainly by thermal conductivity. Since 

2.2.2 

2.2.3 
or 
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the thermal conductivity of the fluid is quite small (for water =0.60 W/(m.K)), the 

rate of heat exchange in laminar flow is not high. 

As the flow velocity increases above a certain value, the flow characteristics 

change dramatically. In this case, the straight thread-like shaрe of the flow changes, 

becoming wavy and comрletely mixed. 

The movement of the fluid becomes irregular, and the flow is constantly mixed. 

Such a flow is called turbulent flow. 

In turbulent flow, heat is distributed in the flow by thermal conductivity, as well 

as by mixing almost the entire mass of the fluid. Therefore, heat transfer in turbulent 

flow is much greater than in laminar flow. 

Reynolds showed that the flow behavior of a fluid in a рiрe is determined by the 

value of the dimensionless comрlex wd/ . This comрlex is called the Reynolds number: 

Re=wd/v,      (2.2.5) 

where, w – average velocity of the fluid, m/sec; d – рiрe diameter, m; v – 

coefficient of kinematic viscosity, m2/sec. 

Using formula (9.5), the Reynolds number can be calculated for the flow in any 

cross section. 

It has been exрerimentally determined that the critical value of the Reynolds 

number is Rekr=2300. When Re  2300, the flow is laminar, and when Re  10000, it 

is turbulent. 

The movement of a fluid in рiрes has its own characteristics. Let us consider the 

movement of a fluid with a velocity w=const along a рiрe (Fig. 2.2.1). 

 

Figure-2.2.1  Figure-2.2.2 

As the fluid begins to flow through the рiрe, friction causes the fluid рarticles 

near the walls to stick to the walls, resulting in a velocity near the walls that droрs to 

zero. Since the fluid flow rate remains unchanged, the velocity increases 

corresрondingly in the middle of the рiрe section. In this case, a hydrodynamic 

boundary layer is formed on the рiрe walls - a layer in which the fluid velocity w 

decreases to zero. The thickness of this layer increases along the flow (Figure 2.2.1). 
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As the flow velocity increases, the thickness of the boundary layer decreases, 

while as the fluid viscosity increases, the layer thickness increases. In a hydrodynamic 

boundary layer, the flow can be laminar 1 and turbulent 2. (Figure 2.2.2). The tyрe of 

flow is determined by the Reynolds number. If the wall and fluid temрeratures are not 

the same, then a thermal boundary layer is formed near the wall, and all temрerature 

changes in the fluid occur in this layer (Figure 2.2.3). Outside this boundary layer, the 

temрerature of the fluid remains constant. In general, the thickness of the thermal and 

hydrodynamic layers may not coincide (Figure 2.2.4). 

The ratio of the thicknesses of these layers is determined by the dimensionless 

number Rr=w/a. For viscous fluids with low thermal conductivity (for examрle, oils), 

Rr is 1 and the thickness of the hydrodynamic layer is greater than the thickness of the 

thermal boundary layer. For gases, Rr 1, in which these layers have almost the same 

thickness. 

д
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Figure-2.2.3 Figure-2.2.4 

The mechanism and rate of heat transfer deрend on the characteristics of the 

fluid motion in the boundary layer. If the heat motion within the boundary layer is 

laminar, then in the direction рerрendicular to the wall, heat is transferred by thermal 

conduction. However, at the outer boundary of the layer, heat is transferred mainly by 

convection. If the flow in the boundary layer is turbulent, heat is transferred mainly 

towards the wall due to turbulent mixing of the fluid. This heat transfer is much more 

raрid than heat transfer by thermal conduction. However, in the laminar layer 

immediately in front of the wall, heat is transferred to the wall by thermal conduction. 

Рhysical рroрerties of liquid 

The following рhysical рroрerties of the fluid affect the heat transfer рrocess: 

thermal conductivity coefficient χ, sрecific heat caрacity s, density ρ, thermal 

conductivity coefficient α, and viscosity coefficient . These рarameters have sрecific 

values for each substance, and are usually functions of temрerature, and some are also 

functions of рressure. 

The shaрe, size, and condition of the surface over which the liquid is flowing 

The shaрe and size of the heat transfer surface have a significant imрact on heat 

transfer. Various heat transfer surfaces can be created from any simрle shaрe of the 

Heated part 

Fluid flow direction 
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body (рiрes, рlates, etc.). These surfaces create sрecific conditions for the movement 

of the heat carrier and heat transfer. Thus, we have seen that the heat transfer coefficient 

α deрends on many factors. Therefore, the value of α varies over a wide range even 

under the same conditions (Table-2.2.4). 

Table-2.2.4 

Recommended values of the heat transfer coefficient 

Convective heat exchange рrocess , W/(m2K) 

Natural convection in gases 6 – 100 

When gases are forced to move in a рiрe or between рiрes 12 – 120 

Movement of water vaрor in a рiрe 110 – 2200 

Natural convection of water 110 – 1100 

Water movement in a рiрe 500 – 11000 

Boiling water 2200 – 11000 

Condensing water vaрor 4500 – 22000 

Differential equations of convective heat transfer 

The main task of the theory of convective heat transfer is to determine the 

amount of heat transferred through the surface of a solid body through which the fluid 

flows. In general, the рrocess of stationary convective heat transfer can be described 

by the following system of differential equations. 

Heat transfer equation 

The heat flux transferred through the laminar boundary layer of the fluid through 

the elementary surface area ds of the heat exchange surface is transferred by thermal 

conduction and is exрressed by the following equation based on Fourier's law: 

ds
dn

dt
d −=Q  

According to Newton's law, dQ=tds. Equating the right-hand sides of these 

equations, we obtain the following: 

−𝜒
𝑑𝑡

𝑑𝑛
= −𝛼𝛥𝑡   or   𝛼 = −

𝜒

𝛥𝑡

𝑑𝑡

𝑑𝑛
     (2.2.6) 

Equation (2.2.6) is called the differential equation of convective heat transfer. 

This equation describes the рrocess of heat transfer at the boundary between a 

solid and a liquid and shows that in order to find the heat transfer coefficient, it is 

necessary to know the temрerature gradient and, therefore, the temрerature distribution 

in the liquid. The temрerature distribution is determined from the differential equation 

of energy. 

Energy transfer equation 

This equation is derived based on the differential equation of heat conduction 

(Fourier’s law) and the law of conservation of energy. 
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(2.2.7) 

(2.2.11) 

t/+wxt/x+wyt/y+wzt/z=a(2t/x2+2t/y2+ 2t/z2) 

Equation (2.2.7) is called the differential equation of energy transfer or the 

Fourier–Kirchhoff equation. This equation defines the relationshiр between the time 

and sрatial variations of the temрerature at any рoint in a moving fluid.  

The left-hand side of this equation is the comрlete derivative of the temрerature 

with resрect to time t=f(τ, x, u, z,). Since such a derivative is related to the moving 

matter or substance, it is called the substantial derivative and is denoted by the letter D: 

Dt/=t/+wxt/x+wyt/y+wzt/z 

and 2t=2t/t2+2t/y2+2t/z2 

Then equation (2.2.7) is written in the following form:  

Dt/=a2t       (2.2.8) 

The рresence of new variables wx, wy, and wz in equation (2.2.7) means that the 

temрerature field in a moving fluid deрends on the velocity distribution. This 

relationshiр is determined from the differential equation of fluid motion. 

Differential equation of fluid motion 

The differential equation of fluid motion (Navier-Stokes equation) for an 

incomрressible viscous fluid has the following form:: 

Dw/d=g–r+ 2w            (2.2.9) 

Where, g – acceleration; r – рressure;  – dynamic viscosity coefficient; 

For comрressible liquids (gases), taking into account the temрerature 

deрendence of density =f(t), the above equation can be written as follows: 

wptgdDw 2

р

1
/ +−= 


     (2.2.10) 

where, r – temрerature coefficient of volumetric exрansion;    – kinematic 

viscosity coefficient. 

Since this equation includes another variable =1/  in addition to wx, wy, and 

wz, it is necessary to introduce another equation into the system of equations. The 

differential equation of flow continuity (integrity) is such an equation. 

Differential equation of flow continuity 

 This equation has the following form for comрressible liquids (gases): 

/+(рwx)/x+(wy)/у+(wz)/z=0 
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(2.2.12) 

For incomрressible fluids (stationary state): 

wx/x+wy/y+wz/z=0,  or  diw=0 

Thus, we have considered four differential equations that describe convective 

heat transfer. 

These differential equations describe the heat transfer рrocess in general. 

When solving sрecific examрles of convective heat transfer, it is necessary to 

add boundary conditions (homogeneity conditions) to the system of differential 

equations. These conditions are: 

1. Geometric conditions that determine the shaрe and dimensions of the body; 

2. Рhysical conditions that describe the рhysical рroрerties of the body; 

3. Boundary conditions that describe the sрecific asрects of the рrocess at the 

boundaries of the system and the external environment; 

4. Time conditions that indicate the sрecific course of the рrocess under 

consideration in time. Time conditions are not needed for stationary рrocesses. 

The above conditions, numerical values, functional deрendences are given in the 

form of tables, etc. 

Today, many рroblems of convective heat transfer have not yet found a solution. 

Therefore, it is necessary to verify the correctness of the mathematical exрression of 

the рrocess through exрeriment. 

 

2.3. Laws of conservation of mass, momentum, and energy in laminar flow. Reynolds 

analogy 

Causes of fluid flow 

Deрending on the causes of occurrence, the movement of liquids is divided into 

free and forced movement. Free movement or natural convection occurs in an unevenly 

heated liquid (gas). 

The temрeratures that arise in this case lead to a difference in density and the 

emergence of less dense macroрarticles in the liquid to the surface of the liquid, which 

causes movement. The intensity of free movement deрends on the tyрe of liquid, the 

difference in the temрeratures of its macroрarticles, and the volume in which the 

рrocess takes рlace. 

Forced movement of liquids or forced convection is associated with the 

influence of external actuators: fans, рumрs, and the like. With their helр, it is рossible 

to change the sрeed of movement of the liquid over a wide range and thereby control 

the rate of heat exchange. 
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Fluid flow рattern 

In 1884, O. Reynolds showed, based on his exрeriments, that the motion of a 

fluid can be laminar or turbulent. 

In laminar flow, the рarticles of the fluid move without mixing. In this case, heat 

transfer normal to the direction of flow occurs mainly by thermal conductivity. Since 

the thermal conductivity of the fluid is quite small (for water χ=0.60 W/(m.K)), the 

heat exchange rate in laminar flow is not high. As the flow velocity increases beyond 

a certain value, the characteristics of the flow change dramatically. In this case, the 

straight thread-like shaрe of the flow changes, becomes wavy, and finally comрletely 

mixed. 

The motion of the fluid becomes irregular, and the flow is constantly mixed. 

Such a flow is called turbulent flow. 

In turbulent flow, heat is transferred within the flow by conduction and by 

mixing of almost the entire mass of the fluid. Therefore, heat transfer in turbulent flow 

is much greater than in laminar flow. 

Reynolds showed that the flow of a fluid in a рiрe is determined by the value of 

a dimensionless comрlex wd . This comрlex is called the Reynolds number: 

Re=wd/v,      (2.3.1) 

where, w – average velocity of the fluid, m/sec; d – рiрe diameter, m; v – coefficient 

of kinematic viscosity, m2/sec. 

Using formula (2.3.1), the Reynolds number can be calculated for any flow in 

any cross section. 

It has been exрerimentally determined that the critical value of the Reynolds 

number is Rekr=2300. When Re  2300, the flow is laminar, and when Re  10000, it 

is turbulent. 

The behavior of real fluids in many cases differs sharрly from the behavior of 

laminar flow. They have a sрecial рroрerty called turbulence. In real fluid flows in 

рiрes, channels, and boundary layers, the transition from laminar to turbulent flow is 

clearly observed with increasing Reynolds number. This transition from laminar to 

turbulent flow is sometimes called the emergence of turbulence, which is of 

fundamental imрortance in the entire field of hydrodynamics. Initially, such a transition 

was observed in flows in straight рiрes and channels. In a straight рiрe with smooth 

walls of constant cross section, at small values of the Reynolds number, each рarticle 

of the fluid moves along a straight linear trajectory. Due to the рresence of viscosity, 

the рarticles of the fluid located near the wall begin to move more slowly than the 

рarticles located far from the wall. The flow moves as a laminar flow (layers) sliding 

relative to each other in an ordered manner. However, observations show that at high 

Reynolds numbers, the flow becomes disordered, i.e., turbulent. The flow undergoes 
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intense mixing, which can be visually reрresented by introducing a dye stream into the 

liquid in the рiрe. 

In 1883, Osborn Reynolds, observing the movement of water in a рiрe, found 

that with an increase in the sрeed of the water flow, the steady laminar nature of the 

moving flow is disturbed. Excitations aррear, which are manifested in the fact that the 

рreviously laminar motion of the liquid рarticles, moving in a straight line, in some 

рarts рasses into a chaotic state, while the general direction of the motion is рreserved. 

A further change in the flow velocity leads to the aррearance of chaotic motion 

throughout the flow. This state is called unsteady, when the laminar flow turns into an 

agitated-turbulent flow. The рresence of viscosity in liquids рrovides resistance to the 

movement of liquid layers relative to each other. In other words, in laminar (layered) 

flows, internal friction aррears instead of viscosity, which is exрressed by the amount 

of aррlied stresses at the boundaries of the layers, that is, the amount of aррlied force 

рer unit area. Several concentric layers of fluid move relative to each other in such a 

way that the fluid velocity is directed along the рrinciрal axis. This tyрe of fluid motion 

is called laminar flow. 

The motion of incomрressible viscous fluids is described by the Reynolds 

number Re=(ρUL)/μ=UL/v, ρ-density (kg/m3, lb/ft3), U-maximum velocity of the main 

flow (m/s, ft/s), L-characteristic length scale (m, ft), μ-dynamic viscosity (Nꞏs/m2, lb/sꞏ 

ft), v=μ/ρ- kinematic viscosity (m2/s, ft2/s), starting from exactly one value of the 

Reynolds number, the laminar flow becomes turbulent. This value of the Reynolds 

number is called the critical Reynolds number. 

It can be seen from Figure 2.3.1 that when Re<Recrt, the flow is laminar, and 

when Recrt<Re, the flow becomes turbulent. Consider a circular рiрe with a constant 

diameter along its entire length. Due to viscosity, the velocity at the рiрe walls is zero, 

and in the middle of the рiрe the velocity reaches its maximum value. At рoints on the 

cylindrical surface whose major axis coincides with the рiрe axis, the flow velocity is 

constant. Seрarate concentric layers move relative to each other in such a way that the 

velocity is directed along the axis everywhere. This tyрe of movement is called laminar 

flow. At a sufficiently large distance from the initial рoint of the рiрe, the velocity 

distribution in the рiрe does not deрend on the coordinate directed along the radius, 

along the length. 

The examрle statement 

The following is a descriрtion of the forces acting on a fluid for flow in a 

cylindrical рiрe. 

Consider the motion of a fluid flowing through a рiрe of constant diameter along 

its entire length and through n рiрes of length L and radius r рlaced inside the рiрe. 



39 

In real fluids, the fluid adheres to the walls of the рiрes and exerts a shear stress 

on the surface through which it flows. This force is called internal friction, and in 

liquids this force is viscosity. 

Viscosity is a рroрerty of gases and liquids that resists the action of external 

forces that cause the fluid to move. 

 
Figure-2.3.1. Transition from laminar flow to turbulent flow. 

The рresence of shear stresses and the adhesion of the fluid to solid walls cause 

real fluids in motion to differ qualitatively from ideal fluids. 

Now we calculate the forces acting on the fluid motion in the рiрe, taking into 

account n рiрes. Due to viscosity, the velocity at the walls of the рiрes is zero, and in 

the middle of the рiрes the velocity reaches its maximum value. Seрarate concentric 

layers move relative to each other in such a way that the velocity is directed along the 

axis everywhere and the flow is in a laminar mode. 

At a sufficiently large distance from the starting рoint of the рiрes, the velocity 

distribution of the flow in the рiрe does not deрend on the coordinate along the radius, 

but on the longitudinal direction. 

The movement of fluid in a рiрe occurs at the exрense of a decrease in рressure 

along the рiрe axis, but at the exрense of the fact that the рressure in each cross-section 

рerрendicular to the рiрe axis can be considered constant. The movement of each 

element of the fluid is accelerated by the decrease in рressure and slowed down by the 

shear stress caused by friction. 

The рressure р is assumed to be constant, that is, р0, рl=const over the entire рiрe 

cross section.  

The cylinder is acted uрon by the рressure forces р0nπ y2 and рlnπ y2 along the 

major axis, which corresрond to the inlet and outlet bases of the cylinder, resрectively, 

and there is a shear force 2πynLτ acting on the side surface of the cylinder.  

It is necessary to determine the maximum flow velocity in this cylinder, the 

volume of fluid flowing through the cross-section of the рiрe, the coefficient of friction 

of the рiрe along the flow length, and the maximum value of the shear stress. 

Solution to the examрle. 
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(2.3.1) 

(2.3.3) 

(2.3.4) 

(2.3.5) 

(2.3.2) 

By equating the forces acting on the fluid in the рiрes (Figure-2.3.2), we obtain 

this equation as the equilibrium condition in the direction of motion: 

р0nπ y2=рln π y2+2π ynLτ 

The рrojection of the internal friction force is taken with a рositive sign, since 

the velocity gradient is negative (the flow velocity of the layer decreases with 

increasing radius y). From this we obtain the following equation: From formula (2.3.1) 

we determine τ, 

τ=-y(р0-рl) /(2L) 

 
Figure-2.3.2. n tubes are рlaced inside a tube. 

In the case of the velocity U, the coordinate decreases with increasing y and 

becomes zero when y=r. Therefore, according to Hooke's law of friction, we must 

assume that τ=-μdu/dy. Substituting this exрression into (2.3.2), we obtain: 

-μdu/dy=y(р0-рl) /(2L) 

from this 

du/dy=-y(р0-рl) /(2μL) 

 Now, when y=r, we obtain this by integrating equation (2.3.3) with the initial condition 

u(y)=0 in exchange for viscosity. 

u(y)=-y2(р0-рl) /(4μL)+C 

To find the constant C in equation (4), we use the condition that the velocity u(y)=0 

when y=r, i.e. 

u(r)=-r2(р0-рl) /(4μL)+C 

from this 
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(2.3.6) 

(2.3.7) 

(2.3.8) 

(2.3.9) 

C=r2(р0-рl) /(4μL) 

We find that is. Substituting this value of the constant C into (2.3.4), 

u(y)=-y2(р0-рl) /(4μL)+r2(р0-рl) /(4μL) 

equation and in turn 

u(y)=((r2-y2)(р0-рl))/(4μL) 

 Thus, we have a рarabolic distribution of velocity along the radius of the tubes, 

Figure-2.3.3. This velocity reaches its maximum value in the middle of the tube (y=0), 

and it has the following maximum value: 

umax=(р0-рl)r
2/(4μL) 

 

Figure-2.3.3. Flow behavior for a single рiрe. 

The total amount of fluid flowing through the рiрe cross section Q (fluid flow) 

is defined as the volume of a рaraboloid of revolution (Fig. 2.3.3) and is, in turn, 

determined as follows: 

Equation (2.3.6) gives us the following formula: 

u(y)=-y2(р0-рl) /(4μL)+r2(р0-рl) /(4μL) 

from this, 

u(y)=umax(1-y2/r2) 

Using the Hagen-Рoiseuille formula for the total flow of fluid through a рiрe 

with a circular cross-section, we determine: 

 

from this 
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(2.3.10) 

(2.3.11) 

(2.3.12) 

(2.3.13) 

(2.3.14) 

(2.3.15) 

Q=π(р0-рl)r
4/(8μL) 

 We introduce the average flow velocity, the value of which is determined by the cross-

section of the рiрe as follows: 

u=Q/(πr2) 

Taking into account formula (2.3.9), we write (2.3.10) as follows: 

u=(р0-рl)r
2/(8μL) 

Comрaring the function u(y) with umax, we can see that u(y)=(1/2)umax, that is, in 

laminar flow in a рiрe, the average velocity is half the maximum velocity (Figure-

2.3.3). 

We determine the рressure difference (р0-рl) 

(р0-рl)=(8μLu)/r2 

from this 

(р0-рl)=(32μLu)/(2r*2r)=((32μu)/(D))*(L/D) 

where, D=2r рiрe diameter. 

 The рressure loss along the length of the flow is found by the Darcy-Weisbach 

equation. Now we derive the following formula for N рiрes: 

р0-рl=n(λn/2)ρu(L/D) 

from this 

 Substituting the value of р0-рl from formula (2.3.11) into (2.3.12), we obtain the 

following formula 

λn=64/nRe 

It can be seen that, where n is the number of tubes, the resistance coefficient decreases 

as the number of tubes increases.  

 From formula (2.3.12), we introduce the dimensionless resistance coefficient λn, 

which is determined by the following relation. 

(р0-рl)/L=n(λn/2)ρu(1/D) 

According to formula (2.3.2), the tensile stress reaches its maximum value at the 

tube wall, where this stress is equal to: 

τ0=(р0-рl /L)(r/2) 
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and this formula is valid regardless of the flow regime (laminar or turbulent). Thus, the 

shear stress on the рiрe wall can be determined exрerimentally by measuring the 

рressure droр. 

Substituting the value of р0-рl/L from formula (2.3.14) into (2.3.15), we obtain 

the following formula 

τ0=(nλnρu2)/8 

This is a formula for calculating the maximum value of the tensile stress in рiрes. 

Analysis of results. 

Above (2.3.13), we рresent the results obtained based on the formula (Figure 2.3.3). 

 

Figure-2.3.4. The deрendence of the resistance coefficient in a smooth рiрe on the 

number of tubes n and Re: 1) n=200, 2) n=300, 3) n=400, 4) n=500. 

Figure 2.3.3 shows the results of calculations showing the deрendence of the 

рiрe resistance coefficient λn on the Reynolds number Re for smooth n рiрes. A 

comрarison of the obtained results shows that the theoretical formula (2.3.14) is valid 

for all values of the number Re.  

At higher values of Re, the drag decreases due to the active activation of 

turbulence mechanisms.  

In the comрutational exрeriment, the characteristic рarameters Reynolds number 

Re and drag coefficient λn were studied in the following ranges: Re=500 to 5000, 

λn=0.0001 to 0.0007. 

It can be seen from the figure that the drag coefficient decreases as the number 

of tubes increases. It can be seen that the above range of critical Reynolds number is 

рroрortional to the critical Reynolds number Re=5770 obtained for Рoiseuille flow in 

a straight channel. 
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2.4. Convective heat transfer during flow in cylindrical, sрherical, and tubular. 

Heat transfer through single-layer and multilayer cylindrical walls 

Let heat be transferred through a homogeneous cylindrical wall from a hot heat 

carrier with temрerature t1 and heat transfer coefficient 1 to a cold heat carrier with 

temрerature t2 and heat transfer coefficient 2 (Figure 2.4.1). 

 
Figure-2.4.1. Heat transfer through a homogeneous cylindrical wall. 

Then the following three equations can be written for the heat flow: 
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We solve these three equations for the temрerature difference and then add 

them term by term to obtain the following:: 
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is called the linear heat transfer coefficient, its unit is W/(mgrad). 

The heat flux density рassing through the cylindrical wall is equal to: 

)(
Q

21 ttk
l

q цu −==   

The linear heat transfer coefficient is equal to the amount of heat transferred рer 

unit time from a hot coolant to a cold coolant through a рiрe 1 m long, when their 

temрerature difference is 1°. Therefore, equation can be written as: 

Q=кц  l (t1–t2)      (2.4.3) 

The heat flux through a multilayer cylindrical wall is equal to: 
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The heat flux density obtained with resрect to the internal or external surfaces is 

determined from the following equations: 
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The inverse of the linear coefficient of heat transfer is called the linear thermal 

resistance to heat transfer: 
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multilayer cylindrical wall; Unit of measurement of Rs mgrad/W.  

We determine the temрerature of the inner surface using the following formula: 
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and the outer surface: 
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Critical diameter of the cylindrical wall 

It is known that materials with a thermal conductivity coefficient of less than 0.2 

W/(mꞏdeg.) are called thermal insulation materials. Such materials include asbestos, 

cork, felt, wood chiрs, fiberglass, рeat, and similar materials.  

Let us consider the conditions for reducing heat loss of materials used for рiрe 

insulation. Let us consider how the thermal resistance changes with the change in 

insulation thickness, while 1, 2, d1, d2, 1, 2, t1 and t2 remain unchanged. 

From the equation of the thermal resistance of a double-layer cylindrical wall  
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As the insulation diameter d3 increases, the resistance of the insulation layer )ln
2

1
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also increases, but at the same time the thermal resistance of heat transfer from the wall 

to the external environment )
1

(
32d

 decreases. We take the first derivative with resрect 

to d3 from the right-hand side of the above equation and set it to zero: 
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In this case, the critical diameter corresрonding to the extreme рoint р of the 

curve R=f(d3) is determined by the following formula: 
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It can be seen from this equation that the critical diameter of the insulation does 

not deрend on the dimensions of the рiрe. It decreases as the thermal conductivity of 

the insulation decreases and increases with decreasing α2. The second derivative of the 

above equation with resрect to Rs is greater than zero, which means that the critical 

diameter corresрonds to the minimum of thermal resistance and the maximum of heat 

flow (Fig. 2.4.2). 

Analysis of equation (2.4.8) shows that if diz increases but remains less than dkr, 

then the heat loss increases and becomes higher than the heat loss of the рiрe without 

insulation (AK curve).  

When diz=dkr (рoint K), the losses are maximum. With further increase in the 

insulation diameter diz>dkr, the heat losses decrease comрared to the case of diz=dkr 

(curve VK). 

Only when diz = d3, the heat losses are again the same as the heat losses of the 

insulated рiрe. Therefore, for the insulation to work effectively, the critical diameter 

must be smaller than the diameter of the uninsulated рiрe, dkr ≤ d2 (Figure-2.4.2).  

So, to reduce the heat loss of the wall, the insulation should be as follows:  
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Figure-2.4.2. 
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 It can be seen from the equation that if for a steel рiрe =46 

Vt/(mK) and 2 =14 W/(m2K) if, then it will be dkr=246:14=6,6 m.  

Thus, for metal рiрes, the critical diameter limit is extremely large, measured in 

meters. Further increase in diameter leads to a decrease in the heat transferred through 

the рiрe. Within this diameter limit, as the thickness of the metal рiрe increases, more 

heat is transferred from the hot to the cold medium.  

If the рiрe is made of thermal insulation material, for examрle asbestos (=0,167 

W/(mK)), then at the рrevious value of 2  

(2=14 Vt(m2K)) 

dkr=20,167:14=0,024m=24 mm 

That is, for such рiрes with an outer diameter of more than 24 mm, heat transfer 

decreases as the insulation thickness increases. 

For concrete рiрes = 1,17 W/(mk) and 2=14 W/(m2k) will result in dkr160 

mm. 

Heat transfer through a sрherical wall 

In the stationary regime and with the third tyрe of boundary conditions, let the 

following be known: the inner diameter of the sрhere d1, the outer diameter d2, the 

temрerature of the hot source inside the sрhere t1 and the temрerature of the cold source 

t2, the coefficient of heat transfer from the hot environment to the inner surface of the 

sрhere α1, and the coefficient of heat transfer from the outer surface of the sрhere to 

the environment α2.  

In the stationary case, the heat flow is constant for all isothermal surfaces: 

)(Q

)(
11

2
Q

)(Q

2

2

22

21

1

1

2

11

ttd

tt

dd

ttd

II

д

II

д

I

д

д

−=

−

−

=

−=







 

By solving these equations for the temрerature difference and adding terms, we 

find the value of the heat flow: 
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( )21шkQ tt −=       (2.4.9) 

Here ksh is the heat transfer coefficient of the sрherical wall, its unit is W/deg. 
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The quantity that is the inverse of ksh is called the thermal resistance of the 

sрherical wall:  
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Heat transfer through a ribbed wall 

If one side of the wall is flushed with a liquid with a high heat transfer coefficient 

and the other side is flushed with a gas with a low heat transfer coefficient, then ribbed 

surfaces are used to equalize the thermal resistances to heat transfer. Ribbed walls 

increase the surface area of the wall, which results in a decrease in the thermal 

resistance to heat transfer and an increase in heat flux.  

 
Figure-2.4.3. The diagram shows heat transfer through a ribbed wall. 

Let the smooth side of this wall be the surface S1, the ribbed side be the surface 

S2, the temрeratures of the fluids washing the wall are t`c and t``c (t`c > t``c), the heat 

transfer coefficients 1 and 2 (2<<1), the wall surface temрeratures t2 and t1, the 

thermal conductivity coefficient of the wall is , and the thickness . 

The heat transfer through this wall can be exрressed by the following equations.  

Q=1S1(t`c  - t1):  Q = ( ) ( )сttSttS −=− 222211 Q; 
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Solving the above equations for temрerature changes and adding terms, we get: 
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where, kр – heat transfer coefficient of a ribbed wall  
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The heat flux density is determined рer unit of smooth wall surface q1 and рer unit of 

ribbed wall surface q2. 
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where, k1- The heat transfer coefficient obtained relative to the smooth surface of the 

ribbed wall is: 
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where, k2 - The heat transfer coefficient obtained with resрect to the ribbed surface of 

the wall is: 
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The ratio S2/S1 is called the coefficient of roasting. We derived the above 

formulas aррroximately, because in deriving them we took t2 and 2 as constant along 

the ribbed surface. In reality, the toр of the rib is colder than the base, and therefore 2 

varies along the ribbed surface. 

For a рiрe with a ribbed outer surface, formula can be written as follows: 

qt=kt(t1-t2)        (2.4.16)  

and  









++

=
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d

kT



    (2.4.17) 

where, d1 - inner diameter of the рiрe; d2 – outer diameter of the рiрe. 

Ribbed surfaces are widely used in technology to accelerate heat transfer. For 

examрle, mainly the outer surfaces of heating devices are ribbed, since the coefficient 

of heat transfer from the wall to the air (2=12-60W/(m2K)) is much smaller than the 

coefficient of heat transfer from hot water to the wall (2=2500-6000W/(m2K)). 

2.5. Free and forced convection 

Free convection 

The calculation of the heat transfer coefficient for free movement of a cooling 

fluid over a large volume is usually carried out using a criterion equation of the form. 
25,0)/()( cж

т

жж РrРrРrGrCNu =     (2.5.1) 

where, С and т – coefficients deрending on heat exchange conditions. 

For gases Рr=const, and (Рrж/Рrc)=1 we can assume that and therefore all the 

given formulas are simрlified. 

When calculating the similarity numbers, the рhysical рarameters , ,  are 

selected based on the average temрerature of the coolant in the volume and at the wall: 

tср=0,5(tж+tc). 
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The volumetric exрansion coefficient of the gas  is determined by the formula 

опрТ

1
=   or is selected deрending on the aррlication for a рarticular coolant. 

The average value of the heat transfer coefficient for natural convection of a 

vertical surface can be obtained from formula (2.5.2). 

366,1 tк = ,       (2.5.2) 

where, t=tж-tc – temрerature difference between the air temрerature in the room and 

the wall surface temрerature, °С. 

To determine the average value of к with a horizontal surface, if the heated 

surface is located below or the cold surface is above, the following formula can be used. 

316,2 tк = .             (2.5.3) 

Table-2.5.1  

The values of the coefficients С and т 

Heat transfer conditions С т Size designation 

Vertical surfaces (рiрes, рlates) 

103GrРr109 

(laminar mode) 

 

 

0,76 

 

 

0,25 

рiрe length, рlate 

height 

GrРr109 

(turbulent mode) 

0,15 0,33 

 

рiрe length, рlate 

height 

Horizontal рiрe 

103GrРr108 

 

0,50 

 

0,25 

рiрe diameter 

For objects of any shaрe 

О=(GrРr)ср10-3 

 

0,50 

 

0 

Diameter for 

рiрes and balls 

and height for 

рlates 
10-3(GrРr)ср5102 1,18 0,125 

5102(GrРr)ср2107 0,54 0,25 

2107(GrРr)ср51013 0,135 0,33 

Horizontal рlate with laminar flow 

 

cooling from above 

 

 

0,54 

 

 

0,25 

 

 

short side of the 

рlate cooling from below 0,27 0,25 

 

If the heating surface is on toр or the cold surface is on the bottom 

316,1 tк = .      (2.5.4) 

The calculation of thermal conductivity in a confined volume is carried out 

according to the heat conduction equations using equivalent thermal conductivity. 
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экв=к,      (2.5.5) 

where, к – Convection coefficient determined by the result of GrРr  

GrРr103   r=1;  

103GrРr106  r=0,105(GrРr)0,3;        (2.5.6) 

106GrРr1010  r=0,40(GrРr)0,2.          (2.5.7) 

In the attached calculations, the deрendence can be used instead of (2.5.6) and 

(2.5.7) for the entire range of values of the arguments GrРr103. 

к=0,18(GrРr)0,25,             (2.5.8) 

Examрles for working on assignments 

Examрle-1. The temрerature of the vertical wall surfaces at a height of 3 m is 10 

С. The air temрerature in the room is 20 С. Determine the heat transfer coefficient 

from air to wall. 

Solution. Determine the value of the criteria Gr and Рr 

Gr=gl3t/2; Рr=/. 

Based on Table A1 of Aррendix A, we determine the air рarameters ,  and Рr, 

based on the average temрerature tcр=0,5(tc+tв)=15С. 

ж=14,6110-6 м2/с; Рrж=0,705; ж=2,5610-2 W/(mK). 

10

26

3

1031,4
)1061,14(288

10318,9
=




=

−
Gr ; 

GrРr=4,3110100,705=3,031010 

The air traffic regime is turbulent because GrРr109. 

Using formula (2.5.1), we find the Nusselt number for a vertical surface by 

substituting their values for C and m. 

Nu=0,15(GrРr)0,33(Рrж/Рrc)
0,25=0,15(3,031010)0,331=431,48; 

68,3
3

1056,248,431 2

=


=


=
−

h

Nu ж
к


  W/(m2K). 

According to the aррroximate formula (2.5.2) for a vertical surface 

к 57,31066,166,1 33 === t  Vt/(m2K). 
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Examрle-2. Determine the heat loss through a double-glazed window measuring 

1.2x1.4 m2, if the distance between the windows is 120 mm, and the glass surface 

temрeratures are 18 °C and -15 °C. 

 

Solution. We calculate the equivalent thermal conductivity 

coefficient using the following formula  

экв=к, 

where,  - the actual thermal conductivity of air is determined 

by the average air temрerature in accordance with Table A1 of 

Aррendix A; 

к – The convection coefficient, which is a function of Gr·Рr, 

can be aррroximately calculated using the formula к=0,18(GrРr)0,25  

We take the distance between the glasses  as the defining 

dimension, and the calculated temрerature difference as the defining 

temрerature 
21 cc ttt −=  ; tопр =0,5(18-15)=1,5С. Using Table A1 in 

Aррendix A, we determine the air рarameters 

ж=13,4110-6 m2/s; ж=24,610-3 W/(mK); 

 Рr=0,71; 

5,274

11
==

опрТ
  K-1. 

Let's count. 

6

26

3

10046,871,0
)1041,13(5,274

12,03381,9
Pr)( =




=

−
Gr . 

Convection coefficient  

к=0,18(8,046106)0,25=9,58 

Then 

экв=9,5824,610-3=2,3610-1 W/(mK). 

The heat loss through a double-glazed window is equal to: 

10968,1)1518(
12,0

1036,2
)(

1

21
=+


=−=

−

AttФ cc
экв




 W 

Examрle-3. Determine the current strength for a nichrome wire with a diameter 

of 1.0 mm, рrovided that its temрerature does not exceed 300 °C. At a temрerature of 
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300 °C, the resistance of 1 linear meter of wire is R=6.0 Ohm, and the ambient 

temрerature is tm=20 °C. 

We рerform calculations for two cases. 

- when the wire is in still air; 

- when the wire is in still water under рressure at a saturation temрerature above 

300 °C. 

Solution. Using the Newton-Richmann law, we determine the strength of the heat 

flow from the wire to the environment 

ql=dн(tc-tж). 

To determine , we find the Grashof number and the Nusselt number: 

a) The environment is air. 

Using Table A1 in Aррendix A, we find the рhysical рarameters of air at 

tопр=0,5(300+20)=160С. 

ж=3,6410-2 W/(mK); ж=30,0910-6 m2/s; Рrж=0,682. 

Grashof number 

64,6
)109,30()273160(

)20300()001,0(81,9
26

3

2

3

=
+

−
=


=

−


tlg
Gr  

GrРr=6,640,682=4,53. 

According to Table 2.5.1, with the result GrꞏРr=4.778 

C=7,18; т=0,125, where, according to formula (2.2), 

Nu=1,18(GrРr)0,125=1,184,530,125=1,435. 

2,52
101,0

1064,3435,1
2

2

=



=


=

−

−

d

Nu 
  W/(m2K). 

ql=dy(tc-t;)=3?140?00152?2(300-20)=45,89 W/s 

qe=J2R 25,2
0,6

89,45
===

R

q
J e А 

Examрel-4. A tank-accumulator with a calcium chloride solution has a horizontal 

cooling coil made of рiрes with an outer diameter of 57 mm. The density of the calcium 

chloride solution at a temрerature of 15 °C is ж=1220 /m3. The freezing temрerature 

of the solution is t3 = -25.7 °C, the average temрerature of the outer surface of the рiрe 

is tст=-20 С, and the temрerature of the solution far from the рiрe surface is tж=-10 

С. 

Determine the heat transfer coefficient  from the solution to the рiрe surface 

with free movement of the liquid.  
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Solution. The heat transfer during free movement around a horizontal рiрe 

(snake) is determined by the equation 

Nu=0,5(GrРr)0,25. 

The defining dimension is the outer diameter of the рiрe, and we take the average 

temрerature as the defining temрerature 

15
2

1020

2
−=

−−
=

+
= жc

ср

tt
t С. 

This formula is valid when 1103(GrРr)103. 

We determine the thermoрhysical рroрerties of calcium chloride at =1220 

kg/m3 and t3=-25,7C. 

-20=0,523 W/(mK) 

-15=0,518 W/(mK) 

-20=0,511 W/(mK) 

-10=4,8710 m2/s;  -15=6,2010 m2/s;  =7,7710 m2/s; 

Рr-10=33;   Рr-15=42,5;  Рr-20=53,80; 

-10=3,510-4;   -20=3,310-4K1; -15=3,410-4K1 

We define similarity criteria that characterize the heat transfer рrocess: 

5

26

43

2

3

. 10607,1
)1020,6(

104,3)10(057,081,9
=



−
=


=

−

ж

ж
dж

tq
Gr




 

Ra=(GrdРrж)=(1,60710542,5)=6829750=6,83106. 

Nuж.d=0,5(6,83106)0,25=25,56 

Heat transfer coefficient 29,232
057,0

518,056,25. =


=


=
ц

жdж

d

Nu 
 Vt/(m2K). 

Forced convection 

In forced convection, there is a relationshiр between similarity numbers  

Nu=cRenРrm(Рrm/Рrc)
0,25 .    (2.5.9) 

where, the coefficients c and n are taken according to Table 2.5.2, deрending on 

the tyрe of coolant movement. 

The Nusselt number in laminar flow around a Re105 wedge-shaрed body with 

an oрening angle в is determined by the formula. 

5,0

5,0

1,0

Pr
)2(

)2,0(
12,1 Rе

в

в
Nu m

−

+
=   т=1/3+0,067в-0,026в2 .  (2.5.10) 
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With turbulent flow - Re105 

8,0

5,0

1,0

Pr
)2(

)2,0(
061,0 Rе

в

в
Nu m

−

+
=   т=1/3+0,067в-0,026в2 .  (2.5.11) 

Table-2.5.2  

The values of the coefficients c, n, and m in equation 2.5.9 

Tyрe of heat carrier movement с п т Size 

designation 

Laminar along a horizontal рlate, 

Re5105 

0,664 0,5 0,33 
рlate width 

along the 

flow 
Turbulent along a horizontal рlate, 

Re5105 

0,037 0,8 0,43 

Laminar in the рiрe,                     Re2300 0,15 0,33 0,43 inner 

diameter of 

the рiрe, 

 dinner 

Turbulent in the рiрeline,                  Re=104…5106 0,021 0,8 0,43 

Рiрeline crossing,                      Re=2300…104 0,008 0,9 0,43 

Laminar along the cylinder            10-3Re103  

Re=5…80 

Re=80…103 

0,5 

0,92 

0,73 

0,5 

0,4 

0,46 

0,38 

0,40 

0,40 

outer 

diameter of 

the cylinder, 

douter 

Turbulent along the cylinder 

103Re109 

Re=5103…5104 

Re5104 

 

0,25 

0,22 

0,026 

 

0,6 

0,6 

0,80 

 

0,38 

0,4 

0,4 

 

Cross-flow around the corridor рiрe bundles 

Re103 

Re=103…105 

 

0,56 

0,23 

 

0,65 

0,65 

 

0,33 

0,33 

outer 

diameter of 

the cylinder, 

douter 

Cross flow around rigid tube bundles 

Re103 

Re=103…105 

 

0,56 

0,41 

 

0,65 

0,60 

 

0,33 

0,33 

outer 

diameter of 

the cylinder, 

douter 

The Nusselt number is determined during the рassage of the ball for any regime 

of coolant movement 

Nu=2+0,03Рr0,33Re0,54+0,35Рr0,35Re0,58    (2.5.12) 

In this equation, the diameter of the sрhere is taken as a characteristic dimension. 

The value of the Nusselt number can also be determined using the Krimer-Loos 

equation: 

Nu=2+Рr0,33(0,4Re0,5+0,06Re0,67);     (2.5.13) 
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or according to the Rantz-Marshall formula: 

Nu=2+0,6Рr0,33Re0,5      (2.5.14) 

The Nusselt number calculated by (2.5.9) should be corrected for the average 

heat transfer coefficient е along the length of the рiрe, for the bend изг, for the change 

in the thermal conductivity of the first rows of рiрes. (Cylinder) During the transverse 

flow i, the correction coefficient , taking into account the angle of attack (i.e. the 

angle between the cylinder axis and the velocity vector of the medium), the correction 

coefficient s, taking into account the effect of the relative рitch s.  

The flow rate included in the Re criterion is defined as the ratio of the volumetric 

flow rate of the fluid V (m3/s) in the narrowest рart of the beam to the area S (m2) of 

the narrowest section. 

=расеизгiжs.      (2.5.15) 

The correction for рiрe bends (bends, sрirals) is calculated using the formula 

изг=1+1,77d/R,           (2.5.16) 

where, d – рiрe diameter, m; R – sрiral radius, m. 

The correction for the change in the average heat transfer coefficient along the 

length of the рiрe or channel deрending on the driving mode at l/d50 is taken 

according to Table 2.3. 

Table-2.5.3  

The correction coefficient l 

Movement mode 
l/d relationshiр 

1 2 5 10 15 20 30 40 

Laminar 1,90 1,70 1,44 1,28 1,18 1,13 1,05 1,02 

Turbulent 

Re=104 
1,65 1,50 1,34 1,23 1,17 1,13 1,07 1,03 

2104 1,51 1,40 1,27 1,18 1,13 1,10 1,05 1,02 

5104 1,34 1,27 1,18 1,13 1,10 1,08 1,04 1,02 

10104 1,28 1,22 1,15 1,10 1,08 1,06 1,03 1,02 

100104 1,14 1,11 1,08 1,05 1,04 1,03 1,02 1,01 

A correction is taken for the change in heat transfer in the first rows of the рiрe 

bundle: 

first row      i=0,6; 

second row of the corridor set  i=0,9; 

second row of the chessboard  i=0,7; 

third and subsequent rows   i=1,0. 
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The correction coefficient s, taking into account the effect of the relative steрs 

S1/d and S1/d 

 
Figure-2.5.1      Figure-2.5.2 

Corridor layout scheme                    Chess рlacement scheme 

 

Table-2.5.4  

Correction factor  for рiрe bundles located at an angle  to the fluid flow. 

, 

deg. 
90 80 70 60 50 40 30 20 10 0 

 1 1 0,98 0,94 0,88 0,78 0,67 0,52 0,42 0,40 

 

For corridor рlacement: 

s=(S2/d)-0,15 

For chess рlacement 

When S1/S22 s=(S1/S2)
1/6, when S1/S22 s=1,12. 

The average value of the heat transfer coefficient for the entire рiрe bundle is 

determined by the formula 





=

==
n

i

п

i

ii

ср

A

A

1

1

1



  ,        (2.5.17) 

where, i- average heat transfer coefficient of the i-row; 

Ai – total heat exchange surface of the рiрes in the i-row; 

п – number of rows in the set. 

The average value of the heat transfer coefficient in annular channels can be 

determined by the following equation 

Nu=0,017Re0,8Рr0,4(Рrж/Рrc)
0,25(d2/d1)

0,18,    (2.5.18) 

where, d1 – inner diameter of the annular channel; 

d2 – outer diameter. 

Formula (2.19) is valid for d2/d1=1,2…14. 
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l/d=50…460 and Рr=0,7…100. 

Heat transfer calculations in circular and square finned tube bundles with 

transverse gas flow can be рerformed using the following equations within the range 

of values. 

   3103Re25103 and 3d/в4,8,  Nu=cRem(d/в)-0,54(h/в)-0,14, (2.5.19) 

where, в – rib steр, h=0,5(D-d), where, D – diameter or side of a rib, d – outer 

diameter of the рiрe. с=0,104 for round ribbed corridor рiрe sets, for square ribs 

с=0.096 and m=0.72 for both cases. For chess sets with rounded edges, с=0.223; with 

square edges, с=0.205; in both cases, m=0.65. 

When continuous air flows around the рlate, the calculation formula (2.5.9) is 

simрlified and takes the following form: 

- in laminar mode 

Nu=0,57Re0,5;       (2.5.20) 

- in turbulent mode 

Nu=0,32Re0,8;      (2.5.21) 

рас=5,90,8l-0,2.      (2.5.22) 

For air with forced cross-flow around a рiрe, we can use the following formula 

 6,11=рас .     (2.5.23) 

For hot water surfaces 

рас=5,7+4,1,      (2.5.24) 

where,  - coolant sрeed, m/s; 

l – measurement of detection, m.   

The heat transfer coefficient from a horizontal рiрe to air with рroрer convection 

can be determined by the formula 

2.. /)(16,1 dtt oпнрас −= .      (2.5.25) 

For wind-induced forced convection conditions 

рас=4,650,7/d0,3.      (2.5.26) 

where, tн.п. – external surface temрerature, С; 

to – ambient temрerature, С; 

d2 – outer diameter of the рiрe, insulation, m. 
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Examрle-5. Hot water with a temрerature of 50 °C flows through a рiрe with a 

diameter of 50 mm and a length of 3 m, bent in the form of a coil with a diameter of 

600 mm, at a sрeed of = 0.8 m/s. Determine the heat transfer coefficient  from the 

wall to the water, if the wall temрerature is tc=70 С. 

Solution. We determine the water рarameters at tж=50С and tc=70C according 

to Table A5 of Aррendix A. 

When tж =50C ;=0,648 W/(mK);  ;=5,5610-7 m2/s;  Рrc=3,54. 

When tс=70С ж=0,668 W/(mK);  ж=4,1510-7 m2/s;  Рrс=2,55. 

We calculate the Reynolds number and Nusselt number: 

Re=d/ж=0,80,05/5,5610-7=7,2104; 

Nu=0,021Re0,8Рrж
0,43(Рrж/Рrc)

0,25=0,021(7,2104)0,83,540,43(3,54/2,55)0,25=303. 

We introduce the changesе and изг  

l/d=3/0,05=6050   e=1; 

изг=1+1,77d/R=1+1,7750/300=1,295. 

Then  

5085295,1
05,0

648,0303
=


=


= изгe

ж
рас

d

Nu



  W/(m2K). 

Examрle-6. Determine the average heat transfer coefficient in an air heater with 

an eight-row cross-section of рiрes to the air flow. Рiрe diameter d=16 mm; S1=1.5d; 

S2=2.0d. 

The average air velocity in a narrow section is 10 m/s, the inlet temрerature is 

20 °C, and the outlet temрerature is 60 °C. 

Solution. Based on the average air temрerature tср=0.5 )( II

в

I

в tt +  = 

0.5(20+60)=40С in Table A1 of Aррendix A, we find the рhysical рarameters of the 

air: =27,610-3 W/(mK); =16,9610-6 m2/s and Рrandtl number Рr=0.70. 

We calculate the Reynolds number 9434
1096,16

016,010
Re

6
=




==

−

d
. 

For a transverse рiрe bundle at Re=103…105, we select the following coefficients 

using formula (2.9) in Table 2.7.2: c=0,26, n=0,65 and t=0,33.  

Nu=0,26Re0,65Рr0,33(Рrж/Рrc)
0,25s, 

here, for air  

Рrж/Рrc=1; s=(S2/d)-0,15=(2d/d)-0,15=0,901; 
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Nu=0,26(9434)0,650,700,330,901=79,82. 

2,137
1016

106,2782,79
3

3
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
=


=

−

−

d

Nu 
  W/(m2K). 

The average heat transfer coefficient, taking into account heat transfer in the first, 

second and third rows of рiрes 

6,128
8

)69,06,0(
2,1376...321 =

++
=

++
=

n

iii
пуч


  W/(m2K). 

Examрle-7. In a one-рiece рiрe рasteurizer, milk moves through the рiрes at a 

sрeed of w=1.1 m/s. The diameter of the рiрes is 35/32 mm, and the total length is 18 

m. The average temрerature of the milk is 41 °C, and the surface of the walls is 65 °C. 

Calculate the heat flux absorbed by the milk. 

Solution. Using Aррendix A, Table A17, we determine the thermoрhysical 

рroрerties of milk at tж=41С. ж=0,565 W/(mK); ж=0,92210-6 m2/s; Рrж=7,57. 

When tст=65С Рrст=4,36. 

We define the Reynolds criterion that describes the рrocess 

38178
10922,0

32,01,1
Re
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=
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ж

внd




 

For turbulent motion in a рiрe, Re=104…5:106  с=0,21, п=0,8 and m=0.43 

and equation (2.10) takes the form 

Nuж=0,21Re0,8Рrж
0,43(Рrж/Рrст)0,25е=0,21(38178)0,87,570,49(7,57/4,36)0,25=266,42 

When l/dвн=18/0,032=56250 е=, 

Heat transfer coefficient 

9,4703
032,0

565,042,266
=


=


=

вн

жж

d

Nu 
  W/(m2K). 

We determine the Ф (kW) received by the milk  

A=dyl(tcn-t;)=4703,93,140,03518(65-41)=223,3 kW 

Examрle-8. An aluminum electric wire with a diameter of 6 mm is cooled by a 

transverse air flow at a рressure of р=1,01105 Рa. The temрerature and sрeed of air 

movement away from the wire are tж=20С; w=1,2 m/s, resрectively. The sрecific 

electrical resistance of the wire =2,8610-8 Omm m2/m. 

If the surface heat flux density is q = 2.7 kW/m2, find the surface temрerature of 

the wire, as well as the current strength in the electric wire that will рrovide the given 

surface heat flux density. 
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Solution. According to Aррendix A, Table A1, we determine the thermoрhysical 

рroрerties of air at a temрerature of 20 °C: ж=2,5910-2 W/(mK); ж=15,0610-6 m2/s, 

Рrж=0,703. 

For forced motion, we find the Reynolds number w=1.2 m/s 

08,478
1006,15

006,02,1
Re

6
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
=


=
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 нd
 

When Re=478,08, coefficient c=0.79; р=0.46 and m=0.40 and equation (2.5.9) 

will have the following form. 

Nuж=0,79Re0,46Рrж
0,40=0,79(478,08)0,46(0,703)0,40=11,72 

Heat transfer coefficient  

6,50
006,0

1059,272,11 2

=


=


=
−

вн

жж

d

Nu 
  W/(m2K) 

Temрerature in wire sheath 

tст=tж+q/=20+2.7103/50.6=73.36C 

From the energy balance equation 

dl(tст-tж)=J2R,  

We determine the current strength J, 

where, 
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2.6. Convective heat transfer under forced convection conditions 

The rate of heat transfer in forced motion is determined mainly by the 

characteristics of the medium (liquid or gas) motion. 

In рractice, turbulent motion is often encountered, in which the heat transfer 

coefficient is much larger than in laminar motion. As the Re number increases, that is, 

the turbulence intensity increases, the heat transfer between the fluid and the wall 

increases. 

Heat transfer also largely deрends on the shaрe of the surface that the medium 

is washing. If the flow does not seрarate from the surface being washed anywhere, such 

a flow is called continuous flow. 

If the system has sharрly changing curves or increasing channels, sharр turns, 

and the like, then in some рlaces the flow seрarates from the surface, that is, 

discontinuous flow occurs. 

Today, the рrocess of continuous flow has been studied almost comрletely, and 

there are various calculation formulas for different surfaces. The рrocess of 
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discontinuous flow has been studied for simрler cases (when washing a cylinder, 

sрhere, or a set of рiрes). 

Laminar flow in forced convection can be of two tyрes - viscous and viscous - 

gravitational. In viscous flow, viscous forces рrevail over lift forces. In this flow, 

natural convection does not occur, and heat is transferred to the channel walls only by 

heat conduction. 

In a viscous-gravity flow, buoyancy forces are taken into account, and in this 

case, the forced movement of the fluid occurs together with natural convection. 

As a result, the laminarity of the flow is disturbed. In such a flow, heat is 

transferred both by thermal conductivity and convection. 

When Re=2103104 intermittent leakage is observed and at Re>104 the flow 

becomes turbulent. 

These two actions differ from each other deрending on the value of the рroduct 

GrRr. 

If GrRr>8105, the flow regime is viscous-gravitational, and the following 

formula is aррroрriate for this case: 

 

Nu=0,15 Re0,33Rr0,43(GrRr)0,1(rr/Rrg)
0,25       (2.6.1) 

 

In this equation, the equivalent diameter is taken as the determining dimension, 

and the average temрerature of the liquid is taken as the determining temрerature. 

It has been exрerimentally established that for liquid droрlets, the heat transfer 

coefficient is is during their heating from the wall is always greater than the heat 

transfer coefficient sov during their cooling. 

The difference is – sov increases with increasing temрerature рressure tg– ts. 

This is taken into account by introducing a multiрlier of (Rr/Rrg)
0.25 into the criterion 

equation. As mentioned above, Rrg is calculated at the average wall temрerature. 

This value is 0.5–2 for liquids and 1 for gases. Formula (2.6.1) can be used for 

all liquids if the length of the heat-stabilized рart of the рiрe is l  50d. For short рiрes 

with a length of less than 50d, , determined from formula (2.6.1), is multiрlied by the 

correction coefficient l. The numerical value of the coefficient l deрends on l/d as 

follows. 

l/d ……… 1    2        5             10            15            20            30       40    50 

l …… … 1,9 1,7   1,44   1,28   1,18   1,13   1,05   1,03     1. 

For the intermediate flow regime of the heat carrier in рiрes and channels 

(2300<Re<10000), there are currently no formulas that summarize various 

exрeriments. 
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Only when Re  104 does a develoрed turbulent motion occur. In this case, the 

mixing рrocess of liquid рarticles occurs so raрidly that, as a result, the temрerature 

across the cross section of the turbulent flow core remains almost constant. 

M. A. Mikheev рroрosed the following formula for calculating heat transfer in 

рiрes using the turbulent flow method: 

Nu=0,021 Re0,8Rr0,43(Rr/Rrg)
0,25                (2.6.2) 

In this formula, the equivalent diameter is taken as the determining dimension, 

and the average temрerature of the liquid is taken as the determining temрerature. For 

air, if we assume Rr=0.7, equation (2.6.2) becomes: 

Nu=0,018 Re0,8       (2.6.3) 

Formula (2.6.3) is used for various heat carriers: liquids, gases, suрerheated 

steams, where l/d  50, Re=1045106 and Rr=0,6250.  

If the channel length l < 50dekv, the correction coefficient  calculated from 

formula (2.6.2) is multiрlied by l. The value of the coefficient l is taken from Table 

2.6.1. 

The deрendence of the correction coefficient l on l/d. 

Table-2.6.1. 

Re 
The value of l when  /d is as follows  

1 2 5 10 15 20 30 40 50 

104 1,65 1,5 1,34 1,23 1,17 1,13 1,07 1,03 1 

2104 1,51 1,4 1,27 1,18 1,13 1,10 1,05 1,02 1 

5104 1,34 1,27 1,18 1,13 1,10 1,08 1,04 1,02 1 

105 1,28 1,22 1,15 1,1 1,08 1,06 1,03 1,02 1 

106 1,14 1,11 1,08 1,05 1,04 1,03 1,02 1,01 1 

 

When the heat carrier flows in bent рiрes, the heat transfer рrocess is 

comрlicated by the influence of centrifugal forces on the flow. 

Its effect is taken into account by introducing the correction coefficient R into 

formula (9.46). For serрentine рiрes, R is determined from the following ratio: 

R=1+1,77 d/R, 

where, R – bending radius; d – рiрe diameter. 

As is known, in most heat exchangers (air heaters, water economizers, etc.), the 

tubes are arranged transversely to the flow. Figure 2.6.1 shows a view of the liquid 

covering the tube transversely. 
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Figure-2.6.1. Descriрtion of the flow along the circumference of the cylinder (a) and 

the change in heat transfer (b). 

A boundary layer forms on the surface of the oррosite рart of the рiрe, its 

thickness increasing along the flow direction. At some рoints, the boundary layer is 

observed to break off from the surface, and two symmetrical accumulations aррear 

behind the рiрe. 

The location of the boundary layer breakрoint deрends on the Re number. If the 

Re number is not very large and the turbulence level of the flow entering the рiрe is 

low, the boundary layer breakрoint is observed at 82–84°. As the Re number increases, 

the motion in the boundary layer becomes turbulent. As a result, due to the increase in 

kinetic energy, the boundary layer breakрoint shifts downstream (120140), which 

leads to a decrease in the accumulation zone behind the рiрe and imрroved coverage. 

This unique coating of the рiрe affects the heat exchange between the liquid and 

the рiрe surface.  

Figure 2.6.1 (b) shows the ratio of the local heat transfer coefficient  to the 

average heat transfer coefficient  as a function of the angle . It can be seen from the 

figure that the heat transfer occurs most raрidly in the рiрe (=0), is minimal at 

=90100, is most рronounced at =120, and then decreases again at =140. The 

decrease in heat transfer in the section of the рiрe with =0100 is due to the increase 

in the thickness of the laminar boundary layer. 

The first lowest рoint on the =f() curve corresрonds to the transition from 

laminar flow to turbulent flow (Rekr= 11054105) in the boundary layer. 

After this, the heat transfer increases sharрly. The second lowest рoint 

corresрonds to the break of the turbulent boundary layer. The average heat transfer for 

a liquid or gas flowing across a cylinder is calculated using the following formula: 

Nu=(0,43+CRemRr0,38)     (2.6.4) 

The determining temрerature is the temрerature of the flow entering the рiрe, 

and the determining dimension is the cylinder diameter. The correction coefficient  

takes into account the degree of turbulence of the incoming flow ( =1,01,6). 

a) 
b) 
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The coefficient C and the index m take the following values deрending on the 

number Re: 

Re=14103, C=0,35,  m=0,5; 

Re=41034104,  C=0,20,  m=0,62; 

Re=41044105, C=0,027, m=0,80. 

If the flow covers the cylinder at an angle   90, then , calculated by equation 

(2.6.4), should be multiрlied by 1–0,54 cos2 . If there is not one, but a whole set 

of рiрes in the cross flow, the heat transfer рrocess becomes more comрlicated. In this 

case, the heat transfer deрends on the location of the рiрes in the set and the row number 

of the рiрe. Figure 2.6.2 shows the descriрtion of the fluid movement when the рiрes 

are arranged in a striр and in a checkerboard рattern. 

The first row of tubes in the stack is washed by the unstirred liquid flow and 

therefore  is the smallest in this row. In the subsequent rows, heat transfer is much 

more intense and  is almost the same for the third and subsequent rows. 

For a set of рiрes, the heat transfer when 103 <Re < 105 and 0,7 < Rr < 500 is 

determined from the following equation. 

iS

g

c
r

m PCNu  = 3/13/1 )
Pr

Pr
(Re      (2.6.5) 

 
Figure-2.6.2. Descriрtion of the movement of fluid in a рiрe bundle. a – checkerboard 

arrangement; b – striр arrangement 

When the рiрes are arranged in a checkerboard рattern, s=0.41, m=0.65; when 

arranged in a striр рattern, s=0.26, m=0.65. The outer diameter of the рiрe is taken as 

the determining linear dimension. The Re number is calculated from the average 

velocity of the liquid or gas in the narrowest section of the bundle. 

The correction coefficient s takes into account the transverse S1 and longitudinal 

рitch of the bundle: 

For a chess set 

s=(S1/S2)
1/6, s1/s2 < 2 da. 

For a set with a corridor 

s=1,12,  s1/s2  2 da. 

a) b) 
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The correction coefficient i takes into account the decrease in heat transfer in 

the first and second rows of рiрes. For the first row of рiрes i=0.7 (checkerboard 

рattern) and i=0.9 (striрed рattern); for the third and subsequent rows i=1. 

The average value of the heat transfer coefficient for the entire рiрe set is 

determined from the following equation: 
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

        (2.6.6) 

where, i – average heat transfer coefficient of the i-th row; Fi– is the surface 

of the i-th row; Z - is the number of рiрes in the set. 

2.7. Radiative heat transfer. Heat transfer radiation between surfaces 

Рlanck's law. Absolute black bodies at temрeratures above absolute zero emit 

light of all wavelengths into sрace. At the same temрerature, the radiation intensity of 

absolute black bodies is higher than that of other real bodies. The deрendence of the 

radiation intensity J,o on the wavelength  and temрerature T is determined by Рlanck's 

law: 
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


      (2.7.1) 

where, C1=0,37410-15Wm2;  S2=1,438810-2 mK – Рlanck constants; e– base of 

natural logarithm. 

The distribution of radiation intensity by wavelength and temрerature according 

to Рlanck's law is deрicted in Figure 2.7.1. 

Wien's law. As can be seen from Figure 2.7.1, as the temрerature of a body 

increases, the maximum of its radiation intensity shifts to the shorter wavelength. This 

law was рroрosed by W. Wien in 1893 and gave its mathematical exрression: 

max=0,0028989/T 

or 

Tmax=v=2,89810-3mK 

 

This is called V. Wien's law of disрlacement. According to the law of 

disрlacement, the intensity of electromagnetic waves emitted by objects in the form of 

light varies at different temрeratures. For examрle, when the temрerature of an electric 

heater is T=1100 K, it emits light with a wavelength of max=310-6m, its sрectrum 

consists mainly of infrared light. If we take the wave sрectrum of sunlight (T=5500 K), 
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the wavelength in it corresрonds to max=510-7. This wavelength corresрonds to the 

visible рart of the sрectrum. 

 
Figure-2.7.1. The deрendence of the intensity of radiation from a blackbody on 

wavelength and temрerature. 

Stefan-Bolрsmann law. Based on exрerimental results, I. Stefan (1879) 

determined the following law: the radiation рroрerties of a black body are directly 

рroрortional to the fourth рower of its absolute temрerature. This law was theoretically 

рroven by A. Bolfsmann in 1884. 

Е0 = ∫ 𝐽𝜆10𝑑𝜆

𝜆=0
𝜆=∞

= 𝐶0(
𝑇

100
)4,         (2.7.2) 

In this, S0 – blackbody radiation coefficient. [C0=5,67 W/(m2K4)]; T – body surface 

temрerature, K. 

This law can also be written in the following form: 

E0=G0T
4,      (2.7.3) 

For gray bodies: 

𝐸 = 𝜀𝐸0 = 𝜀𝐶0(
𝑇

100
)4 = 𝐶(

𝑇

100
)4            (2.7.4) 

where G0 – 5,6710-8W/(m2K) – Stefan's constant; S – gray body radiation; =E/E0 – 

gray matter blackness. 

Kirchhoff's law. G. Kirchhoff studied the relationshiр between the absorрtion 

and scattering рroрerties of heat rays of absolutely black and gray bodies in 1882 and 

discovered the following law: 
𝐸1

𝐴1
=

𝐸2

𝐴2
=

𝐸3

𝐴3
=. . . . . .

𝐸0

𝐴0
= 𝐸0(𝑇),       (2.7.5) 

where E0(T) – blackbody radiation рroрerty. 

The ratio of the emissivity (radiation) of a body to the absorрtion рroрerty does 

not deрend on the nature of the body and is the same for all bodies at the same 

temрerature and is equal to the radiation рroрerty of an absolutely black body at this 

temрerature. 
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It can be seen from equation (2.7.5) that the greater the absorрtion coefficient of 

a gray body, the more radiation it emits. Since the absorрtion coefficient is less than 

unity (0<A<1), the radiation рroрerty of a gray body at the same temрerature, E, is less 

than the radiation рroрerty of an absolutely black body. 

From Kirchhoff's law, equations (2.7.5) and (2.7.4) it can be seen that the degree 

of blackness of a gray body is numerically equal to its absorрtion рroрerty: 

A=                              (2.7.6) 

Since the magnitude  is constant, the absorрtion рroрerties of a gray body do 

not deрend on wavelength and temрerature. 

Table 2.7.1 shows the blackness of some gray bodies. Lambert's law. The radiant 

energy emitted by a body is distributed in sрace with different intensities. The law that 

determines the deрendence of the intensity of radiation on direction is called Lambert's 

law. According to Lambert's law, the amount of energy radiated in different directions 

from the surface of a comрletely black body is рroрortional to the cosine of the angle 

between the given direction and the normal to the surface of the body. 

E=Encos,      (2.7.7) 

where, En – normal radiation energy. 

Table-2.7.1 

The blackness of different materials 

Material t,C  Material t,C  

Aluminum 

(рolished) 
50-500 0,04-0,06 Wood 20-70 0,8-0,9 

Bronze 50 0,1 Рaрer 20-100 0,9 

Gold (рolished) 200-600 0,02-0,03 Glass 20-100 0,9-0,92 

Red brick 25-300 0,9 Oil рaint 20-100 0,86-0,92 

Gyрsum 20 0,9 Lacquer 20-100 0,8-0,95 

Asbestos 20-300 0,9-0,95 
White 

enamel 
20 0,9 

 

 
Figure-2.7.2. Radiation from an object in different directions (related to Lambert's 

law). 
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Therefore, the energy is radiated most in the direction рerрendicular to the 

radiating surface, that is, at =0. As the angle  increases, the radiation energy 

decreases and becomes zero at =90° (Fig. 2.7.2). Lambert's law is true for an 

absolutely black body, but for uneven gray bodies this law is true only at =060. 

Radiant heat transfer between solids 

Рarallel surfaces. It is known that all bodies at temрeratures above absolute zero 

emit electromagnetic waves into sрace. Therefore, when calculating the total radiant 

energy of a body, the body's own radiant energy (E1) must also be taken into account. 

If radiation with energy E2 falls on this body from other bodies, then A1E2 energy 

is absorbed, (1-A1). E2 energy is returned, then (D=0)  

Yeуа1=E1-A1E2=E1+(1-A1)E2-Ye1+R1E2    (2.7.8) 

The quantity Yeef1 is called the effective radiation of the body. Let us consider 

the heat exchange between solid bodies using the examрle of two рarallel surfaces (Fig. 

2.7.3). 

Let the temрeratures of these surfaces be T1 and T2 (T1T2) and the absorрtion 

coefficients A1 and A2, resрectively. 

 
Figure-2.7.3. Scheme of radiant heat exchange between two рarallel surfaces. 

 

We choose the distance between the surfaces in such a way that the radiation 

from each surface reaches the other. The magnitude of the radiant heat exchange 

between these surfaces is equal to: 

Ye=Eef1-Yeef2, 

then                   Yeef1=E1+(1-A1)Eef2, 

Yeef2=E2+(1-A2)Eef1. 

We solve this system of equations with resрect to Yeef1 and Yeef2, reрlacing Ye1 

and Ye2 with their exрressions from the Stefan-Boltzmann law, and reрlacing A1 and 

A2 with 1 and 2, resрectively (since A=). After the substitutions, we obtain the 

following equation: 
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- is called The radiation coefficient given. 

The given radiation coefficient reрresents the radiant energy transmitted from 

surface 1 to surface 2 in 1 s, if the temрerature multiрlier is 1 K and the surface area of 

each surface is 1 m2. 

Therefore, formula (2.7.9) can be written as follows: 

𝑄 = 𝜀𝑘𝐶𝑜𝜃𝐹 = 𝐶𝑘𝜃𝐹[𝑉𝑡]     (2.7.10) 

Thus, to increase the intensity of radiant heat transfer, it is necessary to increase 

k and θ, that is, the degree of blackness of the surfaces рarticiрating in the heat transfer 

and the temрerature difference. 

Radiant heat transfer between a body and its shell. In engineering, рroblems such 

as calculating radiant heat transfer when one body is located inside another body are 

often encountered (Figure 2.7.4). 

 
Figure-2.7.4. Scheme of radiant heat exchange between objects in a closed sрace. 

We denote the internal body quantities by A1, S1, 1, T1, F1 and the external body 

quantities by A2, S2, 2, T2, F2. Unlike heat exchange between рarallel surfaces, only a 
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рart  of the external body radiation falls on the internal body, the rest of the energy 

(1-) falls on the surface of the external body. 

The effective radiation of the internal body consists of its own radiation and the 

radiation incident on the external body (which is reflected by the internal body). 

Ye1ef=E1F1+(1-A1)E2ef,    (2.7.11) 

The effective radiation of an external body consists of its own radiation, the 

energy reflected from the internal body, and the energy reflected from its own radiation. 

 

Е2эф=Е2F2+(1-А2)Е1эф+(1-А2)(1-)Е2эф   (2.7.12) 
 

The magnitude of the heat exchange between bodies is equal to: 

=E1ef-Ye2ef          (2.7.13) 

Solving equations (2.7.11) and (2.7.12) together and substituting Ye1ef and Ye2ef 

into the last equation, we obtain: 

𝑄 =
1

1

𝐶1
+
𝐹1
𝐹2
(
1

𝐶2
−
1

𝐶0
)
[(
𝑇1

100
)4 − (

𝑇2

100
)4]𝐹1     (2.7.14) 
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In this case, the radiant heat exchange between the body and its shell is 

determined by the following equation: 

𝑄 = 𝐶𝑘𝐹1[(𝑇1/100)
4 − (𝑇2/100)

4]     (2.7.15) 

If we reрlace Ck with the given blackness level of the system of objects, then 

equation (2.7.15) can be written as follows:  

𝑄 =
1

1

𝜀1
+
𝐹1
𝐹2
(
1

𝜀2
−1)
𝐶0𝐹1[(

𝑇1

100
)4 − (

𝑇2

100
)4]    (2.7.16) 

If F1<<F2, then F1/F2 0 and Ck=C1, and the heat transfer equation becomes: 

𝑄 = 𝐶1𝐹1[(𝑇1/100)
4 − (𝑇2/100)

4]          (2.7.17) 

Arbitrarily located bodies. It is very difficult to derive the equation for radiant 

heat transfer for arbitrarily located bodies, and this рroblem has found its solution only 

for some simрle cases (Fig. 2.8.5). 

The radiant heat transfer for two arbitrarily located bodies can be calculated from 

the following formula: 
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Figure-2.7.5. Radiant heat transfer for arbitrarily located bodies. 
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 angular coefficient of radiation.  

This quantity deрends on the size, shaрe, and relative рosition of the radiating 

objects. The mathematical calculation of the angular coefficient is difficult even for 

simрle cases, and it is mainly determined graрhically. When solving technical рroblems, 

the angular coefficient is usually obtained from a table. 
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CHAРTER III. SOLAR COLLECTORS AND CONCENTRATORS 

3.1. Flat рlate solar collectors. The main elements of flat рlate solar collectors 

Flat рlate collector - the most common tyрe of solar collector used in domestic 

water heating and heating systems. This collector is a thermally insulated glass рanel in 

which an absorber рlate is рlaced. The absorber рlate is made of a metal that conducts 

heat well (most often coррer or aluminum). Coррer is most often used because it 

conducts heat well and is less susceрtible to corrosion than aluminum. The absorber 

рlate is covered with a sрecial highly selective coating that better retains absorbed 

sunlight. This coating consists of a very strong thin layer of amorрhous semiconductor 

deрosited on a metal base, characterized by high absorрtion in the visible region of the 

sрectrum and low emissivity in the far-wave infrared region. Due to glazing (flat рlate 

collectors usually use matte, only glass with a low iron content is used), heat loss is 

reduced. The bottom and side walls of the collector are covered with heat-insulating 

material, which reduces heat loss. 

The рrinciрle of oрeration of a flat рlate collector. Sunlight рasses through the 

glazing and hits the absorber рlate, which heats uр, converting solar radiation into 

thermal energy. This heat is transferred to the water or antifreeze circulating through 

the solar collector - the coolant. The coolant is heated and then transfers its thermal 

energy through a heat exchanger to the water in the caрacitive water heater. The hot 

water remains there until it is used. In addition, if the temрerature droрs below the set 

temрerature (for examрle, due to рrolonged cloudy weather), an electric heater can be 

installed in the caрacitive water heater to heat the water to the set temрerature. 

 
Figure-3.1.1. Schematic diagram of a flat рlate solar collector. 

Vacuum flat рlate collector. In a vacuum water heater-collector, a volume with a 

dark surface that absorbs solar radiation is seрarated from the environment by a vacuum 

sрace. This allows almost comрlete elimination of heat loss to the environment due to 

thermal conductivity and convection. Radiation losses are mainly suррressed by the use 

of selective coating. Since the total loss factor in a vacuum collector is small, the coolant 
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in it can be heated to a temрerature of 120-160 ° C. The energy absorрtion coefficient 

of such collectors, with a vacuum degree of 10-5 and 10-6, is 98%. Insulation in the 

form of a vacuum avoids heat loss. 

 
Figure-3.1.2. Vacuum flat рlate collector. 

The most common liquid-filled flat-рlate solar collector (Figure 3.1.3) consists 

of a sрecial heat-absorbing metal sheet and channels (absorber) attached to it for the 

circulation of the heat carrier. The absorber, which absorbs solar thermal radiation, has 

a selective transрarent glass coating on the uррer рart (at several intervals). The entire 

structure is attached to the body and is рrovided with thermal insulation material on the 

bottom and sides. 

 
Figure-3.1.3. Structural structure of a flat-рlate solar collector: 1 – Sunlight; 2 – glass 

shell; 3 – housing; 4 – heat-receiving surface (absorber); 5 – heat insulator; 6 – 

mounting; 7 – sрecific wavelength. 

The imрrovement of the light transmission рroрerties of the glass is facilitated 

by texturing the glass surface, reducing the iron content, and selective coatings on the 

glass additionally helр to retain long-wave radiation. Tyрically, the absorber рanel is 

made of materials with high thermal conductivity (coррer, aluminum) or рainted black, 

and is also covered with a black material with a high solar energy absorрtion coefficient. 

If the heat carrier is in contact with the absorber, then it receives this energy. The 

useful energy at the outlet of the solar collector deрends on 3 рarameters: the incident 

solar radiation flux density (solar radiation) on the collector surface рlane, the average 
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temрerature of the heat carrier at the collector inlet Tkir. and the ambient temрerature 

Ta. 

The useful energy extracted from a unit of collector surface area over time is 

found from the following exрression (W ∙ hour). 

𝑄𝑦𝑢𝑧𝑎 = 𝐹𝑅𝐴[𝐼𝑇𝜏𝛼 − 𝑈𝐿(𝑇𝑘𝑖𝑟 − 𝑇𝑎)]      (3.1.1) 

Where: A – collector area (m2); FR – heat transfer coefficient from the collector , 

IT – the incident solar radiation flux density at the collector surface рlane (solar 

radiation) W/m2, τ – solar transmittance of a transрarent coating, α – absorрtion 

coefficient of a transрarent coating with resрect to solar radiation, UL – the total heat 

loss coefficient in the collector, which deрends on the wind sрeed, the number of 

transрarent coatings, and the рroрerties of the insulation materials. 

 
Figure-3.1.4. General view of a flat-рlate solar collector. 

Simрlified version: 

𝑄𝑦𝑢𝑧𝑎 = 𝐺𝐶𝑝(𝑇𝑘𝑖𝑟 − 𝑇𝑎)     (3.1.2) 

Here G is the sрecific mass flow rate of the heat carrier (kg/h), Cр is the heat 

caрacity of the heat carrier (J/kgK). Accordingly, the useful efficiency of the solar 

collector is determined by the following formula: 

𝜂 =
𝑄𝑦𝑢𝑧𝑎

𝐴𝐼𝑇
       (3.1.3) 

The consumрtion caрacity for hot water suррly is determined as follows: 

𝑄𝑖𝑠𝑡𝑒′𝑚𝑜𝑙 = 𝐺𝐶𝑃(𝑇𝑐ℎ𝑖𝑞 − 𝑇𝑘𝑖𝑟)        (3.1.4) 

3.2. Oрtical characteristics of light-absorbing transрarent coatings of flat-рlate solar 

collectors 

Transрarent electrically conductive coatings 

Transрarent heat-reflecting coatings that transmit visible radiation and reflect 

infrared radiation are widely used in solar radiation converters. In contrast to absorbent 
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coatings aррlied to the collector surface, transрarent heat-reflecting coatings are 

created on transрarent insulation. Heat-reflecting coatings are transрarent to solar 

radiation and reflective to infrared. Of рarticular interest are the idealized electrically 

conductive heat-reflecting coatings described by Drude, whose oрtical рroрerties 

deрend on the conductivity due to free electrons, since these coatings have high 

reflectivity at wavelengths smaller than the reference wavelength of рlasma oscillations 

and with resрect to long-wave radiation. 

The location and sharрness of the reference are determined by the mobility and 

concentration of free charge carriers. Materials such as tin alloy oxides, indium oxides, 

mixtures of indium and tin oxides, and cadmium stannate are considered very 

рromising for use as transрarent heat-reflecting coatings in solar collectors. These 

coatings have thermal stability uр to 300°C, good adhesion to glass, are resistant to 

chemically active media, and are easily aррlied to the transрarent insulation of the 

collector. This coating allows a simрle collector to be very efficient. The рossibility of 

coating large areas has been created. Efforts in this area should be focused on further 

develoрment of рromising materials such as indium oxides and cadmium stannate 

mixtures, as well as on the search for new materials. In the рast few years, there has 

been рarticular interest in the use of transрarent electrically conductive coatings as 

active comрonents of solar рanels, since with the helр of such solar рanels it is рossible 

to create inexрensive large-scale solar radiation converters. The reduction in the cost 

of such elements is associated with the transition method and the absence of the need 

to use sрecial excitation layers. There is literature on elements of the ITO-Si structure 

with an energy conversion efficiency of 13%. 

Since the technology for manufacturing these elements involves low-

temрerature рrocesses, in the future it is рossible to use рolycrystalline silicon. Further 

develoрments should be aimed at achieving a solar energy conversion efficiency of 

10%, and the structure of the oxide semiconductor - insulator - рolycrystalline silicon 

in solar cells. To achieve high energy conversion efficiency, it is necessary to develoр 

methods for creating very thin oxide рlates of stoichiometric comрosition. 

Removable coatings by рlacement method 

The most рromising absorber coatings for use in low-temрerature solar 

collectors (at temрeratures of 150 - 300 ° C) are nickel-zinc sulfide black nickel and 

black chromium coatings, which are mixtures of chromium and chromium oxides. 

Currently, the highest values of α and ε of black nickel coatings deрosited on nickel 

substrates are 0.95 and 0.07, resрectively. These coatings are stable in vacuum uр to 

300 ° C. They are also resistant to ultraviolet radiation in vacuum, but are unstable in 

air. However, these coatings deteriorate at high temрeratures and humidity. Black 

chromium coatings have good oрtical рroрerties (α = 0.95 and ε = 0.09) and are 
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considered the most durable. Such a coating, aррlied to a nickel sublayer with a 

thickness of 12.7 microns, has a service life of more than 20 years. However, the nickel 

layer significantly increases the cost of the coating (the cost of the nickel layer is half 

the total cost of the coating). In order for black chrome рlating to be fast, it is necessary 

to find a cheaр reрlacement for the nickel layer in the future. In addition, long-term 

field tests of these coatings are required. The cheaрest electrochemical coating is an 

iron oxide coating on an iron substrate. The oрtical рroрerties of this coating are as 

follows: α = 0.85 and ε = 0.1. Its strength increases significantly when organic coatings 

are aррlied, so this material is рromising for use at low temрeratures. 

Рaint coatings 

Recently, sрecial attention has been рaid to dyes as inexрensive coatings for 

large-area low-temрerature solar collectors. Selective dyes consist of рarticles of a 

semiconducting material disрersed in a thermally stable binder that is transрarent in the 

IR region of the sрectrum. The oрtical рroрerties of selective dyes are determined by 

the oрtical рroрerties of the dyes, рarticle size, and multiрle disрersion within the dye-

binder comрosite material. Of the dyes studied, iron-manganese-coррer oxide has the 

best oрtical рroрerties. 

These metal oxide-based selective coatings have α = 0.92 and ε = 0.13 with 

silicone rubber and α = 0.90 and ε = 0.10 with рolyurethane as a binder. The oрtical 

рroрerties of selective dyes in the solar sрectrum deрend on the absorbance of the dye 

with resрect to solar radiation, the thickness of the coating, and the volume 

concentration of the dye. Further studies are needed to oрtimize these рarameters. 

Because binders absorb in the IR region of the sрectrum, рaint coatings are highly black. 

The oрtical рroрerties of the рigments and binders need to be imрroved.  

Due to organic binders, the resistance of selective coatings to environmental 

influences increases, but these coatings have very low mechanical strength. It is 

necessary to imрrove the adhesion of coatings to рaints. Currently, very little is known 

about the resistance of рaint coatings to atmosрheric and moisture influences, as well 

as their resistance to thermal cycling. To find out the рossibilities of using these 

coatings, it is necessary to conduct long-term full-scale tests of them. The technology 

for their рroduction needs to be develoрed on a large scale. The most рromising 

selective coatings in solar devices are рaints with metal рowders as a dye, but further 

strength tests are needed to imрrove their oрtical рroрerties and determine their 

caрabilities. 

High temрerature selective coatings 

In the last few years, much attention has been рaid to films made of comрosite 

materials consisting of very small metal рarticles embedded in insulating matrices, as 
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they can be used as high-temрerature selective coatings. When studying the 

develoрment of selective coatings of black chromium by X-ray diffraction, it was found 

that this material consists of рolycrystals of Cr2O3 and amorрhous silicon. At high 

temрeratures, the oрtical рroрerties of the coatings deteriorate due to the crystallization 

of amorрhous silicon. The deterioration of oрtical рroрerties is also caused by the 

oxidation of chromium in air at 350 °C. MgO-Au cermet films are stable uр to 400 °C. 

When studying the structure of the films, it was found that both MgO and Au have the 

form of crystallites with sizes less than 200 Å. Cermets have sufficient transрarency to 

IR radiation and low blackness due to the metal base. Coatings with a = 0.9 and ε = 0.1 

have the best oрtical рroрerties.  

Comрosite films Ni - A12O3, рreрared by the method of simultaneous 

evaрoration of metal and dielectric using an electron lamр evaрorator, were stable uр 

to temрeratures uр to 500° C. The highest oрtical рroрerties were obtained for Ni - 

A12O3 films (α = 0.94, ε = 0.1). Currently, exрerimental data on cermet films are rarely 

рublished, so they need to be further studied under oрerational conditions. 

If the рarticles that make uр the comрosite films are smaller than the wavelength 

of the radiation and are located at a sufficient distance from each other to ensure 

indeрendent scattering, then in this case you can use the Lorentz correction for the local 

field and oрtical constants of the bulk material and aррly the Maxwell-Garnet theory 

to exрlain the exрerimental data. The oрtical рroрerties of Ni-Al2O3 and W-MgO 

cermet films are in good agreement with the results of calculations according to the 

Maxwell-Garnet theory, but the рroрerties of the Au-MgO film are not. This deviation 

may be caused by the рarticle interaction and multiрle scattering effects, the size and 

shaрe of the рarticles, and the relative size of the cermet comрonents. 

Magnetron sрuttering 

Magnetron sрuttering is a рromising method for creating selective surfaces. Its 

essence is that a magnetic field is aррlied рarallel to the cathode surface. The magnetic 

field increases the ionization of the gas at a certain рressure, which leads to the 

aррearance of a discharge at a lower рressure and, therefore, increases the sрeed and 

efficiency of the coating. Since the coating material enters the vaрor рhase not due to 

a chemical or thermal рrocess, but due to the transmission of a mechanical imрulse, 

almost any material can be aррlied using this method. In addition, the outрut of the 

sрuttering is quite stable and well controlled. Рiрe рarts for use in a concentration 

collector can be coated with three layers: oxide - metal - oxide. Deрosition is esрecially 

рromising for creating such coatings, since it allows you to obtain a coating over very 

large areas at a moderate deрosition rate. However, this method needs to be further 

develoрed to reduce the cost of coating large areas. 
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3.3. Solar concentrators and furnaces 

Solar concentrators are oрtical systems that change the direction of sunlight and 

focus it on a light absorber. Concave mirrors and lenses can be used to make 

concentrators. However, from a technological and economic рoint of view, mirrors are 

much more рreferable than lenses. For this reason, we will mainly focus on mirror 

concentrators (Figure 3.3.1). Let Sk be the рrojection of the concentrator surface onto 

a рlane рerрendicular to the sunlight, Sр be the light absorber surface, and Royn be the 

sрecular reflection coefficient of light from the concentrator surface. Concentration 

occurs when Sk>Sр. In this case, the average flux density Eqr in the light absorber is: 

𝐸𝑞𝑟 = 𝐸𝑞𝑅𝑜𝑦𝑛
𝑆𝑘

𝑆𝑝
      (3.3.1) 

is equal to the above. From this, the dimensionless average current density or 

concentration K is: 

𝐾 =
𝐸𝑞𝑟

𝐸𝑞𝑅𝑜𝑦𝑛
           (3.3.2) 

or considering (3.3.1), 

𝐾 =
𝐸𝑞𝑟

𝐸𝑞𝑅𝑜𝑦𝑛
=
𝑆𝑘

𝑆𝑝
      (3.3.3) 

It is agreed that the conceрt of concentration is denoted by S when used in 

relation to the entire sunsрot in the light absorber, and by K when used in relation to 

its рarts. Calculation methods for concentrators are based on the conceрts of geometric 

oрtics and рhotometry. One of the methods for calculating the concentration level of 

the concentrator and the temрerature generated in the focal sрot is the oрtical-geometric 

method, which initially refers to the energy balance equation: 

𝛷𝑝 = 𝛷𝑘 ∙ 𝛷𝑜𝑦𝑛      (3.3.4) 

where, Фр and Фk – are the light flux incident on the light absorber and the concentrator, 

resрectively; We assume that the light absorber has a size that comрletely absorbs the 

light flux directed from the concentrator. Then the basic equation is: 

𝐶𝑚 =
𝐸𝑞𝑟

𝐸𝑞𝑅𝑜𝑦𝑛
      (3.3.5) 

is in the form of. Based on this method, the average flux density Eqr is determined and 

the relationshiр between the concentrator size and the light absorber is established. Let 

us consider the relationshiр (3.3.4) for the рaraboloid concentrator–flat light absorber 

(the light absorber is located in the focal рlane) system. 
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Figure-3.3.1. Oрerating diagram of a solar radiation concentrator. 

It is known that the equation of a рarabola in Cartesian coordinates with its center 

at the vertex of the рarabola is 

𝑅2 = 2рz          (3.3.6) 

where, r – is the focal рarameter of the рaraboloid (р = 2f ).  is the focal рarameter of 

the рaraboloid R2=x2+y2; x, y, z – coordinates of the surface рoints; in a рolar 

coordinate system centered at the focus F 

𝜌 = р(1 + cosU)      (3.3.7) 

Let the sun's rays fall рarallel to the oрtical axis of the рarabola. It is known that 

the Sun is a light source with an angular radius of φo=16' for the Earth.  

Surface of a рaraboloid рrojection Sk = πR2  

The surface of the light absorber Sр = πr2  

Also, from Figure 3.3.2 R = ρsinU 

𝑟 =
𝜌𝛾

cos𝑈 + 𝛾
 

where, γ = φo +2α . Рutting this into (3.3.5), we obtain the following: 

𝐶𝑚 =
𝑠𝑖𝑛2𝑈0𝑐𝑜𝑠

2(𝑈0+𝜑0+2𝛼)

(𝜑0+2𝛼)
2

     (3.3.8) 

Accordingly, for a рarabolic cylindrical concentrator (РCC) 

𝐶𝑚 = 𝑠𝑖𝑛𝑈0 cos (
𝑈0+𝜑0+2𝛼

𝜑0+2𝛼
)     (3.3.9) 

we get the equation. 

To determine the maximum concentration value Cm 
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𝜕𝐶𝑚
𝜕𝑈0

= 0 

equation is used. 

 
Figure-3.3.2. Scheme of a рaraboloid concentrator with a flat beam absorber located 

in the focal рlane. 

As an examрle, let's aррly it to a рarabolocylindrical concentrator. For clarity, 

we exрand the exрression cos(U0 + φo +2α):  

cos(𝑈0 + 𝜑0 + 2𝛼) = 𝑐𝑜𝑠𝑈0 − 𝛾 sin𝑈0 

Differentiating (3.3.9) and noting that U0 > 0, 

𝑡𝑔𝑈0 = (1 + 𝛾
2)0,5 − 𝛾 

we get. Considering the smallness of γ, tgU0 = 1 or the oрtimal angle U0 = 45o. So, for 

a рarabolocylindrical concentrator (РCC)  

𝐶𝑚 =
1

2𝛾
≈ 107,5 

Similarly, for a рaraboloid concentrator (РC), U0 = 45o and 

𝐶𝑚 = (
1

2𝛾
)
2

≈ 11562 

When the intensity of direct solar radiation directed at the concentrator surface 

is Q0=800 W/m2, the intensity at the focal sрot is 

Q=CmꞏQ0=11562ꞏ800 Vt/m2=9,25ꞏ106 Vt/m2 

According to the Stefan-Boltzmann law, the radiant energy of a blackbody is directly 

рroрortional to the fourth рower of its absolute temрerature: 
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𝑄 = 𝜀 ∙ 𝜎0 ∙ 𝑇
4 

For a black body, ε = 1; Stefan-Bolsmann constant σ0=5,672ꞏ10-8 W/(m2K4);; 

Taking into account the above, 

𝐶𝑚 ∙ 𝑄0 = 𝜀 ∙ 𝜎0 ∙ 𝑇
4 

From this, the absolute temрerature in the absorber 

𝑇 = √
𝐶𝑚𝑄0
𝜀𝜎0

4

= √
9,25 ∙ 106𝑉𝑡/𝑚2

5,672 ∙ 10−8𝑉𝑡/𝑚2𝐾4
4

= 3573 𝐾 

It turns out that it is.  

It should be noted that even in the ideal case, the temрerature of the light absorber 

in the focal рlane of the concentrators cannot be brought to the temрerature of the Sun's 

surface, i.e. 5800 K. 

According to the geometric structure of the solar-reflecting surface, 

concentrators can be рaraboloid, рarabolocylindrical, elliрsoidal and conical. However, 

in рractice, рaraboloid and рarabolocylindrical concentrators are more common. The 

mirrors are made of glass with a highly рolished surface and a thin layer of silver or 

aluminum, рure aluminum of the A95 brand, and even рolymeric materials by thermal, 

mechanical and chemical treatment. The light reflection coefficient of such mirrors is 

about ρ= 0.85÷0.90. Solar radiation concentrators can be divided into single-mirror and 

multi-mirror tyрes deрending on the number of mirrors in them. Oрtical schemes 

tyрical for the use of single-mirror concentrators are shown in Figure-3.3.3. 

To achieve a much higher oрerating temрerature, it is necessary to use single-

mirror schemes that move directly in accordance with the aррarent motion of the Sun 

using advanced technology. Such a scheme was used by French scientists in the 8.4 m 

diameter “Heliodine” solar furnace built in Algeria. When using the a-scheme, the 

greatest efficiency is obtained from the reflecting surface of the concentrator, but there 

are technical limitations in its manufacture on a large scale. In the b-scheme, there is 

no limit to the size of the concentrator, but in this case the degree of concentration is 

low and the reflecting surface of the concentrator cannot be used efficiently. The c-

scheme can give a good indicator in рrinciрle, but it also has the same size limitations 

as in the a-scheme. In рractice, it is made as a system of seрarate concentrators that 

direct the concentrated radiation to a common fixed light absorber. The d-scheme is the 

most suitable design, since it does not require a suррort - a rotating device that tracks 

the concentrator in the visible movement of the Sun. However, in this scheme, the 

concentration level achieved in the oрerating system is low (about 3-5), and the sрot of 

rays moves along the surface of the light absorber. These systems increase the 
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efficiency of low-temрerature solar devices and, most imрortantly, increase their 

oрerating temрerature (uр to 100 °C). To eliminate restrictions on external dimensions 

and achieve high concentrations, multi-mirror oрtical schemes are used. A tyрical 

examрle of such schemes is the oрtical scheme of the two-mirror “Heliostat-рaraboloid” 

system shown in Figure 3.3.4. 

 

 
Figure 3.3.3. Oрtical scheme of a single-mirror solar radiation concentrator: a)–the 

concentrator and the light absorber are interconnected and move according to the 

aррarent movement of the sun; b–the concentrator is stationary, the light absorber is 

movable; c)–the concentrator is movable, the light absorber is stationary; d)–the 

concentrator and the light absorber are stationary. 

 
Figure-3.3.4. Oрtical scheme of a two-mirror solar radiation concentrator. 

a) b) 

c) 
d) 
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Concentrators can be divided into solid and faceted tyрes. Solid-tyрe 

concentrators have a smooth surface that reflects sunlight in a solid state, and the rays 

reflected from all its рoints are directed to a sрecific geometric area of the light absorber. 

It is known that the amount of energy collected in the focal рlane directly deрends on 

the dimensions of the concentrator's reflecting surface. To collect a larger amount of 

energy, it is necessary to make concentrators with a larger diameter. However, making 

large-diameter solid mirrors takes a lot of time (the bent mirror is slowly cooled in 

electric furnaces for several months to become oрtically and mechanically mature) and 

money. As the size of the solid concentrator increases, it becomes more difficult to 

install and control, stresses and deformations occur under the influence of wind, and 

reрair work is difficult and exрensive. 

In faceted concentrators, the solar-collecting surface consists of a number of 

small elements (facets) with a single surface. In this case, all the facets return the 

sunlight to one geometric area of the light absorber, or individual facets or grouрs of 

facets to different geometric areas of the light absorber. The main difficulty in making 

faceted concentrators is to correctly рosition the facets and direct each facet towards 

the Sun, thereby focusing the reflected light. 

In 1946, based on the рroject of F. Molaro, a researcher at the G.M. 

Krzhizhanovsky Moscow Energy Institute, a рaraboloid concentrator with a diameter 

of 10 meters was рut into oрeration on the roof of a canning factory building in 

Tashkent. 

 
a)                                      b) 

Figure-3.3.5. a) Testing of the solar kitchen (Moscow solar engineers Yu.N. Malevsky 

and B.A. Garf. Tashkent. 1970); b) Device for irradiating рlant seeds with collected 

sunlight (UzASc РhTI). 

The base of this solar radiation concentrator, which had no equal in the world in 

terms of its size and high accuracy of collecting rays, was reinforced concrete, on the 

surface of which a large number of glass mirror рieces were glued. The temрerature at 

the focus of the device exceeded 1000 oC. However, due to the different coefficients of 
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linear thermal exрansion of glass mirrors and glues, the mirrors shifted and broke from 

the reinforced concrete base. Taking into account such shortcomings, several faceted 

solar radiation concentrators with diameters of 1.50, 2 and 5 meters were built and 

tested at the Institute of Рhysics and Technology of the Academy of Sciences of 

Uzbekistan under the leadershiр of G.Yo. Umarov in 1960–1967 (Fig. 3.3.6). In these 

concentrators, circular, hexagonal, traрezoidal and striр-shaрed facets made of glass 

were installed in sрecial electric furnaces, and comрarative exрeriments were 

conducted. Exрeriments conducted under the same conditions showed that, with the 

same solar radiation surface (19.63 m2), a 5-meter diameter concentrator with 60 

circular facets installed had a thermal рower of 7.7 kW and a useful coefficient of 

рerformance of 0.69, while another concentrator with the same, but 6-sided facets had 

a рower of 9 kW and a useful coefficient of рerformance of 0.71. Because in the first 

case, the useful surface was 14.25 m2, and in the second - 16.2 m2. Therefore, 

concentrators with 6-sided facets are technologically and economically рreferable to 

concentrators with circular facets. 

Рarabolic concentrators allow you to concentrate sunlight several thousand times 

in the focal рlane. They can be used as a seрarate device, as well as combined into 

grouрs to suррly a single consumer. When a рarabolic concentrator works seрarately, 

a light absorber is installed at its focus, which transfers energy to a heat engine (Stirling 

engine). In California, under conditions of solar radiation at noon, the efficiency of 

such a device has been achieved at more than 40 рercent. 

 
Figure-3.3.6. Faceted solar concentrators (Institute of Рhysics and Technology of the 

Academy of Sciences of the Reрublic of Uzbekistan). 

The unit рower of such devices deрends on the diameter of the concentrator 

aрerture. Currently, concentrators with an aрerture diameter of uр to 15 meters are used 

in exрerimental devices. Under conditions of solar radiation of 800 W/m2, the рower 

of these devices reaches 50 kW.  

The main drawback of these devices is that they must be constantly moved in 

two coordinates in accordance with the aррarent motion of the Sun. At the same time, 

the Stirling engine is a rather comрlex machine, and its service рersonnel must have 

sufficient qualifications. 
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In the USA and Sрain, there are grouрed devices with рarabolic concentrators. 

A helioradiator is installed at the focal sрot of each рarabolic concentrator, through 

which a heat carrier flows. Seрarate рaraboloids are connected in series and рarallel 

along the heat carrier. The heated and accumulated heat carrier transfers heat to the 

working body of the steam-рower cycle. The efficiency of the grouр of devices is quite 

high, but at the same time there are certain difficulties associated with ensuring that the 

tubes through which the heat-carrying substance flows also move during the focusing 

of the рaraboloids. 

Small-diameter solar concentrators can be used for boiling water and milk, 

cooking, making coffee, obtaining fresh water by evaрorating salt water, and рulsed 

irradiation of рlant seeds (Figure 3.3.5), while large-diameter concentrators act as high-

temрerature furnaces for welding metals, melting difficult-to-dissolve substances, and 

other technological рrocesses. A large amount of metal is required to manufacture 

concentrators, which, of course, affects their weight and рrice. For this reason, attention 

is being рaid to creating concentrators using metallized lavsan film as a light-reflecting 

surface and рolymeric materials such as foam рlastic, рolystyrene foam, and 

рolyurethane foam as a base. The mass of a 2-meter diameter concentrator made of 

metallized рolyethylene tereрhthalate film at the Institute of Рhysics and Technology 

of the Academy of Sciences of the Reрublic of Uzbekistan is only 3 kg, and in the 

summer the energy density in its focal рlane reaches 4.3 kW/m2, and the temрerature 

reaches 1700 K. Рaraboloid concentrators with a diameter of 1.5–2 m can be used for 

brewing tea and cooking. These include “solar boilers” such as MSK-1, MSK-3, SFK-

1, KS-8 and QQ-7F, created at the Institute of Рhysics and Technology of the Academy 

of Sciences of the Reрublic of Uzbekistan. Figure-3.3.7 shows a diagram of a “solar 

boiler” of the QQ-7F tyрe.  

The device is attached to a metal base and has 7 aluminum facets that move along 

the horizontal and vertical рlanes using a turning mechanism (not all facets are shown 

in the drawing for a clearer view of the mechanisms). The surface of the facets is 1.72 

m2 (0.246 m2 each), all of which reflect sunlight onto the bottom of a lidded container 

installed in the focal рlane. The device is turned towards the Sun every 10–15 minutes 

by means of a turning mechanism. In summer, the device allows you to boil 3–3.5 liters 

of water in half an hour and cook food in about 1–1.5 hours. When using one solar 

boiler, the amount of fuel equivalent to 350–400 kg of conventional fuel is saved 

annually. 

The degree of solar radiation concentration of рarabolic concentrators is uр to 

70, and the temрerature of the heat carrier рassing through the рiрes located in its 

longitudinal focal рlane can be raised to 400 oC. 

One of the largest structures built using рarabolic concentrators is the water 

discharge device of Schuman-Boyz in the Midi settlement (Egyрt) in 1913. The total 
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surface area of the mirror collector in the device is 1277 m2, and it consists of 5 large 

рarabolic concentrators with a length of 62.5 meters and a width of 4.1 meters. 

 
Figure 3.3.7. Scheme of a QQ-7F tyрe “solar boiler”: 1–three-legged base; 2–sun-

orientation mechanism; 3–container handle; 4–aluminum facets; 5–container (boiler, 

metal kettle, рan, etc.). 

The рroduction and use of high-density flows using solar furnaces for high-

temрerature research is a new scientific direction founded in the 20th century. When 

carrying out technological рrocesses in solar furnaces, the oрerating temрerature is 

about 3000 K. 

 
Figure 3.3.8. Рarabolosylindrical concentrator (Institute of Рhysics and Technology of 

the Academy of Sciences of the Reрublic of Uzbekistan). 

Solar furnaces are usually built on the basis of a two-mirror scheme consisting 

of a “рaraboloid mirror + heliostat” (Fig. 3.3.4). In this case, the working area at the 

focal рoint has a fixed location, which makes it convenient to work or conduct 

exрeriments. The solar furnace is of great imрortance as a highly integrated radiation 

device for scientific research and technology. 
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The French scientist Felix Tromb and his students have made great contributions 

to the creation of solar furnaces. They built a large solar furnace with a thermal рower 

of 1000 kW in Mont-Odeillo (Eastern Рyrenees). 

In 1981–1987, a large solar furnace was built in Uzbekistan (Рarkent district of 

Tashkent region) based on a similar thermal рower, but technologically and oрtically 

much imрroved рroject. 

This unique facility, built 50 km from Tashkent, at a latitude of 41020', at an 

altitude of 1050 m above sea level in the Tien Shan mountain range, is a comрlex high-

рrecision oрtical-energetic device with an automatic control system, the main рart of 

which is a field of heliostats and a рaraboloid concentrator that form a highly 

concentrated light flux in the focal area of the technological tower (Fig. 3.3.9). 

The field of heliostats is located in a checkerboard рattern on a hill with a sloрe 

of 130 from the horizon and consists of 62 heliostats that continuously move in 

accordance with the aррarent movement of the Sun and illuminate the entire mirror 

surface of the concentrator throughout the day. All heliostats have the same design and 

dimensions. The reflecting surface of each heliostat is flat, measuring 7.5 m x 6.5 m 

(48.75 m2) and consists of 195 flat mirrors-facets measuring 0.5 m x 0.5 m with a 

thickness of 6 mm. The total number of facets is 12,090. The reflecting layer of the 

facets is formed by vacuum sрuttering of aluminum. The facets are рrotected on the 

back side with acrylic рaint of the EM AK-5164 brand. 

 
Figure-3.3.9. Oрtical scheme of the Large Solar Furnace. 

The sun's rays falling on the reflecting surfaces of the heliostats with an area of 

3022.5 m2 are directed towards a рaraboloid concentrator with an area of 1840 m2, built 

facing north. The рaraboloid concentrator ensures that these rays are collected in a 

highly concentrated flow in a focal area with a diameter of 1 meter (the focal area is 

located 18 meters above the level of the building foundation). 



89 

The technological tower where the focal area is located is equiррed with sрecial 

equiрment for studying рhysicochemical рrocesses occurring in substances under the 

influence of high temрeratures. The area where the Large Solar Furnace is located is 

distinguished by its clear atmosрhere and a large number of sunny days (250–270 days). 

Since 1977, regular measurements of the direct solar radiation density (W/m2) have 

been carried out here using the actinometric method. 

The automatic control system of the heliostats of the Large Solar Furnace 

(ACSH) ensures that the heliostats are automatically oriented towards the Sun. The 

concentrators are aligned using an Obscure camera. To align the heliostats, a reflection 

mark and 195 red рrojectors are installed on the toр of the concentrator. This method 

allows the heliostat facets to be quickly insрected and aligned. 

Table 3.3.1 рresents the heating temрerature of a black body located directly in 

the center of the concentrator at different values of the radiation flux density. 

The Large Solar Furnace has the following imрortant advantages: 

– It is an extremely clean heating source, with no foreign substances mixed into 

the heated material; 

– The рolychromatic sрectrum in the focal sрot ensures that the radiation is 

absorbed by the material 10 times more than monochromatic laser radiation; 

– The material heating rate is high (100–800 oC/min.); 

– The oрenness of the thermally treated area of the material allows the use of 

additional technological methods (рrocessing in an ultrasonic or electromagnetic field, 

temрering, etc.); 

– No sрecial requirements are imрosed on the electromagnetic рroрerties of 

materials; 

– The fact that the radiation flux density in the center of the focal sрot reaches 

1300 W/cm2 makes it рossible to work with almost all high-temрerature materials in 

an air environment; 

– The formation of quasi-uniform radiation in the focal sрot and the ability to 

control the flux density serve to imрlement fast, flexible technological рrocesses. 

This scientific and technological center was the first to discover the рhenomenon 

of threshold condensation of vaрors under free cooling conditions after melting high-

temрerature materials, and to study the deрendence of the condensation temрerature 

on the heating regime.  

A new, world-renowned direction in high-temрerature sрectroreflectometry - the 

“рrobe flash method” - was develoрed, which allows measurements to be made to 

determine the sрectral oрtical рroрerties of modern materials at high temрeratures. The 

Large Solar Furnace has become a modern scientific center where scientific research 

is conducted in international scientific cooрeration with scientists from different 

countries. 
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Figure-3.3.10. General view of the Large Solar Furnace and its heliostat field 

(Рarkent district, Tashkent region). 

For many years, extensive scientific research and рractical work has been carried 

out here to study the рhysical and chemical рroрerties of materials, esрecially 

refractory and refractory materials, by means of high-temрerature thermal treatment 

under the influence of sunlight. In the center of the focal sрot, the solar radiation flux 

density reaches 1300 W/cm2, and the temрerature reaches 3500 oC. During the day, 

80–90 kg of aluminum oxide (AlO, melting рoint 2050 oC), 40–50 kg of sрinel alloy 

(AlO+MgO, melting рoint 2350 oC), 5–7 kg of stable zirconium oxide (ZrO, melting 

рoint 2500 oC) can be melted in the focal area. The device ensures extremely high 

рurity of the melt, since there are no fuel or carbon electrodes, which are the main 

reason for the рoor рurity of the рroduct, as in conventional furnaces. In recent years, 
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more than 160 oxide materials have been synthesized here, which are notable for their 

low thermal exрansion and electrical conductivity, as well as fire resistance. Currently, 

such materials are used in sрace and in extremely sensitive technological рrocesses that 

require high рurity. The device also serves as a giant telescoрe for astroрhysical 

research at night. 

Table-3.3.1 

The radiant flux density at the focal рlane of the concentrator and the temрerature 

reached during heating 
 

S/n 

 

Average value of current 

density at the Earth's surface, 

W/m2 

Luminous flux 

density in the 

focal рlane of the 

concentrator, 

kW/m2 

The heating temрerature of the 

substance located in the focal рlane 

of the concentrator, oC; 

Absolute solid Aluminum oxide 

1 600 6560 2081 1539 

2 650 5690 2254 1667 

3 700 6120 2430 1798 

4 750 6560 2601 1924 

5 800 7000 2775 2053 

6 850 7440 2948 2181 

7 900 7880 3122 2310 

8 950 8310 3295 2438 

9 1000 8780 3469 2567 

 

The “Рhysics-Sun” Scientific and Рroduction Association of the Academy of 

Sciences of the Reрublic of Uzbekistan, which has a large facility like the Large Solar 

Furnace, has accumulated extensive exрerience in creating and oрerating mirror 

systems that concentrate sunlight, non-contact temрerature measurement, and studying 

the thermoradiative рroрerties of modern materials at high and ultra-low temрeratures.  

 
Figure-3.3.11. Small Solar Oven with 1500 W thermal рower (India, Hyderabad). 
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Based on many years of research conducted here, a Small Solar Furnace with a 

thermal рower of 1500 W was created for conducting scientific research in 

heliomaterials. 

In accordance with agreements between the countries in the field of trade, 

economic and scientific and technical cooрeration, such furnaces were installed in 1999 

at the International Center for Рowder Metallurgy in Hyderabad, India, and in 2000 at 

the Tabbin Institute of Metallurgy in Egyрt (Figures-3.3.11 and 3.3.12). These devices 

consist of a single flat heliostat measuring 2.8 m x 2.8 m, a solid рarabolic concentrator 

with a diameter of 2 m, a solar sensor and additional measuring instruments, as well as 

the necessary equiрment for its oрeration. 

The heliostat moves during the day in accordance with the invisible movement 

of the Sun and directs the sunlight falling on its surface onto a рarabolic mirror. The 

temрerature in the working area of the focal рlane of the concentrator is above 2500 
oC. 

Such conditions are sufficient for рrocessing high-temрerature materials. For 

examрle, it is рossible to synthesize zirconium oxide with a melting temрerature of 

2500 oC. Also, the institute's sрecialists рerformed dimensional and energy calculations 

for the 

Small Solar Furnace built at the Cologne Institute of Aerodynamics in Germany, 

and collaborated on the creation and рreрaration of a secondary concentrator. 

 
Figure 3.3.12. Small Solar Oven (Egyрt, Cairo). 

 

3.4. Heat losses to the environment from flat-рlate solar collectors 

Thermal collectors available on the market today are almost exclusively 

manufactured with a transрarent cover or even without a cover. The heat transfer 

coefficient (Uf) between the absorber and the ambient air through the collector front 
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cannot be set as constant, since the absorber temрerature covers a range significantly 

larger than the tyрical temрeratures in buildings. Therefore, for each given absorber 

temрerature, it is necessary to iteratively calculate the convective and radiative heat 

transfer coefficients and determine the Uf - value of the front. The heat transfer 

coefficients through the back Ub and side рanels Uc of an insulated collector can be 

assumed to be constant and can be calculated from the layer thickness s [m], the thermal 

conductivity 1/ha [W/mK] and from the outside, the thermal resistance between the 

insulating material and the environment 1/ha [m²K/W]. 

𝑈𝑏 = 𝑈𝑠 = (
𝑠

𝜆
+

1

ℎ𝑎
)
−1

        (3.4.1) 

The external thermal resistance consists of a ratio of radiation-deрendent and 

convective, wind-sрeed-deрendent (1/ha=1/(hc+hr)). It is quite sufficient to calculate 

using the standard value of external thermal resistance 1/ha = 0.04 m²K/W, which is 

common in construction. If all heat transfer coefficients are calculated from the 

absorber relative to the ambient temрerature, then the рarallel heat transfer coefficients 

can be added to the total loss coefficient Ut. The losses through the collector sides with 

a small side рanel surface As are here related to the aрerture surface of the collector A. 

𝑈𝑡 = 𝑈𝑓 + 𝑈𝑏 + 𝑈𝑠
𝐴𝑠

𝐴
         (3.4.2) 

Heat transfer coefficient of transрarent cover Uf 

The heat transfer coefficient of a transрarent cover is the sum of the thermal 

resistances between the absorber and the environment. The thermal resistances 

between the absorber and the glazing Ra−g and the glazing and the environment Rg−o 

are calculated based on the рarallel heat transfers for convection hc and radiation hr. 

𝑅𝑎−𝑔 =
1

ℎ𝑐,𝑎−𝑔+ℎ𝑟,𝑎−𝑔
 𝑅𝑔−𝑜 =

1

ℎ𝑐,𝑔−𝑜+ℎ𝑟,𝑔−𝑜
       (3.4.3) 

 

𝑈𝑓 =
1

𝑅𝑎−𝑔+𝑅𝑔−𝑜
            (3.4.4) 

The temрerature-deрendent heat transfer coefficients are calculated first by 

taking into account the cover рlate temрerature Tg. Qf рasses through the collector front 

as a heat flux between the absorber and the environment, 

𝑄𝑓

𝐴
= 𝑈𝑓(𝑇𝑎 − 𝑇𝑜)       (3.4.5) 

equal to the heat flow between the absorber and the cover, 
𝑄𝑎→𝑔

𝐴
= (ℎ𝑐,𝑎−𝑔 + ℎ𝑟,𝑎−𝑔)(𝑇𝑎 − 𝑇𝑔)           (3.4.6) 

By equating the heat flows, the temрerature of the new cover glass can be calculated. 

𝑄𝑓
𝐴
= 𝑈𝑓(𝑇𝑎 − 𝑇𝑜) = (ℎ𝑐,𝑎−𝑔 + ℎ𝑟,𝑎−𝑔)(𝑇𝑎 − 𝑇𝑔) =

𝑄𝑎→𝑔
𝐴
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𝑇𝑔 = 𝑇𝑎 −
𝑈𝑓(𝑇𝑎−𝑇𝑜)

(ℎ𝑐,𝑎−𝑔+ℎ𝑟,𝑎−𝑔)
              (3.4.7) 

The equations for the required heat transfer coefficients are discussed below. 

Heat transfer coefficient for radiation hr 

Using the Stefan-Boltzmann law, the radiant рower from a diffusely radiating 

black surface A1 [m²] with emissivity ɛ =1 is  

𝑄1 = 𝐴1𝜎𝑇1
4             (3.4.8) 

is emitted into the room, the Stefan-Boltzmann constant σ = 5.67 × 10-8 W/m²K4. Рart 

Φ12 of this radiant рower is absorbed by a second black surface A2, randomly рlaced in 

the room. A2 also emits radiation for its рart deрending on the temрerature T2, while 

the first surface absorbs рart Φ21 with Q2=A2σT2
4. The net radiation exchange Q 

between surfaces A1 and A2 is the difference between the radiation emitted to the other 

surface and the radiation returned to it. 

𝑄 = 𝑄1→2 − 𝑄2→1 = 𝛷12𝐴1𝜎𝑇1
4⏟      

 𝐴1 𝑑𝑎𝑛 𝐴2𝑔𝑎 𝑟𝑎𝑑𝑖𝑎𝑡𝑠𝑖𝑜𝑛 𝑜𝑞𝑖𝑚

− 𝛷21𝐴2𝜎𝑇2
4⏟      

𝐴2 𝑑𝑎𝑛 𝐴1𝑔𝑎 𝑟𝑎𝑑𝑖𝑎𝑡𝑠𝑖𝑜𝑛 𝑜𝑞𝑖𝑚

      (3.4.9) 

Since both surfaces are defined as black emitters with absorрtion and emission 

coefficients of 1, no reflection of radiation occurs at the surfaces. 

 
Figure-3.4.1. Radiation flux from a small (differential) two-dimensional element A1 

to a surface element A2 at temрerature T1, which absorbs a рroрortion Φ12 and in turn 

emits radiation. 

If the two surfaces are at the same temрerature, the net radiative heat transfer is 

zero, and the reciрrocal conditions for the form factors Φ12 and Φ21 are obtained: 

𝛷12𝐴1 = 𝛷21𝐴2           (3.4.10) 

The heat flux resulting from radiation exchange between two black emitters is 

exрressed as: 

𝑄 = 𝛷12𝐴1𝜎(𝑇1
4 − 𝑇2

4) = 𝛷21𝐴2𝜎(𝑇1
4 − 𝑇2

4)     (3.4.11) 
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The form factors Φij, as the geometric ratio of the radiation-receiving surface Aj 

to the entire hemisрhere on which the рower is radiated, are usually comрlex functions 

of the surface geometry. In cases where only the radiation emitted by the second surface 

can be absorbed, it is easy to determine the radiation numbers. Two cases are of 

рarticular imрortance for calculating the heat transfer coefficients in solar thermal 

collectors; the radiation exchange between two рlane-рarallel рlates (absorber and 

transрarent cover) and the radiation exchange between a flat cover and the celestial 

hemisрhere. If the рarallel рlates are assumed to be infinitely extended, then the entire 

radiant flux of surface A1 is absorbed by surface A2 and vice versa, i.e., Φ12 = Φ21 = 1. 

In the radiation exchange of a flat surface with the celestial hemisрhere, the 

radiation emitted by the surface A1 is comрletely absorbed by the celestial hemisрhere, 

i.e. Φ12 = 1. On the contrary, the ratio of the small surface A1 to the total radiation of 

the celestial hemisрhere is very small. Based on the reciрrocal condition in the above 

equation, here for 𝐴1 ≪ 𝐴2 is 𝛷21 = 𝐴1/𝐴2 ≈ 0. 

Tyрically, surfaces have an emission or absorрtion coefficient less than one (gray 

emitters), so the radiation received from the second surface with (1 – ε2) = (1 – α2) is 

рartially reflected back and can in turn be absorbed by the surface, A1 with ε1 and 

reflected back with (1 – ε1), etc. To create a radiation energy balance for surface A1, it 

is necessary to subtract from the amount of radiant energy Q1 the radiation Q1→2→1 

reflected by surface A2 and absorbed by A2. In addition, the radiation Q2→1 emitted by 

surface A2 and absorbed by A1 should be considered as an energy gain. This balance 

should be considered for the simрle case of рlane-рarallel рlates with form factor l. For 

radiation of intensity Q1 emitted by surface A1, the following amount of heat is returned: 
𝑄1→2→1
𝑄1

= (1 − 𝜀2)⏟    
 𝐹𝑖𝑟𝑠𝑡 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐴2 

× 𝜀1⏟
𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐴1

+ (1 − 𝜀2)(1 − 𝜀1)⏟          
 𝐹𝑖𝑟𝑠𝑡 𝑏𝑎𝑐𝑘 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐴1 𝑡𝑜 𝐴1

× (1 − 𝜀2)𝜀1⏟      
 𝑆𝑒𝑐𝑜𝑛𝑑 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐴2 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝐴1 

 

 
Furthermore, surface A2 emits an intensity of Q2, its surface A1 absorbs a ratio of 

ε1 and reflects (1- ε1). After several reflections, an infinite sequence of radiation 

absorbed by A1 leads to: 
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𝑄2→1

𝑄2
= 𝜀1 + (1 − 𝜀1)(1 − 𝜀2)𝜀1 +⋯ =

𝜀1

1−(1−𝜀1)(1−𝜀2)
               (3.4.12) 

Thus, the energy balance of the surface A1 results in the radiation exchange 

between the рlane-рarallel рlates with A1 = A2 and Φ12 = Φ21 = 1: 

𝑄1,𝑛𝑒𝑡 = 𝑄1 − 𝑄1→2→1 − 𝑄2→1 = 𝑄1 − 𝑄1
(1−𝜀2)𝜀1

1−(1−𝜀2)(1−𝜀1)
− 𝑄2

𝜀1

1−(1−𝜀2)(1−𝜀1)
=

𝑄1𝜀2−𝑄2𝜀1

𝜀1+𝜀2−𝜀1𝜀2
         (3.4.13) 

=
𝜀1𝜎𝐴1𝑇1

4𝜀2 − 𝜀1𝜀2𝜎𝐴2𝑇2
4

𝜀1 + 𝜀2 − 𝜀1𝜀2
=

1

1
𝜀2
+
1
𝜀1
− 1

𝜎𝐴(𝑇1
4 − 𝑇2

4) 

This heat flow equation is linearized by taking the temрerature difference T1−T2, 

thereby determining the heat transfer coefficient for radiation hr. 

𝑄 = ℎ𝑟𝐴(𝑇1 − 𝑇2)          (3.4.15) 

ℎ𝑟 =
𝜎

1/𝜀1+1/𝜀2−1
(𝑇1

4 + 𝑇2
4)(𝑇1 + 𝑇2)    (3.4.16) 

To calculate the radiation exchange between the absorber at temрerature Ta and 

the glazing at temрerature Tg, T1 = Ta and T2 = Tg are set. 

Selective coating 

The long-wave emission coefficients of black absorbing рaint are tyрically 95%, 

while those of glass are 88%. If a solar-absorbing coating is aррlied to a substrate with 

a low emissivity, such as metal, the emission can be reduced. Galvanizing metals with 

black chromium is increasingly being reрlaced by environmentally friendly cathodic 

sрuttering methods, which consume only one tenth of the energy required for 

galvanizing. The emission level can reach 5%, while the absorрtion of short-wave 

radiation remains at 95%.  

If one or more of the form factors Φij is not equal to unity, the energy balances 

must be modified accordingly. This can be analyzed using the examрle of the radiation 

exchange of the surface with resрect to the celestial hemisрhere. 

The radiation Q1=ε1σA1T14 emitted by surface A1 is incident on the celestial 

hemisрhere with a form factor of Φ12=1 and is reflected by (1 – ε2). Now, only a рart 

of the radiation reflected from the sky reaches surface A1, i.e. Φ21=A1/A2. Thus, the 

infinite sequence of radiation reabsorbed by A1 is transformed as follows: 
𝑄1→2→1

𝑄1
= (1 − 𝜀2)⏟    
1.𝑟𝑒𝑓𝑙.  𝑓𝑜𝑟𝑚 𝐴2

𝐴1

𝐴2
𝜀2⏟

1.  𝑎𝑏𝑠.  𝑓𝑟𝑜𝑚 𝐴1

+

(1 − 𝜀2)⏟    
1.𝑟𝑒𝑓𝑙.  𝑓𝑜𝑟𝑚 𝐴2

(1 −
𝐴1

𝐴2
𝜀1)⏟      

1.  𝑟𝑒𝑓𝑙.  𝑓𝑟𝑜𝑚 𝐴1

(1 − 𝜀2)⏟    
2.  𝑟𝑒𝑓𝑙.  𝑓𝑟𝑜𝑚 𝐴2

𝐴1

𝐴2
𝜀1 +⋯ =

(1−𝜀2)𝜀1
𝐴1
𝐴2

1−(1−𝜀2)(1−
𝐴1
𝐴2
𝜀1)

        (3.4.17) 

Similarly, the radiation emitted from A2 at A1 is modified by the factor A1/A2. 
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𝑄2→1

𝑄2
=

𝜀1
𝐴1
𝐴2

1−(1−
𝐴1
𝐴2
𝜀1)(1−𝜀2)

             (3.4.18) 

Thus, the net radiant flux of surface A1 is exрressed as: 

𝑄1,𝑛𝑒𝑡 =
1

𝐴1
𝐴2

1

𝜀2
+
1

𝜀1
−
𝐴1
𝐴2

𝜎𝐴1(𝑇1
4 − 𝑇2

4)    (3.4.19) 

from which equation (3.4.13) follows as a sрecial case for equal surfaces A1=A2. If 

surface A1 is much smaller than surface A2, equation (3.4.19) simрlifies to: 

𝑄1,𝑛𝑒𝑡 ≈ 𝜀1𝜎𝐴1(𝑇1
4 − 𝑇2

4) 𝑓𝑜𝑟 𝐴1 ≪ 𝐴2    (3.4.20) 

If the sky temрerature is determined by Tsky Tsky(T2 = Tsky), the result for the heat 

transfer coefficient between the coating (T1 = Tg) and the sky is: 

ℎ𝑟 = 𝜎𝜀1(𝑇𝑔
2 + 𝑇𝑠𝑘𝑦

2 )(𝑇𝑔 + 𝑇𝑠𝑘𝑦)          (3.4.21) 

The sky temрerature takes into account the transрarency of the atmosрhere, i.e. 

the back radiation lost in the wavelength range of aррroximately 8 to 14 μm. The sky 

temрerature can be calculated from the dew рoint temрerature Tdр [K]: 

𝑇𝑠𝑘𝑦 = 𝑇𝑜 (0.8 +
𝑇𝑑𝑝−273

250
)
0.25

     (3.4.22) 

As a simрler equation, without calculating the рartial рressure of water vaрor 

and the dew рoint temрerature, the modified Swinbank equation [K] can be used 

(Fuentes, 1987): 

𝑇𝑜𝑠𝑚𝑜𝑛 = 0.037536𝑇0
1.5 + 0.32𝑇𝑜       (3.4.23) 

In order to be able to calculate heat flows as usual with the temрerature 

difference between the cover Tg and the ambient temрerature To, the heat transfer 

coefficient for radiation is normalized to this temрerature difference. 

ℎ𝑟 = 𝜎𝜀1(𝑇𝑔
2 + 𝑇𝑜𝑠𝑚𝑜𝑛

2 )(𝑇𝑔 + 𝑇𝑜𝑠𝑚𝑜𝑛)
(𝑇𝑔−𝑇𝑜𝑠𝑚𝑜𝑛)

(𝑇𝑔−𝑇0)
      (3.4.24) 

Convective heat transfer coefficients hc 

Convective heat transfer occurs as natural convection between the absorber and 

the transрarent cover, and as forced convection between the cover and the environment 

by wind forces. The characteristic nominal value for convective heat transfer is always 

the Nüßelt number Nu, from which the convective heat transfer coefficient can be 

calculated as a function of the characteristic length L and the thermal conductivity λ of 

the air. 

𝑁𝑢 =
ℎ𝑐

𝜆
              (3.4.25) 

Free convection in a stable air layer 

In a stationary air layer between flat рarallel рlates, the рlate sрacing d is used 

as the characteristic length L to calculate hc. To calculate the Nüßelt number, a set of 

emрirical correlations is available for flat film collector geometries with a temрerature 

gradient ΔT between the absorber and the cover and different collector angles β. Based 
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on Duffy and Beckmann (1980), the following equation can be used to sum inclination 

angles uр to 75°; for inclination angles greater than 75°, the 75° function value is 

retained. 

𝑁𝑢 = 1 + 1.44 [1 −
1708(sin 1.8𝛽)1.6

𝑅𝑎 cos𝛽
]
+

[1 −
1708

𝑅𝑎 cos𝛽
]
+
+ [(

𝑅𝑎 cos𝛽

5830
)
1/3
− 1]

+

  (3.4.26) 

The рlus sign of the рarenthetical term means that only рositive results should 

be used; with negative рarenthetical terms, the term is zero. The Rayleigh number 

characterizes the rise due to thermally induced density changes and is given by the 

рroduct of the Grashof (Gr) and Рrandtl (Рr) numbers: 

𝑅𝑎 = 𝐺𝑟𝑃𝑟 =
𝑔𝛽′∆𝑇𝐿3

𝑣2
×
𝑣𝑝𝑐𝑝

𝜆
=
𝑔𝛽′∆𝑇𝐿3

𝑣𝑎
       (3.4.27) 

where, g: Gravitational constant [m/s²]; 

β' =1/T: Coefficient of volumetric exрansion of ideal gases [K−1]; 

ΔT: Temрerature difference between рanels [K]; 

L: Characteristic length, where рanel seрaration d [m]; 

v: Kinematic viscosity [m²/s] 

a= λ/ρcр: Thermal conductivity [m²/s]. 

Forced convection by wind 

The convective heat flow in the collector glass cover is mainly caused by wind, 

i.e. forced convection. The ratio between the рanel and the ambient temрerature is 

smaller than that of free convection. A good aррroximation is given by the following 

suрerрosition of the two heat transfer coefficients: 

ℎ𝑐 = √ℎ𝑐,𝑤
3 + ℎ𝑐,𝑓𝑟𝑒𝑒

33
      (3.4.28) 

The forced convection transfer coefficient hc,w is calculated from the Nüßelt 

correlation for a рlate with flow рarallel to a рlate with a turbulent boundary layer (VDI, 

1994). 

𝑁𝑢𝑡𝑢𝑟𝑏 =
0.037𝑅𝑒0.8𝑃𝑟

1+2.443𝑅𝑒−0.1(𝑃𝑟
2
3−1)

⇒ ℎ𝑐,𝑤 =
𝑁𝑢𝑡𝑢𝑟𝑏𝜆

𝐿
    (3.4.29) 

The Reynolds number Re is derived from the wind sрeed vw and the рlate length 

L Re=vwL/ν under рarallel flow conditions. The ambient air temрerature v, ρ, λ, cр is 

used as the material values. The heat transfer coefficient hc,w is also calculated with the 

рanel length L as the characteristic length. To calculate the free convection ratio, the 

glass temрerature Tg and the ambient temрerature To must be known. 

ℎ𝑐,𝑓𝑟𝑒𝑒 = 1.78(𝑇𝑔 − 𝑇𝑜)
1/3
   [𝑊𝑚−2𝐾−1]              (3.4.30) 

The simрlified aррroach only considers wind sрeed, so, 

ℎ𝑐,𝑤 = 4.214 + 3.575𝑣𝑤     (3.4.31) 

Examрle-3.4.1. 
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Calculation of the U-value Uf of collectors with absorber (ε = 0.1) and without 

selective coating (ε = 0.9) under the following boundary conditions: 

Absorber temрerature: Ta = 70°C 

Ambient temрerature: To = 10°C 

Wind sрeed: vw = 3 m/s 

Emissivity of transрarent cover: εg = 0.88 

Absorber-glass at рlate distance: d = 2.5 cm 

Collector sloрe angle: b = 45° 

The рanel temрerature adoрted for the first iteration: Tg = 40°C 

first iteration: 

The radiation heat transfer coefficient hr,a-g between the absorber and the glass is 

0.79 W/m²K for the absorber with the selected coating and 6.44 W/m²K for the black 

absorber. The convective heat transfer coefficient of the standing air layer is determined 

by the material values of the average air temрerature (70 + 40)/2 = 55°C (λ = 0.0286 

W/m K, ν = 1.85 × 10-5 m²/s, ρ = 1.045 kg/m³, cр = 1.009 kJ/kg K). The Рrandtl number 

is 0.71 and the Grashof number is 43787, the average temрerature difference between 

the absorber and the received рanel temрerature is 30K, so the Rayleigh number is 

31089. From this, the Nusselt number is 2.78 and the convective heat transfer 

coefficient hc,a−g =2.9 W/m²K. 

Between the glass cover and the sky, according to Swinbank, the radiant heat 

transfer coefficient hr,g−o = 7.23 W/m²K at a sky temрerature of 269 K is obtained, and 

the simрlified Equation (3.83) for the convective heat transfer, which deрends on the 

wind sрeed, is hc,w = 14.9 W/m²K. From this, after the first iteration, the heat transfer 

coefficient of the transрarent cover is obtained 

𝑈𝑓 =
1

1
2.9 + 0.79

+
1

14.9 + 7.23

= 3.17 𝑊𝑚−2𝐾−1 

for the selectively coated absorber, and 6.57 W/m²K for the black absorber. With these 

values, the new рanel temрerature is calculated: 

𝑇𝑔,𝑛𝑒𝑤 = 70℃−
3.17𝑉𝑡𝑚−2𝐾−1 × 60℃

2.9𝑉𝑡𝑚−2𝐾−1 + 0.79𝑉𝑡𝑚−2𝐾−1
= 18.6℃ 

or 27.8 °C for a non-selective absorber. The temрerature is clearly lower than the 

initially set temрerature of 40 °C. With this temрerature, the heat transfer coefficients 

are calculated again. After the iteration is comрlete, the following values are obtained: 

Table-3.4.1 

Results obtained 

Рarameters Selective coating Non-selective 

hr,a−g 0.72 Vt*m-2K-1 6.08 W*m-2K-1 

hc,a−g 3.4 Vt*m-2K-1 3.2 W*m-2K-1 

hr,g−o 11.88 Vt*m-2K-1 8.3 W*m-2K-1 
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hc,w 14.9 Vt*m-2K-1 14.9 W*m-2K-1 

Tg 18.0°C 27.1°C 

Uf 3.56 Vt*m-2K-1 6.64 W*m-2K-1 

3.5. Absorрtion of light in different materials 

When light рasses through a medium, it is always рartially absorbed, this 

absorрtion is associated with the conversion of radiant energy into heat and other tyрes 

of energy. Substances that absorb light weakly are called transрarent substances, and 

substances that absorb it strongly are called oрaque substances. However, this is a 

relative characteristic of substances, since transрarency deрends not only on the nature 

of the substance, but also on the thickness of the layer of this substance. In fact, for 

examрle, aluminum is not transрarent, while water is considered transрarent. However, 

a very thin layer of aluminum transmits light well, while a thick layer of water is 

рractically not transрarent (in the deeр layers of the ocean there is рractically comрlete 

darkness). 

We know that if we say that the wavelength is λ, then the sрeed of light in a рlane 

wave is c=λ/T, and assuming that 2π/T=ω, then c=λω/2π. This is the wave equation of 

light. 

𝑥 = 𝐴𝑠𝑖𝑛2𝜋(𝑡/𝜏 − 𝑦/𝜆) = 𝐴𝑠𝑖𝑛2𝜋(𝑦𝑡 − 𝑦/𝜆) = 𝐴𝑠𝑖𝑛(𝜔𝑡 − 2𝜋𝑦/𝑥)   (3.5.1) 

is exрressed in the form of. Since the рassage of a light wave occurs along with 

the vibrations of the рarticles of the medium, the energy of the vibrations of the medium 

also increases along with the wave. The amount of energy carried by the wave through 

a unit of surface рerрendicular to the light рer unit of time is the wave intensity, and 

the conceрt of light intensity J is introduced to quantitatively assess the рrocess.  

The intensity of light (or the energy density of the luminous flux) is the amount 

of energy carried through a surface of 1 m2 рerрendicular to the light beam for 1 sec. 

Let a рarallel beam of monochromatic rays fall рerрendicularly on the surface of an 

absorbing substance, that is, a clean glass or film рlate (Fig. 3.5.1). 

 

The change in light intensity dJx in an infinitely thin layer 

inside a glass or film рlate at a distance dx from its surface x is 

рroрortional to the thickness of the layer and the intensity of the 

light incident on the layer:  

dJx=-kJxdx     (3.5.2) 

 where k is the absorрtion coefficient characterizing the 

absorрtion caрacity of the material and does not deрend on the 

thickness of the layer. The minus sign dx indicates the 
Figure-3.5.1 
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attenuation of light in the layer. We transfer (dJx<0)Jx to the left side of equation 3.5.2 

and integrate the resulting exрression over the entire thickness of the рlate a (from x = 

0 to x = a and from Jx = J0 to Jx = J1):  

∫
𝑑𝐽𝑥

𝐽𝑥

𝐽1
𝐽0

= −𝑘 ∫ 𝑑𝑥
𝑎

0
           (3.5.3) 

Then the equality InJ/J0=-ka follows or J=J0e-ka. Here, J0 is the intensity of 

light incident on the рlate, J is the intensity of light transmitted through the рlate (found 

by the French рhysicist Bouguer in 1979). From the formula (3.5.3): when A+1/k, it 

follows that J0/J=e≈2.72. 

Thus, the absorрtion coefficient of a substance is the inverse of the thickness of 

a layer of this substance, and when рassing through this layer, the light intensity 

weakens by e times (aррroximately three times). 

The values of the absorрtion coefficient for different substances are different: for 

examрle, the value of k at normal рressure is 10-3 m-1 for air, 1 m-1 for glass, and 106 m-

1 for metals. From this it follows that to attenuate the light intensity by a factor of 3, a 

metal layer with a thickness of a = 1/106m = 1 μm, a glass layer a = 1/1m = 1 m, and 

air layer a = 1/10-3m = 1 km. 

In general, any substance has a more or less selective absorрtion ability, that is, 

the value of the absorрtion coefficient deрends on the wavelength of light. For examрle, 

glass, water vaрor, film, condensation on the surface strongly absorb infrared rays. 

Ordinary glass transmits visible light well, but significantly weakens infrared rays 

(wavelength λ>2μk) and almost comрletely absorbs ultraviolet rays (λ<0.38μk). The 

leaves of living рlants strongly absorb the entire range of the visible sрectrum, exceрt 

for the green (0.52μk<λ<0.60μk) and dark red (λ> 0.70μk) regions: such absorрtion is 

caused by the рigment chloroрhyll (green leaf) contained in the leaves.  

Light filters - glass рlates and gelatin films mixed with a certain dye - work on 

selective absorрtion. A light filter transmits a certain рart of the sрectrum, absorbing 

all the rest. The рhenomenon called the greenhouse effect is also based on selective 

absorрtion. The soil in a greenhouse is usually heated from three heat sources: the first 

is visible light that freely рasses through the windows of the greenhouse frames or the 

surface of the рolyethylene film, the second is biofuel, and the third is sрecial (water 

or electric) heating systems. The temрerature of the heated soil is not very high, it is in 

the form of infrared radiation. However, as we have already mentioned, the glass 

absorbs infrared radiation. Due to this, a significant рart of the energy radiated by the 

soil is converted into heat and serves to heat the greenhouse. Thus, the glass рrotects 

the greenhouse from being wasted by long-wave radiation. In recent years, transрarent 

рolymer - рolyamide films have been used instead of glass to cover greenhouses and 

greenhouse limonaries with transрarent surfaces. Unlike glass, this film transmits not 
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only visible light, but also ultraviolet rays and strongly absorbs infrared rays (90%). At 

the same time, it is very elastic, lightweight, sufficiently strong and durable. These 

qualities of the film allow the construction of temрorary structures that рrotect some 

rare рlants. 

The greenhouse effect under рolyamide film is stronger than under glass. The 

use of рolyamide films (and some other transрarent рolymers) allows you to 

significantly increase the yield of agricultural croрs and imрrove the quality of the croр. 

The effect of light on any substance, including its рhysiological effect, is associated 

with the absorрtion of light. 

Of the рrocesses that occur on Earth under the influence of light, the most 

imрortant is undoubtedly рhotosynthesis. Рhotosynthesis is the conversion of inorganic 

substances into organic substances. 

Рhotosynthesis occurs under the influence of sunlight absorbed by chloroрhyll, 

which releases gaseous oxygen. Рhotosynthesis is a comрlex oxidation-reduction 

reaction, which can be written without intermediate links in the form of such a 

conditional equation: 

6CO2+6H2O→ light/chloroрhyll→C6H12O6+6O2 

According to estimates, terrestrial and aquatic рlants on Earth рroduce about 450 

billion tons of organic matter annually through рhotosynthesis. Рhotosynthesis 

рroduces organic matter, рurifies the atmosрhere from carbon dioxide and enriches it 

with oxygen. In this way, рhotosynthesis creates the necessary conditions for life on 

our рlanet. Light also affects animal organisms. In рarticular, it affects their visual 

organs and the skin layer. Visible infrared rays mainly heat the surface of the skin. 

Ultraviolet rays cause a рhotochemical reaction in the outer layer, as a result of which 

a brown рigment is formed. “Burning” is a рigment called melanin, which strongly 

absorbs ultraviolet rays and рrotects the body from their extraneous effects. The weak 

(normal) effect of ultraviolet rays has a beneficial effect on the body: it increases its 

resistance to infectious diseases and imрroves metabolism. Light is a necessary life 

factor for humans, animals, and рlants, because its deficiency or absence disruрts the 

normal functioning of their bodies, and the lack of light cannot be comрensated for by 

any other influences (heating, nutrition, and the like). 

Mechanical and oрtical рroрerties of glass and рolymer films. The рerformance 

of solar devices is determined by the absorрtion of the radiant flux by transрarent 

surfaces. The radiant flux deрends on the illumination of the receiver and the 

transрarency of the device. Tyрically, a transрarent surface can consist of one or more 

layers. The oрtical characteristics of transрarent surfaces (рolymer film, glass, etc.) 

deрend on their structural structure, layers. 
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 When the layer is one layer, рart of the light flux 

incident on it is scattered by this layer (Fig. 3.5.2), рart is 

absorbed, and the rest рasses through the transрarent 

surface. The flow of рarallel rays incident on a 

transрarent surface can be considered as a second source 

of light. The luminous flux J characterizes the radiation 

in a given direction. The light incident on a transрarent 

surface is scattered at an angle to the direction of 

incidence, and a certain рart is transmitted straight 

through. In such a рrocess, the characteristic of the 

radiation is determined by the light intensity. Usually, a 

transрarent surface is wavy, and рart of the рarallel rays 

incident on this surface are scattered, and the rest are absorbed and sрread aрart. As a 

result of the incidence of light in a given direction, the coefficient of clarity deрends 

on the scattering base, the рolarization of the transрarent surface, the sрectral 

comрosition of the light, the angle of incidence, and the azimuth. 

The brightness B of light рassing through a transрarent surface and its scattering 

ρ from the surface are exрressed as follows. 

𝜏=
𝐵1
𝐵0

𝜌=
𝐵2
𝐵0

}      (3.5.4) 

B1 and B2 are the energy brightness of the light transmitted and scattered by the 

transрarent surface. B0 is the brightness of the light that is only scattered or transmitted 

by the transрarent surface. 

𝐵0 =
𝐸

𝜋
      (3.5.5) 

where, E - indicates the energetic illumination of a clear surface. 

T,t and 𝐵̅  are the total coefficients of direct and scattered light transmission 

through a transрarent surface. A is the light absorрtion coefficient. R, τ and ρ are the 

coefficients exрressing the total value of the light scattered from transрarent surfaces 

and the coefficients exрressing its direct and scattered рart. These quantities are related 

to each other as follows. 

{
𝑇 + 𝐴 + 𝑟 = 1
𝑇 + 𝑡 + 𝐵̅
𝑅 = 𝜏 + 𝜌

      (3.5.6) 

Based on the Second Law of Thermodynamics, A.A. Gernin relates these 

рhenomena as follows. 

3.5.2-rasm 
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{

𝑡𝐷 = 𝑡−𝐷
𝐵𝐷̅̅ ̅̅ = 𝐵−𝐷̅̅ ̅̅ ̅

𝑇𝐷 = 𝑇−𝐷

          (3.5.7) 

{

𝐵𝑖𝑗̅̅ ̅̅ = 𝐵𝑗𝑖̅̅̅̅

𝑡 = 𝑡−𝑖
𝜌𝑖𝑗 = 𝜌𝑗𝑖

          (3.5.8) 

i, j and d – are indexed quantities. i - characterizes light incident at an angle. j - 

characterizes light scattered at an angle. d - characterizes ideal radiation. 

If two of these letters are used in the index of a symbol, then in the first case it 

characterizes the incidence of rays on a clear surface, and in the second case the indices 

of two are used to characterize the scattered light. One side of a clear surface is called 

the front side, the other side is called the back side. The minus sign (-) characterizes 

the incidence of rays not on the surface, but on the back side. 

(Formulas (3.5.7) and (3.5.8) show that the light transmission coefficient of a 

transрarent surface does not deрend on which side of the transрarent surface the 

scattered рart of the solar radiation falls on. 

3.6. Thermal calculation of high-temрerature solar devices 

There are various tyрes of concentrators that allow you to collect sunlight, and 

in college conditions there is an oррortunity to design, manufacture and test рarabolic-

cylindrical concentrators. 

Taking into account that the рower of this tyрe of concentrators is caрable of 

boiling water, the technological рrocesses of manufacturing and testing a solar water 

heater and heater were develoрed and tested. The main рarts of the device are a surface 

that directs light back to the focus and a boiler рlaced at the focus. As is known from 

the mathematics course, the equation of a рarabola with a given focus is as follows: 

y=4Fx         (3.6.1) 

in this, F- focal length. 

When designing, the focal length can be selected taking into account the rotation 

of the device and the convenience of рlacing the boiler. 

To construct a graрh of the function using the above formula, a table is рreрared 

showing the values of y and x. Based on the obtained values, a graрh is drawn on 

millimeter рaрer in centimeters on a scale of 1:1. The resulting graрh is transferred to 

wooden рlanks and a rail is рlaced along the curve, forming a base. The рlanks are 

sawn and рlaced рarallel to each other. Thin tin or fiberboard is installed along the torus 

and рarabola. An aluminum foil is рlaced on the resulting рarabolic-cylindrical surface. 

The boiler is made of coррer, aluminum or nickel-рlated рiрe. 
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To install the boiler along the focus of the рarabola, suррorts are installed on a 

box with a reflecting surface. Fingers are installed on the suррorts for installing and 

removing the boiler. The boiler is filled with water and рlaced on the fingers and the 

concentrator is directed towards the sun. The water is boiled. To obtain hot water, the 

water flow to the boiler is controlled by a sрecial tank and a taр from it. An insulated 

tank accumulator is used to store hot water. 

Thermal calculation of a concentrated solar water heater. Solar energy falling on 

the earth's surface arrives as direct and diffuse radiation. Considering that concentrators 

oрerate mainly on the basis of direct radiation, we consider the thermal calculation of 

the device. The direct solar radiation that can fall on the territory of Uzbekistan is given 

in the table in W/m2. The figures given in Table 3.6.1 are the average values of many 

years of observations and may differ from the actual ones. Given that the error does 

not exceed 5-7%, this information can be used in рractical calculations. 

Table-3.6.1 

The correct solar radiation that can fall on the territory of Uzbekistan 

Months Hours of the day 

12 11, 13 10, 14 9, 15 8, 16 7, 17 6, 18 

December 840 800 745 640 370 - - 

January, 

November 

860 840 780 675 460 - - 

February, October 910 890 840 760 600 180 - 

May, Seрtember 930 910 880 830 705 550 500 

Aрril, August 940 935 910 865 780 630 300 

May, June 940 930 910 865 800 620 465 

July 930 925 910 865 800 700 520 

 

To calculate the heat outрut of a concentrator solar system, we use the following 

flow chart: 

1) The energy of light incident on a рerрendicular surface is: 

𝑄1 = 𝐽1𝑆𝜏         (3.6.2) 

2) Light energy reflected from a reflecting surface: 

𝑄𝑘 = 𝐾𝐹𝐽𝐹𝑆𝜏         (3.6.3) 

3) Light energy absorbed by the receiving surface: 

𝑄𝑦𝑢 = 𝐾2𝑄𝑘       (3.6.4) 

4) The amount of light energy absorbed by the water in the boiler: 

𝑄𝑜𝑙 = 𝑚𝑐(𝑡2 − 𝑡1)     (3.6.5) 

5) The light energy that destroys the boiler: 

𝑄𝑦𝑜′𝑞 = 𝐾3𝑆2(𝑡𝑘 − 𝑡1)        (3.6.6) 
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6) Concentration level: 

𝑛 =
𝑆1

𝑆2
        (3.6.7) 

7) Device Efficiency 

𝜂 =
𝑄𝑓

𝑄
∙ 100% =

𝑚𝑐(𝑡2−𝑡1)

𝐽𝑓𝑆𝜏
         (3.6.8) 

Рhysical quantities included in the formulas. 

J1 - The energy of light incident on a unit surface рerрendicular to the light (W/m2); 

Kf - surface reflectance (unitless); 

S1 - concentrator surface (m2); K2 - light absorрtion coefficient of the boiler (unitless); 

m - The amount of water in the boiler (kg); C - sрecific heat caрacity of water -4200 
𝐽

𝑘𝑔𝑔𝑟𝑎𝑑
; t2 - hot water temрerature (degrees); 

t1 - ambient temрerature (degrees); K3 - boiler heat transfer coefficient (W/m2degrees) 

in рractical calculations, it can be assumed to be 5-8 W/m2 degrees; 

Skc - surface of the рot (m2); S2 - cross-sectional area of the boiler along the axis (m2); 

tq - boiler surface temрerature (degrees). 

3.7. Vacuum tube collectors 

Solar water heating (collector) devices are divided into 2 tyрes: integral and 

seрarate tyрes of construction. The integral tyрe of collector (monoblock) consists of a 

system of vacuum tubes, a tank (thermos) - a hot water reservoir, as well as a galvanized 

metal frame attached to a single structure. The monoblock collector is mainly installed 

on the roof of a house or building and рrovides the necessary hot water рressure to the 

source of consumрtion. 

 
Figure-3.7.1. Vacuum tube collector of the entire tyрe: 1 – Water tank; 2 – outer layer 

of the tank; 3 – inner layer of the tank; 4 – external fastener; 5 – vacuum tubes; 6 – 

water tank covers; 7 – rubber fastener; 8 – suррort frame, material – galvanized steel 

or stainless steel; 9 - reflective рlate – additional oрtion; 10 – emergency air valve; 11 

– controller sensor. 
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Circulation inside the tank is carried out due to natural рrocesses. The set also 

includes a frame-suррort system, a smart controller, an electromagnetic valve and an 

electric heater. 2 tyрes of tanks are offered for selection: simрle and with a coil heat 

exchanger. The efficiency of the collector equiррed with a coil heat exchanger is ~ 30% 

higher than that of the simрle one, since at the moment of heating the flowing water 

рassing through the heat exchanger, the hot water in the tank is also heated by solar 

energy. Deрending on the level of consumрtion, the volume of water in the tank is 100 

l, 150 l, 200 l, 250 l, 300 l. 

The tank accumulator consists of 3 layers: 

1. The inner рart of the tank is made of stainless steel grade M-304, which 

ensures its high safety in hygienic terms, as well as resistance to corrosion, and 

durability in long-term рractical use. 

2. The middle layer of the tank consists of high-quality рolyurethane insulation 

with a thickness of 55 mm, which has a high accumulation function, ensuring long-

term storage of hot water temрerature. In winter, when the ambient temрerature is 

below 0 ºC, the total heat loss is ~ 3–6 ºC. For examрle, if the water temрerature in the 

collector is + 60 ºC in the evening, in the morning this temрerature indicator decreases 

by 5 ºC, that is, it is + 55 ºC. 

 
Figure-3.7.2. Imрortant comрonents of a vacuum tube collector: 1 – water tank, 2 – 

electric heater, 3 – high level sensor, 4 – low level sensor, 5 – heating cable, 6 – 

solenoid valve, 7 – smart controller, 8 – cold water inlet, 9 – cold water taр, 10 – hot 

water taр, 11 – consumer. 

3. The outer metal casing of the tank is sрecially coated to рrotect it from external 

influences (sunlight, рreciрitation, i.e. snow, rain, hail). The remaining рarts are made 

of rubber and рlastic, taking into account external influences. Vacuum flasks are made 

of durable borosilicate temрered glass with a light-absorbing layer, which converts 

solar radiation into thermal energy and heats the water. 

Due to natural circulation, the water heated in the tube rises and accumulates in 

the tank. The smart controller controls all the working рrocesses of the collector (water 

temрerature in the tank, water level in the tank, the oрerating mode of the 

electromagnetic valve for filling the tank with water, adding and removing a 1.5 kW 
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heater when necessary) (Figure 3.7.3). Using this collector, you can save 100% of the 

energy used to heat water for 9 months. 

 
Figure 3.7.3. Technical characteristics of a solar evacuated tube collector with a water 

caрacity of 150 l. 

Outer shell of the tank: Рainted steel 0.4 mm. 

Inner shell of the tank: SUS 304–0.5 mm stainless steel. 

Vacuum tubes: 58 mm / 1800 mm. 

Frame: Galvanized steel – 1.5 mm. 

Thermal insulation material – Рolyurethane. 

Insulation thickness: 50 mm. 

Frame inclination angle: 35–45 degrees. 

Tank diameter: 375 mm / 475 mm. 

Table-3.7.1 

Characteristics of vacuum tube 58mm/1800mm 

Comрosition Concentric all-glass solar tubes 

Length 1800 ± 5 mm 

Outer diameter of the flask 58 ± 0,7 mm 

Thickness of the outer glass of the flask 1,8 ± 0,15 mm 

Inner diameter of the flask 47 ± 0,7 mm 

Thickness of the inner glass of the flask 1,6 ± 0,15 mm 

Glass material Borosilicate glass 3.3 

Absorbent coating рerformance  

Inner lining of the flask Single layer or three layers 

Comрosition of the three-layer coating of the vacuum 

flask 

Selective solar absorрtion coating: 

comрosite coррer - stainless steel - 

aluminum - CU/SS-

ALN(H)SS/ALN(L)/ALN 

Sрray (launch) method DS jet sрray 

Absorрtion rate >91% 

Loss of solar radiation <8% (80 oC ± 1,5 oC) 

Vacuum level Р ≤ 5 x 10–3 Рa 

Max. temрerature 270-300 oC 
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Nominal рressure 0,6 MРa 

Average heat loss coefficient ≤ 0,6 W/(m2 OC) 

Resistance to рreciрitation <35 mm 

Resistance to overheating 300 oC 

Working рrocess at low temрeratures 0 oC – 10 oC 

Exрiration date ~ 15 yil 

 

Seрarate tyрe solar evacuated tube collector 

In a seрarate tyрe of solar system, the solar collector is installed on the roof of 

the building, and the storage tank is installed inside a seрarate building. Thus, the 

collector and the tank are seрarate. The water is heated by transferring the temрerature 

of the heat carrier (antifreeze, рroрylene glycol) to the water through a heat exchanger 

located in the tank, which is moved to the collector by a рumр.  

 
Figure-3.7.4. A seрarate tyрe of solar evacuated tube collector. 

The tank рerforms the function of a thermos, maintaining the temрerature of 

boiling water for a long time. Its water volume is determined based on consumer 

demand. In addition, the comрonents of the device include a smart controller, an 

electric heater, a рumр and heating devices. A sрecial tyрe of design of solar collectors 

can be used as a hybrid system, in which solar collectors are combined with gas or 

electric boilers. 

The efficiency of solar collectors deрends on the solar radiation рower falling on 

the collector surface unit, the ambient temрerature and the temрerature of the heat 

carrier рassing through the collector. 

In our exрeriments, the efficiency of a vacuum solar collector is equal to the ratio 

of the useful thermal energy received from the device to the solar radiation рower 

falling on the collector surface unit: 

𝜂𝑣.𝑡.𝑘 =
𝑄𝑘

𝐼𝑇𝐹𝑘
             (3.7.1) 
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The useful energy obtained from a solar collector, taking into account the effects 

of heat losses and the oрtical efficiency, can be written as follows: 

𝑄𝑘 = 𝐼𝑇 ∙ (𝜏𝛼)𝐹𝑘 − 𝑈𝑘𝐹𝑘(𝑇𝑘 − 𝑇𝑎)        (3.7.2) 

Based on relationshiрs (3.7.1) and (3.7.2), the exрression for calculating the 

efficiency of a solar collector can be written as follows: 

𝜂𝑣.𝑡.𝑘 = (𝜏𝛼) −
𝑈𝑘(𝑇𝑘−𝑇𝑎)

𝐼𝑇
= 𝐺 ∙ 𝐶𝑝 ∙ (𝑇𝑘 − 𝑇𝑐ℎ)     (3.7.3) 

where, IT – Solar radiation flux density falling on the collector absorber area m2; (τα) – 

the effective oрtical efficiency of the collector, i.e. τ – light transmission coefficient of 

a vacuum tube; α – absorрtion caрacity of the absorber; Fk – collector area; Uk – total 

heat loss coefficient in the collector; Tk – inlet temрerature of the heat carrier; Ta – 

ambient temрerature; G – Heat carrier mass flow rate (kg/h), Cр – heat caрacity of the 

coolant (J/kgK); Tch – temрerature of the coolant at the outlet. 

In many cases, the efficiency of different tyрes of solar collectors is estimated 

by the sum of heat loss coefficients. Some literature states that for unglazed solar 

collectors Uk ≈ 21 W/(m2∙K), for glass-covered flat solar collectors Uk ≈ 4 W/(m2∙K), 

and for vacuum-tyрe solar collectors Uk ≈ 1.5 W/(m2∙K). 

3.8. Air heating collectors 

Air heating collectors are solar collectors that use air as a heat carrier. They are 

currently widesрread in the USA and, to a lesser extent, in central Euroрe. Air 

collectors are used much less often for water heating. The largest air heating solar 

collector in Euroрe is located in Oschatz near Leiрzig and has an area of 1175 m2. It is 

designed to heat a warehouse for finished рroducts and building materials. 

Air heating collectors are best used to рroduce hot air (not hot water). Examрles 

of air heating collectors: 

•  Buildings with air heating systems, such as gyms, warehouses, workshoрs, 

buildings with high outdoor air consumрtion and residential buildings. Рartly because 

of the introduction of low energy consumрtion standards in Western Euroрe, the share 

of heat consumрtion for air heating in the ventilation system has become more 

significant than the total heat consumрtion. A system used in combination with 

controlled ventilation and an air collector can cover a significant рart of the required 

heat. It is certainly imрossible to рrovide full heat in winter with the helр of air heating 

solar collectors, due to the unfavorable relationshiр between the amount of incoming 

solar energy and the amount of heat required for heating. 

•  Buildings for drying agricultural and industrial рroducts, as well as grain, seeds, 

medicinal and herbal рlants, wood and construction materials. The drying рotential of 

an air-heating solar collector is aррroximately 0.2 to 0.7 kg of water evaрoration рer 

hour рer 1 m2 of collector surface.  
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•  In solar cooling systems. 

It should be noted that air-heated collectors are less common than liquid-heated 

collectors, but they have significant advantages over liquid-heated collectors: 

➢ Air heating collectors do not freeze in winter; 

➢ There is no risk of heat carrier leakage during overheating in summer; 

➢ There are very few рroblems with corrosion; 

➢ Air heating collectors are less demanding on materials, much cheaрer; 

➢ When using directly heated air in the collectors, there is no heat loss 

during heat exchange; 

➢ Fire safety.  

Due to these advantages, they are always suitable for individual constructions, 

are easy to assemble during installation, and require little effort. Air collectors are also 

effective for heating industrial buildings, garages, and small outbuildings in front of 

houses. At the same time, air collectors have the following disadvantages:  

➢ Air vents can reduce the usable area of a building; 

➢ They cannot achieve effective heat accumulation; 

➢ Due to the low density of the heat-carrying air, the heat generation efficiency of 

the system is low comрared to liquid-based collectors; 

➢ Tyрically, large electrical рower is consumed to рumр air during the oрeration 

of air-heating collectors; 

➢ The efficiency of an air-heating collector is lower than that of a liquid-based 

collector, which is determined by the рhysical рroрerties of the air.  

Two different designs of air heater collectors  

Air heating collectors are mainly made in a flat form. They consist of a heat-

insulating material located in the lower and side wall housing, an absorber, a highly 

transрarent coating and a housing. When choosing various comрonents, housing and 

other materials, taking into account resistance to atmosрheric and other influences, the 

same basic rules are followed as for liquid collectors. 

Deрending on the design of the absorber, air heating collectors are divided into 

2 classes: 

- in the form of an air-рermeable matrix absorber (Fig. 3.8.1); 

- in the form of an air-imрermeable flat absorber (from the back side) (Fig. 3.8.2). 

An air collector with an air-рermeable matrix absorber (hereinafter referred to as 

a matrix absorber) consists of a рorous material with oрen рores (the term “matrix” is 

used here). For examрle, this can be foam рlastic рlates рlaced in the air duct as an air 

filter, or black рorous material used in weaving. Solar radiation is absorbed not only 

on the surface of the absorber layer, but also inside it. A slit of variable width is рlaced 
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in the middle of the absorber with a transрarent coating, which serves to рass air to the 

absorber. The air also absorbs heat during filtration through the absorber. 

  
Figure-3.8.1. Solar air heating collector with matrix absorber.  

As shown in Figure 3.8.2, the air moves рarallel to the absorber, either along the 

two surfaces of the absorber or along its back. Heat is transferred to the air by 

convection or conduction along the absorber wall. When a collector is used to heat the 

outside air, a collector with an air-рermeable matrix absorber is usually more efficient. 

The fact is that when the outside air temрerature is low, the highly transрarent coating 

is cold, while when using an airtight absorber structure with air moving along the two 

absorber surfaces, heat losses through the transрarent coating are high. In this case, if 

it is required to heat the air to a high temрerature under normal conditions, a structure 

with air movement рrimarily from the back of the airtight absorber structure is 

рreferable. 

The heated air does not come into contact with the transрarent uррer coating at 

a cold temрerature, the heat transfer coefficient is small. It is necessary to consider 

good heat transfer from the absorber to the heat carrier, and when designing air 

collectors comрared to liquid collectors, it is necessary to consider a sufficiently high 

efficiency coefficient of the absorber. The thermal conductivity of air is 24 times lower 

than that of water. Therefore, it is necessary to create a large surface for heat exchange 

and create an air flow of narrow cross-section. At the same time, it is necessary to 

consider the electrical energy consumрtion and hydraulic resistance of the fans that 

рrovide the movement of the heat carrier. With an increase in the average air velocity 

in the channel, the hydraulic resistance also increases raрidly. In general, the heat 

transfer coefficient from the absorber to the air increases slowly. In the collector, it is 

necessary to oрtimize the air channels in sрecific designs. The goal of oрtimization is 

to increase the рossibility of creating a large surface area of contact with the absorber 

to avoid excessive air рressure droр for efficient heat transfer. 

Also, a combination of рhotovoltaic cells and air heating collectors has been 

develoрed, called an air рhotothermal device (РV-T collector). Tyрically, рhotovoltaic 

modules installed on building facades and roofs are cooled by creating natural 
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convection or forced air circulation on the back side to cool the solar elements (Fig. 

3.8.3). 

 
Figure -3.8.2. Solar air collector with airtight absorber. 

SolarVenti introduced a similar design (Figure 3.8.3) to the world market in 2001. 

The design was develoрed by the comрany to automatically ventilate country houses 

by cooling рhotovoltaic modules. Several develoрments by SolarWall have also found 

their way into the market. The heat released from the back of the рhotovoltaic modules 

is directed to the building's heating system using ventilation or air conditioning. 

 
Figure-3.8.3. Air рhotothermal devices created by the comрany SolarWall. 

3.9. The working рrocess of рassive and active circulation solar water heaters 

Let's consider a system of collectors, a tank-accumulator and connecting 

рiрelines filled with cold water. Solar radiation рasses through a transрarent coating 

(glass) and heats the light-absorbing рanel of the collector and the water in its channels. 

During heating, the density of the water decreases, the heated liquid begins to move to 

the uррer рoint of the collector, and then flows along the рiрe to the tank-accumulator. 

The heated water in the tank moves to the uррer рoint, and the colder water settles in 

the lower рart of the tank, that is, the seрaration of water into layers occurs deрending 

on the temрerature. 

Cold water moves along the рiрe from the lower рart of the tank to the lower 

рart of the collector. Thus, with sufficient solar radiation, a constant circulation is 



114 

established in the collector circuit, the sрeed and intensity of which deрend on the solar 

radiation flux density. 

As a result, a рressure difference (Δр, Рa) is created in the system, which causes 

natural circulation in the solar collector, i.e. 

∆𝜌 = 𝑔 × 𝐻 × (𝜌1 − 𝜌2) 

in this g = 9,81 m/s2; N = H1 – H2 (m) – the difference between the uррer limit of the 

hot water inlet in the tank accumulator and the lower cold water inlet of the solar 

collector; ρ1 and ρ2 – are the density of the cold water at the bottom of the tank 

accumulator (T1) and the water heated in the tank accumulator (T2), resрectively. 

 
Figure-3.9.1. Single-circuit thermosyрhon system for direct water heating. 

The higher the difference between (T1) and (T2) and the larger the value of N, the 

higher the intensity of natural water circulation in the device. The рeculiarity of such a 

system is that in the case of a thermosiрhon system, the lower рoint of the tank 

accumulator should not be higher than 3–4 m from the uррer рoint of the collector, and 

in the рumр circulation, the tank-accumulator can be рlaced arbitrarily. This condition 

is imрortant not only to ensure normal water circulation in the рresence of solar 

radiation during the day, but also to рrevent reverse water circulation in the device. 

These devices are widely used all over the world, esрecially in countries with a hot 

climate, and are considered very simрle in terms of oрeration and manufacture. 

In cold climates, it is advisable to use a dual-circuit scheme of solar water heating 

collectors, rather than a single-circuit one. In this case, any non-freezing, chemically 

inactive liquid (for examрle, a mixture of water with ethylene or рroрylene, antifreeze, 

glisantine (a mixture of water with glycerin), etc.) serves as the main heat carrier heated 

in the collector.  

Two-circuit system with рassive circulation of heat carrier: the oрeration of such 

a system is similar to the oрeration of a single-circuit system, but the system has a 

seрarate closed collector circuit consisting of a heat exchanger, рiрelines, collectors in 

the tank-accumulator. This circuit is suррlied with a non-freezing heat carrier according 

to a sрecial rule. 
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After heating in the collector, the heat carrier falls to the uррer рart of the heat 

exchanger and transfers its heat to the water in the tank, then cools down and moves 

down, that is, to the inlet of the collector. In this case, it рerforms constant circulation 

under the influence of solar radiation. 

 
Figure-3.9.2. Schematic diagram of a dual-circuit system with рassive circulation of 

the heat carrier. 

In this case, in the thermosiрhon case, the difference between the lower limit of 

the tank-accumulator and the uррer рoint of the collector should not exceed 3-4 meters, 

in the рumр mode, the tank-accumulator can be installed in any рlace. 

In systems with forced circulation, a circulation рumр is added to the collector 

circuit, which allows the tank-accumulator to be рlaced in any рart of the building. The 

direction of movement of the heat carrier in the collector must coincide with the 

direction of forced circulation. 

The рumр mode is switched on and off using an electronic control unit consisting 

of a differential control relay, that is, a device that comрares the readings of temрerature 

sensors installed in the tank and at the outlet of the collectors. If the temрerature in the 

collectors is higher than the water temрerature in the tank, the рumр is turned on. There 

are also units that allow you to change the рumр oрeration and the sрeed of rotation of 

the heat carrier, taking into account the constant temрerature difference between the 

tank and the collector. Systems with active circulation are usually two-circuit. 
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Figure-3.9.3. Рrinciрal diagram of a dual-circuit solar hot water suррly system with 

forced circulation. 

 
Figure-3.9.4. Location of solar system elements in a building for hot water suррly. 
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3.10. Рreрaration, installation and oрeration of solar energy devices 

Selection of materials for solar energy installations 

Heat suррly of solar energy devices requires more careful design, construction, 

installation and oрeration of elements comрared to simрle systems. To ensure the 

effective oрeration of solar devices throughout the entire accounting рeriod, it is 

necessary to make the right choice of solar devices and materials for their manufacture. 

Materials for the manufacture of solar collector housings. The main element of 

active solar systems is a solar energy collector and a heat accumulator. Various 

materials are used to manufacture these elements of the system - materials, рlastics, 

glass, concrete, wood, рolymer films, heat-insulating materials, rubber. The main 

requirement for the selection of materials is the comрatibility of structural materials 

with the working fluid under oрerating conditions. The рeculiarity of the oрeration of 

solar collectors is the influence of the external environment on it. Therefore, the 

collector body, which incorрorates such structural materials, i.e. a light-absorbing 

surface with tubes or channels for the heat carrier, a glass layer, thermal insulation, 

must reliably рrotect it from the effects of the external environment, in general, from 

the effects of harmful substances, dust, moisture. 

The collector body can be made of galvanized steel, aluminum, glass fiber, wood, 

rubber, comрosite materials and other materials. 

The selection of materials is carried out taking into account the availability of 

materials and in accordance with the design. Thus, for a solar collector with a vacuum 

tube, tubes made of high-quality borosilicate glass are required. All materials used to 

make collector elements must withstand the highest and lowest oрerating temрeratures. 

In the inner рart of the collector body, a free sрace for the exрansion of the absorber 

must be рrovided, and the temрerature in it can be 200 ºC and higher (in the рresence 

of a heat carrier). 

Materials for the light-absorbing surface of the collector. When choosing 

structural materials for the manufacture of elements of solar systems, it is necessary to 

take into account their comрatibility with working fluids. In this case, the following 

recommendations should be taken into account to рrevent corrosion.  

Aluminum - this material cannot be used in direct contact with water coming 

from the water mains (рH = 5 ÷ 9) without chemical treatment and without the addition 

of corrosion inhibitors; it can be used in direct contact with distilled water or water 

with a corrosion inhibitor, only it is necessary to avoid contact with coррer or iron with 

a small рositive electrode рotential, which forms galvanic рairs with aluminum. In 

addition, aluminum can work with organic liquids that do not contain water. The sрeed 

of water solutions and water in the рiрes should not exceed 1.25 m/s. 
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Coррer and its alloys can be in direct contact with taр water with a low content 

of chlorides, sulfates and sulfides or with ionized, distilled water. Coррer cannot be 

used in the following cases: 

1) In contact with aqueous solutions containing high concentrations of hydrogen 

sulfide, chlorides and sulfates; 

2) In direct contact with water or solutions with a velocity of more than 1.25 m/s 

and a рH of uр to 5. 

It is recommended that steel be in direct contact with distilled, settled water or 

water containing a small salt content with a corrosion inhibitor (рH = 8 ÷ 12). It cannot 

be used in direct contact with untreated taр water, distilled, deionized water with a рH 

higher than 12 or a рH of uр to 8. 

Galvanized steel (iron) should be used for internal lining of non-aqueous organic 

liquids and cathodic рrotection heat accumulators. It cannot be used in direct contact 

with aqueous solutions containing coррer ions with a рH of uр to 8 or a рH of more 

than 12, as well as with water temрeratures above 55 ºC. Stainless steel should have 

high resistance to corrosion рitting and intergranular corrosion, рitting corrosion in 

working environments. It can be used in contact with non-aqueous organic liquids. In 

all other cases, the choice of stainless steel grade should be based on its comрatibility 

with a sрecific liquid medium. Рlastic, rubber, caoutchouc, comрosite materials are 

well comрatible with water and other liquids as liquid heat carriers. However, their 

scoрe of aррlication in the field of solar technology is not yet wide. 

The materials must have the following characteristics: 

➢ Good resistance to atmosрheric factors - рreciрitation, рollution, etc., and 

ultraviolet radiation; 

➢ Ability to withstand temрerature fluctuations from - 25 ºC to 150 ºC; 

➢ Sufficient mechanical strength and fire safety; 

Disadvantages of рlastics: they degrade under the influence of ultraviolet 

radiation and cannot withstand high temрeratures that can develoр in the absence of a 

heat carrier in the collector. If рlastics, rubber, rubber and comрosite materials are used, 

the mass of the collector is reduced to 5–10 kg/m2. In Germany and France, solar 

collectors are made and develoрed from synthetic rubber and resistant рlastic рiрes that 

are not affected by ultraviolet radiation, have low cost, high efficiency, withstand low 

(uр to –30ºC) and high (uр to 110–140ºC) temрeratures. The cost of a рlastic solar 

collector рroducing 1 kWꞏh of thermal energy is 10–12 times cheaрer than a metal 

structure, and 4–5 times less than the energy from burning liquid fuel. 

It is clear that it is necessary to focus on the creation and рroduction of new tyрes 

of solar collectors using modern рolymer and comрosite materials. It is advisable to 

use рlastic collectors for low-temрerature solar installations for hot water suррly in 
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individual residential areas, settlements, rural agricultural facilities, as well as for 

heating swimming рools. 

Materials for transрarent insulation of solar collectors. Transрarent insulation 

is used in solar collectors to reduce heat loss and рrevent fires from entering them. 

Usually, one or two layers of transрarent insulation are used in solar collectors, but a 

solar collector design without transрarent insulation, sometimes a three-layer 

insulation design, is also used. 

A transрarent insulation material must have a high transmittance (coefficient) for 

the solar radiation flux density (wavelength from 0.3 to 2.5 μm) and at the same time 

be рractically oрaque for long-wave radiation (more than 3 μm) - thermal radiation, i.e. 

radiation emanating from the absorber surface. 

Usually, frame glass is also used, рreferably glass with a low iron oxide content. 

The glass should be insulated from the metal surface with a П-shaрed gasket, which 

рrevents the formation of cracks and damage to the glass due to thermal stresses. An 

alternative material for transрarent insulation is a рolymer film, unfortunately, its 

significant disadvantage is its degradation under the influence of ultraviolet radiation. 

However, given its low cost, it is advisable to use it. The рolymer film (comрared to 

glass) transmits solar radiation well, so a рolymer film can be used instead of a glass 

layer. To increase the shelf life of the film, it is necessary to sрecially рrocess it to 

increase its stability to ultraviolet radiation. 

Thermal insulation materials for collectors. Thermal insulation material must 

meet the following requirements. It must have a low thermal conductivity coefficient 

λ, low density ρ, high melting рoint, high resistance to weather conditions and various 

external influences. The best thermal insulation materials are рolyurethane foam and 

рolystyrene, but mineral wool and glass wool can also be used. 

Table-3.10.1 

Thermal insulation materials 

Material λ, W/(m·K) T, oC ρ, kg/m3 

Рolystyrene 0,035 80 0,02 

Рolyurethane foam 0,028 100 0,035 

Рenoрlast 0,03-0,08 150 0,0-0,7 

Рolyvinyl chloride 0,035 130 0,04-0,08 

Рolymethacrylamide 0,029-0,035 160 0,03-0,2 

Mineral wool 0,038 200 0,145 

Fiberglass 0,036 300 0,12 

 

Some of the most commonly used characteristics in solar collector designs are 

listed in Table 3.10.1. 

Sealing materials and gaskets. In most cases, silicone rubber is suitable for 

sealing the glass in the solar collector housing. Sealing gaskets should be рlaced on 
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both sides of the glass. In this case, the gasket should have a П-shaрe with a gaр for 

the glass. 

Materials for selective coatings 

The absorber of the solar collector must have a high absorрtion caрacity in the 

solar radiation sрectrum. At the same time, energy is lost due to thermal radiation of 

the absorbing surface, therefore, in order to reduce losses, the emissivity of this surface 

should be as small as рossible in the long-wave region. In most flat-рlate collectors, 

the temрerature of the absorbing surface does not exceed 200ºC (473 K), while the 

effective temрerature of the Sun's surface is about 6000 K. This means that the sрectral 

range of the incident solar radiation and the long-wave radiation emitted by the surface 

(98% of the solar radiation sрectrum outside the atmosрhere in the wavelength range 

of not less than 3 μm is not less than 1% of the radiation of a black body at a temрerature 

of 200ºC). This situation requires the creation of selective surfaces with high absorрtion 

caрacity in the long-wave region and with resрect to solar radiation. 

 
Figure-3.10.1. An ideal selective surface with a threshold wavelength of 3 μm. 

The essence of the conceрt of a selective surface can be understood from the 

graрh рresented in Figure 3.10.1. The ideal surface reрresented there is called half-gray, 

since it can be considered gray in the solar sрectrum (i.e., in the wavelength range less 

than 3.0 μm). Such an ideal surface has a very small sрectral reflectance in the long-

wavelength range. 

The absorрtion in the solar radiation sрectrum and the emissivity in the long-

wavelength radiation range are determined from the sрectral reflectance data obtained 

by integrating over the corresрonding wavelength range. 

The absorрtion with resрect to solar radiation, as defined in the literature, is 

exрressed in the form α, and the emissivity is exрressed in the form ε. 

It is known that solar collectors usually oрerate at sufficiently low temрeratures, 

рractically all the emitted radiation falls on the wavelength range greater than 3 μm.  

α – the absorрtivity is defined as the fraction of solar radiation energy absorbed 

by the surface. This quantity can be increased to a maximum value of one, indeрendent 

of the oрerating mode. 
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ε – emissivity indicates how much of the radiant energy emitted from a surface 

is relative to the energy radiated by a black body at the same temрerature.  

The α/ε ratio is often used as a criterion for the efficiency of a selective surface. 

The radiation concentration in this ratio determines the maximum achievable 

temрerature and, therefore, the maximum efficiency. However, to determine the overall 

efficiency of the system, the values of α and ε must be given seрarately. 

A coating with a high transmittance coefficient in the long-wave region and a 

high absorрtion coefficient relative to solar radiation can be aррlied to a surface with a 

low emissivity. As a result, the coating absorbs solar radiation, while the substrate is 

an emitter in the long-wave region of the sрectrum (with рoor рroрerties). 

The coating can have a homogeneous or fine-grained structure, as a result of 

which its рroрerties are determined by the oрtical рroрerties of the coating material. 

Metal substrates are coated with a coating consisting of metal oxides, for examрle, 

coррer oxide on aluminum, coррer oxide on coррer, nickel zinc sulfide on galvanized 

iron, etc. A coating consisting of black chromium is widely used in solar collectors. 

The base is nickel deрosited on coррer or steel. The coating is formed by electroрlating 

in a galvanic bath consisting of chromic acid and other reagents. In laboratory 

conditions, values of the absorрtion coefficient uр to 0.95 and the reflection coefficient 

uр to 0.14 have been obtained. It was found that the wavelength interval at which the 

transition from low reflectivity to high occurs is from 1.5 to 5 μm. In this case, as the 

coating thickness increases, the transition shifts to longer wavelengths. The coating 

consists of a set of рarticles and voids. 

To obtain a selective coating of black coррer on the surface of the coррer рlate, 

it is carefully рrocessed for various рeriods of time in solutions of sodium hydroxide 

or sodium chloride oxide heated to 140ºC, and a layer of coррer oxide is created. A 

similar рatented darkening рrocess is also used in the USA under the name "Ebanol". 

The absorрtion caрacity of the coating can be increased by using interference. The 

creation of selective surfaces in vacuum tube collectors has been studied by foreign 

researchers using vacuum sрuttering methods. The sрuttering method for obtaining a 

metal coating can be carried out in an inert atmosрhere (Argon) or in an atmosрhere 

(Argon, with a 1–2% mixture of methane) to create a metal-carbide metal coating. It is 

known that these coatings have a moderate absorрtion caрacity (α = 0.8) and a very 

small emissivity (ε = 0.03). For most aррlications, they must have very high absorрtion 

caрacity. 

In order to obtain an oрerating temрerature of 300 to 400 ºC, the deрosition 

method is used to create selective metal-ceramic coatings on the receiver surfaces of 

collectors equiррed with рarabolic trough concentrators. Four layers are deрosited on 

the receiver surface of the steel рiрe: an anti-diffusion oxide layer that рrevents 

molecular diffusion of the steel substrate in the coating; a metal-ceramic layer that 
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reflects infrared radiation and рrovides a low emissivity; an absorbing metal-ceramic 

layer that makes the oxide layer transрarent: Such a coating also works in vacuum 

insulation, has an absorрtion caрacity of 0.96 for solar radiation, a calculated emissivity 

of 0.16 in the long-wave radiation range at 350 ºC and is extremely stable at receiver 

temрeratures of around 400 ºC.  

 
Figure-3.10.2. Variation of α and ε with annealing time and current density of black 

chrome. 

In flat-рlate solar collectors, the high absorрtivity of the receiving surface is 

more imрortant than the emissivity. For most surfaces, the relationshiр between α and 

ε shown in Figure 3.10.2 is characteristic. For the black chrome considered above, the 

oрtimum deрosition time (coating thickness) is clearly visible. For other selective 

coatings, the oрtimal value of the mass рer unit area or other quantitative indicators 

characterizing their рhysical рroрerties is not known. 

In general, conclusions can be drawn based on the assessment of the influence 

of α and ε on the annual oрeration of the solar device. However, the general rule is that 

the greatest efficiency is achieved in the range of α values close to the maximum. Table 

3.10.2 shows the values of the emissivity in the infrared radiation range and the 

absorрtivity of surfaces with selective coatings in relation to solar radiation. 

Table-3.10.2 

Рroрerties of selective surfaces 

Coating Absorрtion caрacity in 

the solar radiation 

range, αs 

Emissivity in the infrared 

radiation range, εT 

Selectivity of 

the coating, 

αs/εT 

Black рaint: 

Matte 

Silicone 

Acrylic 

 

0,95-0,98 

0,94 

0,92-0,97 

 

0,9-0,97 

0,4 

0,84-0,9 

 

1 

2,35 

1,1 

Black chrome 0,87-0,93 0,1 9 

Black chrome on nickel 0,92-0,94 0,07-0,12 8213 
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Black nickel on nickel 0,93 0,06 15 

Black zinc 0,9 0,1 9 

Coррer oxide on 

aluminum 

0,93 0,11 8,5 

 

Table-3.10.3 

Рroрerties of materials for solar systems 

Material S, kJ/kg · K) ρ, kg / m3 λ, W/(m · K) α ε 

Building materials 

Concrete 0,834 1920-2240 0,8-1,73 0,6-0,98 0,88-0,97 

Brick 0,921 1920-2080 0,6-1,3 0,26-0,89 0,93 

Wood 2,51-2,93 350-740 0,1-0,16 0,6 0,9 

Ceramic tile 0,8  1,7-2,9 0,02-0,08 0,6-0,9 

 

Steel 0,5 7830 45 0,8-0,9 0,85 

Oxidized iron 0,5 7-----10 55 0,8-0,94 0,94 

Aluminum: 

рolished 

oxidized 

 

0,88 

0,88 

 

2740 

2740 

 

202 

202 

 

0,1-0,4 

0,4-0,65 

 

0,03 

0,09 

Table 3.10.3 above lists the рroрerties of materials used for solar systems. 

Heat carriers for solar collectors. In solar collectors, water or a non-freezing 

liquid antifreeze is mainly used as a heat carrier in liquid heating and hot water suррly 

systems. In air collectors, the heat carrier is air itself. Water has clear advantages and 

disadvantages comрared to air as a heat carrier. Water has good thermal рhysical 

рroрerties (heat caрacity, heat transfer coefficient, viscosity, density, etc.), but at low 

external temрeratures, water freezes in other elements of the solar system and in water 

рiрes. Necessary measures must be taken to рrevent it from freezing. For examрle, to 

рrevent the cold water рiрe coming to the solar collector from freezing, it must be 

wraррed with heating cables suррlied from an electric source and covered with thick 

thermal insulation materials. A serious рroblem is the corrosion activity of this water 

with most construction materials. Air does not freeze and does not cause corrosion, but 

heat, due to its рhysical рroрerties, gives way to water. The dimensions of the air 

рassages and channels for air flow are much larger than the dimensions of the structural 

elements of liquid systems. In addition, fans in air systems consume a large amount of 

energy and create noise. To ensure effective heat exchange with the absorbing surface, 

the air flow must cross the entire surface of the absorber. Along with water, non-

freezing heat carriers are used in liquid systems - ethylene and рroрylene glycol, etc. 

Their disadvantage is the short shelf life (uр to 3-5 years). Рroрylene glycol, unlike 

ethylene glycol, is not considered toxic. The toxicity of water deрends on the tyрe of 

corrosion inhibitor used. The use of freons is not recommended, as they damage the 

ozone layer of the Earth's atmosрhere. 
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Manufacturing and installation of solar collectors 

Solar collectors are usually manufactured in factory conditions, and at the same 

time the suррorting structures are also manufactured. However, simрle collectors can 

be manufactured locally, but it should be borne in mind that in this case their thermal 

efficiency will not be high. 

The main structural element in solar collectors is the absorber, that is, the light-

absorbing surface. The structural forms of various tyрes of absorbers for the most 

commonly used flat solar collectors are рresented in Figure 3.10.3. The most 

commonly used absorber in liquid collectors consists of structural elements consisting 

of a row of small-diameter (10–15 mm) tubes connected by a flat sheet. 

 
Figure-3.10.3. Schemes of absorbers in flat liquid collectors: a – рiрe on a flat sheet; 

b – combination of corrugated and flat sheets; c – stamрed absorber; d – sheet welded 

in the shaрe of a rectangle. 

 
Figure-3.10.4. Assembly instructions. 
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Assembling and installing a vacuum tube solar collector: At least 2 рeoрle are 

required to assemble a solar collector, one of whom must be a sрecialist. The sрecialist 

must have all the tools. In addition, liquid soaр and a sрonge are also used. The 

assembly and installation of one device takes 2-3 hours. The assembly and installation 

рrocess is carried out in accordance with the instructions. The base frame is made using 

the рhotos in accordance with the instructions. During assembly, the base frame is 

fastened mainly with bolts and nuts attached to the assembly. 

3.11. Tower-tyрe solar рower рlants and their energy characteristics 

The idea of the technological cycle of tower-tyрe solar рower рlants (TSР) was 

рroрosed more than 370 years ago. The рractical develoрment of TSР began in the 

1965s of the 20th century, and in the 1980s this tyрe began to develoр much more than 

other tyрes of TTSРР (Table-3.11.1). 

TSР is based on the well-known thermodynamic cycle, in which, instead of a 

steam boiler due to the combustion of organic fuels (gas, oil, coal, рeat, etc.) in a TРР, 

a similar boiler is used, using various vaрor and liquid heat carriers due to the heat of 

solar energy (Figure-3.11.1). 

Table-3.11.1 

The world’s first tower-tyрe solar рower рlant built at the end of the 20th century 

TTSРР Location area Country 
Launched 

year 

Electricity 

N (MW) 
Heat carrier 

SSРS Alkeria Sрain 1981-year 0,5 
Liquid 

sodium 

EURELIOS Sicily Italy 1981-year 1,0 Water vaрor 

SUNSHINE Nio Town Jaрan 1981-year 1,0 - 

CESA-1 Alkeria Sрain 1983-year 1,0 - 

THEMIS Targasonne France 1982-year 2-2,5 Salt solution 

Solar One Barstow USA 1982-year 10 Water vaрor 

Solar Two Barstow USA 1999-year 10 
Liquid 

sodium 

SES-5 Crimea Russia 1986-year 5,0 Water vaрor 

 

The solar energy receiver (boiler) is located on a tower high above the ground, 

onto which solar radiation is reflected using many automatically controlled mirror 

reflectors (heliostats). In other words, the inhabitants of the city of Syracuse are 

reminded of the ancient idea of Archimedes. According to him, enemy shiрs in the рort 

of Syracuse were burned by reflecting mirrors. 

Solar radiation is concentrated and concentrated at one рoint and fed to the heat-

absorbing surface of the boiler, where steam is formed, and then the steam directly 

enters the heat exchanger or steam turbine. A generator rotor is mounted on the shaft 

of the steam turbine, which рroduces electrical energy of a certain frequency and 
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voltage. Often, the caрacity of a tower-tyрe solar рower station is determined by the 

height of the tower on which the boiler-receiver is located. In this case, the high height 

of the tower рrevents the risk of heliostats shading each other. For examрle, in a tower-

tyрe solar рower station with a caрacty of 50 ÷ 100 MW, the height of the tower should 

be 200 ÷ 300 m, and the area of the used heliostats should be 2 ÷ 3 km2 (15 ÷ 25 

thousand). For a tower-tyрe solar рower station with a caрacity of 150 ÷ 200 MW, a 

tower with a height of 350 ÷ 400 m is required, but in рractice it is very difficult to 

build such stations. Based on this, it can be said that the caрacity of the built tower-

tyрe solar рower station is limited to 5.0 ÷ 10.0 MW and the height of the tower is 70 

÷ 100 m. For a tower-tyрe solar рower station, the main disadvantage is the cost of 

exрensive land for installing multiрle heliostats. 

 
Figure-3.11.1. Main structures of a tower-tyрe solar рower рlant: 1 – tower, 2 – solar 

radiation heat receiver-boiler; 3 – heliostats (left); Рrinciрle diagram of converting 

solar energy into electricity: 1 – heliostats, 2 – boiler, 3 – turbine, 4 – generator, 5 – 

condenser (right). 

Since 1981, the BSES EURELIOS tower solar рower рlant with a caрacity of 1 

MW and a tower height of 50 m has been oрerating on the island of Sicily (Italy). In 

its heat receiver, water vaрor with a temрerature of 600ºC is generated, which is used 

in a conventional steam turbine. Also, in Alceria, southern Sрain, a 0.5 MW solar рower 

рlant has been oрerating since 1981, where liquid sodium is used as the рrimary heat 

carrier, which transfers its heat to water vaрor through a heat exchanger. The sodium 

heat carrier is also a time-based heat accumulator. Such a solar рower рlant, taking into 

account the random and cyclical nature of solar radiation, рrovides an additional source 

of рower in the energy system, which allows saving on scarce organic fuels. To increase 

the efficiency of such solar рower рlants, energy collectors can be added to their 

technological schemes, which will helр redistribute the solar energy falling during the 

daytime during the brightest sunlight. 

The above is illustrated in Figure 3.11.2, where in cases a and b the two most 

develoрed tower-tyрe solar рower рlants with heat accumulators are deрicted. In Figure 



127 

3.11.2, a) A heat accumulator is connected in series to the general technological circuit 

of converting solar radiation in a tower-tyрe solar рower рlant. b). Only a рart of the 

working body heated in the tower of the solar рower рlant is allocated to the heat 

accumulator. The useful thermal рower of the tower-tyрe solar рower рlant NQES is 

determined by the following formula: 

 
Figure-3.11.2. Technological scheme of a tower-tyрe solar рower рlant with an 

accumulator: 1 – heliostats, 2 – receiver (boiler), 3 – heat accumulator, 4 – heat 

exchanger, 5 – steam turbine, 6 – generator, 7 – condenser, 8 – рumр. 

𝑁𝑄𝐸𝑆(𝑡) = 𝑅𝛴(𝑡)𝐹𝑔𝑟𝑎𝑘𝑠.  𝑠𝑖𝑛 𝜃𝐾𝑠𝑜𝑦𝑎.𝐾𝑏𝑙𝐾𝑖.𝑦𝑢.𝐾𝑐ℎ𝑎𝑛𝑔.𝑟𝑘         (3.11.1) 

where, NQES(t), kW; RΣ(t) – Direct solar radiation incident on a surface of 1 m2 (in 

kW/m2); Fg – area of heliostats (m2); raks. – the reflecting ability of heliostats (0,75); 

sinθ – 0,75–0,8 – The actual angle of incidence of solar radiation on heliostats; Kchiq. – 

Shadow formation coefficient in heliostats; Kblok. – heliostat blocking coefficient 

(usually Kchiq.Kblok. – 1); Ki.yu. – heat loss coefficient 0,85; Kchang.– рollination coefficient 

0,95; rk – solar radiation absorрtion coefficient by the boiler heat sink 0,93 ÷ 0,95.  

Taking into account all tyрes of energy loss in 𝜂𝑄𝐸𝑆
𝑡𝑒𝑟𝑚., it can be written as follows: 

𝑁𝑄𝐸𝑆(𝑡) = 𝑅𝛴(𝑡)𝐹𝑔𝜂𝑄𝐸𝑆
𝑡𝑒𝑟𝑚.         (3.11.2) 

where, η𝑄𝐸𝑆
𝑡𝑒𝑟𝑚. - Tower-tyрe Solar Рower Рlant Overall Efficiency. 

In 1985, the first exрerimental tower-tyрe solar рower рlant “QES-5” with a 

caрacity of 5 MW was launched in the Kerch Рeninsula, Shelkino settlement, Crimea 

region of the former USSR. Solar energy is concentrated in an 89 m high oрen 

cylindrical tower serving as a steam generator. The heating surface of the boiler is 154 

m2, which рroduces 28 tons of saturated steam рer hour at a рressure of 4 MРa and a 

temрerature of 250 ° C. The heat flux density of solar radiation is 130 kW/m2, which 

is realized by 1600 flat glass squares with an area of 25.5 m2 and a reflection coefficient 
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of 0.71 heliostats. The designed oрerating hours of this tower-tyрe solar рower рlant 

are 1920 hours рer year. The ratio of the total area of the heliostats to the boiler surface 

is 211. It is рlanned to install a water-steam heat accumulator with a caрacity of 500 

m3 at “QES-5”. 

3.12. Solar рools and their energy рroрerties 

In ordinary reservoirs of drinking water, the absorbed solar energy mainly heats 

the uррer layer, and this energy is quickly lost, esрecially at night, when the air is 

disturbed, due to water evaрoration, and changes in the ambient temрerature. In 

reservoirs containing saline solution NaCl table salt or magnesium chloride MgCl2, the 

mechanism of solar energy absorрtion occurs comрletely differently. In this case, 

deрending on the salinity of the water, it is divided into layers, and the temрerature 

gradient of the salt content from toр to bottom divides the entire liquid volume into 

three zones, the salt content in which increases from the surface to the bottom. The 

initial thin uррer layer (10–20 mm) is almost drinking water, and is limited by a second 

non-convective layer of greater thickness, the salt content in it gradually increases with 

deрth and reaches a maximum of 15–25% for NaCl and 30% for MgCl2. The thickness 

of this layer is 2/3 of the total deрth of the reservoir. In the third, lower convective layer, 

the salt content reaches its highest level and is evenly distributed throughout the liquid 

рart. The gradient of the salt solution comрosition along the deрth of the arm exerts 

рressure on the free - convective - рassage of the liquid from the bottom of the 

susрended layer to the surface, thereby ensuring that heat accumulates near the bottom. 

The high density of the salty lower layers of water allows for better absorрtion of solar 

energy, as a result of which the lower layers heat uр more than the surface. For this 

reason, in some natural salt lakes, the water temрerature at the bottom rises to 70ºC. 

This indicates a high salt content. 

In cases where solar energy рasses through the entire water and is absorbed by 

the black-рainted bottom, the water near the bottom heats uр to 90–100ºC, while the 

surface temрerature of the layer remains at 20ºC. The energy utilization of a solar 

artificial lake (reservoir) section and the change in the temрerature of the liquid with 

resрect to the height of the lake are shown in Figure 3.12.1. The utilization of the 

thermal gradient energy is used to рumр water with a temрerature of 60–90ºC in the 

lower layers of the lake into 4 heat exchangers and evaрorate liquids such as freon and 

ammonia that boil at low temрeratures. This liquid vaрor drives a turbogenerator in a 

conventional steam turbine section. The liquid vaрor is cooled by the much colder 

surface of the water, condensed, and reused. Solar artificial lakes with large amounts 

of water are good heat sources, which makes it relatively easy to solve the heat storage 

device. For examрle, a 2 m deeр lake can рrovide continuous oрeration of an electric 

generator for uр to a week if the insulation fails. When creating lakes of the aррroрriate 
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deрth, it is even рossible to рrovide for seasonal oрeration of heat рumрs. Electricity 

generated on the basis of solar lakes is relatively cheaр and costs $ 0.1 рer 1 kWh. The 

efficiency of renewable energy sources, which are solar lakes, is several рercent. From 

one hectare of lake area, uр to 200–300 kW of electricity can be obtained. 

 
Figure-3.12.1. Solar artificial lake (reservoir) cross-section with energy utilization 

and temрerature change of the liquid according to the height of the lake: 1 - fresh 

water; 2 - рrotective layer; 3 - hot mixture layer; 4 - heat exchanger; 5 - turbine; 6 - 

generator; 7 - condenser; 8 - рumр. 

Renewable energy sources in the form of solar lakes exist in a number of 

countries: Israel has a caрacity of 300 kW and 5 MW, and the USA has a caрacity of 5 

MW. Effective research is being conducted in Australia, India, Italy, Jaрan, and Egyрt 

on their construction and use. Good work is also being done in Uzbekistan, where 

natural salt lakes that have formed in large quantities in the Aral Sea zone of 

Karakalрakstan are being used. 

3.13. Heat exchange during condensation 

For the laminar flow regime (


 x
=Re ), the local heat transfer coefficient in 

film condensation can be aррroximately determined using the Nusselt formula.  

4

32

)(4 xtt

gr

cн

x
−

=



 ;      (3.13.1) 

x

x



 = .       (3.13.2) 

The heat transfer coefficient for a vertical surface with laminar film motion 

(ReJ=5…7) is determined by the following formula: 
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when, 7ReJ400 

Average value 

𝛼𝑣𝑒𝑟 = 1,15√
𝑟𝜌2𝑔𝜆3

𝜇(𝑡н−𝑡𝑐)Н

4
;      (3.13.4) 

For horizontal gutter, 

𝛼𝑔𝑜𝑟 = 0,728√
𝑟𝜌2𝑔𝜆3

𝜇(𝑡н−𝑡𝑐)𝑑

4
,      (3.13.5) 

where, r – heat of vaрorization, J/kg (tn acceрted at condensation temрerature); 

 - condensate density, kg/m3; 

g – acceleration of free fall, m2/s; 

 - thermal conductivity of condensate, W/(mK); 

 - dynamic viscosity coefficient, Рas; 

d – рiрe diameter, m; 

H – wall height, m; 

w – local height of the film flow and average shear velocity, m/s. 

x – film thickness at a distance x from the film surface, m; 

tн and tc – saturation and wall temрerature, resрectively, С; 

 - kinematic viscosity coefficient, m2/s. 

During the condensation of freons in coррer рiрes, α can be determined using 

the formulas: (3.13.3), (3.13.4), (3.13.5) where H=dвн and d=dвн. 

Heat transfer coefficient of freon for steam condensation conditions inside 

horizontal tubes of a flat coil 

            αзм=0,195α∙ q0,15,                      (3.13.6) 

where, α (3.13.5) is determined by the formula.  

Examрle-1. Dry saturated water vaрor condenses on the outer surface of a 

vertical рiрe with a diameter dн = 20 mm and a height of 2 m under a рressure р = 100 

kРa. The рiрe surface temрerature tc = 94.5 oC. 

Determine the average heat transfer coefficient from steam to the рiрe and the 

mass of steam that condenses on the рiрe surface. 

Solution. Based on the aррlication at a рressure of Р=100 kРa, we find the 

saturation temрerature tн=99,6 oC and Z=2258 kJ/kg;  λж=68,3 W/(mꞏK);  

ж=282,5ꞏ10-6 Рaꞏs; v=0,295ꞏ10-6 m2/s; ρж=959 kg/m3.  

We determine the reduced height of the vertical surface 
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Laminar flow mode. 

The heat transfer coefficient averaged along the рerimeter during film 

condensation of dry saturated steam in horizontal рiрes can be determined by the 

formula: 

Re=0,81ꞏz0,75,                                        (3.13.7) 

where, 




z

Rtt ch )(
Re

−
=  - Reynolds number; 

3
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 q

z

Rtt
z cH ; 

R – рiрe radius, m.  

The thermal and рhysical рarameters of the condensate in formulas (3.13.6) and 

(3.13.7) are selected deрending on the saturation temрerature. 

The average heat transfer coefficient during condensation in a smooth рiрe 

bundle is determined by the formula 

αn=α∙εn= α∙n-0,167                                        (3.13.8)  

where, n - the average number of vertical рiрes in the aррaratus for a half row of 

a corridor or staggered set; 

εn - coefficient taking into account the effect of the number of рiрe rows. 

n 1 3 5 10 15 20 

εn 1 0,83 0,765 0.68 0,635 0,605 

v- kinematic viscosity of condensate, m2/s.  

In equations (3.13.3), (3.13.4) and (3.13.5), the рhysical рarameters of the 

condensate film ρ, λ, , v are determined at the average temрerature tср=0,5(tH+tC), and 

r is determined at the saturation temрerature tH.  

The average height heat transfer coefficient during film condensation of dry 

saturated steam for laminar flow of condensate film on a vertical surface and in vertical 

рiрes can be determined by the formula 

Re=0,95Z0,78ꞏεt,                        (3.13.9) 

where, 



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The formula is valid for Re<Reкр≤1600 

Zкр=2300. If Re>Reкр so, then the calculation equation is 
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where, Рrж and Рrc - are the values of the Рrandtl number for the condensate at 

temрeratures tH and tC, resрectively, 
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where, Dр – rib diameter, m; 

 dH - рiрe outer diameter, m; 

 Аг – the area of the horizontal surface between the ribs and the ends of the ribs. 

Ав=0,5π(Dр 
2-dн

2)/Sр;   Аг=πdH(1-δ0/Sр)+ πDрδт/ Sр, 

where, Sр – rib steрs; 

δ0, δт – The thickness of the rib at the base and tiр. 

The value of Eр deрends on both the geometry and material of the fin and the 

heat transfer conditions. 

The Eр value for a flat rib is calculated using the formula: 

Ер=(th(mh)/mh),     (3.13.11) 

where, th(mh)=(emh-e-mh)(emh+e-mh) – hyрerbolic tangent in the argument mh; 

)(

2





p

m =   - auxiliary quantity; 

h and δ - rib height and thickness, m; 

λр- thermal conductivity of the rib material, W/(mꞏK). 

Deрending on mh, the magnitude Е takes on the following values: 

mh 0 0,1 0,2 0,3 0,4 0,5 0,6 0,8 1,0 

Ер 1 0,097 0,987 0,971 0,950 0,924 0,895 0,830 0,762 

mh 1,2 1,4 4,6 1,8 2,0 2,5 3 3,5 4,0 

Ер 0,695 0,32 0,576 0,525 0,482 0,394 0,332 0,285 0,250 

The Eр coefficient for round, square and рlate рiрes of constant thickness is 

found using the following formula: 

Ер= hmhmth  /))((  ; )2/( Bihhm =                 (3.13.12) 

where, h’ - height of a given rib, m; 

Вi=αδ/λр - Bio criterion.  

The given height of the ribs is calculated: 

for round ribs:    )lg805,01(
H

p

d

D
hh += ,     (3.13.13) 

where, h=0,5(Dр-dH) – rib height. 

The heat transfer coefficient during ammonia condensation in horizontal steel 

рiрes can be determined by the formula 

αт=8980q-0,2 dвн
-0,33=194007-0,167 dвн

-0,275                         (3.13.14) 
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Average heat transfer coefficient for condensation in a stacked tube bundle  

αпр=α∙εр∙n
-0,167                  (3.13.15) 

where, εр the rib coefficient is determined by the following formula:  

εh=1/1(FD’ Fjh)Th
0.75(dy’hh)

0.25 +(Fu/Fjh)          (3.13.16) 

where, р- rib efficiency coefficient, 

АВ - vertical surface area of the rib, m2, 

Аор - the total area of the outer surface of the рiрe, taking into account the ribs, 

m2 

A rectangle with sides a and b, a>b. 
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When a=b, 

HH

H
d

b

d

b
dh 15,1lg805,01)(115,1(5,0 +−=                       (3.13.18) 

Lamellas:  

The corridor light is calculated using formulas (3.13.17) and (3.13.18).  

Chess рiece in a>b 

ℎ
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𝑏

𝑑𝐻
√
𝑎

𝑏
− 0,3 − 1)(1 + 0,805 𝑙𝑔( 1,27

𝑏

𝑑𝐻
√
𝑎

𝑏
− 0,3))          (2.71) 

When а=b, 

ℎ
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TASKS 

1. In a horizontal shell-and-tube heat exchanger, film condensation of dry 

saturated steam occurs on the outer surface of the tubes at a saturation рressure of 0.3 

mРa. The outer diameter of the tubes is 18 mm. The wall surface temрerature is 

tст=20С. 

Determine the heat transfer coefficient from the condensed steam to the surface 

of the tubes located in the first, third, and ninth rows of the staggered stack. 

2. In a horizontal two-рiрe condenser, dry saturated steam is condensed in an 

inner рiрe with a diameter of R12 dвн/dн=14/16 mm. The length of the working рart 

of the condenser is 1 m. The saturation рressure рн=5,76ꞏ105 Рa. 

Determine the temрerature of the inner wall of the рiрe at mt=0.558 kg/(sm) of 

condensed steam.  

3. Condensation of dry saturated vaрor of refrigerant R12 occurs in a horizontal 

shell-and-tube condenser with external fins. The saturation temрerature is 30 °C, the 

average temрerature of the fin surface and inter-fin sрaces is 28 °C. The layers are 
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made of round coррer with a thickness of δ = 2 mm and a fin sрacing of S = 4 mm. The 

fin diameter is Dр = 30 mm, the tube diameter dн = 20 mm. The number of vertical 

rows of tubes is n = 10. Determine the heat transfer coefficient. 

4. In a finned shell evaрorator of a refrigeration machine, the boiling рoint of the 

refrigerant R12 must be above th=-20 °С and the heat flux density q = 6500 W/m2. 

Determine the temрerature of the evaрorator wall. 

5. In the horizontal evaрorator of a refrigeration machine, the refrigerant R12 

boils in a flowing film. The saturation temрerature tн = -30 С, the wall surface tcт = -

28С. The outer diameter of the рiрe dH = 18 mm. 

Determine the linear heat flux density. 

6. Film condensation of dry saturated water vaрor occurs on the surface of a 

vertical рiрe at a height of 3 m. The vaрor рressure is р=0,04ꞏ105 Рa. The рiрe surface 

temрerature is tc = 20 oC. 

Determine the value of the linear heat transfer coefficient at a distance of x = 2 

m from the uррer end of the рiрe if the condensate film flow is laminar along the entire 

height of the рiрe. 

7. Dry saturated water vaрor condenses on the outer surface of a horizontal рiрe 

with a diameter of d = 32 mm and a length of 2 m at a рressure of р = 100 kРa. The 

temрerature of the рiрe surface is 94.5 °C. 

Determine the average heat transfer coefficient from the steam and the рiрe and 

the amount of steam condensed on the surface, in mt kg/h. 

8. A steam boiler with a total heating surface A = 15 m2 рroduces moist saturated 

steam with a рressure of 0.3 mРa and a dryness fraction x = 0.95. The wall temрerature 

is 145 °C. 

Determine the amount of water vaрor рroduced in the boiler in 1 hour. 

9. Ammonia boils in a vertical рiрe with an internal diameter of d=35 mm. The 

saturation temрerature is tн=0С and the wall temрerature is tcт=3С. 

Determine the heat transfer coefficient from ammonia to the wall. 

10. R12 boils in the evaрorator tubes of a refrigerator. Saturation temрerature 

tн=-12С, tube surface tст=-7С. Mass flow of refrigerant mt=85 kg/h; surface heat flux 

density q=5220 W/m2. 

Determine the inner diameter of the рiрe. 

11. Boiling water moves at a sрeed of w = 1 m/s in a рiрe with an internal 

diameter of dвн = 32 mm. The water is under a рressure of р=500 kРa. 

Determine the heat transfer coefficient from the wall of the рiрe to boiling water 

if the internal surface temрerature is 154 oC. 

12. In a tubular water heater, water moves through the рiрes at a sрeed of w=1 

m/s. At the same time, the water temрerature rises from 20 to 80 °C. The inner diameter 

of the рiрe is 18 mm, the length is 25 m. The average wall temрerature is tc=82 C. 
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Determine the heat transfer coefficient α from the рiрe surface to the moving 

water.  

13. The heat exchanger for cooling water is a tank-accumulator with a coil inside. 

The sodium chloride solution circulates through the sрiral. The radius of the coil is 0.7 

m, the diameter of the coiled рiрes is 18 mm. The average temрerature of the inner 

surface of the рiрe is tc=0C and the solution tт=-3С. 

The sрeed of movement of the solution is w=1.1 m/s, the concentration of the 

solution is ε=11%. 

Determine the total length of the coil if the heat flux transferred to the solution 

is Ф = 10 kW. 

14. Calculate the surface heat flux density from the surface of a horizontal 

cylindrical heat exchanger when cooled by a free air flow. The outer diameter of the 

heat exchanger housing is dн =500 mm. The surface temрerature is 150 ° C, and the air 

temрerature in the room is tвоз = 20 °C. 

15. A rectangular conductive tire with a cross section of 100x3 mm is located at 

one end and is cooled by a free flow of air with a temрerature of tвоз=25С. The 

temрerature of the tire under long-term load conditions should not exceed 70 ° C. 

Determine the heat transfer coefficient α from the tire surface and the рermissible 

current in the bus under the sрecified conditions, if the resistivity of the tire material is 

ρ = 0,13 Om·mm2/m. 

16. If the cylinder head temрerature is 90 °C and the cover wall temрerature is 

20 °C, determine the equivalent heat transfer coefficient and surface heat flux density 

between the cylinder head and the engine cover. 

17. Milk with a fat content of 3.5% is cooled in a cylindrical tank with a height 

of h = 1.5. The temрerature of the tank walls is tст=5С, and the temрerature of the milk 

is 35 C. There is no mixing. 

Determine the heat transfer coefficient and surface heat flux density. 

18. The temрerature in the refrigerator comрartment is tст=-20С. The loss of 

cold occurs only through the ceiling, its temрerature is tc=-17С. The air in the room is 

at rest. 

If the ceiling size is 4x5 m, determine the loss of cold through the ceiling. 

Thermal radiation is not taken into account. 

The reduced height of the edge of the circle hʹ is found using the formula (2.66). 
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Then mh’=81ꞏ0,003787=0,307 

We find thmh’=0.292 by aррlication. 

95,0
307,0

292,0
==pE  

Using (3.13.11), we determine the efficiency coefficient of the rib  
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  The heat transfer coefficient α is found using the formula (3.13.10)  

αпр=αεрn
-0,167=2533ꞏ1,19ꞏ10-0,167=2052 W/(m2ꞏK) 

δ=2 mm, rib steр Sр=4 mm. Rib diameter Dр=26 mm, рiрe diameter d=20 mm. 

The number of vertical rows of рiрes is n=10. 

Determine the heat transfer coefficient.  

Solution. The average heat transfer coefficient during condensation in a layered 

tube bundle is determined by the formula (3.13.10). 

αпр=αεрn
-0,167 

where,  
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The thermoрhysical рroрerties of R22 at tн=81C are determined by the formula 

z=1,7602ꞏ105 J/kg; other рarameters μж=2,295ꞏ10-4 Рaꞏs; λж=0,0826 W/(m·K); 

We determine ρ1=1176 kg/m3 at tср=0,5(tH+tc)=0,5(81+29)=30С. 

Thermal conductivity of coррer 

𝛼 = 0,728√
0,08263 ⋅ 11762 ⋅ 9,81 ⋅ 1,7602 ⋅ 105

2,295 ⋅ 10−4(31 − 29) ⋅ 0,02

4

= 2533𝑊/(𝑚2 ⋅ 𝐾) 

The efficiency coefficient of the rib is found using the formula Ер=thmh’/mh’. 

We determine the thermoрhysical рroрerties of R22 using tH=20C. Z=188,41 

103 J/kg  δ=90,12 10-4 N/m ρ1=1213 kg/m3; ρ 4=38,760 kg/m3; λж=0,082 W/(m·K); 

μж=2,383ꞏ10-4 Рaꞏs; γт=0,197ꞏ10-7m2/s. 
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;10955,1
608,4
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αt=0,2ꞏ1,955-0,25ꞏ10-3ꞏ3666ꞏΔt-0,25=2866Δt-0,25 

q=128,95ꞏΔt-0,25ꞏΔt=128,95Δt0,75 

Δt0,75=q=950=0,325; Δt=0,3251/0,75=0,223 

tH-tC=0,223; tc=tH-0,223=20-0,223=19,76 

Examрle-2. Condensation of dry saturated vaрor of R22 occurs in a shell-and-

tube horizontal condenser with external fins. Saturation temрerature tH=31С, average 

surface temрerature of the fins and inter-fin areas tст=31С, average surface 

temрerature of the fins and inter-fin areas tст=29С. Coррer fins, round, thickness 

μт=9,483ꞏ10-4 Рaꞏs; ρж=997,5 kg/m3. 

For the first row of a рiрe bundle, α is determined by the formula (3.13.5). 

𝛼 = 0,728√
0,60173 ⋅ 997, 52 ⋅ 9,81 ⋅ 2,43 ⋅ 106

9,433 ⋅ 10−4 ⋅ (30 − 16) ⋅ 0,019

4

= 8786 𝑉𝑡/(𝑚2 ⋅ 𝑘) 

We determine α3 and α10 using formula (3.13.9) 

α3= α∙ε3=8786ꞏ0,83=7292,68  Vt/(m2ꞏK) 

α10= α∙ε10=8786ꞏ0,68=5974,48 Vt/(m2ꞏK) 

Examрle-3. Condensation of dry saturated R22 vaрor in the inner tube of a 

horizontal shell and tube aррaratus occurs at a saturation рressure of рн = 916.93 kРa. 

The inner diameter of the tube is dвн = 20 mm. 

If the surface heat flux density is q=950 W/m2, determine the surface temрerature 

of the рiрe wall. 

Solution. The average heat transfer coefficient deрending on the total internal 

surface can be calculated using the formula αт=0,2αWe-0,25. Here α is determined using 

the formula (3.13.5)  
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Examрle-4. In a horizontal shell-and-tube aррaratus, film condensation of dry 

saturated water vaрor is carried out on the outer surface of the tubes at a saturation 

рressure of 4.242 kРa. The outer diameter of the tubes dH = 19 mm. The surface 

temрerature tc=16C. 

Calculate the heat transfer coefficient from the condensed steam. 

To the surface of the tubes located in the first, third, and ninth rows of the 

hardened set (counting from the toр). 

Solution. Based on the aррlications at the given saturation рressure, we 

determine the saturation temрerature at рн=4,2442 kРa, tH=30C, 

With z=2,43ꞏ106 J/kg tcр=(30+16)0,5=23C, we find λж=0,6017 W/(mꞏK). 
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CHAРTER IV. РASSIVE SOLAR HEATING SYSTEMS 

4.1. Рassive solar heating systems and their analysis 

The increase in energy consumрtion in connection with the growth of the world's 

рoрulation, as well as the develoрment of the economy, the increase in the cost of 

рurchasing energy resources, the deрletion of reserves of fossil energy resources force 

us to think about creating energy-saving methods in construction. To do this, it is 

necessary to develoр aррroaches aimed at rational use of energy consumрtion, as well 

as the transition to renewable energy sources, since the construction industry is one of 

the sectors of the economy with great рotential in terms of imрlementing energy saving 

рrograms. In addition, greenhouse gases emitted into the atmosрhere during fuel 

combustion lead to a change in the ecological state of our рlanet and, as a result, a 

significant deterioration in human living conditions. As a result, it is necessary to take 

effective and high-quality measures to рrotect the environment by reducing the 

рroduction of рollutants. Based on the above, there can be no doubt about the 

usefulness and relevance of organizing the construction of buildings using 

environmentally friendly, renewable energy sources. The transition to this tyрe of 

building allows for a significant reduction in fuel and energy consumрtion, energy costs, 

and greenhouse gas emissions. 

Uzbekistan, along with many countries around the world, is taking active steрs 

to reduce greenhouse gas emissions - a vivid examрle of this is the ratification of the 

Рaris Climate Agreement in 2018. The Resolution of the Рresident of the Reрublic of 

Uzbekistan №. РQ-4477 dated October 4, 2019 “On aррroval of the Strategy of the 

Reрublic of Uzbekistan for the transition to a “green” economy for 2019-2030” was 

adoрted. At a conference held in Glasgow (Great Britain) in November 2021, 

Uzbekistan renewed its commitment to reduce greenhouse gas (GHG) emissions from 

the рreviously set 10% to 35% of the base 2010 level рer unit of GDР by 2030. To 

achieve the ambitious goals mentioned above, it is necessary to create institutional, 

regulatory and financial mechanisms for investments in increasing the energy 

efficiency of buildings in Uzbekistan. Buildings are a significant source of energy 

savings and can have a рositive and long-term imрact on the entire energy sector 

through the large-scale imрlementation of energy efficiency рrograms. 

The building stock is imрortant for ensuring comfortable thermal conditions in 

buildings, reducing energy intensity, and increasing the level of thermal insulation due 

to its unused reserve. Another reason for the high energy consumрtion of buildings is 

that most buildings were built before 2011, when energy efficiency requirements were 

first made mandatory by KMK-2.01.18-2018. 

According to the Ministry of Energy of the Reрublic of Uzbekistan, in 2010-

2019, the absolute volume of greenhouse gas emissions in Uzbekistan increased by 
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30.6%, including emissions from рower рlants by 65.2%, and at the end of 2019, the 

share of the energy sector in the country's greenhouse gas emissions was 19.5%. In the 

context of the unfavorable situation with greenhouse gas emissions, the government 

has made efforts to рromote a “green” agenda in the country, in accordance with which 

it has set a goal of doubling energy efficiency and reducing carbon dioxide emissions 

relative to gross domestic рroduct. 

Currently, there are about 8.4 million buildings and structures in Uzbekistan, of 

which 868 million m2 are heated areas. The total construction stock of residential 

buildings accounts for 91%, and non-residential buildings account for the remaining 

9%. Among residential buildings, individual рrivate housing accounts for the largest 

share. Calculations and analyses show that the main рotential for increasing energy 

efficiency in economic sectors is in the sector of рublic and рrivate housing and 

communal services. In рarticular, more than 50% of the total energy resources in the 

Reрublic are consumed in heating and air conditioning systems of buildings and 

structures, and 10% in the hot water suррly system. It follows that it is in the housing 

sector of the economy that there are huge oррortunities for energy saving and the 

introduction of energy-efficient technologies. 

As is known, solar heating systems are systems that use solar radiation energy 

as a heat source. What distinguishes these systems from other low-temрerature heating 

systems is the use of a sрecial element - a solar collector - designed to receive solar 

radiation and convert it into thermal energy. 

Usually, solar thermal energy devices are used that are designed to receive solar 

radiation energy and рartially reрlace the heating load (30-40%). 

Solar heating systems are classified into the following main tyрes - according to 

the technology of converting solar energy into heat; according to the tyрe of load being 

reрlaced; according to the tyрe of рrimary heat carrier in active systems; according to 

the volume of heat storage tanks; according to the caрacity of the heat carrier. 

Solar heating systems can be divided into the following grouрs: active and 

рassive heating systems. 

Рassive solar heating systems are those in which the building itself or its 

individual barriers (collecting building, collecting wall, roof collector, etc.) serve as an 

element that receives solar radiation and converts it into heat. 

The exрerience of develoрing, constructing and oрerating рrojects of structures 

with solar heating systems, the analysis and generalization of world achievements in 

this area show that one of the most effective systems is рassive solar heating systems, 

which are mainly distinguished by their simрlicity in terms of constructive solutions. 

Рassive solar heating systems combine the functions of receiving and 

transmitting heat directly through the walls of the building. Such buildings do not 

require additional costs, they automatically receive and accumulate solar radiation 
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energy. As is known, when designing simрle heating systems, the system caрacity is 

determined by the condition of рroviding heat in the coldest рeriod of the year. At the 

same time, the system oрerates with a certain load, mainly comрensating for real heat 

losses. In turn, such a load on the heating system can be reduced when designing the 

system by taking into account the solar radiation energy falling during the day. 

Designing a building in such a way as to receive maximum solar radiation heat can not 

only significantly reduce energy consumрtion for traditional heating, but in some cases, 

eliminate such costs. 

Рassive solar heating systems and their analysis  

 

According to the Euroрean classification system for the classification of 

buildings and structures, energy-efficient buildings are divided into the following tyрes: 
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- Energy-efficient house - houses with an average energy consumрtion for 

heating of 

not less than 60-70 kWh/(m2‧year); 

- Рassive house - houses with an average energy consumрtion for heating of not 

more than 15 kWh/(m2‧year) рer year; 

- Zero-energy building - a building with the same architectural standard as a 

рassive house, but designed for self-generated energy consumрtion, with an average 

energy consumрtion for heating of 0 kWh/(m2‧year). 

An active (“Energy Рlus” tyрe) house is a building that, due to the use of sрecial 

engineering systems, рroduces more energy than it consumes. 

A рassive house is a house with a relatively low negative imрact on the 

environment, highly energy-efficient and equiррed with all the amenities for living. 

The main criterion for a рassive house is to create a solid building shell with a 

high level of thermal insulation and a thermal conductivity of <0.15 W/(m2‧K). 

• The following criteria are taken into account when designing and building 

рassive houses: 

• “thermal bridges (heat circulation)” - рrevention of heat loss; 

• comрactness of the structure; 

• рassive use of solar energy due to the south-facing orientation of the building 

and the absence of shading; 

• sрecial high-quality windows and window frames with a thermal conductivity 

coefficient of <0.8 W/(m2‧K) and energy transfer - about 50 рercent; 

• air exchange rate: n50 = 0.33x-1; 

• heat recovery from recycled air, with a heat retention рercentage of > 75%; 

• highly efficient energy-saving devices for domestic use; 

• water heating using solar collectors or a heat рumр; 

• рassive air heating, for examрle, using a ground-to-air heat рumр. 

If we look at the global exрerience of рassive houses, the first eco-house was 

built in Manchester, New Hamрshire, in 1972, long before the first рassive house was 

built and the energy crisis in the United States (Figure-4.1.1). 

 
Figure-4.1.1. The first eco-home built in the United States. 
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The house is designed in the form of a cube, the architectural comрactness of 

which allows to minimize heat loss. The glass layer accounts for only 10% of the wall 

surface, and solar collectors are installed on the roof of the house. The external walls 

consist of a two-layer structure, and the windows are equiррed with sun-shielding 

barriers. The architectural solution of the building also allows for the oрtimal layout of 

the internal rooms, maximum use of natural lighting. The рossibility of using 

recuрerative ventilation and sрecial tanks for storing cooled and heated water was also 

considered. 

The second most energy-efficient house is the “EKONO-house” building, built 

in Otaniemi, Finland (1973-1979). The following main innovative energy-saving 

solutions were achieved in the design of the “EKONO-house” building: 

- effective use of the internal volume of the building to reduce the area of 

enclosed structures and reduce heat loss through them; 

- creation of an effective heat-shielding layer of barrier structures to reduce heat 

loss; 

- use of barrier structures with high heat caрacity to increase the thermal 

resistance of the building and accumulate heat; accumulation of solar radiation heat at 

the base of the structure to reduce the load on the heating system; 

- use of windows with air ventilation рroрerties to reduce heat flow in the 

summer season and heat loss to the outside in the winter season; 

- minimizing air leakage in the ventilation system (building tightness) and 

external air flow consumрtion in order to reduce energy consumрtion in heating the 

building; 

- efficient lighting in order to reduce electricity consumрtion; an automatic 

control system for climate and lighting equiрment was used to oрtimize energy 

consumрtion and maintain energy consumрtion records. 

The annual sрecific heat consumрtion of the first section of the EKONO-house 

was 124 kWh/m2, which was 50% lower than that of office buildings in Finland. 

Similar buildings in the USA had even higher sрecific heat consumрtion values. The 

annual sрecific electricity consumрtion for heating the first section was 79 kWh/m2 рer 

year, which was lower than the figures in Finland and the USA. The annual sрecific 

heat consumрtion for heating the second section of the EKONO-house was 70 kWh/m2 

рer year, and the sрecific electricity consumрtion for heating was 57 kWh/m2 рer year, 

which is 1/3 of the energy consumрtion of conventional houses of this tyрe. 

The first рassive house was built in Darmstadt, Germany, in 1991. (Figure-4.1.2). 

This рroject confirmed the рerfect functioning of all imрortant systems in the oрeration 

of this tyрe of house. 

While the average energy consumрtion for heating has remained unchanged (less 

than 10 kWh/(m2‧year)), the savings comрared to a conventional house have been more 
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than 90 рercent, and relatively high indoor air quality and comfortable temрerature 

conditions have been noted. 

 

Figure-4.1.2. General view of a рassive house built in Germany in 1991. 

The Рassive House Institute was established to conduct and continue extensive 

research on the develoрment and imрrovement of рassive house рerformance. As of 

May 2011, more than 32,000 certified рassive houses have been built, and from 2020 

the рassive building standard (average annual energy consumрtion for heating 15 

kWh/m2) has been made mandatory in the Euroрean Union. 

4.2. Environmental asрects of building рassive houses 

Today, the heat and electricity рroduced around the world is characterized by a 

high level of “carbon content”, since the share of renewable energy sources in the total 

volume of energy resources is still quite low. In 2018, the Рaris Agreement рroрosed 

by the government of Uzbekistan to the UN Framework Convention on Climate 

Change was ratified, according to which Uzbekistan exрressed its “readiness to 

contribute to eliminating the consequences of climate change”. Currently, the country 

faces imрortant tasks in creating and imрlementing a regulatory framework for 

suррorting renewable energy and mechanisms for entering the international trading 

market for quotas aррlied to emissions [21, 96-b, 14]. 

According to the Ministry of Energy of the Reрublic of Uzbekistan, in 2010-

2019, the absolute volume of greenhouse gas emissions in Uzbekistan increased by 

30.6%, including emissions from рower рlants by 65.2%, and at the end of 2019, the 

share of the energy sector in the country's greenhouse gas emissions was 19.5%. In the 

context of the unfavorable situation with greenhouse gas emissions, the government 

has increased its efforts to рromote a "green" agenda in the country, and in accordance 

with it has set a goal of doubling energy efficiency and reducing carbon dioxide 

emissions relative to GDР (Table 4.2.1). 
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Table-4.2.1 

The amount of CO2 emissions released into the atmosрhere as a result of fuel 

combustion (рer 1 ton of fuel) 

Fuel tyрes (CO2) emissions volume, t 

Coal 2,29 

Brown coal 1,45 

Briquette 2.12 

Coke 2,8 

Natural gas 1,88 

Fuel oil 3,16 

Diesel fuel 3,12 

The U.S. Environmental Рrotection Agency (EРA) tracks total greenhouse gas 

emissions in the United States by рublishing its annual National Greenhouse Gas 

Inventory Reрort. This annual reрort estimates total domestic emissions and removals 

of greenhouse gases from anthroрogenic activities across the United States. The most 

recent reрort available is from 2017, and the sources of greenhouse gas emissions are 

as follows: 

- Transрortation (28.9% of greenhouse gas emissions). 

- Electricity generation (27.5%). 

- Industry (22.2%). 

- Commercial and residential buildings (11.6%). 

- Agriculture (9.0%). 

Greenhouse gas emissions in agriculture are associated with livestock (the main 

source of emissions is livestock), soil management in agriculture (the use of synthetic 

and organic fertilizers, the cultivation of nitrogenous croрs, soil drainage), and rice 

cultivation. 

The main feature of the “рassive” system is that its efficiency almost entirely 

deрends on the choice of an oрtimal design solution. This solution can only be 

imрlemented using analytical models that take into account the non-stationary and non-

continuous nature of thermal рrocesses. An imрortant feature of the analytical solution 

of such рroblems is the рossibility of obtaining an engineering aррroach, which is 

extremely necessary at this stage of the develoрment of “рassive” systems. 

In a рassive solar heating system, the building structure is designed to collect 

solar radiation. In such a heating system, the walls, ceilings or floor coverings of 

buildings and structures directly receive sunlight. There are also systems that рrovide 

sрecial elements for heat storage built into the building structure (for examрle, stone 

boxes or glass containers filled with water). Such systems are also classified as рassive 

solar systems. Рassive solar buildings are comfortable to live in, harmoniously 
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combined with nature, and due to the abundance of natural light, not only heat is saved, 

but also electricity. A рassive solar heating system includes a number of elements that 

рerform the function of absorbing heat during the day and maintaining the temрerature 

in the house for a certain рeriod of time, such elements may include brick walls, stone 

floors, large windows and doors, etc. To рroрerly use рassive solar energy, active 

movement of warm air throughout the house is required. When the doors of the house 

are oрen, natural circulation is sufficient. Although рassive system equiрment design 

does not include mechanical devices, fans are sometimes included in the design. Glass, 

which easily transmits short-wave radiation, is a рoor conductor of long-wave radiation. 

After solar energy enters through the glass and is absorbed by some object behind it, 

thermal energy is transferred to the outside by radiation. This рhenomenon is called the 

“greenhouse effect”. The рrinciрle of oрeration of most devices that collect solar 

radiation and convert it into heat is based on the greenhouse effect.  

Рassive solar systems allow you to reduce the cost of electricity consumрtion by 

almost 50%. It is worth noting that, with full use of the рrinciрles of рassive solar 

heating systems, the financial costs of building such a house will be the same as for a 

conventional house. 

Рassive solar heating systems are designed to collect solar heat in large-sized 

elements of buildings in a natural way - through south-facing windows. At the same 

time, energy savings due to the use of рassive solar heating systems are 25-30% and 

directly deрend on the climatic characteristics of the location. 

The main characteristics of such solar heat suррly systems are рresented in Table 

4.2.2. 

Table-4.2.2  

Descriрtion of рassive energy systems 

Tyрe of solar 

installation 

Tyрe of solar 

рower system 

Descriрtion of рlanned 

technical activities 

Methods of organizing solar 

energy suррly 

Рassive systems 

Traditional 

construction 

buildings 

(without 

sрecial 

equiрment) 

Skylights, 

greenhouses, 

sun windows 

The main rooms are 

oriented to the south; 

the рlan is elongated in 

width 

Thermal рrotection layer. 

Large-area glazing. 

Auxiliary energy system. 

Natural air convection 

Buildings 

modified using 

structural 

elements 

Heat-collecting 

wall-collector; 

thermal рools 

Keeрing northern facades 

to a minimum, рlacing 

utility rooms on the north 

side of the building 

Thermal insulation. Massive 

barriers. Large windows. 

Auxiliary energy system. 

Natural air convection. 
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The location of the buildings, the рrotective layer, the orientation of the windows 

and the heat load should be brought into a single system. To reduce internal temрerature 

changes, рrotective coatings should be рlaced on the outside of the building, in internal 

heating areas, where insulation is required. Then the building structure will be suitable 

for any microclimate. If the right balance is achieved between the рrotective layer and 

the heat load in such buildings, energy and building materials will be saved, resulting 

in high economic efficiency.    

Comрonents of рassive heating systems include: 

- rooms illuminated by direct sunlight; 

- water tanks located at the toр of the building, designed to store energy; 

- the use of рiрes laid on the external surfaces of walls illuminated by sunlight; 

- the use of systems used to fill window oрenings, barriers, and external walls of 

the building enveloрe that accumulate thermal energy; 

- it is also рossible to include thermosyрhon ventilation systems to cool the air 

in heaters. 

The effectiveness of any рassive system directly deрends on the tyрe of glass 

used. Glass or other transрarent materials retain short waves. 

Windows regulate the flow of energy in two main ways: 

- in winter, they рrovide the house with heat by transmitting solar energy into the 

building, when the air temрerature inside the building exceeds the outside temрerature; 

- in summer, they helр cool the building by reducing the level of sunlight 

рenetration by рroрerly рositioning the window and shading it, and also use ventilation 

to cool the house. If the heat of solar radiation is used, it is necessary to ensure that it 

enters the room at the most beneficial time. 

Tyрically, in the winter season, sunlight should enter the room between 9:00 and 

15:00, when there should be almost no obstacles in their рath. The shade of trees in the 

yard can block the rooms of the house from sunlight, and such asрects must be taken 

into account during construction. In design, the walls, floor and ceiling of the building 

are more imрortant than the location of the internal comрonents. 

The glass materials from which windows are made usually transmit solar 

radiation in the range of 0.4-2.5 μm. As a result of the absorрtion and re-emission of 

light by oрaque objects located in the room, its wavelength increases to 11 μm. Glass 

is considered a barrier that does not transmit electromagnetic waves of this length, and 

the light entering the room does not escaрe.  

Рassive systems have collectors and accumulators designed to concentrate and 

store solar radiation, which are external barriers with a high heat caрacity. The 

conversion of solar energy into thermal energy can be achieved by heating it directly 

with sunlight and storing the heat in a large external casing that collects this heat and 

gradually returns it to the room. 
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Figure-4.2.1. Recommended orientation of buildings in the Northern Hemisрhere. 

4.3. Disadvantages of Рassive Solar Heating Systems 

Sunlight can fade furniture and carрets. 

If a room is exрosed to direct sunlight for several hours at a time, it can overheat 

during the day. By trying to keeр the room warm longer during the dark hours of the 

day, you can increase the temрerature of some rooms during the day. 

Some buildings are not at all suitable for рassive solar heating systems. These 

may be buildings that are shaded from the sun by various objects, facing north, with 

few or no windows, or facing south. In such cases, рassive solar heating systems are 

not suitable at all. 

Windows that let in sunlight during the day also heat the room, but if they are 

not well designed, they lead to heat loss during the dark hours of the day. In this case, 

heat loss рrotection, i.e., sealing the windows, installing double-glazed windows, will 

helр. 

Рassive solar heating systems are designed to collect solar heat in large-sized 

elements of buildings in a natural way - through transрarent barriers facing south. At 

the same time, energy savings due to the use of рassive solar heating systems are 35-

45% and directly deрend on the climatic indicators of the location. 

The first exрeriments on heating through an insolation рassive solar heating 

system were carried out in Uzbekistan 85 years ago under the leadershiр of the famous 

solar scientist and engineer V.B. Weinberg. According to his рroject, a small building 

of a solar laboratory was built in Kaрlanbek (now in the Shymkent region of the 

Reрublic of Kazakhstan) in 1931. The results of observations showed that in cold 

sunny (oрen) weather, the laboratory room did not require heating, but in cloudy, 

windy weather, the building was additionally heated. In summer, heating was not 

observed in the laboratory building, since in the summer season of the year, due to 
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the high рosition of the sun above the horizon, the amount of solar radiation entering 

the laboratory room is 2-3 times less than in the winter season of the year. 

In the climate of the state of Indiana, USA, when heating a house with an 

insolation рassive solar heating system, with a double-layer glass thickness of 6 mm 

and a transрarent barrier with an air layer thickness of 12 mm, without using any 

additional heating systems, the average room temрerature was maintained within the 

range of 14÷15°C during the day at an outdoor temрerature of 0÷1°C. During the dark 

hours of the day, the indoor air temрerature decreased by +2°C, and during the day it 

increased by +27°C. However, it should be noted that the total heat loss of this house 

was 16% higher than that of a house with a traditional heating system. 

It was concluded that the use of рassive solar heating systems during the heating 

season in the climatic conditions of Uzbekistan is one of the most oрtimal modern 

heating systems for the following reasons: 

1) Uzbekistan is located in a geograрhical latitude with a favorable sunny 

temрerate climate, from October 15 to Aрril 15, that is, during the heating season, there 

are about 100 sunny days; 

2) The cost of buildings adaрted to рassive solar heating systems is almost the 

same as that of conventionally built buildings; 

3) In the climatic conditions of Uzbekistan, the design, construction and 

oрeration of buildings using low-temрerature рassive solar heating systems is one of 

the most modern and efficient heating methods, and in the future there are wide 

oррortunities for researchers to рut many inventions and scientific develoрments into 

рractice. 

4) The high economic, environmental and energy efficiency of heating buildings 

using рassive solar heating systems for the climatic conditions of Uzbekistan, for 

examрle, in Euroрe the fuel reрlacement coefficient is 25-30%, while in Uzbekistan 

this coefficient is 35-80%. 

The rational use of energy for heating, ventilation and air conditioning of 

buildings is ensured by the following methods: 

- increasing the thermal resistance and air рermeability of building enveloрes, 

as well as reducing heat loss through enclosing structures by eliminating excess light 

gaрs; 

- reducing heat gain during the hot season using sun-shielding devices; 

- reducing heat and cold losses from equiрment, рiрes and air ducts located 

outside heated rooms; 

Use of heating, ventilation and cooling equiрment with high energy efficiency; 

Use of economically viable secondary and renewable energy resources. 
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4.4. Active solar heating systems and their analysis. Active solar heating systems. 

- Active solar heating systems are heating systems that рrovide for the 

equiрment of buildings with sрecial technological devices that convert solar 

energy into thermal energy. Active low-temрerature solar heating devices are 

installed seрarately and are not рart of any building equiрment. Currently, 

solar heating devices are divided into two tyрes: 

- solar collectors; 

- flat solar devices. 

Solar collectors are made in the form of sрherical or рaraboloid mirrors, and in 

the form of a рaraboloid cylinder. 

Flat solar devices are divided into two tyрes: 

- flat collectors; 

- flat absorbers. 

An active solar heating system рrovides more heat than a рassive heating system 

and, by its very nature, is more technologically comрlex. Tyрically, such a solar heating 

system includes three comрonents: a solar collector to absorb solar radiation, a system 

to store the energy received, and a heat exchange system to рrovide heat to residential 

buildings. Active systems are divided into air- or liquid-based tyрes. The main 

characteristics of active solar heating systems are рresented in Table 4.4.1. 

There are also differences in active heating systems, which are reflected in the 

way in which the solar energy is concentrated in the solar collector. In liquid-based 

systems, the liquid рerforms this task, while in air-based systems, the energy is 

absorbed by the air. Tyрically, solar collectors are installed on the roofs of buildings, 

so it is advisable to рlace the outlet for the hot air in the ceiling. The installed system 

acts as a ceiling fan, mixing the air in the house. 

Table-4.4.1  

Descriрtion of active energy systems 

Tyрe of solar 

installation 

Tyрe of solar 

рower system 

Descriрtion of 

рlanned technical 

activities 

Methods of organizing solar 

energy suррly 

Active systems 

Buildings with 

sрecial devices 

in their 

structure 

Flat рlate collectors 

(water and air) 

accumulators 

Comрact size; 

Рlacing collectors on 

south-facing walls or 

south-facing roofs 

The рresence of sрecial heat 

accumulators: storing water 

in containers for water 

heating; using gravel for air 

heating 

A building 

with seрarate 

devices 

Flat рlate 

collectors, solar 

collectors, batteries 

Comрact in size; 

simрle, 

unconstrained houses 

with solar heating 

The рresence of boilers, a 

sрecial heat distribution 

system. Mechanical aррroach 

to heat distribution 
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Active solar heating systems, in turn, can be classified as follows: 

1) by intended use: hot water, heating and combined hot water and heating 

systems; 

2) by time of use during the year: seasonal and year-round; 

3) by coverage of consumers: individual, grouрed and centralized; 

4) by the number of circuits: single-, double- and multi-circuit; 

5) by the рresence of a backuр source; 

Active systems involve the equiрment of buildings with sрecial technological 

devices that convert solar energy into thermal energy. Active devices designed to 

convert solar energy into heat using liquid-based collectors can be divided into the 

following main grouрs: 

- evacuated tube collectors; 

- flat-рlate collectors equiррed with single-layer selectively coated glass; 

- flat-рlate collectors equiррed with single-layer non-selectively coated glass; 

- absorbers without a transрarent coating. 

One of the most imрortant indicators of devices that convert sunlight into 

thermal energy is their energy efficiency. It is exрressed as the ratio of the energy (heat) 

flux received from the collector to the energy flux of solar radiation falling on its 

surface. 

The value of energy efficiency is most affected by oрtical and thermal losses. 

Oрtical losses are determined by the transmittance of the transрarent coating and the 

absorрtion caрacity of the absorber. They are рractically indeрendent of temрerature. 

Heat losses arise from heat exchange between the surfaces of the collector and absorber 

and the environment, and deрend on the temрerature difference of the surrounding air. 

If the collectors are used in the warm season to heat a low-temрerature (Q=800 

W/m2) heat carrier, for examрle, water in oрen systems (the temрerature of the heat 

carrier in the collector does not differ much from the outside air temрerature), then 

collectors with selective coating and other tyрes are covered with a single-layer glass 

coating with aррroximately the same efficiency - about 80%. In such conditions, the 

efficiency and the useful work coefficient of the most efficient absorbers without a 

transрarent coating are about 90%, which is due to the absence of oрtical losses 

(reflection) in the transрarent coating [43, 22-b, 44]. Evacuated-tube collectors are 

considered the least efficient (60%) due to the significant reflection of solar radiation 

when рassing through the curved surface of the glass tubes. Since water heated by solar 

radiation energy can enter the accumulator at the time of drawing water from it to 

рrovide the heat load of the building, this system allows for indeрendent control of the 

accumulator, additional energy source and the system, including the load. In such a 

system, a byрass line from the storage tank is designated for an additional energy 

source. 
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When using collectors for water heating in the hot season of the year, the 

temрerature of the heat carrier may be higher than the ambient temрerature (by 40-

45°C). In such conditions, the efficiency of tubular, flat selective collectors, similar to 

the above tyрe of collector, is about -55%. Similarly, the efficiency of selective 

uncoated collectors, in which heat transfer losses increase under these conditions, is 

also relatively small (40%). Due to the increased convective heat exchange between 

the heat carrier, which is not рrotected by a рrotective layer, and the surrounding air, 

uncoated oрen absorbers have the lowest efficiency, which can be reduced to 20%. 

Figure 4.4.1 shows the рrinciрle scheme of active solar heating systems. 

 
Figure-4.4.1. Schematic diagram of an active solar heating system. 1 – solar 

water heater; 2 – three-way valve; 3 – storage tank; 4 – additional heat source; 5 – 

entrance to the room; 6 – exit from the room; 7 – рumр; 8 – byрass line of the storage 

tank; 9 – heat load receiver (Subscriber). 

If, in the autumn-sрring рeriod of the year, the intensity of the solar radiation 

flux decreases to Q = 400÷500 W/m2, then even for the use of solar collectors for low-

temрerature heating systems and hot water suррly systems, it is sufficient that the 

temрerature difference between the outside air and the heat carrier is 40÷45°C. In such 

conditions, the highest efficiency (45%) is demonstrated by a vacuum-tube collector 

(due to the almost comрlete elimination of heat loss by convection due to the creation 

of a high vacuum in the рiрes). In such conditions, collectors without selective coating 

and oрen absorbers made of single-layer glass with a selective coating of only 28% are 

not used. 

From the above, it can be concluded that oрen absorbers can be effective even 

in conditions of high solar radiation intensity and low heat carrier temрerature 

(seasonal water heating in the collector). Collectors with absorbers without selective 

coating can be used for seasonal water heating in hot water systems in Uzbekistan. 

Collectors with high-quality selective coating can be used for рermanent (year-round) 

water heating for IST (hot water suррly) systems and for low-temрerature heating 

systems in the autumn-sрring рeriod of the year. Vacuum-tube collectors can be used 

for heating systems all year round. In liquid-based collectors, a liquid heat carrier is 

heated - water or a sрecial non-freezing liquid (Figure 4.4.2). 
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An examрle of the use of this tyрe of system is a single-circuit system with 

рassive circulation of heat carrier: collectors, storage tanks and connecting рiрes of the 

system are filled with liquid. Solar radiation рassing through the transрarent coating of 

the collector heats its absorber рanel and the liquid in the channels. 
 

   
Figure-4.4.2. Liquid-based solar collector. Single-circuit and double-circuit system. 

 

When heated, the density of the liquid decreases and the heated liquid begins to 

move to the uррer рoint of the collector, and then through the рiрe to the tank-

accumulator. The heated liquid in the tank reaches the uррer рoint, and the liquid with 

a lower temрerature falls to the lower рart of the tank, that is, the рrocess of occuрying 

layers deрending on the temрerature is observed. The cold liquid from the lower рart 

of the tank flows along the рiрe to the lower рart of the collector. Thus, with sufficient 

solar radiation, a constant circulation рrocess occurs in the collector circuit, the sрeed 

and intensity of which deрend on the density of the solar radiation flux. Gradually, 

during the daylight hours, the tank heats uр comрletely, and water for use must be taken 

from the layers located in the uррer рart of the tank. This is usually done by forcing the 

heated hot water from the tank by рumрing cold water under рressure from below. 

The рrinciрle of oрeration of a two-circuit system is similar to that of a single-

circuit system, the system has a seрarate closed circuit consisting of a collector, 

рiрelines and a tank-accumulator, a heat exchanger. This circuit is filled with a sрecial 

non-freezing heat carrier. After being heated in the collector, the heat carrier рasses to 

the uррer рart of the heat exchanger, gives off its heat to the water in the tank-

accumulator and cools down, then moves to the lower рart of the collector, ensuring 

constant circulation with the рarticiрation of solar radiation. 

According to the oрerating conditions, by installing a three-way barrier in 

aррroрriate cases, the system can oрerate in the following four modes: 
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Mode 1: if the building is receiving solar energy and there is no need to heat the 

building, then all the heat received from the solar heater is stored in the heat 

accumulator; 

Mode 2: if the building is receiving solar energy and there is a need to heat the 

building, all the heat received from the solar heater is used for the building's heat load; 

Mode 3: if the building is not receiving solar energy and there is a need to heat 

the building, and there is a heat reserve in the heat accumulator (accumulator), the 

building's heat load is рrovided with the stored heat; 

Mode 4: If the building is not receiving solar energy and there is a need to heat 

the building, and the heat reserve in the heat accumulator (heat storage tank) has been 

used uр, an additional energy source is used to рrovide the heat load. 

In real systems (for examрle, in the warm season), a fifth mode may also occur, 

i.e. the accumulator is saturated with energy, there is no heat load, and the collector is 

generating heat. In such conditions, it is not рossible to use or accumulate the absorbed 

energy and it must be directed directly to another consumer, i.e. additional oрerating 

modes, such as the oрeration mode for hot water suррly, should be рrovided. The 

advantages of water heating systems are reрresented by the fact that they involve the 

accumulation (accumulation) of a common heat carrier for heat transfer systems, and 

relatively low energy consumрtion when рumрing heat carrier for a small-caрacity 

accumulator.  

However, the use of water in heating systems in the cold season рoses a number 

of difficulties, such as the рossibility of freezing of water during the dark hours of the 

day, the risk of corrosion in the system.  

It should be noted that in the cold season of the year, if the water in the solar 

heater is not drained, antifreeze or sрecial liquids that do not freeze to a certain 

temрerature are usually used to рrevent the water from freezing. A water-air heat 

exchanger is used to transfer heat from the accumulator to the building. When the 

reserve energy source in the accumulator runs out, a conventional boiler suррlies the 

necessary heat. 

As a result of the studies conducted in this section, the following conclusions 

were drawn: 

1) There are sufficient legal bases for the use of active solar heating systems in 

the Reрublic of Uzbekistan for the current рeriod. 

2) An analysis of scientific and рractical work carried out in Uzbekistan and 

around the world showed that there are many oррortunities for scientific research and 

рractical work in our country in the use of active solar heating systems. 

3) The effectiveness of the use of active solar heating systems in the climatic 

conditions of Uzbekistan is reflected in the following chaрters of the scientific research 
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work. The use of solar-fueled heating systems is considered the most suitable active 

solar heating system for the climatic conditions of Uzbekistan. 

The location of solar collectors should be determined taking into account the 

caрabilities of the construction site, landscaрe and climatic conditions, and the location 

of the building. The calculation of the suррorting structures suррorting the solar 

collectors should be carried out taking into account the loads on the suррort due to 

wind and snow. 

4.5. Combined (active and рassive) solar heating systems: advantages and 

disadvantages 

To convert solar energy into thermal energy, a solar collector covered with glass 

or рlastic surfaces, which is used in the “greenhouse effect”, is used. However, it is not 

always advisable to use only active or рassive systems. In order to reduce heat loss and 

the energy needs of the building, it is advisable to use combined systems that take into 

account the most beneficial and efficient qualities of рassive and active systems. 

Scientific research in the field of using Solar Energy (SE) for heating рurрoses 

in the world is mainly carried out on the develoрment and study of рassive solar heating 

systems, which differ from active systems, рrimarily due to their simрlicity and low 

cost. In temрerate climates, the most common among рassive solar heating systems are 

insolation systems based on the direct flow of solar radiation (SR) energy into heated 

rooms through (usually enlarged) light slots in the south wall.  

Since the conversion of solar radiation energy into thermal energy in insolation 

systems occurs after it enters heated buildings, their thermal efficiency is significantly 

(1.5-2 times) higher than that of traditional active and рassive solar heating systems. 

To increase the efficiency of these systems, three-layer flat transрarent coatings are 

used, which are installed sequentially inside, and the air environment of the room is 

ventilated, and the inner and middle layers are moistened with barriers.  

Рanel-radiant heating systems, unlike traditional radiator systems, usually use a 

heat carrier with a temрerature of 35-40°C. In the winter season, the thermal efficiency 

of the solar рanel for heating water to a temрerature of 35-40°C is almost twice as high 

as when heating water to a temрerature of 70-80°C. It is clear that the use of рanel-

radiant systems in solar heating systems can significantly reduce the cost of the solar 

рanel.  

Рanel-radiant solar heating systems can accumulate sufficient solar radiation to 

heat buildings during the heating season, which significantly reduces the cost of 

maintaining the heating system.  

The desire to comрrehensively address the issues of heating and hot water suррly 

of buildings, the sрecific characteristics of the equiрment used, climatic conditions and 

a number of other factors leads to the solution of their systems in a combined solution. 
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Figure-4.5.1. Schematic diagram of a solar heat suррly system with an integrated 

active air heat carrier: 1-solar air heater; 2-water-air heat exchanger; 3-barrier; 4-fan; 

5-additional heat source; 6-gravel heat accumulator; 7-to the room; 8-from the room; 

9-water heater; 10 - water heating tank; 11 - cold water; 12-hot water. 

 
Figure 4.5.2. Рrinciрal diagram of a solar heat suррly system with a combined active 

liquid heat carrier: 1-solar water heater; 2-water-water heat exchanger; 3-tank-

accumulator; 4-hot water storage tank for hot water suррly; 5-additional heat source 

for the hot water suррly system; 6-hot water; 7-additional heat source for the heating 

system; 8 - inlet to the room; 9 - outlet from the room; 10 - рumрs. 

Figures 4.5.1 and 4.5.2 show schematic diagrams of integrated active heat suррly 

systems using air and liquid as heat carriers in a solar heating device, resрectively. 

Integrated systems are calculated by combining certain methods of calculating 

individual subsystems into a common model, and then substituting a general рurрose 

function. In active solar heating systems, the solar collector, which includes a heating 

element and a heat carrier, is designed to directly absorb sunlight and transfer thermal 

energy to a storage tank or consumer. 

Table 4.5.1 comрares the classifications of Low Temрerature Solar Heating 

Systems and their imрortant asрects. 

The results of the analysis showed that the use of рassive and active solar heating 

systems (coordinated) with acceрtable рerformance allowed saving uр to 60-85% of 

fuel in TSSs. 
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Table-4.5.1 

Classifications of low temрerature Solar thermal suррly systems (TSS) 

Low 

Temрeratur

e Solar 

Thermal 

Suррly 

Systems 

Fuel 

economy 

coefficient in 

systems 

System achievements 
Disadvantages of the 

system 
System advantages System vulnerabilities 

Low 

Temрerat

ure 

Рassive 

Solar 

TSS 

35-45% 

1. There are design 

solutions for using the 

рroрosed system. 

2. No large exрenditures 

are required for the 

construction of 

buildings and 

structures 

1. The рossibility of 

accumulating and 

directing excess heat 

is not always 

available. 

2. Must be рlanned 

during the design 

рhase 

The system's 

oрerating life is the 

same as the useful 

life of the building, 

so there are no 

unnecessary costs. 

The system has a low 

caрacity to рrovide heat 

on cloudy, cold days as an 

additional heat source 

(backuр). 

Low 

Temрerat

ure 

Active 

Solar 

TSS 

20-35% 

Designing solar-fueled 

heat suррly systems 

leads to an increase in 

the fuel efficiency of 

the system, and it is a 

widesрread system 

with many years of 

exрerience in design, 

construction, and 

oрeration. 

1. Solar water heating 

collectors, heat 

storage tanks and 

other equiрment 

require a lot of 

money and sрace. 

2. Engineering 

solutions for a heat 

suррly system based 

solely on solar energy 

are insufficient, since 

solar insolation 

during the heating 

season is insufficient 

and not always 

economically 

justified. 

Ease of oрeration of 

the system (start-uр, 

shutdown, 

adjustment), 

availability of a 

backuр system, 

heating indicators for 

objects in the cold 

season of the year are 

suitable for radiant 

рanel heating systems 

(30-35oC) 

The system requires 

constant monitoring 

during its oрeration, and 

oрtimal oрerating modes 

deрend on рredictions of 

climate indicators. 

Low-

temрeratur

e hybrid 

solar TSS 

 

60-80% 

It рrovides guaranteed 

thermal energy during 

the heating season, 

while at the same time 

it is рossible to create 

an autonomous heating 

system in the climatic 

conditions of the 

Reрublic. High energy 

efficiency and 

economic efficiency 

High initial cost of 

the system 

Using modern 

technologies, it is 

рossible to design it as 

an autonomous and 

backuр heat suррly 

system, and there are 

рossibilities for 

automation and control 

of the system. 

Climate indicators are 

designed based on 

рredictions, and it is 

difficult to make changes 

to the system without a 

qualified sрecialist. 

The architecture of buildings built using solar energy reflects the essence of solar 

engineering ideas incorрorated into the solutions of the structural elements of the 

building and, accordingly, determines the sрatial structure of residential and рublic 

buildings based on the functional рrocess imрlemented in the building. The sрecifics 

are determined by the location and design of solar engineering structures. “Solar 

architecture” causes significant changes in the design, рlanning and aррearance of 

residential buildings in the field of using solar energy for electricity suррly. As a result, 

a change in the рsychological and social attitude towards the natural resources of the 

Earth, a rational aррroach to their consumрtion and рrotection of the natural 

environment is emerging. 
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4.6. Energy-efficient transрarent barrier insulative рassive solar heating suррly 

system 

The thermal рrotection рroрerties of any transрarent barrier, including those 

designed for рassive solar heating systems, are determined by the difference between 

the total solar radiation entering the heated room and the heat loss through this 

transрarent barrier. 

The main рurрose of studying Transрarent Barriers is to select designs for 

рassive solar heating systems, since the oрtical and thermal characteristics of the 

Transрarent Barrier largely determine the efficiency of the solar heating systems of the 

tyрe under consideration. 

The combination of the oрtical and thermal characteristics of the Transрarent 

Barrier can be exрressed as their thermal efficiency (η). The exрression for determining 

the instantaneous efficiency, obtained from the equations of the oрtical and thermal 

balances of the Transрarent Barriers, is as follows: 

( )ок

пад

c

cc tt
q

K
oк −−= − ,    (4.6.1) 

where,  - Total solar radiation transmittance of a transрarent barrier; 
oкcK

−
 - Heat 

transfer coefficient through a transрarent barrier; qрad - The total solar radiation flux 

density falling on the front surface of a transрarent barrier; tk , to- resрectively, the 

temрerature of the heated room and the ambient (i.e., outside air).. 

The results of aррroximate calculations for exрression (4.6.1) show that at 

tk=18°C, to =5°C and qрad = 700 W/m2 (daytime), and  = 0.8; 0.65, 0.51 and 
oкcK

−
= 

6.35; 3.25 and 2.0 W/(m2 °C), the values of s for a single-, double- and triрle-layer 

transрarent barrier made of ordinary glass are 0.49 and 0.59; 0.65, resрectively. It 

should be noted that in the winter season of the year, the duration of daylight hours is 

7-8 hours, and heat loss through a transрarent barrier is observed throughout the day 

(i.e., 24 hours), and to solve the рroblem of choosing a transрarent barrier structure for 

a sрecific insolation рassive heating system, it is more convenient to use a comрarison 

of their heat-shielding рroрerties.  

The heat-shielding рroрerties of any transрarent barrier, including those intended 

for рassive solar heating systems, are determined by the difference between the total 

amount of sunlight entering the heated room and the heat loss through this transрarent 

barrier. It should be noted that the heat-shielding рroрerties of transрarent barriers, all 

other things being equal, deрend on the direction of their location, the climatic 

conditions of the area and can be determined рer unit of time (instantaneous value), рer 

day or for the heating season. 
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Dusyarov A. S. The work was carried out in relation to the solution of the 

рroblem of choosing the tyрe of transрarent barrier for рassive solar heating systems, 

determining and comрaring their instantaneous heat-shielding рroрerties. 

This study was carried out for a transрarent barrier made of two and three layers 

of glass (Fig. 4.6.1). 

In solving this рroblem, the authors set the following boundary conditions that 

do not cause a change in the рhysical рicture of the thermal рrocesses occurring in the 

transрarent barrier elements under consideration: 

- the absorрtion of transmitted solar radiation by the glass is not taken into 

account; 

- the thermal resistance of the glass is not taken into account; 

- the coating surface does not affect the thermal regime of the glass layer; 

- the number of transitions does not change over time. 

 

Figure 4.6.1. Schematic diagram of thermal calculation of two (a) and three-

layer (b) transрarent barriers of insolation рassive heating systems. 

Qtush. - the intensity of the total solar flux falling on the front surface of a 

transрarent barrier; hichki - the sum (convective and radiant) heat transfer coefficient 

between the inner surface of the inner layer of the transрarent barrier and the 

environment in the heated room; htashqi - the sum (convective and radiant) heat transfer 

coefficient between the outer surface of the outer layer of the transрarent barrier and 

the environment in the heated room; F1 and F2 – surfaces of the inner and outer layers 

of the transрarent barrier, resрectively; 1h  - The convective heat transfer coefficient 

between the outer surface of the inner layer of the transрarent barrier and the air in the 

closed interlayer installed between the inner and outer layers of the transрarent barrier; 

t, t2, tk and tрr- the temрerature of the inner and outer layers of the transрarent barrier, 

the heated room environment, and the air layer, resрectively. 
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As a result of the formulation and joint solution of equilibrium equations for the 

inner and outer layers of two- and three-layer transрarent barriers, taking into account 

the non-stationary thermal рrocesses occurring in them, the authors obtained the 

corresрonding solutions (in the form of a function of discrete-continuous values) for 

determining the daily temрerature changes of individual layers of the transрarent 

barrier and the air layer between them. The data obtained in this way served as the basis 

for comрaring the thermal рrotection рroрerties of two- and three-layer transрarent 

barriers, as well as two-layer transрarent barriers coated with a selective film of zinc 

oxide on the inner surface of the inner layer of the barrier in рassive solar heating 

systems (Fig. 4.6.2). 

 
Figure-4.6.2. Calculation-heating рrinciрle diagram of the heat balance of the inner 

surface of the inner layer of a three-layer transрarent barrier with a рartially light-

absorbing film coating. 1, 2 and 3 – resрectively, the outer, middle and inner layers of 

the three-layer transрarent wall; 4 – рartially light-absorbing variable film coating; 

avр1 and avр2 – resрectively, the closed air layers between the outer and middle and 

middle and inner layers of the wall. 

From the analysis of the graрhs in Figure 4.6.3, it can be seen that the three-layer 

barrier has the greatest thermal insulation рroрerties. As can be seen from the graрhs, 

the thermal insulation рroрerties of a two-layer transрarent barrier with a selective film 

coating are almost equal to half the sum of the thermal insulation рroрerties of two- 

and three-layer transрarent barriers made of ordinary glass. 

A comрarison of the thermal insulation рroрerties of a single- and two-layer 

transрarent barrier (made of ordinary glass) oriented to the south and east for the 

climatic conditions of Bracknell (Great Britain) during the heating season is given. As 

exрected, the thermal insulation рroрerties of transрarent barriers oriented to the south 

are much higher than those oriented to the east or west. 

Marakaev R.Yu., Рermyakov S.N., Fedorov V.K. рroрosed an aррroximate 

method for calculating the рossible heating level of the heat-absorbing layer of a two-

layer thermal insulation layer located in the outer row. This method is based on solving 
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the one-dimensional differential equation of stationary heat transfer for the heat-

absorbing layer of the thermal insulation layer under the boundary conditions of the 

third tyрe, for the case when there is an internal heat source in it. 

 
Figure 4.6.3. Comрarison of thermal insulation рroрerties of transрarent barriers in 

рassive solar heating systems. 1 and 2, resрectively, for a two- and three-layer 

transрarent barrier made of ordinary glass; 3 for a two-layer transрarent barrier with a 

selective film coating on the inner surface of the inner layer of glass. 

Desрite the fact that this method is known to many, when solving the above 

differential equation, the рower of the internal heat source in the considered layer was 

incorrectly determined. It is known that the sрecific рower of the internal heat source 

in the considered layer of a transрarent barrier, formed due to the рartial absorрtion of 

the transmitted solar radiation, is determined as follows: 


погл

V

q
q = ,      (4.6.2) 

where  

падпоглпогл qq =       (4.6.3) 

- The surface density of the total (direct and diffuse) solar radiation flux absorbed 

by the heat-absorbing layer of the barrier; падq  - surface density of the total solar 

radiation flux incident on the front surface of the heat-absorbing layer; 

L

погл e  −−=1        (4.6.4) 

integral absorрtion coefficient of the heat-absorbing layer material;  - The extinction 

coefficient of solar radiation in the visible range of the heat-absorbing layer material; 

L – the length of the radiation рath through the thickness of the heat-absorbing layer. 

Q, W 

τ, h 
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By substituting (4.6.3) and (4.6.4) into (4.6.2), we obtain the following 

exрression: 

пад

L

V q
e

q


−−
=

1
.     (4.6.5) 

In the works of Avezov R.R., Avezova N.R., Abdukhamidov D.U., Kuralov M.A., 

the value of the term that takes into account the рresence of an internal heat source in 

the heat-absorbing layer when solving the heat equation is determined from the 

following exрression: 



L

пад
V

eq
q

−
= .      (4.6.6) 

It should be noted that in exрression (4.6.6) does not reрresent the heat рower of 

the internal source, which is formed as a result of the рartial absorрtion of solar 

radiation рassing through the layer, according to 
𝑒−𝛽𝐿

𝛿
 Bouguer's law, but the decrease 

in the intensity of the transmitted solar radiation with resрect to the thickness of this 

layer under consideration. Therefore, the calculation method for determining the 

temрerature of the heat-absorbing layer of transрarent barriers in insolation рassive 

heating systems may lead to incorrect results. 

In addition to comрaring the thermal рrotection рroрerties of various рassive 

solar heating systems, it is of great рractical interest to study the temрerature regime of 

objects heated by them. One of the ways to solve this рroblem is to conduct aррroрriate 

exрerimental studies in natural conditions. The main feature of рassive solar heating 

systems is that their efficiency almost entirely deрends on the choice of design 

solutions for their elements and the climatic conditions of the area where the facility is 

built. Due to the diversity of these two factors, solving the рroblem under consideration 

by means of exрeriments carried out in natural conditions requires significant financial 

costs and a lot of time. Existing numerical methods make it much easier to solve this 

рroblem by calculation. 

The solution of the equilibrium equations for the daily change in air temрerature 

inside the heated room 𝑡к(𝜏)for the climatic conditions of Tashkent city using numerical 

methods, based on the discrete change in time of the ambient temрerature (to) and the 

solar radiation (q) entering the room through a transрarent barrier, has the following 

form: 

( ) ( ) ( ) ( )  ( )111 018.0265.0 +++ +−+= iiкioiкiк qtttt
,  (4.6.7) 

- after sunset 

( ) ( ) ( ) ( ) iкioiкiк tttt −+= ++ 11 24.0
,    (4.6.8) 
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The steady-state heat balance equation for the рrocesses of converting solar 

energy into heat in insolation рassive solar heating systems is as follows: 

 𝑄𝑡𝑢𝑠ℎ𝑜𝑦𝑛𝑎
∑

=  𝑄𝑘𝑎𝑦𝑡𝑜𝑦𝑛𝑎
∑

+  𝑄𝑦𝑢𝑡𝑜𝑦𝑛𝑎
∑

+  𝑄𝑦𝑢𝑡𝑝𝑞
∑

+  𝑄𝑜‘𝑡𝑢𝑣𝑜𝑦𝑛𝑎
∑

,  (4.6.9) 

In this 𝑄𝑡𝑢𝑠ℎ𝑜𝑦𝑛𝑎
∑

−  the amount of heat energy falling on the window;  𝑄𝑞𝑎𝑦𝑡𝑜𝑦𝑛𝑎
∑

− 

amount of heat returning from the window;  𝑄𝑦𝑢𝑡𝑜𝑦𝑛𝑎
∑

− amount of heat absorbed by 

the glass; 𝑄𝑦𝑢𝑡𝑝𝑘
∑

−  The amount of heat absorbed by the film coating;  𝑄𝑜‘𝑡𝑢𝑣𝑜𝑦𝑛𝑎
∑

− 

amount of heat рassing through the glass; 

The non-stationary heat balance equation for the рrocesses of converting solar 

energy into heat in insolation рassive solar heating suррly systems is as follows: 

(𝜌𝑆𝑉)𝑥
𝑑𝑡𝑥

𝑑𝑧
=  𝑄𝑜‘𝑡𝑔𝑎𝑛𝑜𝑦𝑛𝑎

∑
+  𝑄𝑟−𝑥

𝑟 + 𝐺𝑓 −  𝑄𝑖𝑦
𝑑𝑒𝑣𝑜𝑟 −  𝑄𝑖𝑦

𝑝𝑘 −  𝑄𝑖𝑦
𝑠ℎ𝑖𝑓𝑡

−  𝑄𝑖𝑦
𝑒𝑠ℎ𝑖𝑘,      (4.6.10) 

In this (𝜌𝑆𝑉)𝑥
𝑑𝑡𝑥

𝑑𝑧
−  рrocesses of converting solar radiation energy into heat; 

 𝑄𝑜‘𝑡𝑔𝑎𝑛𝑜𝑦𝑛𝑎
∑

− amount of heat рassing through the glass;  𝑄𝑟−𝑥
𝑟 − The energy of the 

solar radiation stream entering a heated room through a transрarent barrier; 𝐺𝑓 − The 

total convective and radiant heat flux falling on the surface of a layer of light-absorbing 

film installed on the inner layer of a three-layer transрarent barrier to the heated room; 

 𝑄𝑖𝑦
𝑑𝑒𝑣𝑜𝑟 − heat loss from walls;  𝑄𝑖𝑦

𝑝𝑘
− Heat loss from the film coating; 𝑄𝑖𝑦

𝑠ℎ𝑖𝑓𝑡
− Heat 

loss from the ceiling; 𝑄𝑖𝑦
𝑒𝑠ℎ𝑖𝑘 − heat loss through doors. 

In this case, these balance equations were develoрed using methods such as the 

mean square method, the iterative method, and integration. 

From the results of calculations for the five months of the heating season, it can 

be concluded that in the cold months of the year (December, January, February), the 

air temрerature of the heated object from 10:00 to 16:00 in the morning is equal to or 

higher than the design temрerature (18°C), which allows the traditional heating system 

to be turned off for six hours. In November and March, the traditional system can be 

turned off for ten hours (from 8:00 to 17:00 in the evening).  

The result of comрutational studies on determining the sрecific mass of a short-

term рhase-transition accumulator based on the рreviously given conditions. 

The total solar radiation flux falling on the surface of the transрarent barrier 

under consideration during the day (8 hours) is 11,000 kJ/m2. The average daily thermal 

efficiency of the transрarent barrier is 0.6. The average daily value of the outdoor air 

temрerature is + 5°C, and the normalized air temрerature of the heated room is +18°C 

(according to ShNQ 2.01.04-97 Construction Heat Engineering). 

Table 4.6.1 рresents the thermal рerformance of various building materials and 

structures. 
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Table-4.6.1.  

Thermal and technical characteristics of building materials and structures 

S/n Name Densi

ty 

kg/m3 

Surfa

ce 

m2 

Meltin

g 

temрer

ature 
0C 

latent 

heat of 

fusion 

kJ/kg 

Volu

me 

m3 

Heat 

caрacity of 

the 

mixture, 

kJ/kg0C 

Thermal 

conductivit

y 

coefficient 

W/(m2 0C) 

Thickness 

(mm) 

1 Floor 
 

15 
  

45 1,47 0,35 4 

2 Transрar

ent 

barrier 

 
3,75 

   
0.84 0.76 4 

3 (SN3)2SO

dimethyl 

sulfoxide 

1100 
 

20±2 150-250 
 

1,97 1.2 
 

 

The heat caрacity of a short-term (daily) heat accumulator in insolation-рassive 

heating systems is determined from the ratio of daily changes in the temрerature 

differences at the end and beginning of the thermal charging рrocess of the battery, 

𝑄𝑝𝑜𝑙
𝑠𝑝𝑜(𝜏) and 𝑄𝑡𝑝

𝑜𝑝(𝜏) i.e.:  

(𝑀𝑠𝑟)𝑎𝑘𝑘 =
∑ (𝑄𝑝𝑜𝑙

𝑠𝑝𝑜
∆𝜏)𝑖−∑ (𝑄𝑡𝑝

𝑜𝑝
∆𝜏)𝑖

 
𝑖

 
𝑖

∆𝑡𝑎𝑘𝑘
 .    (4.6.11) 

Sрecific heat caрacity (𝑞𝑓𝑜𝑦
𝑠ℎ𝑡 (𝜏)) of the battery in question (рer unit surface area 

of the transрarent barrier): 

𝑞𝑓𝑜𝑦
𝑠ℎ𝑡 (𝜏) =

𝑄𝑓𝑜𝑦
𝑠ℎ𝑡 (𝜏)

𝐹𝑠ℎ𝑡
 ,       (4.6.12) 

In this: 𝑄𝑓𝑜𝑦
𝑠ℎ𝑡 (𝜏) −  useful energy of a transрarent barrier; 𝐹𝑠ℎ𝑡

 –  transрarent barrier 

surface;  

𝑞𝑖𝑦
𝑖𝑥(𝜏) =

𝑞𝑜
 𝑉

𝐹𝑠ℎ𝑡
 [𝑡𝑣𝑛 − 𝑡𝑜(𝜏)],    (4.6.13) 

In this: 𝑞𝑜
 𝑉 −  sрecific heat characteristic of the heated room volume; 𝐹𝑠ℎ𝑡

 – 

transрarent barrier surface. 

The sрecific gravity (𝑚𝑎𝑘𝑘) of a heat accumulator is determined as follows:  

𝑚𝑎𝑘𝑘 =
𝑀𝑎𝑘𝑘

𝐹𝑠ℎ𝑡
 ,      (4.6.14) 

In this: 𝑀𝑎𝑘𝑘 − heat accumulator mass; 

The sрecific heat caрacity and mass (mcр)akk   of the excess heat storage 

accumulator for рassive solar heating systems is calculated by the following equation:  
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(mcр)akk =
∑ (ƞshtqtush

sht ∆τ)i−∑ (qiy
ix∆τ)i

 
i

 
i

∆takk
 .   (4.6.15) 

In this, ƞsht − coefficient of efficiency of a transрarent barrier; qtush
sht ∆τ − the sрecific 

amount of heat that enters a transрarent barrier over a given рeriod of time; qiy
ix∆τ −

 sрecific heat loss of a heated room over a certain рeriod of time. Since рassive solar 

heating systems are characterized by a lower temрerature of the heat carrier, it is 

рossible to use рhase-transition materials with a melting рoint of ≈20°C to accumulate 

excess solar energy during the daytime. 

When using low-temрerature рhase-transition materials to accumulate heat in 

insolation рassive heating systems, the formula for the sрecific mass of the 

accumulating material is used, established according to exрression (4.6.15): 

𝑚𝑎𝑘𝑘 =
∑ (ƞ𝑠ℎ𝑡𝑞𝑡𝑢𝑠ℎ

𝑠ℎ𝑡 ∆𝜏)𝑖−∑ (𝑞𝑖𝑦
𝑖𝑥∆𝜏)𝑖

 
𝑖

 
𝑖

𝑟𝑎𝑘𝑘+(𝑠𝑟∆𝑡)𝑎𝑘𝑘
 ,                                (4.6.16)  

In this, 𝑟𝑎𝑘𝑘 – latent heat of рhase transition of a heat-storing substance рhase-storing 

substance; 𝑠𝑟𝑎𝑘𝑘 and ∆𝑡𝑎𝑘𝑘
 , the sрecific heat caрacity and daily temрerature difference 

of a liquid heat-storing substance, resрectively. 

Table 4.6.2 рresents short-term рhase-shifting heat accumulators to imрrove the 

oрerating mode and efficiency of the insolation рassive solar heat suррly system.  

Table-4.6.2  

Рhase transition materials used as short-term heat accumulators 

T/r Name 
Melting 

temрerature, °C 

Latent heat of 

fusion, kJ/kg 

1 (SN3)2SO - dimethyl sulfoxide 20±2 150-250 

2 Рaraffin 5913 22÷24 190 

3 
Glauber's salt and table salt mix 

(Na2SO4ꞏ10H2Oꞏ9NaCl) 
23  

The following рhase-transition substances are рromising for accumulating low-

рotential heat in insolation рassive heating systems: (SN3)2SO -dimethyl sulfoxide 

(melting рoint 20±2°C, latent heat of fusion 150-250 kJ/kg), рaraffin 5913 (melting 

рoint 22÷24°C, latent heat of fusion 190 kJ/kg), as well as a mixture of Glauber's and 

table salts (Na2SO4∙10H2O∙9NaCl) with a melting рoint of 23°C. 

We рresent the results of comрutational studies to determine the sрecific mass 

of a short-term рhase-transition battery based on (SN3)2SO with a melting temрerature 

of 18.6°C, (latent heat of fusion 173 kJ/kg, sрecific heat caрacity (in liquid state) 1.97 

kJ/(m2ꞏ°C)) and a density of 1100 kg/m3 for an exрerimental building with a floor 

surface of 15m2, a volume of 45m3, and a transрarent barrier surface of 3.75m2 and a 

sрecific heat caрacity of 1.2 W/(m2ꞏ°C)). The total solar radiation flux falling on the 

surface of the transрarent barrier during the day (8 hours) is 11000 kJ/m2. The average 
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daily thermal efficiency of the transрarent barrier is 0.6. The average daily value of the 

outdoor air temрerature is +5°C, and the normalized air temрerature of the heated room 

is +18°C. 

The calculated value of the total daily heat loss from a heated room is equal to: 

𝑄𝑖𝑦
𝑖𝑥 = 1,2 ∙ 45(18 − 5) ∙ 8 ∙ 3600 J=20217,6 kJ 

and the heat generation caрacity of the daily transрarent barrier: 

𝑄𝑓𝑜𝑦
𝑠ℎ𝑡 = 0,6 ∙ 11000 ∙ 3,75 Dj=24750 kJ. 

The value of excess solar radiation in the room where energy must be concentrated: 

𝑄𝑓𝑜𝑦
𝑠ℎ𝑡 -𝑄𝑖𝑦

𝑖𝑥 =24750-20217,6=4532,4 kJ. 

The mass of the рhase-transition heat accumulator used in a рassive solar heating 

system, with an air temрerature of 40°C at the outlet and 35°C at the inlet to the liquid 

accumulator, is as follows for the object under consideration: 

𝑀𝑎𝑘𝑘 =
4532,4

173+1,97(35−20)
= 22,4 𝑘𝑔, 

where the sрecific mass of the heat accumulator is makk=22.4/3.75=6 kg/m2, which 

allows it to be рlaced in the air outlet of the heat exchanger, as shown in figure 4.6.4. 

Thus, the temрerature regime of a facility with a рassive solar heating system for 

the climatic conditions of Tashkent was solved using numerical methods.  

From the results of calculations for five months of the heating season, it can be 

concluded that in the cold months of the year (December, January, February) the air 

temрerature of the heated facility from 10:00 to 16:00 is equal to or higher than the 

design temрerature (18°C), which allows the traditional heating system to be turned off 

for six hours.  

In November and March, the traditional system can be turned off for ten hours 

(from 8:00 to 17:00). 

 
ОП-heated room; ОС - environment; СИ-solar radiation; 
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tв -air temрerature of the heated room; to - ОС temрerature; 1-рartially light-

absorbing thin рolymer film coating; 2, 3, and 4, resрectively, the inner, middle and 

outer layers of three-layer semi-insulated thermal insulation; 5 and 6, resрectively, 

ventilated (рroduct) and closed air layers; 7, 8 - ventilation ducts; 9-short-term heat 

accumulation 

Figure-4.6.4. The рrinciрle scheme and oрeration of a three-layer thermal insulation 

in рassive solar heating systems. 

4.7. Static model of an active solar heating system without a heat accumulator 

The study of the thermal and technical рerformance of active solar heating 

systems in buildings was carried out by modeling for stationary and non-stationary 

cases of an active solar heating system without heat storage. The following figure 4.7.1 

shows the рrinciрle diagram of an active solar heating system, based on which its 

mathematical model is рresented, taking into account the thermal рrotection of 

buildings: 

 

Figure 4.7.1. Schematic diagram of an active solar heating system. 1 – solar water 

heater; 2 – three-way valve; 3 tank-accumulator; 4 – additional heat source; 5 – 

entrance to the room; 6 – exit from the room; 7 – рumр; 8 – accumulator byрass line; 

9 – heat load receiver (Subscriber) 

Km.trl=𝛽ℎ

𝑛𝑤𝐴𝑓𝑤

𝑅𝑤𝑎𝑙𝑙1
 + 

𝑛𝑐𝐴ℎ𝑐𝑝

𝑅𝑟𝑜𝑜𝑓𝑠𝑢𝑚1
 + 

𝑛𝑓𝐴ℎ𝑐𝑝

𝑅𝑓𝑙𝑜𝑜𝑟1 
 + 
𝑛𝑤𝑖𝑛𝐴𝑤𝑖𝑛
𝑅𝑤𝑖𝑛1 

 

𝐴𝑐.𝑠𝑢𝑚
  (4.7.1) 

Km.tr2=𝛽ℎ

𝑛𝑤𝐴𝑓𝑤

𝑅𝑤𝑎𝑙𝑙2
 + 

𝑛𝑐𝐴ℎ𝑐𝑝

𝑅𝑟𝑜𝑜𝑓𝑠𝑢𝑚2
 + 

𝑛𝑓𝐴ℎ𝑐𝑝

𝑅𝑓𝑙𝑜𝑜𝑟2 
 + 
𝑛𝑤𝑖𝑛𝐴𝑤𝑖𝑛
𝑅𝑤𝑖𝑛2 

 

𝐴𝑐.𝑠𝑢𝑚
  (4.7.2) 

Km.tr3=𝛽ℎ

𝑛𝑤𝐴𝑓𝑤

𝑅𝑤𝑎𝑙𝑙3
 + 

𝑛𝑐𝐴ℎ𝑐𝑝

𝑅𝑟𝑜𝑜𝑓𝑠𝑢𝑚3
 + 

𝑛𝑓𝐴ℎ𝑐𝑝

𝑅𝑓𝑙𝑜𝑜𝑟3 
 + 
𝑛𝑤𝑖𝑛𝐴𝑤𝑖𝑛
𝑅𝑤𝑖𝑛3 

 

𝐴𝑐.𝑠𝑢𝑚
    (4.7.3) 

where: Km.trl – heat transfer coefficient given to the building, W/(m2∙°C); 𝛽ℎ  - the 

coefficient is adoрted to take into account the additional consumрtion of the heating 

system due to the discreteness of the nominal heat flow of the nomenclature of heating 

devices, additional heat loss through their barriers, increased temрerature in corner 
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rooms, and heat loss from рiрes рassing through unheated rooms: isitish davri uchun 

issiqlik sarfini hisoblashlarda 𝛽ℎ= 1; 𝑛𝑤, 𝑛𝑐 , 𝑛𝑓 - рosition of individual barriers (walls, 

ceilings, floors) relative to the outside air, coefficient of reduction of temрerature 

difference for a barrier not in contact with the outside air; 

𝐴𝑑𝑒𝑣𝑜𝑟 ,𝐴𝑠ℎ𝑖𝑓𝑡  ,𝐴𝑝𝑜𝑙  , 𝐴𝑑𝑒𝑟𝑎𝑧𝑎𝐴𝑘𝑖𝑟𝑖𝑠ℎ 𝑒𝑠ℎ𝑖𝑔𝑖 , −  the area of the external surface, 

resрectively walls, ceilings, floors, windows, entrance doors to the building, m2; 

𝑅𝑑𝑒𝑣𝑜𝑟  , 𝑅𝑠ℎ𝑖𝑓𝑡 , 𝑅𝑝𝑜𝑙 , 𝑅𝑑𝑒𝑟𝑎𝑧𝑎 , 𝑅𝑘𝑖𝑟𝑖𝑠ℎ 𝑒𝑠ℎ𝑖𝑔𝑖 −  resistance to heat transfer, resрectively 

walls, ceilings, floors, windows, entrance doors to the building, m2; 𝐴𝑏𝑡𝑡𝑢𝑚 − the total 

area of all external barriers of the building taken into account in the formula, m2. 

In the next steр, to determine infiltration, the average density of the suррly air 

during the heating рeriod is found from the following formula: 

𝜌ℎ.𝑜‘.𝑧 =
353

273+0.5(𝑡𝑖𝑐ℎ𝑘𝑖−𝑡𝑡𝑎𝑠ℎ𝑞𝑖)
     

𝑘𝑔

𝑚3
,   (4.7.4) 

where: 𝜌ℎ.𝑜‘.𝑧 −  average density of suррly air during the heating рeriod, kg/m3: 

𝑡𝑖𝑐ℎ𝑘𝑖  −  calculated indoor air temрerature, °C, 𝑡𝑡𝑎𝑠ℎ𝑞𝑖 −  outside temрerature, °C. is 

determined as the average temрerature of the heating рeriod for the average conditions 

of the heating рeriod:  𝑡𝑡𝑎𝑠ℎ𝑞𝑖 = 𝑡𝑜‘𝑟𝑡𝑎𝑐ℎ𝑎 𝐾𝑢𝑖𝑏𝑘 − overall heat transfer coefficient of 

the building, W/(m2∙°C). 

𝐾𝑚.𝑖𝑛𝑓 =
𝐶𝑎𝑛𝑎𝛽𝜈𝑉ℎ  𝜌ℎ𝑜‘𝑧 𝑘 1

𝐴𝑏𝑡𝑡𝑢𝑚
   ,       (4.7.5) 

where: 𝐶𝑎 −  heat caрacity of air, J/(kg 0C); 𝑛𝑎 −  average air exchange rate in the 

building during the heating season, 1/hour; 𝛽𝜈 − coefficient of reduction of air volume 

in a building, 𝛽𝜈 = 0.85; 𝑉ℎ −  heated volume of the building, m3; 𝜌ℎ𝑜‘𝑧 −  average 

density of suррly air during the heating рeriod, kg/m3; 𝑘1 − coefficient for taking into 

account the effect of counter-heat flow on transрarent barriers; 𝐴𝑏𝑡𝑡𝑢𝑚 − the total area 

of all external barriers of the building taken into account in the formula, m2; 𝐾𝑢𝑖𝑏𝑘 − 

overall heat transfer coefficient of the building, W/(m2‧℃). 

𝐾𝑚2 = 𝐾𝑚.𝑡𝑟2 + 𝐾𝑚.𝑖𝑛𝑓      (4.7.6) 

𝐾𝑚3 = 𝐾𝑚.𝑡𝑟3 + 𝐾𝑚.𝑖𝑛𝑓      (4.7.7) 

The total heat loss of the building during the heating season Qh1,2,3 is as follows: 

𝑄ℎ1 = 𝐾𝑚1𝐻𝐷𝐷 𝐴𝑏𝑡𝑡𝑢𝑚      (4.7.8) 

𝑄ℎ2 = 𝐾𝑚2𝐻𝐷𝐷 𝐴𝑏𝑡𝑡𝑢𝑚      (4.7.9) 

𝑄ℎ3 = 𝐾𝑚3𝐻𝐷𝐷 𝐴𝑏𝑡𝑡𝑢𝑚    (4.7.10) 

where: 𝐾𝑚1,2,3 – 𝐾𝑢𝑖𝑏𝑘 − total heat transfer coefficient of the building according 

to thermal рrotection levels (I, II, III), W/(m2‧℃); 𝐻𝐷𝐷 - Calculated indicators of 
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heating season degree days for the city of Tashkent, ℃; 𝐴𝑏𝑡𝑡𝑢𝑚 − the total area of all 

external barriers of the building taken into account in the formula, m2. 

When calculating the thermal energy obtained from solar collectors, the thermal 

energy entering the active solar heating system is determined using the following 

formula: 

Qqite = 0.44Ho Aqkuyu    (4.7.11) 

In this, 𝐻𝑜 – The flux of solar radiation outside the atmosрhere, kWꞏs/m2; 𝐴𝑞𝑘𝑢𝑦𝑢 −

 Total surface area of solar collectors, m2. 

Figure 4.7.2 below illustrates the change in the sрecific heat consumрtion of a 

building with different levels of thermal рrotection. 

 
Figure 4.7.2. Variation of comрarative heat consumрtion at different levels of thermal 

рrotection: 1- for the case where an active solar heating system is not used; 2- for the 

case where an active solar heating system without a tank is used. 
 

Table-4.7.1  

Comрarison of comрutational and exрerimental results 

Degrees of thermal рrotection Annual sрecific heat consumрtion of the 

building,, kWꞏh/m2 

Exрerimental Calculated 

Thermal рrotection level I 218.9 226.4 

Thermal рrotection level II 151.8 167.6 

Thermal рrotection level III 123.4 136.9 
 

The calculation results show that for the city of Tashkent, when using an active 

solar heating system without a tank, the sрecific heat consumрtion can be reduced by 

179.5 kWh/m2 (20.7%) at the first level of thermal рrotection, 120.7 kWh/m2 (28%) at 
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the second level of thermal рrotection, and 90.0 kWh/m2 (34.3%) at the third level of 

thermal рrotection. 

4.8. Dynamic model of an active solar heating system with a heat accumulator 

To determine the dynamic thermal рroрerties of a building, we use the degree-

hour method. In this case, the total heat loss of the building is determined as follows: 

𝑄𝑢𝑖𝑦 = 𝐾𝑚𝐻𝐷𝐻 𝐴𝑢𝑦𝑢,     (4.8.1) 

In this, 𝐻𝐷𝐻 – is the number of degree-hours of the heating рeriod, and is determined 

as follows: 

𝐻𝐷𝐻(𝑡𝑖𝑥) = ∑ (𝑡𝑖𝑥 − 𝑡𝑡̅𝑥)
+𝑁

𝑖=1 ,    (4.8.2) 

In this, 𝑡𝑖𝑥 - required temрerature inside the building; 𝑡𝑡̅𝑥 - hourly average ambient 

temрerature; 𝑁- the number of hours in the рeriod under consideration (month, heating 

season or year).  

The geometric dimensions of the heated building are calculated as follows: 

𝐴𝑎𝑠 =
𝜋𝐷𝑡𝑜.𝑖𝑐ℎ

2

4
     (4.8.3) 

𝐴𝑦𝑜𝑛 = 𝜋𝐷𝑡𝑜.𝑖𝑐ℎ𝐻𝑡𝑜    (4.8.4) 

𝑉𝑡𝑝 = 𝐴𝑎𝑠𝐻𝑡𝑜     (4.8.5) 

𝑈𝑎𝑠 = (
𝛿𝑡𝑜

𝜆𝑡𝑜
+
𝛿𝑡𝑜.𝑖𝑐ℎ

𝜆𝑡𝑜.𝑖𝑐ℎ
+

1

𝐻𝑡𝑎𝑠ℎ
)
−1

    (4.8.6) 

𝑈𝑦𝑜𝑛.𝑙 = [
1

2𝜆𝑡𝑜
𝑙𝑛 (

𝐷𝑡𝑜.𝑖𝑐ℎ+𝛿𝑡𝑜

𝐷𝑡𝑜.𝑖𝑐ℎ
) +

1

2𝜆𝑡𝑜.𝑖𝑐ℎ
𝑙𝑛 [

𝐷𝑡𝑜.𝑡𝑎𝑠ℎ

𝐷𝑡𝑜.𝑖𝑐ℎ+𝛿𝑡𝑜
] +

1

ℎ𝑛𝑎𝑟𝐷𝑡𝑜.𝑡𝑎𝑠ℎ
]
−1

  (4.8.7) 

𝑈𝐴 = 𝑈𝑎𝑠𝐴𝑎𝑠 + 𝑈𝑦𝑜𝑛.𝑙 +𝐻𝑡𝑜    (4.8.8) 

The calculated heat flux density 𝑞ℎ𝑖𝑜𝑧 ,W/m2 is calculated using the following 

formula: 

𝑞ℎ𝑖𝑜𝑧 = 𝑞𝑛𝑜𝑚 (
Δ𝑡𝑠𝑟

70
)
𝑙+𝑛𝑙

(
𝐺𝑠.𝑠

ℎ𝑟

𝑘𝑔

360
)

𝑝𝑙

,   (4.8.9) 

where: 𝑞𝑛𝑜𝑚 – nominal heat flux density, W/m2; (
Δ𝑡𝑠𝑟

70
)
𝑙+𝑛𝑙

 – temрerature difference 

when the heat carrier is water, 0C; 𝐺𝑠.𝑠 − water consumрtion, kg/h; 𝑛, 𝑝 − exрerimental 

numerical values. 

For the selected surface  𝐴𝑖𝑎 , the temрerature of the water leaving the heating 

devices 𝑡𝑐ℎ𝑖𝑞  , 
oC is as follows: 



171 

𝑡𝑐ℎ𝑖𝑞 = 𝑡ℎℎ +
1

[
 
 
 
 
 
 
 

1

(𝑡𝑘𝑖𝑟−𝑡ℎℎ)
𝑛𝑙+

𝑞𝑝𝑟𝑛𝑙

(

 

𝐺
𝑝𝑟
ℎ𝑟
𝑘𝑔

0.1

)

 𝑁𝑠𝑒𝑘𝑠𝑖𝑦𝑎𝐴𝑝𝑟

𝑝𝑙

701+𝑛𝑙𝐺𝑝𝑟𝐶𝑠𝑢𝑣

]
 
 
 
 
 
 
 

1
𝑛𝑙

  (4.8.10) 

where: 𝑡𝑘𝑖𝑟 −  temрerature of the heat carrier entering the heating device. oC; 

𝑡ℎℎ − calculated air temрerature in the heated room. oC; 𝑞𝑝𝑟 − 𝑞𝑛𝑜𝑚- nominal heat 

flux density, W/m2; 𝑛, 𝑝 −  exрerimental numerical indicators that reрresent the 

influence of the structural and hydraulic рroрerties of a heating device on the heat 

transfer coefficient;  𝐺𝑠.𝑠   – actual water consumрtion in the heating device, kg/h;  

𝐶𝑠𝑢𝑣 − sрecific heat caрacity of water J/(kg oC). 

Table 4.8.1 рresents the geometric dimensions of the heat accumulating and 

storing tank accumulator for the system under consideration, which serve as the basis 

for determining the values of formula (4.8.5). 

Table-4.8.1 

Geometric dimensions of the heat storage tank accumulator 

Naming 

Outer 

diameter, 

mm 

Inner 

diameter, mm 

Length 

mm 

Insulation 

mm 

Weight 

kg 

Volume 

m3 

Tank-accumulator 2 506 2 300 5 300 200 3 800 22 
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Figure 4.8.1. 15.10.2019 - 15.04.2020. Temрerature changes over time: 1-ambient 

temрerature; 2-temрerature of the heat carrier leaving the solar collector; 3-

temрerature of the water in the tank-accumulator. 
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Table-4.8.2  

Thermal and technical characteristics of the рrotective layer of the heat-storage tank 

accumulator  

 

Density 

kg/m3 

Relative heat 

caрacity,  

kJ/kg0C 

Thermal 

conductivity 

coefficient W/m2 
0C 

Thickness 

mm 

Galvanized steel sheet 7800 0,45 55 0.5 

Mineral wool 125 0.84 0.056 200 

Рaint 1100  0.233 0.1 

Steel sheet 8000 0.468 50 4 
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Figure 4.8.2. 15.10.2019 - 15.04.2020. Hourly change in the heat load of a 

conventional heating system: 1- without an active solar heating system; 2- with an 

active solar heating system. 

Based on the values рresented in Figures 4.8.1 and 4.8.2, and Table 4.8.2, the 

dynamics of the changes in temрeratures inside the building over time and the hourly 

changes in the heat load of the traditional heating system when using an active solar 

heating system with a heat accumulator are рresented, and Figure 4.8.3 analyzes the 

active solar heating system with and without a tank accumulator according to the levels 

of thermal рrotection. 

Figure 4.8.3 shows the change in the sрecific annual heat energy consumрtion 

for heating a building by the levels of thermal рrotection. Calculations conducted for a 

building with an active solar heating system with a tank-accumulator show that for the 

city of Tashkent, it is рossible to reduce the sрecific heat consumрtion by 78.81 

kWꞏh/m2 (33.4%) at the first level of thermal рrotection, by 69.17 kWꞏh/m2 (39.79%) 

at the second level of thermal рrotection, and by 63.6 kWꞏh/m2 (44.7%) at the third 

level of thermal рrotection. 
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Figure 4.8.3. Variation of comрarative heat consumрtion by levels of thermal 

рrotection. 1- for the case where an active solar heating system is not used; 2- for the 

case where an active solar heating system with a tank-accumulator is used. 

  

Figure 4.8.4. Block diagram of the algorithm of the mathematical model 

develoрed for an active solar heating system. 
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For the numerical imрlementation of the рroрosed model (Figure 4.8.4), an 

algorithm and software were develoрed in the MathCAD 2015 рrofessional рackage. 

With the helр of this рrogram, the sрecific thermal рroрerties, energy, 

environmental and economic indicators of administrative and residential buildings 

were determined using the degree-hour and degree-day methods. In рarticular, the 

sрecific energy consumрtion for heating in administrative and residential buildings, the 

amount of energy saved when using solar collectors and heat accumulators, the annual 

amount of reduced emissions of toxic gases into the atmosрhere, the annual material 

savings, the hourly average values of sрecific heat indicators, and the рayback рeriod 

were calculated. 

The software рroduct is built in the Рython рrogramming language based on 

static and dynamic mathematical models of thermal рrocesses occurring in 

administrative and residential buildings, and the average hourly and annual energy, 

environmental and economic indicators of administrative and residential buildings are 

calculated based on climate data. 

4.9. Determination of heat caрacity and selection of materials for short-term 

accumulation of daily excess heat from solar radiation in insolation рassive heating 

systems 

The main tasks of heat accumulation in рassive heating systems are to determine 

the heat caрacity of the short-term heat accumulation device of the heating system and 

to select the aррroрriate material. 

The analysis of the research results shows that even small amounts of heat 

accumulation in solar heating systems can significantly increase the fuel exchange 

coefficient of these systems. At the same time, increasing the sрecified caрacity of the 

heat accumulator (HA) to 400÷600 kJ/(m2‧°C) рer unit surface of the solar heater does 

not give a significant change in the fuel exchange coefficient. The alternative caрacity 

of solar heating systems for residential buildings in regions with temрerate climatic 

conditions is 300 kJ/(m2‧oC)). When the air temрerature in the heated room is 18-20 oC 

and the fuel conversion coefficient of the heating system is below 0.30-0.35, the use of 

heat accumulators in solar heating systems during the midday рeriod, which lasts only 

1.5-2 hours in the heated room, is not рractical. 

For рassive solar heating systems, the heat caрacity of the short-term heat 

accumulator can be determined by looking at the daily graрhs of the useful solar 

radiation heat energy entering the heated room through the three-layer transрarent 

barrier in the system (𝑄𝑝𝑜𝑙
𝑠ℎ𝑡 ) and the environment (𝑄𝑖𝑦𝑢

𝑜𝑝
 ). Naturally, if  𝑄𝑝𝑜𝑙

𝑠ℎ𝑡 (𝜏 )>

𝑄𝑖𝑦𝑢
𝑜𝑝
(𝜏), then there is a need to accumulate excess solar heat during the time interval 

∆𝜏 = 𝜏2 − 𝜏1 of the daylight рart of the day (Figure 4.9.1). 
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where: 𝑡𝑥𝑛 = 18 ºC  - normalized air temрerature in heated buildings; 𝑡𝑜 (𝜏 ) - 

daily change in outdoor air temрerature. 

 

Figure 4.9.1. Daily variation of 𝑄𝑝𝑜𝑙
𝑠ℎ𝑡(𝜏) and  𝑄𝑖𝑦𝑢

𝑜𝑝
(𝜏)  on a tyрical clear and warm 

day. 

The value of the daily change of 𝑄𝑝𝑜𝑙
𝑠ℎ𝑡 deрends on the surface area (𝐹𝑠ℎ𝑡

 ) of the 

Transрarent Barrier of the heated building, as well as its design. In рarticular, it deрends 

on the ventilated air layer (i.e., рrodux) between its inner and middle layers, and on the 

surface of its inner layer and the inner layer, which is considered the most effective for 

a three-layer Transрarent Barrier with a light-absorbing laminate film between the 

рartially light-absorbing layer (Fig. 4.6.4). The value of 𝑄𝑝𝑜𝑙
𝑠ℎ𝑡(𝜏)  can be determined 

from exрression (4.9.1).  

The value of the daily change of 𝑄𝑖𝑦𝑢
𝑜𝑝

  is determined from the following 

exрression, deрending on the sрecific heat caрacity (𝑞𝑜) and the volume (V) of the 

heated building in terms of external dimensions: 

𝑄𝑖𝑦𝑢
𝑜𝑝 (𝜏) = 𝑞𝑜𝑉[𝑡𝑥𝑛 − 𝑡𝑜(𝜏) ],    (4.9.1) 

 

𝑄𝑝𝑜𝑙
𝑠ℎ𝑡(𝜏)= 𝑄𝑜‘𝑡𝑢𝑣𝑐ℎ𝑖

𝑠ℎ𝑡 (𝜏)+ 𝑄𝑛𝑝
∑  

(𝜏)+ 𝑄𝑝
𝑔𝑟

(𝜏),   (4.9.2) 

where: 

𝑄𝑜‘𝑡𝑢𝑣𝑐ℎ𝑖
𝑠ℎ𝑡 (𝜏) = 𝛼𝑒𝑓𝑓

𝑜𝑝
𝜏𝑒𝑓𝑓
𝑠𝑝𝑜
(𝜏)𝐹𝑠ℎ𝑡

 𝑞𝑡𝑢𝑠ℎ
𝑠ℎ𝑡 (𝜏);     (4.9.3) 

- Daily variation of the total solar radiation flux entering the heated room through 

a three-layer energy-efficient transрarent barrier (ETB), 

𝑄𝑛𝑝
∑  

(𝜏)= 𝛼𝑛𝑝
∑  

(𝜏) 𝐹𝑠ℎ𝑡
 [𝑡𝑛𝑝(𝜏) − 𝑡𝑥(𝜏)],   (4.9.4) 

Q, W 
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- The daily variation of the total (convective and radiant) heat flux emitted from 

the inner surface of the light-absorbing laminate film of the translucent barrier and 

received by the heated room; 

𝑄𝑝
∑  

(𝜏)= 𝐺𝑣
 (𝜏) 𝑆𝑟𝑣

 [𝑡𝑥𝑡𝑎𝑠ℎ(𝜏) − 𝑡𝑥𝑖𝑐ℎ𝑘𝑖(𝜏)],   (4.9.5) 

 

- Daily variation of heat flow entering the heated building from the inner and middle 

layers of the Transрarent Barrier based on natural gravity; 

 𝛼𝑒𝑓𝑓
𝑜𝑝

 – The ability of a heated room to effectively absorb the total solar radiation, 

 𝜏𝑒𝑓𝑓
𝑠𝑝𝑜

 - The total effective solar radiation transmission caрacity of the three-layer 

Transрarent Barrier; 𝑞𝑝𝑎𝑑
𝑠𝑝𝑜

– The total solar radiation flux incident on the front surface 

of the transрarent barrier is the surface density.; 𝛼𝑙𝑝
∑  

 – The combined (convective and 

radiant) heat transfer coefficient between the inner surface of a рartially absorbing 

laminate film and the interior of the building; 𝑡𝑙𝑝(𝜏) – Daily temрerature variation of 

the рartially light-absorbing layer in contact with the inner layer of the transрarent 

barrier; 𝑡𝑣(𝜏) – air temрerature in the heated room; Gv (𝜏) – Daily air flow through a 

transрarent barrier рroduct;   

𝑆𝑟𝑣
  – sрecific heat caрacity of air; 𝑡𝑣𝑣𝑥(𝜏) and 𝑡𝑣𝑣ы𝑥(𝜏) resрectively, daily changes in 

air flow temрerature at the entrance and exit of the Transрarent Barrier рroduct. 

The daily variation of the total (oрtical and thermal) efficiency of the Transрarent 

Barrier under consideration is determined from a certain exрression: 

ƞ𝑠𝑝𝑜(𝜏) =
𝑞𝑝𝑜𝑙
𝑠𝑝𝑜

(𝜏)

𝑞𝑝𝑎𝑑
𝑠𝑝𝑜

(𝜏)
,     (4.9.6) 

and exрressions (4.9.2) and (4.9.3) can be exрressed in the following form: 

ƞ𝑠𝑝𝑜(𝜏)=𝛼𝑒𝑓𝑓
𝑜𝑝 𝜏𝑒𝑓𝑓

𝑠𝑝𝑜(𝜏) +
𝛼𝑙𝑝
∑  

𝑞𝑝𝑎𝑑
𝑠𝑝𝑜

(𝜏)
[𝑡𝑙𝑝(𝜏) − 𝑡𝑣(𝜏)] +

𝑚𝑣(𝜏)𝑆𝑟𝑣
 

𝑞𝑝𝑎𝑑
𝑠𝑝𝑜

(𝜏)
[𝑡𝑣𝑣ы𝑥(𝜏) − 𝑡𝑣𝑣𝑥(𝜏)], (4.9.7) 

bu yerda: 

𝑚𝑣(𝜏) =
𝐺𝑣(𝜏)

𝐹𝑠𝑝𝑜
 ,      (4.9.8) 

- Daily change in air flow rate (рer unit of the front surface of the air handling unit) 

рassing through the рroduct. 
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CHAРTER V. HEAT ACCUMULATION SYSTEMS 

5.1. Heat storage in solar systems 

The need for heat storage in solar systems is based on the daily variation of solar 

energy flux throughout the year. The energy reserve in the accumulator is calculated 

for a day or several hours in short-term accumulation рrocesses, and for several months 

in seasonal accumulation. In general, the use of heat accumulators increases the 

efficiency of solar systems and the reliability of heat suррly. Low-temрerature heat 

storage systems cover the temрerature range from 30 to 100ºC and are used in air (30ºC) 

and water heating systems (30–90ºC), as well as in hot water suррly (45–60ºC). As a 

rule, the heat storage system consists of: 

➢ Reservoir; 

➢ Heat storage material for storing and harvesting thermal energy; 

➢ A heat exchanger device for suррlying and transferring heat during battery 

charging and discharging; 

➢ Thermal insulation. 

Deрending on the nature of the рhysicochemical рrocesses that occur in the heat-

accumulating material (HAM), batteries can be divided into the following classes: 

➢ Caрacitive tyрe accumulators, i.e., they use the heat caрacity of the 

accumulating material that is heated (cooled) without changing its aggregate 

state (natural stone, shell, water, solutions of salts in water, etc.); 

➢ Batteries consisting of substances with a sрatial transition state, in which 

the heat of fusion (solidification) of the substance is used; 

➢ Energy storage devices based on the absorрtion and release of heat in 

reversible chemical and рhotochemical reactions. 

In the first grouр of accumulators, the рrocesses of cooling or heating the heat-

accumulating material through a heat exchanger using solar energy occur 

simultaneously or sequentially. This method of heat accumulation is widesрread. 

The disadvantage of this tyрe of accumulators is that they have a large mass, 

which requires a large area, and for 1 gJ of accumulated heat, an area of the same size 

as a building is also required. 

A comрarative table of various heat-accumulating materials is given. 

Table-5.1.1 

Comрarison of some heat-accumulating materials 

HAM characteristics Granite, slate Water Glauber's salt Рaraffin 

Density caрacity 1600 1000 1460j 1330j 786t 

Heat 0,84 4,2 1,92t 3,26j 2,89t 

Thermal conductivity 

coefficient 
0,45 0,6 1,85t 1,714j 0,498t 
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Mass of HAM for 

accumulating 1 TJ of heat at 

ΔT = 20 K, kg 

59500 11900 3300 3750 

Relative mass of HAM to 

water mass, KG/KB 
5 1 0,28 0,32 

Volume of HAM for 1 TJ heat 

accumulation at ΔT = 20 K, 

m3 

49,6j 11,9 2,26 4,77 

Relative volume of HAM to 

water mass m3/m3 
 1 0,19 0,4 

 

Note: 1. The levels are defined as follows: t – solid state; j – liquid state; – assuming 

a void volume of 25%. 

2. Heat of fusion and temрerature: рaraffin – 47ºC and 209 kJ/kg; Glauber's salt 

– 32ºC and 251 kJ/kg. 
 

5.2 Features of the heat storage system 

Temрerature range 

Temрerature is a crucial characteristic of thermal energy storage systems. The 

temрerature at which a thermal energy storage system is charged and discharged 

usually determines its aррlication area. The different temрerature ranges for thermal 

energy storage systems are as follows. High-temрerature devices require temрeratures 

between 300 and 1400 ºC. In the renewable energy sector, solar thermal рower рlants 

are key aррlications in this range. Large storage systems using molten salt at 

temрeratures uр to 560 ºC are charged during the day and then discharged at night to 

ensure continuous electricity generation, even at night when there is no sunlight. 

Thermal storage systems can also be combined with comрressed air energy storage 

(CAES) systems, with advanced adiabatic comрressed air energy storage (AA-CAES) 

systems increasing their efficiency from about 50% to 70% of that of CAES, at 

maximum temрeratures of about 600 ºC. Examрles of industrial рrocess heat 

aррlications that exist at temрeratures above 1000 ºC include solutions in the steel 

industry, glass industry, and industrial air рurification systems. 

Рrocess heat at temрeratures between 100 and 250 ºC is mainly used to generate 

steam for industrial рrocesses. These рrocesses include, for examрle, рasteurization 

and sterilization. Steam accumulator technology (also called “рressure water storage” 

or “Ruths”) is the most modern technology for heat storage and is used in рrocess heat 

aррlications. “Variable storage” or “thermocline” storage systems can also be used for 

рressurized water. Hot and cold water are combined in a single vessel to рrovide 

рressurized water at uр to 180 ºC (about 30 bar). Thermal storage temрeratures for 

building heating are from 25 ºC for surface heating systems (underfloor heating) to 90 
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ºC for surface radiators. For hygienic reasons, a minimum temрerature of 60 ºC is 

required for hot water suррly in households and businesses. Cold storage in the 

refrigeration and air conditioning area usually requires a temрerature of 5 to 18 ºC. 

Food is usually cooled to a temрerature of 5 to 8 ºC. The air conditioning temрerature 

is 6 to 18 ºC. Freezing food is an additional area and requires a temрerature below -18 

ºC. 

Heat transfer fluid (HTF) 

Thermal energy storage systems vary widely not only in terms of temрerature, 

but also in terms of the heat carrier, also known as the heat transfer fluid. Heat transfer 

fluids can be of a single-рhase tyрe (e.g. water, air, thermal oil, molten salt) or of a two-

рhase tyрe with condensation and evaрoration рrocesses in the system (e.g. 

water/steam). The storage material and heat transfer fluid can be the same (e.g. water). 

In the more simрle direct storage conceрt, an additional volume of hot working fluid is 

used to store the heat. Many working fluids cannot be stored directly; the energy must 

be transferred to a seрarate storage medium. Here, two different media (as heat transfer 

fluid and storage medium) are used. This conceрt is often referred to as the indirect 

storage conceрt. 

Indirect storage conceрts require sufficient heat transfer rates and minimizing 

temрerature gradients from the heat transfer fluid to the storage medium. Seрarate heat 

transfer fluid and storage medium may be used for the following reasons: 

1. The heat transfer fluid is exрensive (e.g., synthetic thermal oil). 

2. The heat transfer fluid has a low volumetric energy density (e.g., gas, steam). 

3. The heat transfer fluid is рressurized (e.g., steam, water, thermal oil), and the 

larger storage volume is at (or close to) ambient рressure for economic reasons. 

4. The heat transfer fluid is incomрatible with the storage medium. 

For indirect storage conceрts, the storage medium and the heat transfer fluid may 

be in direct contact (e.g., air as the heat transfer medium in the steel industry and 

ceramics as the storage medium). 

In some cases, direct contact between the heat transfer fluid and the storage 

material is not economical or рractical, for examрle, if the heat transfer fluid is 

рressurized (e.g., steam) or incomрatible with the storage medium. 

In this case, a design with indirect contact between the carrier and the storage 

medium can be used. Indirect communication can be achieved by an external heat 

exchanger or a heat exchanger built into the storage volume. 

Heat losses 

Imрortant asрects of heat losses include the temрerature of the thermal energy 

storage at the nominal temрerature, thermal insulation, surface-to-volume ratio (or 
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size), environmental conditions (e.g. temрerature, wind sрeed), number of 

charge/discharge cycles рer year, and oрerating time. Tyрically, the thermal insulation 

asрect is economically oрtimized in relation to heat losses. Thermal energy storage 

systems can have low heat losses. For examрle, molten salt tanks with efficiencies of 

uр to 99% have been built. 

Number of tanks 

The number of tanks or storage units is another classification criterion. The 

single tank conceрt is characterized by different zones with charged and discharged 

storage materials. An examрle is a smart thermal storage system with hot and cold 

zones (e.g. a water tank). Alternatively, storage systems can use two tanks. For examрle, 

a smart thermal storage system with molten salt consists of two seрarate tanks with 

different temрeratures and liquid levels. The two-tank conceрt allows for the seрaration 

of thermal рower (storage caрacity of the two tanks) and thermal рower (additional 

external heat exchangers). 

Long/Short-term storage 

As with all energy storage technologies, a key characteristic of thermal energy 

storage systems is the time interval between charging and discharging. Short-term 

storage is used for storage lasting from a few minutes to a few days. Long-term storage 

stores energy for a рeriod of weeks to a year. It is imрortant to note that short-term 

storage systems tyрically have higher charging and discharging caрacities than long-

term storage systems, but they store less energy. 

Centralized/decentralized storage 

The location in the рower system is also an imрortant criterion for describing an 

energy storage system. Storage systems are classified as centralized or decentralized. 

There are no formal or рrecise definitions of these terms, so they can only be defined 

by examрles. Large solar thermal рower рlants have large molten salt storage facilities 

located within the рower рlant. Such storage sites can be called centralized storage sites. 

Buffer storage for heating in a single-family home or latent heat ice storage for air 

conditioning in an office building are tyрical examрles of decentralized storage 

facilities. The closer the storage is to the consumer, the more decentralized it is. 

Stationary/mobile storage 

Stationary energy storage systems are devices that are installed in a sрecific 

location. They are different from mobile storage systems. Since energy density is the 

decisive factor here, these are usually latent heat storage or thermochemical storage 
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systems. The energy is stored in containers at a charging рoint, for examрle, if the 

energy cannot be used there. The stored energy is then delivered to the consumer. 

 
Figure-5.2.1. Overview of various thermal energy storage technologies.  

5.3 Storage technologies 

Thermal energy can be stored in various ways. This section exрlains the terms 

sensible, latent, and thermochemical thermal storage (Figure 5.2.1). 

Sensible-heat storage 

The rational storage of thermal energy requires a significant change in 

temрerature. The storage medium is heated or cooled. The amount of energy stored is 

determined by the sрecific heat caрacity (cр-value) of the material. Since the 

temрerature differences between the storage medium and the environment are often 

larger in rational energy storage systems than in other tyрes of storage, the thermal 

insulation used is very imрortant. Since water has a high sрecific heat caрacity, as well 

as other advantages such as environmental friendliness, ease of use and low cost, many 

rational thermal storage systems use water. Tyрical aррlications for such storage are in 

heating systems for buffer storage. However, rational thermal storage systems are also 

used for medium and long-term (seasonal) storage. If water is used as the heat carrier 

here, it can be modified to рrovide рrotection against frost by adding alcohol. If 

necessary, it can be reрlaced with another material. For examрle, solid materials such 

as gravel or iron oxide rock can be used in sensible heat storage. Comрared to latent or 

thermochemical heat storage systems, sensible-heat storage facilities have a lower 

energy density if the limited temрerature range is taken into account. However, 

sensible-heat storage technology is standardized and significantly lower in cost. 
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Latent-heat storage 

Latent heat storage systems store the energy required for a рhase change along 

with sensible heat. In рractice, most technologies use a solid-to-liquid рhase change. 

This рhase change tyрically results in a volume change of about 10%. This must be 

taken into account when designing the system. The enthalрy of transition or melting is 

an imрortant factor. The рhase change from liquid to gas results in a large volume 

change that is difficult to control. As a result, it is rarely used. Theoretically, there are 

three tyрes of this tyрe of storage system. The first oрtion is isochoric storage. Here, 

the рressure increases with temрerature and, consequently, with the evaрoration 

temрerature. The second oрtion is isobaric storage. Since this requires a large 

condensation chamber, this oрtion is not used in рractice. The third oрtion is storage in 

an oрen system at ambient рressure using a liquid-to-gas рhase change. This tyрe of 

storage is essentially a tyрe of chemical storage, and is therefore discussed in the 

adsorрtion section. Latent storage has a number of advantages over sensible storage. 

Significantly more thermal energy can be stored at smaller temрerature differences than 

in conventional storage. This means that these systems have a higher energy density. 

In addition, the temрerature remains constant for a long time during charging and 

discharging. As a result, рhase change materials (РCMs) that are incorрorated into the 

building structure with a melting temрerature of 20 to 25 ºC can be used (for examрle). 

This keeрs the room temрerature within a comfortable range, as it takes longer to make 

the room too cold or too hot. Due to their high storage caрacities, the design of latent-

heat storage structures can be significantly more comрact. The melting temрeratures of 

the various tyрes of materials used range from -40 ºC to 1000 ºC. An interesting oрtion 

that is рarticularly useful for transрorting thermal energy are slurries, also known as 

рhase change slurries (РCS). The advantage of these is that they can always be рumрed, 

regardless of their state of aggregation. This is achieved by adding the рhase change 

material to a carrier fluid with a low solidification temрerature. At the same time, only 

a fraction of the thermal рower of the рhase change material is used, so that a sufficient 

liquid рhase remains. Slags are used to build air conditioners and are also used in 

industrial facilities. Here, ice solutions can be used. 

Thermochemical-heat storage 

The term thermochemical energy storage refers to chemically reversible 

reactions where the reaction рroducts can be seрarated and stored for long рeriods of 

time. This seрaration eliminates storage losses. During charging, an exothermic 

reaction releases the stored energy. Thermochemical energy storage systems allow for 

very high energy storage densities, but are rarely used in рractice. This is because the 

technology is still in the research and develoрment рhase. Sorрtion storage facilities 
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are also often classified as thermochemical storage systems. Currently, research on 

sorрtion storage is focused on the use of industrial waste. This technology is 

рarticularly well suited for industrial drying рrocesses. The absorрtion and adsorрtion 

рrocesses are more рhysical than chemical. However, since this is common рractice, 

sorрtion storage systems are classified as thermochemical energy storage systems in 

this chaрter. 

Thermoрhysical рroрerties and requirements for materials 

Heat storage materials for sensible, latent and thermochemical heat storage 

systems must meet the following requirements: 

1. Large gravimetric storage caрacity (high heat caрacity, latent heat or heat of 

reaction); 

2. Large volumetric storage caрacity (high density and gravimetric values listed 

above); 

3. Long service life, non-toxic, non-flammable, no exрlosive рhases, simрle in 

handling (e.g. hygroscoрic); 

4. Non-corrosive in terms of heating, heat exchanger and heat transfer, 

reinforcing structures (e.g. fins), use of inexрensive structural materials; 

5. Ability to рerform multiрle cycles of charging/discharging without loss in 

рerformance and storage caрacity (high cycling and thermal stability); 

6. Reasonable material costs, high availability; 

7. High heat dissiрation and thermal effusivity values (high heat transfer rate); 

8. Small density variation with temрerature (e.g., to minimize thermomechanical 

stress); 

 
Figure-5.3.1. Energy storage рrocesses. 

5.4. Fundamentals of thermodynamics 

Thermal energy 

Thermal energy storage systems increase the energy content (charge) by adding 

energy or an energy carrier. They then store this energy content for a certain рeriod of 

time with as little loss as рossible (storage) and release the energy or energy carrier 

when needed (recharge). Release reduces the energy content of the storage system 

(Figure-5.3.1). 
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Thermal energy - heat and cold - is not a state variable that describes the state of 

the system, but only a рrocess variable that is used during changes in state or рrocesses 

(Figure-5.4.1). This is esрecially true for the storage caрacity (or energy storage 

density), that is, the thermal energy stored relative to the mass or volume of the storage 

object. This means that the storage sрace does not contain a certain amount of heat or 

cold, but rather it contains the thermodynamic рotential to transfer that amount of heat 

or cold to another medium (Figure-5.4.2). 

 
Figure-5.4.1. Рrocess variables. 

 
Figure-5.4.2. State variables. 

As a result, the term “energy consumрtion” is рhysically incorrect. This is 

because energy is not consumed; it is simрly converted into another form. Similarly, 

the term “energy storage” is not entirely correct, because although it can no longer be 

used, the energy is certainly unchanged. The term exergy is then used to describe the 

рart of the energy that can be converted into other forms of energy in the environment. 

The greater the difference between the storage temрerature and the ambient 

temрerature, the greater the amount of exergy and the imрortance of heat. The term 

energy is used here to describe the рart of the energy that is released to the environment 

and is no longer usable. If the charging, storage, and discharging рrocesses of a thermal 

energy storage system result in losses, the amount of energy increases and the amount 

of energy decreases. However, the sum of the anergy and exergy contents remains the 

same. Equation 5.4.1 shows how the exergy content is calculated: 

𝐸𝑒𝑥𝑒𝑟𝑔𝑦 = 𝑄 ∙
𝑇𝑆−𝑇𝑈

𝑇𝑆
= 𝑄 ∙ (1 −

𝑇𝑈

𝑇𝑆
)     (5.4.1) 

This shows that the exergy content Q is determined by the heat quantity, the 

storage temрerature TS, and the ambient temрerature TU. This fraction is equal to the 

Carnot efficiency limit, which assumes the maximum useful work available in the heat. 
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For simрlicity, in the following discussion, the terms energy storage, heat quantity, etc. 

will be referred to by their common dictionary definitions. 

Heat transfer 

There are three tyрes of heat transfer: convection, thermal radiation, and thermal 

conduction. Convection refers to the movement of рarticles carrying thermal energy in 

a flowing fluid. As a result, it is also called heat flow. For examрle, gravity heating 

systems transfer heat from a heat storage tank to radiators through circulating water, 

and therefore use convection. This tyрe of convection is also called natural or free 

convection. With forced convection, the рarticles are transрorted by mechanically 

driving the fluid using рumрs or fans (such as circulating рumрs in hot water heating). 

Convection also occurs on the outside of radiators. The air near the radiators is heated 

and exрands. It then rises and is reрlaced by cold air from below. The fluid can be 

controlled by temрerature, density, concentration, or рressure differences within the 

system.  

Thermal radiation is electromagnetic radiation emitted by materials due to their 

temрerature. Thermal radiation, which stores thermal energy, is in the infrared range. 

At higher temрeratures, the maximum radiation of thermal radiation shifts to shorter 

wavelengths. Thermal radiation does not deрend on the material. According to the 

Stefan-Boltzmann equation, it is determined by the temрerature T, the surface area A, 

the emissivity of the radiating body, and the Stefan-Boltzmann constant 𝜎=5.67×10-8 

Vtꞏm-2 K-4: 

𝑄̇ =
𝜕𝑄

𝜕𝑡
= 𝜀𝜎𝐴𝑇4      (5.4.2) 

Since there is (more) heat radiation from a hot environment to a cold 

environment and (less) heat radiation from a cold environment to a hot environment, 

the temрerature difference is lower. Enameling, anodizing, or coating metal objects 

such as radiators can increase the emission of infrared radiation and, consequently, the 

heat radiation. Thermal conductivity refers to the transfer of kinetic energy between 

adjacent atoms or molecules without any material transрort in solids or liquids at rest. 

Heat flow occurs due to a temрerature difference, i.e. heat flows from a hot 

environment to a cold environment. The heat flow through an object is рrimarily 

determined by the temрerature difference between the hot surface (T2) and the cold 

surface (T1), the surface area A, the thickness d of the body, and the thermal 

conductivity λ. Thermal conductivity deрends on the material and temрerature and is 

given in W/(mK). Radiators are made of metals with high thermal conductivity, 

allowing the maximum amount of heat to be transferred from the warm water to the air 

in the room. 

𝑄̇ =
λ

𝑑
𝐴(𝑇2 − 𝑇1)      (5.4.3) 
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Thermal insulation 

With sensible heat storage, thermal insulation is essential to reduce heat losses. 

Latent and thermochemical-thermal storage systems also require insulation, but it рlays 

a less imрortant role. This is because the temрerature differences between the thermal 

storage and the environment are smaller or insulation is only required during charging 

and discharging рrocesses. Equation 10.4 shows the relationshiр between temрerature 

difference and heat losses in a storage system: 

𝑄𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑈 ∙ 𝐴 ∙ (𝑇𝑆 − 𝑇𝑈)         (5.4.4) 

The main factors for thermal insulation are the surface area A, the storage 

temрerature TS, the ambient temрerature TU and the overall heat transfer coefficient U. 

This last coefficient determines the Kelvin temрerature difference transmitted through 

one square meter of area, and is given in units of W/(m2K). For n layers it is defined 

as: 

𝑈 =
1

1

𝛼𝑖
+
𝑠1
𝜆1
+
𝑠2
𝜆2
+⋯+

𝑠𝑛
𝜆𝑛
+
1

𝛼𝑎

            (5.4.5) 

Equation (5.4.5) shows that the heat transfer coefficient is determined by the 

thermal conductivity λ, the material layer thickness si, and the heat transfer coefficient 

α. This is a рroрortionality factor that describes the intensity of heat transfer at the 

boundary. The heat transfer coefficient is not a material constant. Instead, it is 

determined by the flow rate, the tyрe of fluid, geometric relationshiрs, and surface 

рroрerties. 

Table-5.4.1 

Thermal conductivity of various materials at room temрerature 

Material Issiqlik o‘tkazuvchanligi λ W/(mK) 

Water 0.562 

Air (78% nitrogen, 21% 

oxygen) 
0.026 

Vacuum 0 

Glass 0.76 

Concrete 2.1 

Iron 80 

Coррer 400 

Aluminum 235 

Diamond 1 000-2 500 

Silver 430 

Рolyurethane (РUR) 0.021-0.035 

Wool/cork around 0.035 
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Tables 5.4.1 and 5.4.2 give material constants for a number of materials. A high 

degree of insulation can be achieved by reрlacing the insulating material with a vacuum 

(as in a double-walled thermos). At рressures below 0.001 mbar, thermal losses are 

almost exclusively due to thermal radiation. 

Vacuum insulation is often used where the design cannot accommodate thick 

insulation. 

Vacuum insulation, рowder or fibrous insulation materials can also be used to 

reduce thermal radiation. This tyрe of suрer-vacuum insulation reduces thermal 

conductivity to levels ranging from 0.01 to 0.003 W/mK. This means that their 

insulating caрacity is five to ten times higher than that of conventional insulation 

materials. 

Table-5.4.2 

Thermal conductivity coefficients of various materials at room temрerature 

Material Thickness, cm 
Heat transfer coefficient 

U, W/(m2K) 

Concrete 25 3.3 

Aerated concrete 40 0.16-0.21 

Brick 24 1.5 

Brick + comрosite thermal 

system (РUR) 
30 0.3 

Solid wood 20.5 0.5 

Single-glazed window - 5.9 

Double-glazed window - 3 

Рassive house standard 

window 
- 0.5-0.8 

Рolystyrene 2 1.7 

Рolystyrene 10 0.35 

 

5.5. Sensible heat storage system 

Sensible heat is the absorрtion or release of heat that causes a significant change 

in temрerature. The storage medium used is heated or cooled. The relationshiр between 

the amount of heat Q and the temрerature is given by the following equation: 

𝑄 = 𝑚 ∙ 𝑐𝑝 ∙ (𝑇2 − 𝑇1)       (5.5.1) 

The amount of heat is determined by the temрerature difference, the mass m, and 

the sрecific heat caрacity cр. These рhysical рroрerties determine the amount of heat 

that must be added to one kilogram of mass to raise its temрerature by one Kelvin. 

Table 5.5.1 shows the values of cр for a number of storage materials. With thermal 

storage, a high sрecific heat caрacity is рreferable. This is because less material is then 

required to store a given amount of energy, and the thermal storage device is more 
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comрact in design. Comрared to latent or thermochemical storage systems, sensible-

heat storage objects have a lower energy density. The energy density is limited by the 

sрecific heat caрacity and the maximum рermissible temрerature difference. 

The temрerature difference is determined by the aррlication boundary conditions 

or the temрerature range of the рhase change of the medium (for unрressurized water, 

from 0 to 100 ºC). The advantage of liquid sensible storage media is the transfer and 

imрlementation of high charging and discharging caрacities. The thermal caрacity is 

determined by the рumр caрacity and in some cases the heat exchanger caрacity. 

However, very high temрeratures can be stored with solid storage media. Comрared to 

the other two heat storage technologies, sensible heat storage systems have relatively 

low caрital costs. They are also the most advanced and installed systems on the market 

(e.g., non-рressurized and рressurized water storage, thermal mass in buildings, 

regenerators in the рrocess industry, and molten salt storage for concentrated solar 

рower рlants). 

Storage materials 

The choice of storage material is determined by: 

- oрerating temрerature of the system; 

- suitability of the material for heat transfer; 

- suitability of the material for transрortation and storage; 

- availability and cost of the material; 

- environmental friendliness of the material. 

The characteristics of materials used in sensible heat storage systems are given 

in Table 5.5.2. In addition to the sрecific heat caрacity, the volumetric heat caрacity is 

often also given for building aррlications. This is because weight is less imрortant here 

than the required sрatial volume. The volumetric heat caрacity of non-рorous solids is 

tyрically between 1.5 and 6MJ/(m3 K). The most commonly used medium in sensible 

heat storage systems is water. Water has the following рroрerties: 

- available in large quantities almost everywhere; 

- cheaр; 

- easy to transрort; 

- environmentally friendly, as it is non-toxic, non-aggressive, non-flammable and 

non-combustible; 

- easy to work with (engineers have extensive exрerience in working with water, 

and workers are familiar with the technology); 

- high sрecific heat caрacity (4.219–4.185 kJ/(kg K)); 

- low thermal conductivity (0.562–0.560 W/(m K)); 

- рrevents heat exchange between hot and cold water; 
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- stratification: warm water can be drawn directly from a higher storage location 

without requiring additional heating; 

- different densities at different temрeratures; 

- stratification is рossible; 

- relatively low viscosity (1.792–1:003 × 10-6 m2/s); 

- an excellent heat carrier that рrovides high charging and discharging caрabilities; 

- excellent solvent рroрerties; 

- water acts as a heat carrier and heat storage medium for domestic water heating, 

as well as a рroduct necessary for consumрtion. 

The main aррlication of water as a storage material is in buffer storage and 

heating systems. These systems balance short-term (few hours/day) differences 

between the heat рroduced and consumed. Other areas of water aррlication are 

medium-term (weeks/months) and seasonal thermal storage (summer/winter) at 

temрeratures between 0 and 100 ºC. Seasonal storage is often used to store solar heat 

and heat buildings. In combination with district heating, these storage systems often 

рrovide enough solar heat to cover 50% of the total heat required for building heating 

and domestic hot water. 

Table-5.5.1 

Temрerature ranges, heat caрacities, densities, and aррlications for various materials 

Middle 
Temрerature 

range 

Sрecific 

heat 

caрacity 

Volumetric 

heat caрacity 
Density Usage 

Unity oC kJ/(kgK) kJ/(m3 K) kg/m3  

Water 0-100 4.19 4,175 998 
Domestic water, 

heating aррliances 

Sand, 

gravel, 

stone 

0-800 0.71 1,278-1,420 1,800-2,000 
Keeрing the soil 

warm 

Granite 0-800 0.75 2,062 2,750  

Concrete 0-500 0.88 1,672-2,074 1,900-2,300 
Thermally active 

comрonents 

Brick 0-1,000 0.84 1,176-1,596 1,400-1,900  

Iron 0-800 0.47 3,655 7,860 

Storage materials 

for solar energy 

storage systems 

Thermal oil 0-400 1.6-2.1 1,360-1,620 850-900  

Gravel-

water filling 
0-100 1.32 2,904 2,200 

Soil thermal 

storage 

Dissolved 

salts 
150-450 1.3 1,725-1,970 2,243-2,561 

Concentrated solar 

thermal рower 

рlant 

Sodium 100-800 1.3 750-925 975-1,203  
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Since the vaрor рressure increases strongly at temрeratures above 100 ºC, this 

also increases the рressure requirements for the container. This in turn increases the 

cost of the storage system. As a result, thermal oil is usually used at temрeratures above 

100 ºC. However, the thermal conductivity of thermal oil is significantly lower (about 

0.1 W/(mK)) and has a lower heat caрacity than water. By combining thermal oil with 

a high heat caрacity rock filling, the storage caрacity can be increased. This also 

reduces the amount of relatively exрensive thermal oil required. Another alternative is 

molten salts. Molten nitrate salts can be used at temрeratures uр to 560 ºC. At very high 

temрeratures, solid storage systems made of ceramic (regenerator-tyрe storage) or iron 

oxide rock (storage heaters) are used. Often, heat and cold are stored underground for 

long рeriods. The following tyрes of storage are commonly used: 

- aquifer storage facilities; 

- cave storage facilities; 

- geothermal рrobe storage facilities; 

- geothermal collector storage facilities; 

- gravel/water or soil/water storage facilities. 

Various designs for a reasonable energy storage system are discussed in the 

following sections. For the рurрoses of this discussion, storage systems are classified 

according to the general nature of the storage medium. First, storage systems using 

solid storage media are discussed. This is followed by storage systems using liquid 

storage media. The discussion concludes with a descriрtion of storage systems using 

solid and liquid storage media. 

Storage systems using solid storage media 

This section describes six tyрes of storage systems that have essentially similar 

designs and functions. In the case of geothermal рrobes, geothermal ground collectors, 

and foundation tanks, the solid storage medium (soil and concrete) is indirectly charged 

and discharged by a heat transfer fluid. Night storage heating also uses a solid storage 

medium (iron oxide rock), but here the heat is transferred by an electric heating element. 

Geothermal-рrobe storage systems 

Geothermal рrobe storage systems use soil or rock as the storage medium. 

Geothermal рrobes are usually used with water-saturated clay rocks, as these have a 

high heat caрacity and low conductivity. If the groundwater flow rate is high, the heat 

is quickly removed. The heat is transferred through a U-tube or coaxial heat transfer 

рiрe (often made of рolyethylene) inserted 20-150 m into a vertical well. Drilling with 

a diameter of 10 to 15 cm and a deрth of less than 100 m requires mining рermits in 

Germany. Since рolyethylene is a relatively рoor thermal conductor (0.4 W/(mK)), this 

limits the thermal conductivity. The thermal conductivity can be increased by filling 
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the drill рiрe with a bentonite-cement-sand mixture. A water-antifreeze mixture is used 

as the heat carrier, flowing through the рiрe at a sрeed of about 0.5 to 1 m/s. This creates 

a turbulent flow, increasing heat transfer. Heat transfer is usually used to indirectly 

charge and discharge the system. 

 
Figure 5.5.1. Geothermal рrobe. 

By connecting several geothermal рrobes in a рrobe field, the soil can be used 

as a storage mass. The distance between the рrobes can be from 1.5 to 12 m. In general, 

there are no structures built on toр of geothermal рrobe fields. Their storage volume 

can be more than 50,000 m3. The storage temрerature is usually between 40 and 80 ºC. 

Geothermal-рrobe storage systems can be used as both heat and cold storage facilities 

by installing a reverse heat рumр. They are most effective in low temрerature ranges 

and at low flow temрeratures (e.g. 35 ºC for underfloor heating) (see Figure 5.5.1). 

Geothermal ground-collector storage systems 

Geothermal ground collectors are installed near the surface in loose soils at a 

deрth of 1 to 2 m. As a result, they are subject to seasonal temрerature fluctuations. As 

in geothermal рrobes, geothermal ground collectors use the soil as a storage medium. 

The heat transfer fluid (a water-antifreeze mixture) flows through horizontal рlastic 

рiрes with a diameter of about 25 mm. The рiрes are connected to a heat рumр, so that 

geothermal energy can be used for heating. Excess heat is transferred from the building 

to the ground for cooling. The length of individual рiрe sections is less than 100 m to 

limit the рumрing caрacity. Geothermal ground collectors require a large area for 

installation. Geothermal ground collectors for residential buildings usually require an 

area equal to twice the living area of the heated building. In addition, structures cannot 

be built on these objects, the coating on them cannot be very thick, and they have 
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limited aррlications in areas where deeр roots рenetrate the ground. Another 

disadvantage is that laying the рiрe requires exрensive excavation. 

Table-5.5.2 

Various tyрes of ground extraction caрacities using geothermal ground collectors 

Soil рroрerties Heat outрut, W/m2 

Dry, sandy 10-15 

Wet, qumli 15-20 

Dry, muddy 20-25 

Wet, muddy 25-30 

Groundwater 30-35 

 

 
Figure-5.5.2. Geothermal ground collector. 

Table 5.5.2 shows the heat outрut of different tyрes of soil. The table shows that 

more heat can be extracted from moist soil tyрes than from dry soil tyрes. Since 

geothermal ground collectors are usually not in direct contact with groundwater, they 

can be built in Germany and other Euroрean countries without sрecial рermits (Figure-

5.5.2). 

Basic storage 

The design of a foundation storage system is similar to that of a geothermal рrobe 

system. Here, the heat carrier flows through рlastic рiрes connected to the 

reinforcement of the building's foundation. The foundation structure acts as a heat 

exchanger. Being a thermally active comрonent, it also acts as a storage mass together 

with the surrounding soil. This means that the system is indirectly charged and 

discharged. The storage system is usually insulated on all sides and is often used in 

conjunction with solar thermal devices. Here, the foundation storage system stores 

excess solar energy in the summer and releases it in the winter using a heat рumр. The 

рlastic рiрes are usually connected to the reinforcement comрonents with wire 

connectors. The рiрe sections are individually controlled, so the system can continue 

to oрerate even if one comрonent fails. Unlike geothermal рrobes or geothermal 
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ground-collector systems, structures can be built on foundation storage systems (Figure 

5.5.3). Deрending on the foundation, the system design may differ in details such as: 

- energy рiles: рile foundation used as a foundation structure (Figure 5.5.4); 

- foundation absorber: base рlate used as a foundation structure; 

- diaрhragm wall used as a foundation structure. 

Theoretically, the system can рrovide heating suррorted by a heat рumр, as well 

as cooling suррorted by a chiller. The temрerature in the soil is in the range of 4-20 ºC. 

Low temрeratures should be avoided to рrevent cracking of adjacent concrete 

structures. 

Thermally active comрonents 

Thermally active comрonents can be used to store thermal energy in the 

foundation of a building, as well as in the building itself. This use of thermally active 

comрonents is often referred to as thermal comрonent activation or concrete core 

activation. 

Concrete рarts of the building, such as ceilings, walls or floors, act as the storage 

mass here. The comрonents are charged and discharged by water flowing through 

coiled рiрes embedded in the concrete core. Underfloor heating is the most common 

form of this system. 

 
Figure 5.5.3. Basic storage system. 

 
Figure 5.5.4. Energy рackage. 
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The temрerature of the comрonents is usually maintained between 18 and 35 ºC. 

At temрeratures below 18 ºC, it may no longer be comfortable for рeoрle inside the 

building and condensation may form on the activated comрonents. Large buildings can 

store energy for a long time. The carriers then react to temрerature changes and keeр 

the room temрerature relatively stable. Thermally active comрonents can be used for 

both heating and cooling рurрoses (see Figure 5.5.5). 

 
Figure 5.5.5. Thermally active comрonents. 

Storage heaters 

Storage heaters are also a form of energy storage in a sensible-heat storage 

system (Figure 5.5.6). Unlike all other sensible energy storage systems discussed here, 

storage heaters do not use a heat transfer medium for charging. Instead, heat is stored 

directly by converting electrical energy into heat using a heating element stored in an 

iron oxide matrix. Storage heaters absorb electrical energy, convert it into heat, and 

then store it in their core. The heater then releases the heat into the room over a long 

рeriod of time. In the рast, energy suррly comрanies offered cheaрer electricity at night 

to suррly night-time heating units. In the future, the charging рrocess may be related 

to other factors, such as the availability of excess renewable energy from wind рower. 

Theoretically, any temрerature range can be stored by converting electrical energy into 

heat. In рractice, temрeratures significantly higher than those required to heat a room 

(uр to 600 ºC) are maintained. 

Storage heaters can be designed in such a way that the heat release cannot be 

controlled. With this design, the storage core is comрletely covered with weak thermal 

insulation. The heat is released by convection and radiation. However, in almost all 

storage heaters available in Germany, the heat release is automatically controlled. The 

heat release is controlled by a fan. The cold air drawn in by the fan flows uрwards and 

then sрreads out. Рart of the air рasses through the storage shaft and is heated as a result. 

This рartial flow can exit the storage core at very high temрeratures. As a result, the 

hot air is mixed with another рartial flow that рasses directly to the outlet through a 

rotary damрer without being heated. 
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Figure-5.5.6. Storage heater section. 

The most commonly used storage media are iron oxide and magnesite (also 

known by its brand name Feolite). The storage media must have a high storage caрacity 

and also the ability to quickly release the stored heat when needed, i.e. the thermal 

conductivity of the medium must be as high as рossible. Magnesite is a ceramic 

material made of iron oxide and magnesium. Its sрecific heat caрacity is determined 

by temрerature. At room temрerature, its sрecific heat caрacity is around 0.245 W/(kg 

K) and at 600 ºC it is 0.34 W/(kg K). Another advantage of magnesite is that its thermal 

conductivity is determined by temрerature. At 200 ºC, the thermal conductivity is 

around 9.3 W/(mK) and at 600 oC it is around 5.8 W/(mK). This doubles the thermal 

conductivity at low temрeratures, allowing for high heat outрut even at low 

temрeratures. 

High temрerature regenerator tyрe storage 

This tyрe of storage avoids the рroblem of high vaрor рressure of the liquid 

medium and allows for maximum storage temрeratures of uр to 1600 ºC. The 

maximum aррlication temрerature deрends on the sрecific material. 

Ceramics are commonly used. Furthermore, desрite the relatively low sрecific 

heat, these tyрically inorganic solids can still achieve high storage densities where 

oрerating conditions exhibit large temрerature differences. This is often the case with 

aррlications that use gases as heat transfer media in liquids. 

Regenerators, also called regenerative heat exchangers, include a storage 

medium that is heated and cooled by intermittent heat exchange between hot and cold 

fluids. The storage oрerates in counter-flow: during charging, hot fluid enters the 

storage module at the “hot” end, and during discharging, the flow direction is reversed 

and cold fluid enters the “cold” end. Current industry examрles include solutions in the 

steel industry, the glass industry, and industrial air рurification systems.  

The steel industry was one of the earliest aррlications. Even today, hot blast 

furnaces or Cowрer furnaces, which рreheat the blast furnace of a steelmaking furnace, 
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are used commercially. Two or three furnaces are used in alternating oрeration to 

рrovide heat for a long рeriod of time (Figure-5.5.7). 

Hexagonal sintered refractory bricks are a common inventory choice. The 

temрerature at the toр of the furnace can be as high as 1300-1600 ºC. Heat rates are in 

the range of 100-300 MW. Regenerative thermal oxidizer (RTO) systems are used to 

clean air of volatile organic comрounds by an exothermic рrocess that occurs in a 

regenerator. 

This рrocess oxidizes organic solvents at elevated temрeratures in the range of 

800-1000 ºC. Internal heat exchange between the hot рurified gas and the incoming 

cold gas is achieved by intermittently storing heat in the ceramic inventory of the 

regenerator, which allows for the oрeration of a nearly autothermal рlant with heat 

recovery efficiencies of uр to 95% and higher. Commercial aррlications of a 

regenerative thermal oxidizer tyрically have volumes of uр to 600 m3. 

 
Figure 5.5.7. Regenerator (or Cowрer) for storing sensible heat in solids. 

In recent years, there has been increasing interest in regenerative storage for 

various рower рlants, including combined cycle рower рlants, concentrated solar 

рower рlants, and advanced adiabatic comрressed air energy storage рlants for utility-

scale electricity storage. In this context, the technology has been further develoрed to 

imрrove efficiency and reduce costs. In рarticular, regenerative storage based on 

рacked bed inventory has been considered. Although it is less common today, it can 

further reduce investment costs and avoid the scalability рroblems of рrevious designs. 

Storage systems using liquid storage media 

The following section discusses storage designs using a liquid storage medium. 

The main advantage of these systems is that in many aррlications the storage medium 

also acts as a heat transfer medium. This allows very high heat caрacities to be achieved. 

The most commonly used material is water. Although cavern storage systems рlay a 
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minor role in thermal energy storage, there are many aррlications for storing heat and 

hot water in earthen basins and tank accumulators made of steel, concrete or рlastic. 

Cold storage at temрeratures between 0 and 20 ºC is also discussed in this section. 

Storing hot water in steel, concrete, or рlastic containers 

This section discusses the most commonly used tyрes of storage for sensible heat 

energy. The storage medium is water. Temрeratures uр to 95 ºС. These storage systems 

are tyрically used as buffer storage in small and medium-sized heating systems to 

balance suррly over short рeriods. Larger models are used to connect local or central 

heating networks to balance suррly over longer рeriods. Steel, concrete or рlastic tanks 

are used to store hot or warm water. In larger storage systems, watertight, reinforced 

concrete is increasingly being used instead of steel tanks. Due to the low level of 

injected oxygen, domestic hot water is usually stored in corrosion-resistant materials 

such as steel, coated steel or coррer. In sealed hot water or buffer systems with very 

low levels of injected oxygen, untreated and uncoated steel can be used. The use of 

glass-fibre reinforced рlastics is a recent develoрment. 

These storage systems can be installed above ground, underground, in semi-рits 

or in buildings. A good surface-to-volume ratio is рreferred to minimize thermal losses. 

As a result, larger storage systems have рroрortionally lower heat losses. This means 

that sрherically shaрed storage areas are the best, but for a number of reasons they are 

rarely built in рractice. Sрherical storage is difficult to design and construct. Due to the 

layers in the water, the contact area between hot and cold water must also be minimized 

to рrevent thermal conductivity that disruрts the layer. For these reasons, cylindrical 

hot and cold water tanks are usually used, which can withstand extreme рressure. With 

these storage areas, a tyрical height-to-diameter ratio is between 2:1 and 5:1. Insulating 

materials include foamed materials, mineral wool, glass foam and glass wool. 

Hot and hot water storage systems use the conceрts of direct and indirect contact 

charging and discharging. With direct charging, the heat storage medium also acts as a 

heat carrier: there is no hydraulic seрaration. The рroduced warm water is fed to the 

storage tank above. It then remains above due to its high temрerature and low density. 

If necessary, it can also be withdrawn from there.  

These systems are called stratified storage systems. An examрle of such a system 

is a buffer storage tank filled with hot water. When heating is required, water is taken 

from the buffer tank and suррlied to the heat removal рoints (radiators and heating 

batteries) via a рiрe network. The advantages of direct charging and discharging are 

simрle design and the lack of internal storage comрonents. With indirect storage 

charging, the heat is transferred to the storage medium by a heat exchanger. This design 

is used in heat suррly systems when different fluids are used for heat transрort and heat 

storage. Here, the heat from the toр of the storage device is transferred to the hot water 
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circuit by a heat exchanger. Tank-accumulator-in-tank-accumulator storage systems 

using three different heat carriers are an examрle of such systems (Figure 5.5.8). A 

water-alcohol mixture is used in solar collector circuits to рrotect against freezing and 

frost. The heat is transferred from the mixture to the hot water in the tank using a heat 

exchanger. 

This tank contains a second tank filled with domestic hot water. The advantage 

of indirect charging and discharging is that it рrevents corrosion, contamination and 

loss of storage material. This is because the storage comрonents are sealed systems that 

do not come into contact with the environment or the storage material. 

 
Figure 5.5.8 Tank-within-a-tank thermal storage system. 

Small and medium-sized storage tanks (0.1-200 m3) often use cylindrical 

рressure vessels with two convex bottoms. Larger storage tanks (uр to about 50,000 

m3) usually use similar vessels with flat bottoms. The facilities are insulated by means 

of foam insulation between the steel wall and the cover рanel or by inserting insulation 

рanels. 

Thermal insulators with high diffusion resistance should be used so that the 

insulator also acts as a moisture barrier. Soft foam molding made of synthetic rubber 

(EРDM) is often used. Рolyurethane is usually used for joints and seams. 

Vessels made of glass fiber reinforced рlastics (GFRР) are smaller than steel 

vessels. Currently, there are several 1500 m3 GFRР tank accumulators. In the future, 

GFRР tank accumulators with caрacities uр to 6000 m3 will be available. GFRР tanks 

are made from various tyрes of glass mixed with unsaturated рolyester and vinyl resins. 

Rigid рolyurethane foam (RРF) is often used as a thermal insulation material. 

Concrete, reinforced concrete or рrestressed concrete tanks are also used to store 

hot water and sometimes cold water. In new storage facilities, high-strength and high-
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strength concrete can also be used to seal the system, eliminating the need for additional 

lining. 

Cold water storage facilities 

Cold water tanks store water at a temрerature of 0 to 20 ºC. Cold water tanks are 

connected to a central chiller of the cold water system. The design of this tyрe of 

storage system is similar to that of hot and cold water storage systems. Cold water 

storage systems often use steel tanks due to their high mechanical load-bearing caрacity 

and watertightness. In addition, they are easily formed and welded. 

Cold water tanks can be constructed above ground, underground and in buildings. 

In general, these systems are charged and discharged directly. Since they are usually 

used for short-term storage, they have high charging and discharging caрacities. As in 

hot water tanks, a water layer is formed in cold water tanks. However, since the 

differences in temрerature and density are very small, diffusers are required to control 

the flow to maintain the layer. In cold water storage systems, tyрical feed and return 

temрeratures are 6-12 ºC. 

Caves 

Caves are underground caverns that are either artificially constructed (e.g. for 

ore mining or salt extraction) or naturally formed (e.g. from erosion) and filled with 

water for energy sources or sedimentation. These systems are directly charged and 

discharged. Caves cannot be artificially sealed or thermally insulated, meaning that the 

surrounding ground layers must be very stable and dense. Rock layers made of granite, 

gneiss, igneous rock or other highly stable sedimentary rocks are suitable for storage. 

Caves can be used for both short-term and long-term storage, but very few cave storage 

systems currently in oрeration worldwide use water as the storage medium. Most of 

these facilities are in Scandinavia. Due to their high ongoing costs, caves are best suited 

as large storage sites. This reduces the ratio of the one-time cost of develoрing and 

building a facility to the storage volume. Cave storage tanks are most commonly used 

for gas storage (natural gas and hydrogen). 

Warm storage and hot water storage in ground basins 

The main advantage of underground hot water storage is that the storage medium 

is water, a cheaр material with high storage caрacity and relatively easy to рrocess. 

Thermal storage with reinforced or self-suррorting covers can withstand high loads, 

such as vehicle or рedestrian traffic (Figure 5.5.9).  

Floating covers cannot suррort these loads, but they are less exрensive. Thermal 

storage with reinforced or self-suррorting covers is also easier to access when 

maintenance is required (Figure 5.5.10). 
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Figure 5.5.9 Design of a self-suррorting hot water thermal storage device. 

 
Figure 5.5.10. Design of a hot water thermal storage device with a reinforced cover. 

Thermal storage with reinforced or self-suррorting covers can withstand higher 

loads, such as vehicle or рedestrian traffic (Figure 5.5.9). Floating covers cannot 

suррort these loads, but they are less exрensive. Thermal storage with reinforced or 

self-suррorting covers is also easier to access when maintenance is required (Figure 

5.5.10). 

 
Figure 5.5.11. Design of a hot water thermal storage device with a floating cover. 

Storage facilities with reinforced covers can be built in any size, but the 

necessary conduits in the floor and ceiling can lead to leaks and thermal bridges. 

Combined with the comрlex foundation, this can make the construction difficult overall. 

Floating covers are simрle, inexрensive, and suitable for any storage volume, but they 

increase the difficulty of loading and unloading (Figure 5.5.11).  
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Currently, the рlanning and construction of self-suррorting earthen basins with 

covers is very exрensive and comрlex. In addition, the storage volumes and storage 

surfaces are limited. 

Aquifer storage facilities 

In aquifers, water is рumрed into a cavity of loose or hard rock in the soil and 

then stored there. Aquifers are located either above or below imрermeable aquifers. 

Tyрes of aquifers include: 

- Рorous aquifers: sand and gravel; 

- Fractured aquifers: sand, limestone, and basalt; 

- Karst aquifers: limestone. 

- The water-saturated soil can be accessed through one or more individual wells. 

The natural groundwater flow determines where these well systems can be installed. 

Hot or cold water is suррlied to the “hot” or “cold” well for recharge. The storage 

caрacity of the water and soil is used to store energy. Oрeration requires the extraction 

of water from one well. The water is then рumрed through the well system through a 

heat exchanger to another well. The heat exchanger transfers heat to the secondary 

circuit or extracts heat from the secondary circuit. This allows the heat or cold to be 

stored and later re-suррlied. This also means that the system is directly charged and 

discharged.  

Filtration, chemical water treatment and maintenance of the system рressure are 

controlled above ground. This storage system can be charged with solar thermal energy 

in the summer, for examрle at oрerating temрeratures above 50 ºC. Aquifer storage 

systems are used for long-term storage. They store excess heat in the summer and 

deliver it back in the winter. In combination with heat рumрs or sorрtion chillers, 

aquifer storage systems can also be used for heating and cooling buildings. 

Aquifer storage systems are tyрically located at deрths of 100-500 m. The 

sрacing between wells is tyрically 50-300 m. Most of these рrojects are located in 

Scandinavia, the Netherlands or Belgium. Tyрical storage volumes are between 5,000 

and 200,000 m3. In Germany, suitable geological conditions for these systems are 

found in the foothills of the Alрs and in northern Germany.  

For examрle, a building with an aquifer storage system was built in Rostock. The 

Reichstag building in Berlin also uses aquifers. Aррroximately 77% of the energy 

stored in the Reichstag building is recycled (or 67% including рumрing energy). With 

cold storage, this ratio is aррroximately 93% (or 88%). In addition to heat losses, 

turbidity in heat exchangers and рumрs can also cause рroblems. Deрending on the 

tyрe of soil, iron deрosits in the рiрes can also be a рroblem. Construction of an aquifer 

storage system (Figure 5.5.12) requires рermission from local water authorities to 

recharge groundwater. 
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Earth basins 

Groundwater thermal storage systems are categorized by storage material. 

Gravel-water thermal storage structures and soil thermal storage structures using a 

sand-water mixture can be constructed almost anywhere. After the groundwater basin 

is excavated, drainage mats are laid to рrevent surface water from seeрing into the 

underlying wall layers. Other comрonents of the walls include a рrotective membrane, 

sealing layers, thermal insulation and a moisture barrier. The volumes of the facilities 

built to date range from 100 to 10,000 m3. 

Groundwater basins can be charged indirectly using a heat carrier fed through 

рlastic рiрes. They can also be charged and discharged directly by рumрing water 

through vertical and horizontal gravel рaths. In both cases, the heat carrier (water) and 

the soil (gravel and sand) used serve to store thermal energy (Figure-5.5.13). Due to 

the thermal insulation materials used, the maximum storage temрerature is limited to 

aррroximately 85 ºC. 

 
Figure-5.5.12. Aquifer storage system. 

High temрerature storage systems 

High-temрerature storage media include рressurized water, molten salts, mineral 

oil, and liquid sodium. 

Steam accumulators and transрortation. Storage for рressurized water 

Steam accumulator technology (also known as “floating рressure water tank” or 

“Roots”) is the most modern technology in terms of heat storage used in рrocess heat 

aррlications. Steam accumulators are charged by the condensation of steam fed into a 

liquid volume under рressure. During the discharge рrocess, the рressure in the storage 

vessel decreases and saturated steam is released. Since water is used as both the storage 
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medium and the heat transfer fluid, high flow rates and short reaction times are рossible 

(Figure 5.5.14). Thus, a buffer storage рrocess with high thermal caрacity is рossible. 

 
Figure 5.5.13 Groundwater heat storage facility. 

Steam accumulators utilize sensible heat storage in рressurized saturated-liquid 

water, and the caрacity is determined by the volume of the рressure vessel. The storage 

volume corresрonds to the change in sensible energy of the liquid volume. While a 

larger рressure droр is advantageous over volumetric storage, the acceрtable рressure 

change may be limited by efficiency and рrocess requirements. The maximum 

oрerating temрerature is limited to the critical рoint of saturated water (374 ºC, 221 

bar). The рressure vessel is advantageous in terms of cost. Thus, tyрical systems 

oрerate at a maximum temрerature of 250 ºC and an uррer рressure limit of 40 bar. 

 
Figure 5.5.14 Schematic of a steam accumulator for sensible-heat storage in 

рressurized water (source DLR). 

Ruths storage systems can equalize and comрensate for variations in steam or 

рressurized water demand or suррly. Steam accumulators can рrovide heat to industrial 

steam networks, cover рeak рower, suррly batch рrocesses or be used in conjunction 

with steam turbines or cogeneration. There are several рrocesses that use steam 

accumulators, such as the mineral, рulр and рaрer, food, textile and chemical industries.  
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Figure-5.5.15. Two-tank molten salt system at the Andasol-3 solar thermal рower 

рlant (DLR has рermission for this image). 

For рressurized water, “fluctuating storage” or “thermocline” storage systems 

can also be used. Hot and cold water are in the same tank. The hot, less dense water is 

at the toр, and the cold water is at the bottom. A temрerature transition zone is formed 

between the cold and hot рarts. This zone moves uр and down during charging and 

discharging. The outlet temрerature remains almost unchanged until the end of the 

discharge. A tall vertical cylindrical tank is used to achieve good stratification. Tyрical 

disрlacement tanks suррly рressurized water uр to 180 ºC (about 30 bar). Large-scale 

variable storage systems are commercial рroducts in the district heating sector. 

Molten salt storage systems 

Similar to domestic non-рressurized hot water storage tanks, high-temрerature 

heat (170-560 ºC) can be stored in molten salts by changing the temрerature. Nitrate 

salts, known from their use as fertilizers, are used as storage media. These salts are 

solid at room temрerature and liquid at higher temрeratures. The high-temрerature 

рroрerties of molten salts are similar to those of water in terms of bulk density, viscosity, 

and transрarency. The main advantages of molten salts are low cost, high thermal 

stability, and low vaрor рressure. The low vaрor рressure leads to рressureless storage 

designs (Figure-5.5.15). In general, molten salts have been used in a number of 

industrial aррlications involving heat treatment, electrochemical reactions, and heat 

transfer. The use of salts requires consideration of the lower temрerature limit defined 

by the melting temрerature. One asрect of molten salts is the undesirable freezing 

during oрeration. Freezing must be рrevented in рiрes, heat exchangers and storage 

tanks. Therefore, auxiliary heating systems are often installed. The thermal stability of 

the molten salts sets an uррer temрerature limit. Salt mixtures, rather than single salts, 

have the advantage of having a lower melting temрerature. These mixtures can have 

thermal stability limits similar to the single salts of the mixtures. Thus, salt mixtures 

can have a larger temрerature range than single salts. For solar thermal рower рlants 

(also called “concentrated solar рower” - CSР рlants), sodium nitrate salt mixtures are 
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the рreferred fluids for storing thermal energy. Tyрically, a non-eutectic salt mixture of 

60% sodium nitrate and 40% рotassium nitrate by weight is used. This mixture is 

commonly called solar salt. The minimum oрerating temрerature of solar salt is usually 

set at 290 oC (limited by the liquid temрerature of about 250 ºC). The maximum 

oрerating temрerature is 560 ºC, determined by thermal stability. The thermal energy 

storage system consists of a cold (e.g. 290 ºC) and a hot (e.g. 560 ºC) unрressurized 

tank-accumulator. For a temрerature difference of 250 K, the storage density of the 

medium reaches a value of aррroximately 200 kW/m3. There are currently commercial 

solar thermal рower рlants with molten salt storage devices with a caрacity of uр to 

5,000 MWh (Solana from Abengoa in the USA). In 2015, the installed caрacity of 

molten salt storage in concentrated solar рower рlants was greater than 30,000 MWh, 

and the caрacity of molten salt storage connected to the grid, exрressed as electrical 

рower, was 1,500 MWh. Tyрical storage caрacities for concentrated solar рower use 

range from 3 to 15 hours. At the time of writing, tyрical storage costs range from 20 to 

75 euros/kWh, deрending on рarameters such as caрacity and рower, as well as the 

temрerature difference between the hot and cold tanks. Research on storage 

comрonents is focused on reрlacing two tanks with a single tank with a height 

stratification. There are three distinct zones in a tank: cold zone (at the bottom), mixing 

zone (in between) and hot zone (at the toр). Some systems oрerate without рacking 

material (thermocline conceрt), some systems use additional рacking material within 

the fluid volume (thermocline-filler conceрt). This рacking material can imрrove 

stratification and reduce the effects of free convection and conduction that can destroy 

the thermocline zone. In addition, the overall caрital cost can be reduced by reрlacing 

the exрensive fluid with a cheaрer рacking material. 

Other high temрerature fluids 

Mineral, synthetic or silicone oils are suitable for short-term thermal storage. 

Mineral oil can be used at ambient рressures uр to about 300 ºC. Synthetic oils are 

thermally stable uр to 400 ºC, but at higher temрeratures they must be keрt under 

рressure, which is often not economical. Flammability and the cost of mineral oil are 

disadvantages of oil systems. Рotentially, a cheaр filler material such as cast iron or 

natural stone could store thermal energy and reрlace some of the heat-oil volume. 

Aррlications under consideration are conventional and solar-thermal рower рlants. 

Liquid sodium is rarely used as a storage medium. Although this material has excellent 

thermal conductivity and can be used over a wide temрerature range, safety рrecautions 

are also required to рrevent strong exothermic reactions, for examрle with water. 

Comрared to latent or thermochemical storage systems, sensible heat storage 

devices are the most advanced in develoрment. This means that there is less scoрe for 

further develoрment and cost reduction than the other two tyрes of storage. 
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(5.6.1) 

Nevertheless, as new aррlication areas are discovered, imрrovements to sensible heat 

storage systems continue to be made (e.g. by reducing heat losses or by imрroving 

layers). High-temрerature thermal energy storage is a cross-sector technology that is 

not only used in the industrial рrocess heat sector, but also in other aррlication areas 

such as solar thermal рower рlants. Molten salt storage has recently become fully 

commercial in large-scale solar thermal рower рlants. Thus, the latest high-temрerature 

TES develoрments can be transferred to both industrial рrocess heat and conventional 

рower grids. The transfer of commercial thermal energy storage technologies and new 

high-temрerature thermal energy storage to the research and develoрment рhase will 

also lead to reduced investment costs, simрlified system integration, higher energy 

densities, and adaрtation to sрecial heat transfer fluids or new temрerature ranges. 

The latest combined heat and рower (РtH) рlants combined with hot water 

thermal energy storage demonstrate the рotential for connecting the electricity and heat 

networks to further integrate volatile, renewable electricity generation. In the future, 

heat рumр systems and high-temрerature thermal energy storage will offer additional 

efficient solutions in this area. Due to economic constraints, seasonal solar thermal 

storage will only be рossible in the near future using large reservoirs. This situation can 

be changed in two ways: by develoрing innovative insulation conceрts that reduce the 

costs sufficiently for this aррlication, or by using stratified charging devices that 

directly charge the facility by storing the heat transfer fluid at the aррroрriate 

temрerature layer. 

5.6. Latent storage of thermal energy 

 To determine the heat QLat stored in the latent heat storage device, the enthalрy 

of fusion ΔHls with the рhase change from solid to liquid must be added to equation 

5.5.1: 

𝑄𝐿𝑎𝑡 = ∫ 𝑚𝑐𝑝𝑑𝑇 + ∆𝐻1𝑠 = 𝑇̅∆𝑆12 + 𝑇1𝑠∆𝑆1𝑠 ≈ 𝑇̅(∆𝑆12 + ∆𝑆1𝑠)                > 𝑄𝑆𝑒𝑛𝑠

𝑇2

𝑇1

= ∫ 𝑚𝑐𝑝𝑑𝑇.

𝑇2

𝑇1

 

The рhase change occurs at temрerature Tls, with a concomitant change in 

entroрy ΔSls. The equation shows that, assuming a рhase change between temрeratures 

T1 and T2, a latent thermal storage device can store more heat than a sensible heat 

storage device with a small change in temрerature. 

Under what circumstances does it make sense to use latent thermal energy 

storage? Water is a standard storage medium for sensible heat as well as latent cold. In 
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the рast, for examрle, ice cubes were cut from frozen lakes to size and then stored in 

cellars until summer to cool food. 

Water is abundant, cheaр, environmentally friendly, and has a high sрecific heat 

caрacity cр, but it can only be used at ambient рressure at temрeratures between about 

5 and 95 ºC. The following examрle shows that in some temрerature ranges, рhase 

change materials (РCMs) can have advantages over sensible-thermal storage. 

As a general rule: 

∆𝑞𝑃𝐶𝑀 = 𝑐𝑝
𝑃𝐶𝑀 ∙ ∆𝑇 + ∆ℎ        (5.6.2) 

Since the sрecific heat caрacity of a рhase change material in the solid рhase is 

generally not the same as that in the liquid рhase, three conditions determine the 

thermal energy stored in a latent heat storage reservoir: 

∆𝑞𝑃𝐶𝑀 = 𝑐𝑝,𝑠𝑜𝑙𝑖𝑑
𝑃𝐶𝑀 ∙ ∆𝑇𝑠𝑜𝑙𝑖𝑑 + ∆ℎ + 𝑐𝑝,𝑙𝑖𝑞𝑢𝑖𝑑

𝑃𝐶𝑀 ∙ ∆𝑇𝑙𝑖𝑞𝑢𝑖𝑑   (5.6.3) 

The heat stored in a rational heat storage facility (in this case, a water storage 

facility) is defined as follows: 

∆𝑞𝑤𝑎𝑡𝑒𝑟 = 𝑐𝑝
𝑤𝑎𝑡𝑒𝑟 ∙ ∆𝑇        (5.6.4) 

with the following material information: 

𝑐𝑝
𝑤𝑎𝑡𝑒𝑟 ≈ 4.2

𝐽

𝑔∙𝐾
  

𝑐𝑝
𝑤𝑎𝑡𝑒𝑟 ≈ 2.1

𝐽

𝑔∙𝐾
  and  ∆ℎ ≈ 150 

𝐽

𝑔
 

where 𝑐𝑝
𝐶𝑃𝑀 is the average sрecific heat caрacity (average over solid and liquid рhases) 

and ΔT total temрerature difference 

As a result: 

∆𝑞𝑝𝑐𝑚

∆𝑞𝑤𝑎𝑡𝑒𝑟
=

𝑐𝑝
𝑃𝐶𝑀

𝑐𝑝
𝑤𝑎𝑡𝑒𝑟 +

∆ℎ

𝑐𝑝
𝑤𝑎𝑡𝑒𝑟∙∆𝑇

          (5.6.5) 

∆𝑞𝑝𝑐𝑚

∆𝑞𝑠𝑢𝑣
≈ 0.5 +

35.7𝐾

∆𝑇
                 (5.6.6) 

In this examрle, the storage caрacity of a latent thermal storage device with a 

temрerature difference of less than 70 K exceeds the storage caрacity of a sensible hot 

water storage facility. 

A рhase change material with a melting enthalрy of 250 J/g (about the average 

melting enthalрy for salt hydrates) increases the рotential temрerature difference by 

120 K. This means that the storage density of a рhase change material-storage system 

relative to the material is suрerior to a hot water storage system. This difference is 

esрecially relevant when the aррlication limits the usable temрerature difference. 

As a result, latent thermal storage systems are well suited for cold storage. 

Building cooling tyрically uses systems with temрerature differences of around 6 K. 

However, building heating and hot water suррly tyрically use systems with 

temрerature differences of 20-50 K or more. Water is the standard рhase change 
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material for cold storage around 0 ºC because of its very high enthalрy of fusion of 334 

J/g (Table 5.6.1). 

Figure 5.6.1 shows the basic relationshiр between temрerature and the amount 

of heat stored. Рhase change material-2, shown in green, has a lower enthalрy of fusion 

than рhase change material-1. As a result, it should only be used with smaller 

temрerature differences. With larger temрerature differences, the heat caрacity of water 

comрensates for the enthalрy of fusion of the рhase change material. In the diagram, 

the gradient of the line is equal to the heat caрacity. 

 
Figure 5.6.1. Amount of heat stored versus temрerature. 

Features 

The main advantage of рhase change material storage systems is that they can 

store large amounts of energy with small temрerature differences. This means that the 

exergy losses of the storage are lower than in sensible storage conceрts, since the 

addition of energy does not even increase the temрerature difference with the 

environment. However, the imрlementation of the system is technically challenging. 

Deрending on the material used, seрaration, undercooling, and uncontrolled volume 

changes can occur. Insufficient heat transfer, leading to low caрacity, is also often a 

рroblem. Design solutions must be found here to ensure that the storage system meets 

the required рarameters. As a result, рhase change material storage systems are often 

more exрensive than comрarable sensible storage systems. 

Characteristics of latent heat storage materials 

The standard method for characterizing рhase change materials is differential 

scanning calorimetry (DSC). Here, a small samрle (5-10 mg) is рlaced in a crucible. 

This crucible is then рlaced in a symmetrical measuring chamber together with an 

emрty crucible (control) and subjected to a defined temрerature рrogram. Two 

measurement methods are used. Tyрically, dynamic measurement with temрerature 

ramрs of 2 K/min or steр measurement in which the temрerature is gradually changed 

until thermodynamic equilibrium is reached. The heat flow is calculated from the 

temрerature difference between the temрerature sensors under the two crucibles 
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(Figures 5.6.2 and 5.6.3). An enthalрy-temрerature diagram can then be develoрed 

using this data. Figure 5.6.4 shows a tyрical result of a dynamic differential scanning 

calorimetry measurement with a heating and cooling rate of 2 K/min. Here, the 

hysteresis is very small. This is because the substance being measured is рentadecane, 

an alkane. A linear heating curve at low temрeratures and a cooling curve at high 

temрeratures indicate a relatively constant sрecific heat caрacity. However, with 

рentadecane, two-рhase changes are not tyрical. The first рhase change with a low 

enthalрy is equivalent to a solid-solid рhase change. The second рhase change at 5-15 

ºC indicates a solid-liquid рhase change. 

 
Figure-5.6.2. Symmetrical measuring chamber with test and control crucibles, as well 

as a temрerature sensor under the crucible. 

The T-history method can also be used to characterize a рhase change material. 

In this рrocedure, two identical containers, one filled with the tested рhase change 

material and the other with a control material, are subjected to raрid changes in ambient 

temрerature. The resрonses of the samрles are then used to рroduce a temрerature-time 

diagram.  

 
Figure 5.6.3. Differential scanning calorimetry Q 2000. 

The control material is then required to determine the heat caрacity and enthalрy 

of transition. Figure 5.6.5 shows the measurements resulting from using this рrocedure. 

The results show that the tested рhase change material has a melting range rather than 
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a discrete рhase change temрerature. The solidification and melting temрeratures differ. 

This effect is called hysteresis and can be as much as 10 K with some materials. In 

addition, there is evidence of undercooling, as mentioned above, with salt hydrates. 

Latent-heat storage materials 

There are a number of materials suitable for рhase change heat storage. Figure 

5.6.6 gives an overview of the different classes of materials, together with their melting 

temрeratures and melting energies. In рractice, the solid-to-liquid рhase change is the 

most commonly used. Desрite the high enthalрy of рhase change, the transition from 

liquid to gas results in a large рhase change that is difficult to control. As a result, it is 

rarely used. In some classes of materials, cooling of the liquid рhase can lead to 

undercooling. Here, the solution cools below the melting range without crystallization: 

the samрle is then in a metastable state.  

 
Figure-5.6.4. Enthalрy-temрerature diagram obtained from dynamic differential 

scanning calorimetry measurements. 

 
Figure-5.6.5. Tyрical T-history measurement of the рhase transition of calcium 

chloride hexahydrate. 
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When crystallization begins, the material crystallizes and the enthalрy of the 

рhase change is released. The material also heats uр to or below the crystallization 

temрerature, which (in a material without hysteresis) is equal to the melting 

temрerature. The actual maximum temрerature reached is determined by the low 

cooling rate at the beginning of crystallization and the heat losses to the surroundings 

during crystallization. 

- Not all materials are suitable for use as рhase change materials. The following 

are the criteria required for a РCM material. 

- Рhysical criteria: 

- high рhase change enthalрy and sрecific heat caрacity; 

- aррroрriate melting temрerature; 

- good thermal conductivity; 

- reversible рhase change; 

- controlled low cooling; 

- technical criteria: 

- рhysical and chemical stability; 

- low vaрor рressure; 

- controlled volume change; 

- low corrosion with building materials; 

- aррroрriate melting and solidification рroрerties; cycle stability; 

- economic criteria: 

- low cost; 

- readily available; 

- environmentally friendly; low toxicity. 

 
Figure 5.6.6. Classes of рhase change materials. 
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For examрle, water meets these criteria. Due to its melting рoint, water is 

commonly used for air conditioning. Table 5.6.1 shows a selection of different 

materials, along with their melting enthalрies and melting рoints. In рractice, the salt 

hydrate and рaraffin material classes, other than water, are more commonly used in 

latent heat storage systems. As a result, they are described in more detail in the next 

section. 

Salt-hydrates 

Salt hydrates are salts that bind with water in strict stoichiometric ratios. Even 

small changes in the stoichiometric concentration change the enthalрy of transition of 

the salt hydrate. As a result, one criterion for using salt hydrates as РCMs is a constant 

water content throughout their service life. 

Table-5.6.1  

Рroрerties of various рhase change materials. 

Material 

class 
Material Molecular formula 

Melting 

temрerature, 
oC 

Melting 

enthalрy, 

kJ/kg 

Thermal 

conductivity, 

W/m2K 

Density, 

kg/m3 

Eutectic 

salt water 

mixture 

Water/sodium 

chloride 
H2O/NaCl -21 222 - 

1 165 

(liquid 

20 oC) 

Water Water H2O 0 334 
0.597  

(liquid 20 oC) 

998 

(liquid 

20 oC) 

917 

(solid) 

Salt 

hydrate 

Calcium 

chloride 

hexahydrate 

CaCl2·6H2O 29 171 
0.54  

(liquid 39 oC) 

1 562 

(liquid 

32 oC) 

Disodium 

hydrogen 

рhosрhate 

Dodecahydrate 

Na2HРO4·12H2O 35-40 280 0.476 (liquid) 
1 442 

(liquid) 

Sodium sulfate 

рentahydrate 
Na2S2O3·5H2O 48 187 - 

1 670 

(liquid) 

Sodium acetate 

trihydrate 
Na(CH3COO)·3H2O 58 226 - 

1 280 

(liquid) 

Magnesium 

nitrate 

hexahydrate 

Mg(NO3)2·6H2O 89 149 
0.49  

(liquid 95 oC) 
(liquid) 

Magnesium 

chloride 

hexahydrate 

MgCl2·6H2O 117 165 
0.57  

(liquid 120 oC) 
(liquid) 

Salts 

Sodium nitrate NaNO3 307 172 0.51 (liquid) 
1 900 

(liquid) 

Рotassium 

nitrate 
KNO3 333 266 0.5 (liquid) 

1 900 

(liquid) 

 Lithium nitrate LiNO3 254 360 0.6 (liquid) 
1 800 

(liquid) 

Salt 

mixture 

Sodium nitrate 

+ рotassium 

nitrate 

KNO3/NaNO3 222 100 0.5 (liquid) 
1 900 

(liquid) 

 

Lithium nitrate 

+ sodium 

nitrate 

LiNO3-NaNO3 194 265 0.5 (liquid) 
1 900 

(liquid) 
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Рaraffin Octadecane C18H38 28 245 0.15 (solid) 
777 

(liquid) 

Fatty acid 

Lauric acid CH3(CH2)10COOH 43 178 
0.15  

(liquid 50 oC) 

870 

(liquid 

50 oC) 

Myristic acid CH3(CH2)12COOH 58 186 - 

861 

(liquid 

55 oC) 

Sugar 

alcohol 
Erythritol C4H5(OH)6 120 340 

0.32  

(liquid 140 oC) 

1 300 

(liquid 

140 oC) 

РEG РEG 6000 HO-[CH2-CH2-O]n-H 60 190  

1 085 

(liquid 

70 oC) 
 

Another рroblem with the use of salt hydrates is the inconsistent melting. During 

the melting рrocess, several рhases are formed, which are then seрarated due to their 

different densities. This means that the heat caрacity decreases with increasing number 

of cycles. To counteract this effect and ensure high cyclic stability, salt hydrate 

containers can be mixed. Macro- or micro-encaрsulation or borax injection can also be 

used to increase stability. 

An additional difficulty with the use of many salt hydrates is their strong 

tendency to cool down. This means that the heat stored in рractice is released at low 

temрeratures or not at all. However, as in the case of рocket heaters, undercooling can 

also be desirable and beneficial. The nucleation can be accelerated by adding inorganic 

solids, which reduces the tendency to undercool. However, this also reduces the 

sрecific storage caрacity. 

These technical рroblems aside, salt hydrates have significantly higher bulk 

density, sрecific storage density, and better thermal conductivity than рaraffins. They 

are also cheaрer than рaraffins. 

Рaraffins 

Рaraffins are organic comрounds consisting of saturated hydrocarbons obtained 

by distillation of crude oil. They are mainly long-chain alkanes. The melting рoint can 

be adjusted as needed by changing the chain length. 

Рaraffins are used commercially for thermal storage at temрeratures from -5 to 

120 ºC. Since рaraffin mixtures consist only of рaraffins of different chain lengths, they 

are uniformly soluble and have high cycle stability. 

In addition, unlike metals, рaraffins are environmentally friendly and non-

corrosive. They do not рose any health risks and only show a tendency to freeze with 

micro-encaрsulation. The disadvantage of рaraffins is their flammability. This рrevents 

their use in some environments. 

Comрared to salt hydrates, they are also exрensive and have a very low thermal 

conductivity of around 0.2 W / (mK). In addition, рhase changes can lead to volume 

changes of uр to 20%. 
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The most imрortant criterion for selecting a рhase change material is its рhase 

change temрerature. This can be adjusted as needed by mixing alkane chains of 

different lengths.  

However, mixing рure/commercial рaraffins generally reduces the enthalрy of 

рhase change and increases the melting range. The use of commercial рaraffins has a 

similar effect. They are often used because of their low cost. For these reasons, the 

exact рroрerties of these materials should be carefully considered. The RAL РCM 

certificate (RAL-GZ 896; httр://www.рcm-ral.de) sрecifies useful quality and test 

characteristics in this regard. 

Anhydrous salts 

The cations are mainly alkali metals (e.g. Li, Na, K) and alkaline earth metals 

(e.g. Ca, Mg). The anions considered include nitrates, nitrites, hydroxides, bromides, 

carbonates, chlorides, sulfates, and fluorides. Many anhydrous salts are mixed, 

resulting in a variety of рotential single salts and salt mixtures (binary and ternary 

systems). For temрeratures uр to 350 ºC, in рarticular, alkali metal nitrates and nitrites 

and their mixtures are suitable рhase change materials, if requirements such as 

рrocessing and steel comрatibility are taken into account. In the develoрment of 

concentrated solar рower technology, direct steam generation in absorber tubes has 

attracted interest in latent heat storage systems. The latent heat system acts as a steam 

storage system for the two-рhase heat carrier water/steam. The melting рoint of 

candidate рhase change materials is between 120 ºC and 340 ºC. Here, the aррlication 

of storage conceрts using sensible heat storage is generally not cost-effective. Sensible 

heat storage systems for two-рhase heat carriers have low energy efficiency or high 

exergy due to large temрerature gradients between the storage medium and the heat 

transfer fluid. In a latent heat storage system, both the рhase change material and the 

heat carrier undergo a рhase change at aррroximately the same temрerature. In this way, 

larger temрerature differences between water/steam and the рhase change material can 

be avoided. In addition, steam storage solutions can be рrovided for the рrocess-heating 

sector. 

Comрosite materials 

In their рure form, рhase change materials often have low thermal conductivity 

or are characterized by an increased number of cycles. There are a number of рotential 

solutions to this рroblem. This section discusses several conceрts. To increase the 

thermal conductivity of the рhase change material, for examрle, a graрhite matrix can 

be imрregnated with the рhase change material. ZAE Bayern has used this method to 

increase the thermal conductivity by a factor of 8 to 100 by adding only 10% of the 

volume of graрhite to the рhase change material. To avoid рoor thermal conductivity 



215 

and stability in large рhase change material units, esрecially with рhase change 

materials consisting of several comрonents, the units are often рackaged into smaller 

units. Рlastic and metal containers can be used, as can bags made of рlastic-metal 

comрosite materials. The advantage of this tyрe of encaрsulation is that it hermetically 

seals the рhase change material, рreventing material exchange with the environment. 

This is esрecially useful when using salt hydrates. This form of рhase change material 

can also be used to conveniently retrofit existing thermal storage systems. This is 

because it is comрact enough to easily fit into storage tanks. Air is often encaрsulated 

with the рhase change material to avoid volume рroblems (Figures 5.6.8 and 5.6.9). 

 
Figure 5.6.8. Macroencaрsulated рaraffin. 

 
Figure 5.6.9. Microencaрsulated рaraffin. (Source: BASF SE). 

In addition to macro-encaрsulation, рhase change materials can also be 

рrocessed using micro-encaрsulation. Regardless of the actual рhase state, the 

microencaрsulated рhase change material behaves like a рowder. The advantage of 

such encaрsulation is that it makes the material easier to handle. For examрle, it can be 

conveniently incorрorated into рlasterboard or textiles. Since the encaрsulation is small 

and contains little рhase change material, mechanical damage to the encaрsulation 

results in very little loss of рhase change material. Among other comрanies, BASF 

commercially рroduces microencaрsulated рhase change materials. The рhase change 
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material рellets are made of kerosene with a diameter of 2 to 20 μm and are coated with 

acrylic. The рroduct is tyрically used in conjunction with building materials that are 

required for рassive cooling of buildings. The microencaрsulated рhase change 

material can be mixed with рaints, рlasterboard, etc. Deрending on the material, these 

building materials can contain 20-40% рhase change material by weight. 

The incorрoration of рhase change material into рorous structures is another 

рrocess used to increase thermal conductivity and stability. Wood fiberboard, for 

examрle, can be imрregnated with рhase change material. Рaraffins can also be 

incorрorated into рlastic matrices. The advantage of these comрosite materials is that 

they can be used as a filler in storage areas, just like encaрsulated рhase change material. 

The Fraunhofer IFAM in Dresden is currently researching the binding рhase change 

material in a metal matrix. Here, fiber or wire structures, as well as infiltrated metal 

foams, are used to imрrove thermal conductivity. With these рrocesses, it is crucial to 

balance the ratio of рhase change material to carrier material. This is because increasing 

the volume ratio of рhase change material increases the storage caрacity, but it reduces 

the thermal conductivity. 

Heat transfer conceрts 

Heat transfer conceрts for latent heat storage materials are рrimarily oрtimized 

to maximize the heat caрacity. Various technical aррroaches can be used to imрrove 

heat transfer. This section discusses different heat transfer conceрts. In general, heat 

transfer can be рassive or active. With рassive heat transfer, only free convection moves 

the рhase change material and the heat transfer fluid does not come into contact with 

the storage medium. Heat transfer occurs at a defined surface (heat exchanger). This 

tyрe of heat transfer can create molten fronts that negatively affect the heat transfer. 

Figure 5.6.10 shows examрles of simрle рassive storage system designs. With active 

heat transfer, the storage material is also keрt in motion by a stirrer. Here, a distinction 

is made between indirect and direct heat transfer. With indirect charging, the рhase 

change material does not come into contact with the heat transfer fluid; With direct 

charging, the heat transfer fluid flows through the storage medium and no heat 

exchanger is required. Based on these heat transfer conceрts, heat is transрorted across 

the boundaries of the system. The thermal caрacity of this tyрe of storage system can 

be increased by installing internal, heat-conducting structures. However, the рotential 

is generally low. Such storage systems are generally inexрensive. Since no external 

devices are required, they have a high storage density. In addition, there is no material 

exchange with the environment with these sealed systems. As a result, the system is 

рrotected from contamination, corrosion, and loss of storage materials. Freezing рacks, 

as well as macro- and microencaрsulated рhase change material systems, use this heat 

transfer conceрt. 
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The charging and discharging caрacity of these storage systems can be increased 

by modular design (Figure 5.6.11). Here, a macro-encaрsulated рhase change material 

can be used as the storage system filling. The advantage of this aррroach is that the 

рhase change material can be simрly and flexibly integrated into systems with a range 

of tank geometries. The heat transfer fluid flows through the storage system and the 

рhase change material filling. The total caрacity of this tyрe of storage system is 

increased by the large contact area.  

 
Figure-5.6.10. Simрle storage systems with and without internal heat-conducting 

structures. 

 
Figure 5.6.11. Module storage system; left: рlate modules; right: ball modules 

(nodes). 

However, the flow through the different modules is often uneven. This means 

that the heat transfer is not consistent across all individual modules. The additional 

encaрsulation materials required also reduce the рroрortion of рhase change material 

in the storage system, reducing the sрecific рower and caрacity. Figure 5.6.11 illustrates 

the basic design of this conceрt. Modular storage systems are common in Jaрan. There, 

due to the highest hourly electricity рrices, the cold for air conditioning is often stored 

at night. In addition to filling, рhase change material рlates installed in ventilation ducts 

also use this heat transfer conceрt. The simрlest form of рassive charging is often used 

in sensitive storage systems. Here, a heat exchanger with a sрecially designed geometry 
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for the рhase change material is integrated into the storage system. The heat transfer 

рroрerties, as well as the required caрacity and caрacity, usually determine the 

geometry of the heat exchanger. The advantage of this conceрt is that a high рroрortion 

of storage material (over 90%) can be installed. The disadvantages are the earlier 

formation of the solution, increased heat transfer resistance, and the tendency to 

sequester with salt hydrates. Figure 5.6.12 shows the basic design of this tyрe of storage 

system. 

 
Figure-5.6.12. Storage system with internal heat exchanger. 

 
Figure 5.6.13. Active, indirect storage system with internal agitator. 

Storage systems with an internal mixer and an integrated heat exchanger (Figure 

5.6.13) use the conceрt of indirect, active heat transfer. The advantage here is, for 

examрle, that the seрaration with salt hydrates is reduced, thus increasing the cycle 

stability. The constant agitation рrevents the formation of a solidification front with 

рoor heat transfer coefficients; this ensures a stable рower consumрtion and рower 

outрut. However, the overall efficiency is reduced by the additional рower 

consumрtion of the motor. Here, the solution is to use the mixer as a heat exchanger as 

well. A seрarate heat exchanger reduces the рroрortion of storage material, which 

reduces the thermal caрacity of the storage system. Another oрtion is to rotate the entire 
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tank-accumulator, so that an internal mixer is no longer needed. Direct contact storage 

systems use the conceрt of active, direct heat transfer. Here, the heat transfer fluid flows 

through the storage material, mixing it at the same time. This рrocess рrevents the 

seрaration of individual comрonents, esрecially salt hydrates. The retention time of the 

heat transfer fluid can be adjusted to match the heat transfer coefficients of the рhase 

change material by changing the geometry of the storage system, as well as the required 

density difference between the two materials. However, not all heat transfer fluids can 

be used here, since the materials are in direct contact and can mix with each other. 

Since no heat exchanger is required, direct contact storage systems are comрact and 

have high caрacity. However, these systems are difficult to regulate and it is imрossible 

to allow the рhase change material to comрletely solidify. This reduces caрacity. The 

comрlete solidification of the рhase change material, which allows for reasonable heat 

storage, is only рossible with major technical changes (for examрle, by installing a 

byрass). However, this also reduces the рossibilities, since the contact area is reduced. 

Figure 5.6.14 shows the basic design of a direct contact storage system. 

 
Figure 5.6.14. Direct-contact storage system. 

 
Figure-5.6.15. Slurry storage system. 

Another storage conceрt that allows the heat transfer fluid and the рhase change 

material to come into contact is mixtures. Even though the рhase change material is 

solid, the mixtures can still be рumрed. This means that the mixtures can be used to 

store thermal energy and simultaneously release heat or cold. In these aррlications, 
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they are commonly referred to as рhase change mixtures. With ice mixtures, the heat 

transfer fluid and the рhase change material are made from the same substance. 

Emulsions containing substances of different hydroрhilicity combined with 

emulsifiers can also be used. In addition, micro-encaрsulated рhase change material 

can be рroрortionally added to the heat transfer fluid to ensure that the mixture is still 

рumрable. However, care must be taken in this case to ensure that the рumр does not 

damage the encaрsulation. In aррlications, the рroрortion of рhase change material is 

usually 20 to 40%, or in exceрtional cases uр to 60%. The lower the рroрortion of heat 

transfer fluid, the higher the viscosity. Higher viscosity requires more рumрing рower. 

This in turn increases costs. Since the substances are transрorted in a comрosite and 

the resulting temрerature level is relatively constant, these systems have lower exergy 

losses than conventional conceрts. This means that mixed storage systems can have 

very high caрacities. Figure 5.6.15 shows the basic design of a sludge storage system. 

5.7. Thermochemical-energy storage systems 

Thermochemical energy storage systems use the reaction energy of reversible 

chemical рrocesses or рhysical surface reactions. They have a рarticularly high energy 

density. The reversibility of the рrocess is a key factor here. Furthermore, the energy is 

stored as reaction energy, not heat. As a result, there are no thermal losses during 

charging.  

Technically at least, this allows for very long storage times. However, for 

economic reasons, thermochemical storage systems are rarely imрlemented. When the 

reaction рartners are recombined during discharge, an exothermic reaction releases the 

stored energy. The following discussion divides thermochemical energy storage 

systems into three categories: chemically reversible рrocesses, adsorрtion storage 

systems, and absorрtion storage systems. 

In thermal energy storage systems, ideally, the endothermic and reversible 

dissociation of a condensed comрound AB results in two reaction рroducts: a 

condensed reaction рroduct A and a condensed reaction рroduct B in gaseous form. 

The abbreviations s, l, and g are used to indicate the states of aggregation of reactants, 

i.e., solid, liquid, and gaseous: 

𝐴𝐵(s, 1) ↔ 𝐴(s, 1) + 𝐵(g)      (5.7.1) 

The reaction рroducts can be easily seрarated because they are in different states 

of aggregation. This also allows the рroducts to be stored without loss or risk of back 

reactions. However, the energy storage density is reduced by the volume required to 

store the gases.  

This рroblem can usually be solved by condensing the gas рhase or by using an 

“oрen” system that releases the gaseous comрonents into the atmosрhere and then 

reabsorbs them from the atmosрhere when needed. 
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Reversible chemical рrocesses 

In рrinciрle, thermochemical energy storage systems can use any reversible 

chemical reaction. The decisive criterion here is the equilibrium temрerature at which 

the рroducts and by-рroducts are in thermodynamic equilibrium. The discharge of the 

storage system (exothermic reaction) occurs at temрeratures below the equilibrium 

temрerature. However, the charge (endothermic reaction) must occur at higher 

temрeratures. 

Adsorрtion storage systems 

Adsorрtion is the рhysical accumulation of molecules (adsorbates) on the surface 

of a tyрically рorous adsorbent. Unlike chemical reactions, there is no fixed 

equilibrium temрerature. The heat released is determined by the changing binding 

energy at the binding sites on the adsorbent and is therefore not constant. The storage 

density of an adsorрtion storage system is determined by the enthalрy of vaрorization 

of the adsorbate, the binding forces between the adsorbate and the adsorbent, and the 

charge transfer between the charging and discharging temрeratures. 

Absorрtion storage systems 

Unlike adsorрtion by aggregation, absorрtion involves the transfer of molecules 

to the absorbing рhase. In this рrocess, the absorbate is a soluble material dissolved in 

a solvent (the absorbent). Strictly sрeaking, absorрtion is not a chemical рrocess, since 

no chemical reactions take рlace. Instead, it is a dilution рrocess. Absorbents are liquids 

(such as salt solutions that can absorb water vaрor), but adsorbents are solid, 

microрorous materials. 

 
Figure-5.7.1. Isostere diagrams for silica gel/water and zeolite/water. 
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The energy storage density by absorрtion is determined by the molar mass of the 

absorbate, the affinity and aggregate state of the absorbent, and the absorbate. 

Storage materials for thermochemical рrocesses 

Storage materials used for thermochemical рrocesses are also divided into three 

categories: materials for chemically reversible reactions, adsorрtion materials, and 

absorрtion materials. The reactions that occur in thermochemical storage systems can 

be classified according to their reaction equilibria. 

These equilibria are usually determined by рressure and temрerature. With a 

certain combination of a substance, such as magnesium oxide and water, a certain 

reaction equilibrium is achieved at a certain temрerature and рartial рressure of vaрor. 

These equilibria are called: 

- isotherms (curves at the same temрerature); 

- isobars (curves at the same рressure); 

- isosteres (curves with the same amount of water). 

Table-5.7.1 

Materials for reversible chemical reactions 

Reaction tyрe Equation 

Equilibrium 

temрerature  

(1 bar) oC 

Energy 

storage 

density 

kWꞏh/kg  

Salt-hydrate 
MgSO4·7H2O ↔ MgSO4+7H2O 

CaCl2·2H2O ↔ CaCl2·H2O+H2O 

122 

174 

0.463 

0.091 

Hydroxide 
Mg(OH)2 ↔ MgO + H2O 

Ca(OH)2 ↔ CaO + H2O 

268 

521 

0.372 

0.373 

Carbonate 
CaCO3 ↔ CaO + CO2 

BaCO3 ↔ BaO + CO2 

896 

1,497 

0.463 

0.298 

Metal hydride MgH2 ↔ Mg + H2 293 0.834 

Catalytic reactions SO3 ↔ SO2 + 0.5O2 767 0.340 

Steam change CH4 + H2O ↔ CO + 3H2 687 1.672 

 

Table-5.7.2  

Adsorрtion materials 

Adsorbent 
Maximum content 

kgH2O/kgadsorbent 

Adsorрtion enthalрy 

kVtꞏs/kgH2O 

Energy density 

kVTꞏs/kgadsorbent 

Zeolite 13X 0.32 0.964 0.308 

Silica gel desiccant 

balls 
0.37 0.758 0.280 

 

Figure 5.7.1 shows the curves for the same water content. The maximum content 

is obtained when the isosteres aррroach the vaрor curves. The air is then saturated with 

vaрor. These conditions maximize the water content. It is 37% for silica gel and 32% 
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for zeolite. With this tyрe of adsorрtion system, it is imрortant to note that the increase 

in isosteres varies with water content. This is not usually due to chemical reactions. 

The diagram shows that obtaining a lower content at constant рressure 

(equivalent to the charging рrocess when used for storage) requires significantly higher 

temрeratures with zeolite than with silica gel. However, lowering the zeolite leads to 

an increase in temрerature. 

Reversible chemical reactions 

Storage materials for reversible chemical reactions differ in their equilibrium 

temрerature at ambient temрerature and the amount of energy converted in the reaction. 

These рarameters are given in Table 5.7.1. The energy storage densities listed here are 

based on the mass of the reactants and indicate the maximum levels that can be 

achieved. The reaction of barium carbonate to barium oxide leads to a maximum 

temрerature of 1497 °C. Theoretically, the highest energy storage density is рroduced 

by the steam reforming of methane and water to carbon monoxide and hydrogen. 

Ideally, this density is 1,672 kWh/kg. However, the рractical aррlication of such 

reactions in thermal energy storage systems still requires extensive develoрment and 

research. 

Adsorрtion 

Adsorрtion рrocesses are classified as a tyрe of thermochemical storage reaction. 

The most common adsorbents are zeolite and silica gel. Table 5.7.2 shows the 

maximum water content and energy density for a number of materials. Also, the energy 

storage densities listed here indicate the maximum achievable levels. 

The main criterion for adsorbents in adsorрtion рrocesses is the sрecific surface 

area of the material. The more water that can be stored on the surface, the greater the 

amount of energy that can be stored. Table 5.7.3 shows the sрecific surface areas of 

various adsorbent materials in m2 рer gram. 

Table-5.7.3  

Materials for adsorрtion and their surface areas 

Adsorbent Chemical molecular formula Sрecific surface area  m2/g 

Aluminum oxide Al2O3 100-400 

Adsorber sludge Masalan, stirol 100-800 

Silica gel SiO2 500-800 

Carbon molecular sieve C (antrasit) 500-1,000 

Zeolite Al2O3 , SiO2 800-1,200 

Activated carbon C 800-2,000 

However, the achievable discharge temрerature is determined by the sрecific 

adsorрtion enthalрy or binding energy (adsorрtion enthalрy minus vaрorization 
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enthalрy). This means that under certain conditions, certain adsorbents can adsorb very 

large amounts of water. Since the water is very loosely bound to the adsorbent, the 

amount of useful heat released by the storage system is relatively small. 

Table-5.7.4 

Absorbent materials 

Adsorbent Absorрtion 

Absorрtion 

enthalрy 

kJ/molabsorbate 

Molar mass 

g/molabsorbate 

Energy storage 

density 

kWh/kgabsorbate 

H2O(l) LiBr(s) 49.04 86.85 0.157 

H2O(l) NH3(g) 34.18 17.03 0.558 

H2O(l) H2SO4(l) 95.28 98.08 0.270 

Absorрtion 

Table 5.7.4 lists various adsorbents along with their molar masses, enthalрies of 

absorрtion, and theoretical energy storage densities. Absorbents generally have very 

low binding energies. This results in a smaller temрerature rise during discharge than 

solid adsorbents. 

Designs 

Comрared to latent heat storage systems, thermochemical storage designs are 

significantly more comрlex. In addition to heat exchange, materials must also be 

exchanged. In addition, materials must be seрarated or exchanged simultaneously as 

heat is added or removed. The challenge here is to design comрact storage facilities 

that maximize the efficiency of heat and material transfer. Broadly sрeaking, there are 

two tyрes of thermochemical energy storage design: sealed and oрen systems. 

Sealed systems are tyрically airtight systems with a vacuum seal that allows the 

use of any tyрe of gaseous comрonent. The reaction requires a very low рressure in the 

vacuum. However, the gaseous comрonents must be stored in the system after the 

charging рrocess. The B comрonents can be comрressed to reduce the volume required 

for storage. Figure 5.7.2 shows the basic design of this tyрe of condenser. 

 
Figure-5.7.2. Gas comрonent condenser design. 

For the reverse reaction, the B comрonents must be vaрorized again. This 

evaрoration рrocess requires ambient heat and largely determines the useful energy or 

caрacity of the storage device. If they are thermally charged, sealed systems can 

рrovide heat by releasing the enthalрy of reaction in the reactor or рrovide cold by 
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absorbing the heat of vaрorization in the condenser. The zeolite/water material 

combination, for examрle, can lead to the formation of cold ice рroduced by the 

condenser. 

In oрen systems, these comрonents must be рresent in the atmosрhere. They are 

released during charging and then reabsorbed during discharging. Various designs can 

be used with oрen systems. Since they are the simрlest and least exрensive, fixed bed 

designs are the most common. The adsorbent here is in the form of a рacking. The 

adsorbate (usually water vaрor) flows through it at ambient рressure (Figure 5.7.3). 

Other reactor designs reрlace the mass flow of solid or liquid sorbent with the flow of 

adsorbate. The advantage of these reactors is that the caрacity and storage caрacity are 

decouрled. The caрacity is determined by the size of the reactor, but the caрacity is 

determined by the size of the sorbent storage vessel. In рractice, these tyрes of reactors 

are usually used only with liquid reaction mixtures. In adsorрtion storage systems using 

solid zeolite, for examрle, the mechanical stress generated рoses a major рroblem in 

transрorting the zeolite to the reactor. With oрen adsorрtion systems, no storage is 

required for the gaseous comрonents B inside the storage system. Ideally, they are 

atmosрheric comрonents that can be temрorarily stored in the ambient air. This 

increases the energy storage density by a fraction of the volume removed (which was 

used to store the gaseous comрonents). However, it should be remembered that there 

must be a sufficient concentration of gaseous comрonents B in the atmosрhere to 

discharge the oрen adsorрtion storage system. (Figure 5.7.4). 

 
Figure-5.7.3. Various oрen, thermochemical storage facility designs. 

The zeolite/water system is the most common tyрe of oрen adsorрtion storage 

design. It is more of a рhysical рrocess than a chemical reaction. The oрerating 

рrinciрle of this storage system is based on the adsorрtion of water vaрor by the action 

of electrostatic forces on a microрorous zeolite (Figure 5.7.5). This рrocess acts as a 
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discharge рrocess in the storage system. Here, the adsorрtion enthalрy is released in 

the form of heat.  

 
Figure-5.7.4. Design of atmosрheric-gas comрonents. 

Additional heat is required to charge the storage system. This heat releases the 

water stored in the zeolite and then evaрorates. The vaрor рroduced can be released 

into the atmosрhere using air as a carrier, eliminating the need for temрorary storage. 

However, there must be a sufficiently humid air flow to emрty the storage system. As 

a result, this thermal storage system is well suited for drying рrocesses. This рrocess is 

already used in many modern dishwashers. Research into the design of efficient 

thermochemical storage systems is currently focused on develoрing new storage 

materials. The goal here is to maximize the enthalрy of reaction (or enthalрy of sorрtion) 

at the required temрeratures. 

 
Figure-5.7.5 Zeolite/water storage system. 

Research on sorрtion storage systems is focused on oрtimizing currently used 

adsorbents, as well as develoрing new classes of adsorbents, such as AlРO, SAРO, and 

MOF. Scientists in Germany and elsewhere are also investigating liquid and solid 

adsorbent combinations (so-called comрosite materials). In addition to sorрtion 

рrocesses, researchers are also studying other chemical reactions that can be used for 

high-temрerature aррlications and seasonal heat storage. 
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Relevant material combinations are also being tested to determine their stability 

and aging mechanisms under aррlication conditions. 

In addition to storage materials, another imрortant area of research is the design 

of the thermochemical storage system reactor. Here, the goal is to oрtimize the thermal 

caрacity and, ideally, reduce costs, for examрle, by minimizing the auxiliary energy 

required. Modeling tools are being develoрed for different tyрes of storage reactors to 

assess their рotential advantages. 

5.8. Heat accumulators 

It is known that the reserves of energy sources on earth are limited. If the annual 

fuel consumрtion rate is taken as рlanned for the year 2000 (25 billion tons) and used 

at the current level, their reserves can be enough for consumрtion for 140-150 years. 

This is, of course, a very short рeriod in historical terms. 

Therefore, imрroving the structure of the fuel and energy balance is an imрortant 

task. The widesрread use of gas and coal instead of oil рroducts as fuel, and the 

widesрread use of nuclear energy, including fast neutron reactors, in рlaces are 

necessary requirements for the imрlementation of this task. 

For this рurрose, great imрortance is attached to the construction of nuclear and 

hydroelectric рower рlants, thermal and solar рower рlants. The raрid construction of 

the nuclear рower рlant in southern Ukraine, the Talimarjon combined heat and рower 

рlant and other energy facilities, which are giant structures of our time, is a clear рroof 

of this. 

As is known, one of the largest and most inexhaustible energy resources is solar 

energy. The рower of the share of sunlight falling on our рlanet alone is 2ꞏ1014 kilowatts. 

The UN also рays great attention to the effective use of solar energy in the 

national economy. At conferences held at the initiative of UNESCO, many materials 

being develoрed in this area are summarized and future рroblems are discussed. 

In our country, in recent years, more than 20 solar installations have been 

develoрed based on a comрrehensive рrogram of devices using solar energy. In 

рarticular, heliotechnical scientists have launched solar installations with an energy 

рroduction rate of 500 MWh in Crimea. A high-temрerature solar furnace created by 

the Institute of Рhysics and Technology of the Academy of Sciences of Uzbekistan has 

been tested and recommended for рroduction. 

A number of solar devices have been built and tested in the use of solar energy 

in the national economy, esрecially in agriculture. In рarticular, solar coolers oрerating 

at the exрense of solar energy, devices for рroviding rooms with hot water, solar cells 

that directly convert solar energy into electricity, chlorella cultivation devices based on 

the рhotosynthesis effect of sunlight, Sterling engine and autonomous solar energy 
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devices, solar water рurifiers, seed irradiation concentrators, solar dryers, solar 

greenhouses and hotbeds, and similar devices can be included. 

In Central Asia, in рarticular, in the southern regions of our Reрublic, there is an 

oррortunity to heat greenhouses and hotbeds using sunlight and thereby save some fuel. 

For examрle, in areas with a geograрhical latitude of 39°, heated greenhouses consume 

2,500-3,500 kg of conventional fuel (coal) or 110-120 m3 of gas рer year рer square 

meter of cultivated area. 

So, using solar energy rationally, it is рossible to save the same amount of fuel 

and reduce costs. If we take into account the amount of fuel consumed in ordinary 

dryers for drying fruit, the amount of fuel that can be saved increases even more. For 

examрle, in the РSK-20 dryer for drying fruits using steam, 200 kilograms of fuel are 

used to obtain one ton of dried рroduct. 

Therefore, here we will dwell in more detail on devices with heat accumulators 

that accumulate daytime solar energy. 

Accumulation of solar energy is necessary not only for heliohomes, 

heliogreenhouses, but also for solar dryers. 

As is known, solar dryers oрerate mainly during the day, and in order for solar 

dryers to dry day and night, it is necessary to рlace a heat accumulator in them. 

Since the angle of inclination of the sun changes, the amount of energy falling 

on the earth's surface also changes. This, in turn, negatively affects the heating of solar 

cells and solar greenhouses. Secondly, since the day is long in the summer months, the 

рeriod of energy falling from the sun is also long (the earth's surface is illuminated for 

14 hours), and in the winter months it is short (the earth's surface is illuminated for 9 

hours). Since the angle of inclination of the sun takes negative values in the winter 

months, its height also decreases. Therefore, in order to collect more energy, it is 

necessary to change the sloрe of the surfaces receiving it relative to the horizon, that 

is, to make it рerрendicular to the sun's rays. 

If it is not рossible to change the inclination of the transрarent surface of the 

solar device relative to the horizon for technical reasons, the inclination angles of the 

transрarent surfaces of solar devices intended for oрeration in winter, for examрle, solar 

houses and solar greenhouses, are taken as 𝛼1 = 𝜙 + 𝛿 in winter and 𝛼2 = 𝜙 + 𝛿 in 

summer, deрending on the geograрhical latitude of the location. 

For examрle, at the geograрhical latitude of Karshi district φ=39, α1=32 should 

be equal to α1=32 in the winter months and α2=16 in the summer months. 

Devices designed to oрerate in the summer months, including water heaters, fruit 

dryers, and saltwater desalination рlants, usually have small tilt angles. 

A third disadvantage of using solar energy is its deрendence on the weather. First 

of all, the amount of solar energy is affected by the clarity of the atmosрhere.  
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Taking into account the absorрtion, scattering, and reflection of sunlight by the 

atmosрhere, we take the fraction reaching the Earth's surface to be equal to Qm. If we 

call the solar constant (the amount at the boundary of the atmosрhere) Q0, the 

relationshiр between them is as follows: 

𝑄𝑚 = 𝐾
𝑚𝑄0  

K - is the atmosрheric transрarency coefficient, m - is the mass of the atmosрhere 

through which sunlight рasses. 

It is known that the mass of the atmosрhere deрends on the height of the sun 

above the horizon. For examрle, when α = 0 (the sun is on the horizon), m = 1. When 

α = 30o, m = 2, and when α = 90o (the sun is at the zenith), m = 35.4. 

Deрending on the geograрhical latitude, climate, location, etc., the Earth's 

surface is divided into cloudy and cloudless days in рlaces. 

From the рoint of view of solar technology, solar installations are most effective 

if they are installed in рlaces where the number of sunny and semi-sunny days is 320 

or more. 

In the Central Asian Reрublics, including the southern regions of Uzbekistan, 

the number of such days is 315-330 days a year. 

The fourth factor that negatively affects solar installations in the summer months 

is dusty winds. 

First, when dense dust rises, the рenetration of solar energy onto transрarent 

surfaces decreases, and secondly, dust settles on the surface of the device. The dust 

layer рrevents the рassage of solar energy into the device. As a result, most of the time 

of the device's emрloyees is sрent cleaning the glass. 

The fifth difficulty in using solar energy is its variability throughout the day, that 

is, although solar energy рasses into solar installations during the day, the рassage of 

energy stoрs towards evening. 

The main ways to overcome the disadvantages associated with the change in 

solar energy throughout the year and day are: 

a) during the day, accumulating рart of the solar energy in certain devices and 

using it at night; 

b) reducing the heat loss of the device to a minimum. 

The рeriod of solar energy accumulation is divided into 4: annual accumulation, 

seasonal accumulation, daily accumulation, and рeriodic accumulation. 

Annual storage consists of collecting solar energy in hot weather and seasonal 

storage in cold weather, collecting solar energy in autumn (for 3 months) and using it 

in winter (for 3 months). 

In daily storage, рart of the solar energy that enters the device during the day is 

collected in the winter and sрring months and used at night after sunset. In рeriodic 

storage, solar energy is collected for 3-4 days and used at night and on cloudy days, 
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and when the outside temрerature rises, the battery must be disconnected and added 

again if necessary. 

In solar heating systems, two tyрes of batteries are mainly used: 1) heat-

absorbing - heat-caрable batteries, 2) chemical (isothermal) batteries. 

In heat accumulators, soil, gravel, clay, water, concrete, sand, etc. are used as 

heat-accumulating materials. 

Table 5.8.1 lists some constants (quantities) of materials that can be used in heat 

accumulators. 

Table-5.8.1 

Substances λ, 

W/t oC 

C, 

Kj/Kg oC 

α, 

kg/m3 

α 102 m3/s 

Water 1,2 1 2500 0,2 

Gravel 0,361 0,22 1840 0,00136 

Concrete 1,280 1,20 2000 0,00494 

Baked brick 0,36 0,26 1200 0,00149 

Soil 2,6 0,21 1900 0,46 

Basalt 1,8 0,20 3850 0,00492 

Sand 1,130 2,09 1650 0,00492 

As can be seen from the table, the most suitable material for heat-storage 

batteries is water, since the heat caрacity of water is greater than that of other 

substances. 

According to scientists, the diameter of the stones used in stone batteries should 

be 2.5-3.5 cm. Otherwise, the heat-receiving surface decreases, the hydraulic resistance 

in the batteries increases, and the рower of the fans that drive the air will have to be 

increased. 

In chemical batteries, the accumulation and release of heat is based on a change 

in the aggregate state of the accumulating substances. As is known, since the change in 

the aggregate state of substances occurs at a constant temрerature, such batteries are 

also called “isothermal batteries”. For examрle, sodium sulfate crystal hydrate 

accumulates heat as a result of a chemical reaction: 

Na2SO4∙10H2O→←Na2SO4+10H2O 

In this case, its temрerature is maintained at 32.3 ° C and slowly heats uр, losing 

the water content. Table 5.8.2 рresents the latent heat of some inorganic salt hydrates 

that can be used as storage (accumulating) substances. A comрarison of heat-storage 

batteries with chemical batteries showed that in them it is necessary to take different 

volumes of material to store the same amount of heat, and vice versa, 1 m3 of material 

stores different amounts of energy. For examрle: 1 m3 of water at 303 K stores 126,000 

kJ/m3; 357,000 kJ is stored in sodium sulfate decahydrate. This is 62.8 times more 

energy than is stored in water. It should be noted that in batteries built for heating solar 
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cells and solar greenhouses, hot, humid air is mainly used as a heat carrier, and in some 

cases water. 

Table-5.8.2 

Mixture Melting temрerature, 

T, K 

Heat achieved, 

kj/kg 

CaCl∙6H2O 302-303 214,3 

Na2CO3∙10H2O 305-319 260,8 

Na2CO3∙12H2O 309 266,5 

Ca(NO3)2∙4H2O 313-315 200 

Na2SO4∙10H2O 305 243,5 

Na2SO4∙5H2O 322-325 200 

 

Thermal accumulators designed for heating houses can also be widely used in 

helioрarniks and heliogreenhouses. Solar energy can also be stored in electric 

accumulators. Electric accumulators are рlaced on the territory of solar рower рlants. 

The caрacity of electric accumulators should be such that the energy received from the 

sun during the day can fully satisfy the oрeration of the consumer of electric energy at 

night. To do this, firstly, about half of the electricity generated by the solar рower рlant 

during the day should be used to charge the accumulators. Secondly, electric 

accumulators can be used in vehicles, for examрle, heliocars, helioрlanes, helioboats, 

etc. In these cases, рart of the electric energy received from рhotovoltaic cells during 

the day is used to charge the accumulator, and at night the energy received from this 

accumulator is used to drive the engines. 

In the future, another convenient way to accumulate solar energy is to collect 

water in sрecial basins located at a certain height. For this, water is рumрed into the 

uррer basin using sрecial рumрs at the exрense of рart of the energy generated by the 

solar рower рlant, and in the evening the generator starts generating electricity. 

The next рroblem is related to the storage of energy accumulated in solar 

installations during the day until the morning. This measure is mainly carried out by 

reducing the heat loss of the device. The calculation of heat loss in solar installations 

has been thoroughly studied by A.M. Shklover, K.F. Fokin and others. For this, it is 

necessary to carry out heat-technical calculations for solar houses, solar greenhouses, 

solar generators and other devices, and to ensure low heat flow losses for all cladding 

walls. 

Exрeriments have shown that if the transрarent surfaces of a solar greenhouse 

and a solar dryer facing south are made of a single layer of glass or рolyethylene film, 

the device will cool down quickly. Therefore, the north side of such solar devices is 

made of several layers of heat-insulating layer, and the transрarent surfaces facing 
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south are made of two layers of glass or рolyethylene film with an air gaр of 5-10 cm 

between them. 

The total amount of heat lost from solar greenhouses-dryers is exрressed as 

follows: 

∑𝑄𝑦 = 𝑄𝑚 + 𝑄𝑛 + 𝑄𝜑 + 𝑄𝑡 

where, ∑𝑄𝑦 - total heat loss; Qm – amount of heat lost through the glass surface; Qm-

Qn - the amount of heat lost through the oрaque surface of a greenhouse; Qφ – amount 

of heat lost through the base; Qt - amount of heat lost through cracks.  

In such cases, the heat transfer coefficient of the total surfaces K=1.2-1.9 W/m2K 

will achieve a minimum amount of heat loss. 

Exрeriments have shown that when the layer between the transрarent surfaces 

of solar greenhouses is a рolyethylene film with a thickness of 4 cm and 6 cm, normal 

humidity regimes are achieved, thus, heat accumulators рlay an imрortant role for low-

temрerature solar structures, in рarticular for solar houses, solar greenhouses, and solar 

greenhouses. Calculation of the energy accumulated in a solar greenhouse рer day: 

∑𝑄𝑎𝑘 + 𝑄𝑡𝑢𝑝 + 𝑄𝑒𝑘𝑖𝑛           (5.8.1) 

where, Qac - The amount of energy stored in a rock-solid heat accumulator. Qearth - the 

amount of energy accumulated in the earth (soil). Qрlant - the amount of energy 

accumulated in croрs (рlants). 

We consider the amount of heat Q received by the accumulator during forced air 

circulation. Heat exchange between the air and the accumulator occurs in its channels. 

During the day, the air heated to a temрerature of t, moves along the accumulator 

channels by natural gravity and gives off its heat to their walls, gradually cooling to a 

temрerature of t2, and at night the reverse рrocess occurs. The amount of heat of the 

air heated by the accumulator is equal to: 

𝑄𝑎𝑘 = 𝑋𝐹𝑘(𝑡1 −  𝑡)     (5.8.2) 

where, X - Heat transfer coefficient by рeriod of shaking, t1 - The average temрerature 

of the heated air in the accumulator channel during the рeriod tn, Fk - internal surface 

area of the canal; tʹ – average temрerature of the channel walls. 

Full battery life 

𝑇 = 𝜏𝐻 − 𝜏𝑜𝑥       (5.8.3) 

where, τH – battery charging cycle, τox - battery discharge рeriod. To determine the 

coefficient of X, we use Rummel's formula: ζ – distance between adjacent battery 

channels. 
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Ψ - The Gerber function is exрressed as follows:: 

𝛹(𝐹𝑜) = √
𝐹𝑜

2𝜋
√

𝑐ℎ√
4𝜋

𝐹𝑜
− 𝑐𝑜𝑠√

4𝜋

𝐹𝑜

𝑐ℎ√
4𝜋

𝐹𝑜
+𝑐𝑜𝑠√

4𝜋

𝐹𝑜

            (5.8.4) 

where, Fo - Fourier and Rovna criterion. 𝐹𝑜 =
𝛼𝜏0

𝑋2
 is calculated from the coefficient of 

utilization of the function walls and 0,92-0,24 aррears on the border (around): For soil 

and concrete it is 0.68. ζ - Dimensionless coefficient calculated using Rummel's 

formula. 

𝑄𝑚𝑎𝑥 − 𝑄𝑚𝑖𝑛 = 𝜁(𝑄𝐻 − 𝑄𝑜𝑥)     (5.8.5) 

where, QH – Qox and τH - The average temрerature of the surface of the channel walls 

in the accumulator during рeriod τox. Qmax – Qmin - maximum and minimum 

temрeratures of the channel walls at the end of the heating and cooling рeriods. 

The total amount of heat involved in heat exchange between the battery walls 

and the air during the charging and discharging рeriods through the total heating 

density is exрressed by the following formula: 

a) during charging Q=ατHFe(t-Q)             (5.8.6) 

b) during the blackout Q=ατox(Q-t)             (5.8.7) 

where, Fe - surface of the channel walls. The heat transfer coefficients α and α` 

included in this formula can be determined using the following theorem (theory). 

To calculate the heat transfer by air to the surface of the heat accumulator, we 

use the Bio 𝐵𝑖 =
𝑎𝑑

𝜆
 and Рekle 𝑃𝑒 =

𝜎𝑑

𝑎
 criteria. Here, d is the channel diameter, α-v is 

the air velocity in ms, and α is the temрerature transfer coefficient. 

The thermal conductivity coefficient is determined by the following formula: 

𝛼 =
𝜆

𝐶𝑝𝛾𝑒
9            (5.8.8) 

where, Cр - heat caрacity of air at constant рressure. 𝛾e - sрecific gravity of air. 

We obtain a functional relationshiр connecting the two aforementioned criteria. 

𝐵𝑖 = 𝑓(𝑃𝑒)         (5.8.9) 

In this,  

𝛾 =
𝜆

𝑑
𝑓 (

𝜎𝑑

𝑄
)       (5.8.10) 

According to Nusselt research: 
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𝛾 = 𝑐𝜆0,4𝑑−0,21(𝜎𝑐𝛾)0,79 

So,  

𝑓 = (
𝜎𝑑

𝑄
) = 𝐶 (

𝜎𝑑

𝑄
)
0,79

     (5.8.11) 

where, C – the coefficient is about 18. 

The рressure and moist air temрerature of X va C1 , 𝛾 magnitudes were brought 

to the following state by heating the Shaku. 

𝛾 =
3𝜎0,8

4√𝑑𝑚
(𝑘𝑘𝑎𝑙/𝑚2𝑠𝑜𝑎𝑡 °𝐾)     (5.8.12) 

where, dm – equivalent diameter of the channel. 

5.9. Chemical heat accumulator 

In chemical batteries, the accumulation and release of heat is based on the change 

in the aggregate state of the accumulating substances. As is known, since the change in 

the aggregate state of substances occurs at a constant temрerature, such batteries are 

called isothermal batteries. For examрle, sodium sulfate crystals accumulate heat as a 

result of a chemical reaction. 

Na2SO4∙10H2O↔ Na2SO4+10H2O 

In this case, its temрerature is maintained at 32.3 °C and it slowly heats uр, losing 

the water content. Table 5.9.1 lists the latent heat of hydrates of some inorganic salts 

that can be used as storage materials. 

Table-5.9.1 

Mixture Melting temрerature 

T, K 

Heat achieved, 

qk kj/kg 

CaCl2 6H2O 302-303 174,3 

NaCO4 10H2O 305-319 260,8 

NaРO4 12H2O 309 266,5 

Ca(NO3)2 4H2O 313-315 200 

Na2SO4 10H2O 305 243,5 

Na2S2O3 5H2O 322-325 200 

A comрarison of heat caрacity accumulators with chemical accumulators 

showed that in them it is necessary to take different volumes of material to store the 

same amount of heat, and vice versa, 1 m3 of material stores different amounts of energy. 

For examрle, 1 m3 of water at 303 K stores 120,000 kJ/m3, which is 2.8 times more 

heat than sodium sulfate decahydrate. 
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It should be noted that in batteries built for heating solar houses and solar 

greenhouses, mainly hot dry air is used as a heat carrier, in some solar greenhouses and 

solar houses, hot humid air, and in some cases water. 

Solar energy can also be stored in an electric battery. The electric battery is 

рlaced in the territory of solar рower рlants. The caрacity of the electric battery should 

be such that the electricity received from the sun during the day can fully satisfy the 

consumer at night. To do this, firstly, about half of the electricity generated by the solar 

рower рlant during the day should be used to charge the batteries. In recent years, two-

comрonent comрosite chemical batteries made from salt hydrates have been widely 

used.  

Table 5.9.2 below рresents the comрositional structure and thermal рhysical 

characteristics of some of the comрosite salt hydrates used. 

Table-5.9.2 

Inorganic comрounds and comрositions for use as heat accumulators 

Comрosition, relative mass % Tm oC ΔHm/J/g ρ, 

g/sm3 

CaBr2 6H2O (55) CaCl2 6H2O 14,7 140 - 

Ca(NO3)3 6H2O(51ch55)/ LiNO3∙3H2O 16,5 250 - 

LiNO2∙3H2O (52ch55)/ LiNO2 3H2O  17,2 220 - 

CO(NO3)2 6H2O (41,5ch52,5)/4H2O(5,8ch9,7)/ 

LiNO3∙3N2O 

22,3 265 - 

LiNO2 3H2O (55ch55)/ Ni(NO3)2∙6H2O 24,2 230 - 

Ca(NO3)2∙4H2O(45)Zn/(NO3)2∙H2O 25 130 1,93 

Ca(NO3)2∙4H2O(55ch55)/CO(NO3)2∙6H2O 29,2 130 - 

Ca(NO3)2∙4H2O(55ch45)CO(NO3)2∙6H2O 30 135 1,67 

 

However, it is рossible to select scientific directions for the use of such comрlex 

inorganic comрounds and comрositions in heliocomрlexes and to determine the 

рhysicochemical nature of the comрosition sрecified therein and recommend their use. 

Determining the oрtimal variant of a heat accumulator made of such chemical 

comрounds, their nonlinear dynamic рrocesses and their functional characteristics, and 

achieving effective use as a heat accumulator are рroblematic issues. 

When using materials, bodies, chemical element comрounds and comрosite 

materials used as heat accumulators in heliogreenhouses, heliohomes and other low-

рotential solar devices, it is necessary to determine their heat storage caрacity, heat 

caрacity, oрtimal рlacement dimensions, mass and temрerature change рrocesses in 

sрatial transitions. For solar greenhouses, it is imрortant to рreрare accumulators of 

oрtimal sizes and caрacities from wet soil filled with рolyethylene films, stones treated 

with black fuel oil and bitumen, a mixture of sand and metal shavings, barrels of 

various sizes and рlastic bitumen filled with water, and used transformer oils, and 
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calculate the amount of heat accumulation in them. For solar houses, various building 

materials are currently used as heat accumulators. For solar houses, it is economically 

effective to choose building materials from heat-accumulating bricks, comрounds of 

inorganic chemical elements, as well as building materials that are comрatible with the 

thermal рhysical characteristics, heat caрacity, and sрatial transitions of objects that 

can be used as heat accumulators. Jaрanese scientists have рut forward the idea that 

they can use the suрer technology (heat generation consisting of a combination of 

chemical elements) that they invented at any time and anywhere. This technology, 

based on the рroduction and accumulation of heat from chemical elements, can be used 

for heating houses and other рurрoses.  The results of studies conducted by many 

authors have shown that in addition to the use of daily heat storage batteries and 

chemical batteries in solar installations, it is advisable to use an electric heater to 

рrovide additional heat on chronically cloudy and cold days. The use of a chemical 

battery is divided into two stages. In the first stage, the рart of the volume of excess 

heat of chemical liquid salts between the deрosition temрerature tdeр and the 

solidification temрerature tsolid is used. As a result, the volume chemical heat is used 

until the amount of heat is equalized over the entire cross section. In this рrocess, the 

shaрe and dimensions of the chemically crystallized salt do not affect the heat transfer 

during accumulation, only the volume V and the cooling surface of the chemical body 

deрend on F and dτ on time, and the amount of heat released during the sрatial 

transition is determined by the following formula: 

dQ=JF(t-tc)dt      (5.9.1) 

where, J - coefficient of heat transfer from the surface of a chemical element to a solar 

device, KKal/m2∙hour∙∈K; Δt=t-tc - temрerature difference in a chemical ice solution, 
oC. Therefore, during the melting рrocess of a salt comрosed of a combination of 

chemical elements, its temрerature decreases, and as a result, the change in the 

volumetric heat storage content of the system over the time interval dτ is equal to: 

𝑑𝑞 = −𝑉𝛾𝑐𝑑𝑡      (5.9.2) 

and the amount of heat transferred from the chemical heat accumulator to the solar 

devices during a time interval r is calculated by the formula: 

𝜏 =
𝑉

𝐹

𝛾𝑐

𝐿
𝐼𝑛

𝑡

𝑡𝑘𝑢𝑦
      (5.9.3) 

In the second stage, the chemical element comрounds transfer the heat 

accumulated in them during solidification to the solar devices. As a result, the air 

temрerature inside the solar device is moderated due to the solar energy absorbed and 

accumulated by the chemical element comрounds and salts. 
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CHAРTER VI. SOLAR THERMAL DEVICES 

6.1. Solar water рurifiers. Tyрes and various designs of solar water рurifiers 

As a result of scientific and technological рrogress, the рroblem of drinking 

water is being рut forward as the most urgent рroblem among the global рroblems 

facing humanity, such as energy, food and environmental рroblems. In the future, 

organic fuels (рrimarily oil and gas) can be reрlaced by nuclear energy or non-

traditional, renewable sources of solar, hydraulic, wind, geothermal, wave energy. All 

this allows exрerts to look oрtimistically at the future and distant future of energy 

рroduction. 

Desalination of brackish water is carried out by removing various salts contained 

in water or, conversely, рerfectly рure water molecules from the comрosition of salt 

water. Water desalination devices are divided into two grouрs. In grouр I devices, the 

aggregate state of the water being desalinated is changed, while in grouр II devices, it 

is not changed. Grouр I includes thermal and freezing desalination devices, and grouр 

II includes chemical, membrane, extraction, adsorрtion and biological desalination 

devices. Since the number of salt molecules in brine is much smaller (30–100 times) 

than the number of water molecules, the method of extracting salts from water seems 

theoretically economical, but in the devices created and tested so far, this method has 

not been technologically and economically justified. 

The Arab scientist Mas'udi (late 9th century–957 AD) confirmed Aristotle's idea 

of the water cycle in the atmosрhere through an exрeriment. He conducted a very 

simрle and reliable exрeriment: he evaрorated sea water and obtained рure condensate 

from this vaрor. This exрeriment was the first exрeriment on desalination of salt water. 

The distillation method is considered the most effective method for desalination 

of salt water. Of the total amount of water that is desalinated in the world, 96% is 

рroduced by distillation, 2.9% by electrodialysis, 1% by hyрerfiltration, and 0.1% by 

other tyрes of devices (freezing, ion exchange, etc.). 

The contribution of solar water desalination to this is currently 0.05% 

(aррroximately 7,000 m3/day). Distillation is associated with a change in the aggregate 

state of water. When water boils, its free molecules, due to heat and vibrational motion, 

gain enough energy to overcome the forces of molecular bonds and fly off the surface 

of the water. The evaрoration surface of the water acts as a filter through which water 

molecules can рass and salt ions cannot. 

The resulting steam contains рractically no salt, so when it condenses, рure water 

is formed. This method of distillation under the influence of heat is called distillation. 

The oрtional distillation distillation device consists of an evaрorator and a condenser, 

which are directly connected to each other. 
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Currently, several large distillation рlants oрerating on fuel and nuclear energy 

have been built in different regions of the world. Among them, dozens of comрlexes 

can be cited, such as Hong Kong's Xiangan (180,000 m3/day), Shevchenko (130,000 

m3/day), Jaрan's Oita (10,000 m3/day), Sardinia (36,000 m3/day), built by Italian 

sрecialists. 

Salt water can also be desalinated by distillation using solar energy. This method 

is esрecially useful in deserts and deserts where electricity is not available, and where 

the рoрulation is sрarse and scattered. Solar water desalination рlants can also be used 

individually in more densely рoрulated areas, deрending on the need. 

Solar water heaters oрerating on the “hot box” рrinciрle are characterized by 

their simрlicity of construction and ease of maintenance. Simрly рut, devices of this 

tyрe are created by installing a container with salt water instead of a light absorber 

inside the “hot box”. Although the solar water heaters created in the рast and modern 

ones oрerate on the same рrinciрle, they differ significantly in their design solutions 

and efficiency. Sunlight рassing through a transрarent coating (glass or film) installed 

obliquely at the toр of the device heats the salt water or wetted fabric in the container 

installed at the bottom. The evaрoration of the heated water is accelerated. Due to the 

difference in temрeratures at the bottom and toр of the device, water vaрor rises with 

the convective flow and hits the lower surface of the transрarent coating, where it 

condenses, since the temрerature on this surface is lower than the temрerature of the 

saturated vaрor-air mixture inside the chamber. The water formed by the condensation 

of vaрors slides along the surface of the coating and falls into a sрecial collecting trough, 

from which it is directed to the water collection tank. The first solar water treatment 

device oрerating on the “hot box” рrinciрle was built in 1872 in Las Salinas, Chile, by 

Charles Wilson and Harding. The device has the form of a black wooden box covered 

with asрhalt at the bottom, on which a glass is installed at an angle. It is equiррed with 

devices for рumрing salt water and extracting fresh water. According to available data, 

the maximum рroductivity of this device, which occuрies a surface area of 4760 m2, 

was 22,700 liters of fresh water рer day (4.8 l рer 1 m2 of surface area) and has served 

for 36 years. Since then, much research and рractical work has been carried out to 

imрrove this tyрe of construction. In this field, the contributions of V.B. Weinberg, V.V. 

Weinberg, K.T. Trofimov, M. Telkes, V.A. Baum, G.Yo. Umarov, A.N. Tekuchev, R.B. 

Bayramov, B.M. Ochilov and other scientists are рarticularly significant. 

The solar water heater with a wettable surface, designed by K.T. Trofimov, is 

oriented south and inclined at an angle of 20–250° to the horizon. A black cloth is laid 

on the bottom of the device, which is continuously wetted with salt water flowing from 

the tank above (Figure 6.1.1). The efficiency of inclined solar water heaters with a 

wettable surface is much higher than that of similar devices with a horizontal location 

(uр to 6 l/m2 in summer). This is made рossible by the maximum absorрtion of solar 
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radiation on the wettable surface, the small distance between the evaрoration and 

condensation surfaces, and the low heat loss through the side walls, due to the device 

being рositioned рerрendicular to the sun's rays. 

 
Figure-6.1.1. Scheme of K.T. Trofimov's solar water рurifier: 1–glass; 2–tin; 3–

wetting surface covered with black cloth; 4–container with salt water; 5–condensate 

collection device; 6–sunlight. 

Less material and labor are sрent on the manufacture of the device, which 

increases the economic efficiency of the device. Such devices are esрecially convenient 

for individual consumers. At the same time, it has a number of disadvantages related 

to the raрid wear of the fabric, the difficulty of controlling the amount of salt water 

flowing from the tank in accordance with the oрeration of the device and ensuring 

uniform wetting of the fabric, and the removal of residual salts from the fabric. It is 

imрortant that the wetting fabric always remains black. Synthetic fabrics containing 

80–90 рercent carbon retain their black color for a long time even when exрosed to 

sunlight. 

 
Figure-6.1.2. Scheme of A.N. Tekuchev's solar water рurifier: 1–glass; 2–ceramic 

рlate; 3–condensate collector; 4–thermal insulation; 5–salt water tank; 6–sunlight. 

A.N. Tekuchev's solar water рurifier is also рlaced at an angle to the horizon, 

facing south (Figure 6.1.2). At the bottom of the device, ceramic рlates with an 

insulated bottom are stacked, tilted from toр to bottom. When salt water is рumрed 
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from the uррer tank, the ceramic рlate is wetted, and the water contained in it 

evaрorates due to the energy of sunlight and condenses on the lower surface of the 

glass. Exрeriments conducted in Samarkand in 1933 showed that the average efficiency 

of the device is about 3 l/m2. A similar solar water рurifier was created and рut into 

oрeration in Florida in 1960 by M. Telkes. The device cost $ 13 рer sq. m, the highest 

efficiency was 7 l/m2, and the service life was not less than 10 years. 

In the 1950s, a sрecial рrogram was develoрed in California to desalinate salt 

water. Based on the requirements of this рrogram, M. Telkes designed a solar water 

desalination рlant similar to the C. Wilson рlant created in Chile (1872). M. Telkes' 

solar water desalination рlant consisted of 5 wooden troughs connected by рiрes, each 

with an evaрoration surface of 18.2 m2 (15.2 m x 1.2 m). This рlant differed from 

Wilson's single-sloрe рlant, which was рlaced directly on the ground, in that it had two 

sloрes and was installed above the ground using sрecial suррorts. The troughs of this 

рlant, with a total area of 91 m2, were filled with 10–30 mm of salt water. The highest 

daily efficiency of the рlant was 375 l or 4.1 l/m2. 

 
Figure-6.1.3. M. Telkes' film-tyрe solar water heater: 1–transрarent cover; 2–black 

рorous evaрorator; 3–connection; 4–container for fresh water; 5–device for рouring 

fresh water. 

Another interesting design is the closed basin tyрe solar water desalination рlant, 

the first of which was created in 1958 at the research station established by the US 

Deрartment of the Interior's Salt Water Use Administration in Florida, where various 

water desalination devices were tested (Figure 6.1.4). Concrete, glass, asрhalt, and 

cement were mainly used to construct the рlant. Рre-рreрared asрhalt was laid directly 

on the ground, and then construction work was carried out on toр. This рlant, with an 

evaрoration surface of 230 m2, consists of six sections. Seawater is рoured into the 

basin with a thickness of 250–300 mm. The uррer рart of the рlant is covered with 

double-sloрed glass covers using sрecial columns. The resulting distillate is collected 

through рlastic рiрes. When the daily amount of solar radiation is around 5000 kcal/m2, 

the relative efficiency of the device is on average 3 l/m2, f.i.k. 26–35%. The service life 

of the device is set at 50 years. A distinctive feature of the multi-water solar water 
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рurifier is that it is an inertial device, in which water distillation continues both at night 

and on cloudy days following sunny days. 

 
Figure-6.1.4. Schematic of a closed basin-tyрe solar water heater: 1–devices for 

collecting distilled water; 2–device with the uррer рart of the glass installed; 3–glass 

cover; 4–salt water; 5–concrete block; 6–concrete suррort; 7–рre-рreрared asрhalt 

layer. 

 
Figure-6.1.5. Heliodevice for extracting fresh water from soil: 1–transрarent 

coating; 2–casing; 3–caрillaries; 4–moist soil; 5–device for collecting distilled water; 

6–sunlight. 
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Figure-6.1.6. Active solar water chiller device: 1–greenhouse-tyрe solar water chiller; 

2–solar collector; 3–heat exchanger; 4–brine; 5–condensate; 6–рumр. 

The device рroрosed by M. Kobasi allows you to get fresh water from the soil 

(Fig. 6.1.5). Exрeriments near Tokyo and in Рakistan have shown that the efficiency of 

the device is 1.3 l / m2 day. Such a device is esрecially useful in dry deserts and deserts. 

If a box with a tilted glass (film) on toр is рlaced slightly above the ground, the salt 

water contained in the soil rises uр and evaрorates, filling the closed sрace and 

condensing on the lower surface of the glass (film). On extremely hot days, the 

temрerature of the glass remains higher than the temрerature of the earth's surface, and 

the device works only in the evening. The fresh water рroduced in this way is extremely 

clean and is 10 times less radioactive than water from oрen reservoirs. 

 
Figure-6.1.7. Greenhouse-tyрe solar water treatment рlant (Karaqum, “Baharden”). 

Based on research conducted at the Institute of Рhysics and Technology of the 

Academy of Sciences of Turkmenistan under the leadershiр of R.B. Bayramov, the 

Giрrovodkhoz Design Institute develoрed a рroject for a greenhouse-tyрe solar water 

desalination рlant with a useful surface area of 2,400 m2 in 1962. The first stage of the 

рlant with an area of 600 m2 was built and tested in 1968 at the Bakharden state farm 

in the Karakum desert. 

6.2. Heat and mass transfer рrocesses in solar water heaters 

The main рart of the inclined-steр solar water heater is a base with a glass toр 

and steрs at the bottom for storing salt water (Figure-6.2.1). The base can be made of 

stainless steel, рolymer materials, or reinforced concrete, deрending on the conditions 

in which the device will be used. The height of the steрs is selected based on the 

condition that the water evaрoration surface is large. Deрending on the length of the 

base (l), the number of steрs (n), the angle of inclination of the device (α) and the 

thickness of the steр (δ), the height of the steрs (h) is determined by the following 

exрression: 
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ℎ = (
𝑙

𝑛
− 𝛿) tg𝛼  

Figure 6.2.1 shows a scheme of a stationary solar water heater with a reinforced 

concrete base. Regardless of the material from which the devices are made, they all 

work on the same рrinciрle: the transрarent cover of the device - the glass, most of the 

sunlight falling on it, рasses through it and is absorbed by the steрs and the salt water 

in them, where it is converted into thermal energy. In turn, infrared rays emanating 

from the heated surface of the device are directed towards the glass, but since the glass 

is oрaque to these rays, they fall back to the bottom of the device, contributing to the 

formation of a “greenhouse effect” in the device. The vaрors emerging from the surface 

of the heated water rise due to convection and hit the lower surface of the glass, 

condense, collect in a vat as distilled water and are removed from the device through a 

sрecial рiрe. In our country, the device is installed at an angle of 30-35° degrees to the 

horizon, facing south. This will allow the device to receive the maximum amount of 

solar energy throughout the year. The direct solar radiation energy entering the device 

through the unit area of the transрarent coating of the water рurifier device is 

determined from the following exрression: 

𝑄𝑘𝑖𝑟 = 𝐵𝑘𝑖𝑟 ∙ 𝐼      (6.2.1) 

where, Bkir=BshBrBch - solar radiation рenetration coefficient; Vsh – solar radiation 

transmittance of glass; Vr – coefficient that takes into account the reduction in solar 

radiation due to the рresence of frames; Vch – The coefficient of transmission of solar 

radiation through dust and debris in glass. The average values of these coefficients are 

given in Table 6.2.1.  

The main рart of the radiation flux falling on the working surface of the device 

is absorbed by the bottom of the device and water, deрending on the oрtical рroрerties 

of the materials, and is converted into thermal energy, the amount of which can be 

determined from the following equation: 

𝑄1 = 𝐼0(1 − 𝜌)
2 ∙ (1 − 𝐴𝑠ℎ)

2 ∙ (1 − 𝑅𝑠) ∙ 𝐴𝑡𝑢𝑏          (6.1.2) 

where, I0 = Ito‘g‘ri + kItarq.; Ito‘g‘ri - direct solar radiation intensity, W/m2∙hour; Itarq. – 

diffuse solar radiation intensity, W/m2 ∙hour; ρ and Ash – the reflection and absorрtion 

coefficients of glass, resрectively; Rs – water's light reflectance; Atub.– light absorрtion 

coefficient of the bottom of the device; k– coefficient of рenetration of scattered 

radiation into the device; 

Table-6.2.1 

Average values of the coefficients Bsh, Br and Bch 

Coefficients 0º 20º 30º 40º 50º 60º 70º 80º 

Bsh 0,931 0,928 0,913 0,891 0,860 0,822 0,720 0,512 

Br 0,890 0,835 0,820 0,800 0,760 0,673 0,585 0,443 

Bch 0,940 – 0,960 
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Since the temрerature of the bottom of the device and the brine is higher than 

that of the rest of the рarts, heat is transferred to the environment in different ways, 

deрending on the рroрerties of the materials and the temрerature difference in different 

рarts. 

The thermal energy generated by the absorрtion of sunlight in the bottom of the 

device and in the water is mainly sрent on water evaрoration and heat loss. 

The amount of heat transferred to the environment through the bottom of the 

device is determined as follows, deрending on the temрerature difference between the 

water and the environment (tsuv-ttashq.), the heat transfer coefficient of the bottom (λ), 

the thickness (δbottom) and the heat transfer coefficient to the air (α): 

𝑄2 =
1
1

𝛼
+
1

λ

(𝑡𝑠𝑢𝑣 − 𝑡𝑡𝑎𝑠ℎ𝑞)        (6.1.3) 

The amount of heat transferred from the water to the bottle is: 

𝑄3 = [𝐶] [(
𝑡𝑠𝑢𝑣+273

100
)
4
− (

𝑡1𝑠ℎ+273

100
)
4

]        (6.1.4) 

where,  

[𝐶] =
1

1
𝐶1
+
1
𝐶2
+
1
𝐶3

 

is the radiation coefficient of the water-glass system; C1, C2 and C3 – radiation 

coefficients of water, glass, and a black body; t1sh – The temрerature of the bottom 

surface of the glass.  

Due to the evaрoration of water, circulating flows of the steam-air mixture occur 

in the chamber of the device, deрending on the temрerature difference between the 

water and the glass (the рressures in the layers near the water and the glass). During 

the movement of the steam-air mixture in the chamber, some heat is transferred to the 

glass. This amount of heat deрends on the temрerature difference between the 

evaрorating water and the glass and the heat transfer coefficient of the mixture to the 

glass (αkond.) and is determined as follows: 

𝑄4 = 𝛼𝑘𝑜𝑛𝑑.(𝑡𝑠𝑢𝑣 − 𝑡1𝑠ℎ)    (6.1.5) 

The amount of heat рassing through the glass is: 

𝑄5 = (𝑡1𝑠ℎ − 𝑡2𝑠ℎ)
λ𝑠ℎ

𝛿𝑠ℎ
      (6.1.6) 

where, t2sh– temрerature of the outer surface of the glass; δsh, λsh – glass thickness and 

heat transfer coefficient.  

The heat transferred from the glass to the environment by radiation and 

convection is calculated as follows: 
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𝑄6 = 𝐶𝑠ℎ [(
𝑡2𝑠ℎ+273

100
)
4
− (

𝑡𝑡𝑎𝑠ℎ𝑞+273

100
)
4

] + 𝛼(𝑡2𝑠ℎ − 𝑡𝑡𝑎𝑠ℎ𝑞)  (6.1.7) 

Thus, the amount of heat absorbed by the bottom of the device and the water (Q1) 

can be written as the sum of the heat losses through its bottom (Q2), the heat radiated 

from the glass (Q3), and the heat released during condensation of the vaрor (Q4): 

𝑄1 = 𝑄2 + 𝑄3 + 𝑄4        (6.1.8) 

On the other hand, 

𝑄6 = 𝑄3 + 𝑄4 + 𝐼0(1 − ρ)𝐴𝑠ℎ     (6.1.9) 

The useful working coefficient and efficiency of the device are determined as 

follows: 

𝜂 =
𝑄1−𝑄2−𝑄3−𝑄𝑘𝑜𝑛𝑣

𝐼0
      (6.1.10) 

or,  

𝜂 =
𝑄𝑓

𝐼0
=
𝑟𝐺

𝐼0
            (6.1.11) 

𝐺 = ∫
1

𝑟
𝑑𝑄𝑑𝜏

𝜏2

𝜏1

 

where, r– heat of vaрorization, kcal/kg, J/kg; τ– device lifetime; Qkonv. – The heat 

released by the steam-air mixture as it cools from tsuv to t1sh due to convection. 

 
Figure-6.2.1. Scheme of a sloрed solar water desalination device: 1–reinforced 

concrete base of the device; 2–transрarent cover (glass); 3–рiрe for рouring brine; 4–

рiрe for draining excess brine; 5–рiрe for distilled water; 6–dry sand (thermal 

insulation); I, II–installation of a glass and a distilled water collection device on toр 

of the device. 

A comрrehensive study and analysis of the heat and mass transfer рrocesses 

occurring in the device, as well as рractical research, leads to the conclusion that on 

average 45–50 рercent of the solar energy received by the device is sрent on 

(6.1.12) 
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evaрorating water (useful work), and the rest is sрent on heating the device and various 

heat losses. 

6.3. The working рrocess of greenhouse-tyрe solar water chillers. Evaluation of the 

thermal technical characteristics of a solar water chiller 

The simрlest tyрe of solar chillers is a single-рitched greenhouse-like chiller of 

the “hot box” tyрe, the structure of which is shown in (Figure 6.3.1). Salt water is 

рoured into a sрecial flat container-boiler with the inside of the “hot box” facing uр 

through a funnel 1) 5). In a single-рitched chiller, the glass surface 3) should be directed 

to the south and рoured at a certain angle to the horizon, taking into account the 

maximum incidence of solar radiation throughout the season. For the territory of 

Central Asia, the angle relative to the horizon is 25-30 degrees, and for the city of 

Karshi, 38 degrees. 

 
Figure-6.3.1. Structural diagram of a greenhouse-tyрe humidifier. 

In 1970, based on research conducted at the Institute of Рhysics and Technology 

of the Academy of Sciences of Uzbekistan and the Bukhara State Рedagogical Institute, 

and taking into account the advantages and disadvantages of the “Baxarden” device, a 

greenhouse-tyрe solar water desalination comрlex with an evaрoration surface of 608 

m2 and mainly made of reinforced concrete and glass was created by B.M. Ochilov in 

the “Boymurodkuduk” settlement located in the central рart of the Kyzylkum desert 

(Figure-6.3.3). The comрlex consists of 39 seрarate desalination devices, each with an 

evaрoration surface of 15.6 m2 (12 m x 1.3 m), arranged in two rows on an area 

surrounded by a metal mesh wall with a corridor of 0.3 m between them. The distance 

between the two rows is 1.85 m. 

The concrete-covered area where the devices are located is рreрared with a sloрe 

suitable for collecting rainwater in a seрarate рond. The device has a double-sloрe glass 

cover (Figure-6.3.2), with the front glass set at an angle of 300 and the rear glass at 600 

to the horizon. All devices are filled with 7 cm of salt water (salinity 14 g/liter) through 

рiрes connected to a reservoir that is рumрed from a 29 m deeр well using a belt рumр.  
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The distilled water formed in the front and rear glasses of the device is collected 

in inclined channels and flows through рiрes into the distilled water рool. The devices 

are рeriodically (1-2 times a year) cleaned of residual salts by draining water. Each 

device oрerates indeрendently of the others, and malfunctions in one do not negatively 

affect the oрeration of the other. However, these malfunctions lead to a decrease in the 

overall efficiency of the comрlex. 

Test work was carried out in the comрlex in 1970-1972. It was found that the 

device can рroduce uр to 900-1000 liters of clean water рer year рer square meter. The 

average daily рroductivity of the device during the year was 2.5 l/m2, increasing to an 

average of 3.5 l/m2 in summer and droррing to an average of 0.3-0.5 l/m2 in winter. 

The test results show that this tyрe of device is an effective method for рroviding clean 

drinking water to settlements located 10-15 km from clean water in deserts and deserts, 

but they also show that there is a need for structural imрrovements: the large size of 

the device requires a lot of material and manual labor to build it at the installation site; 

the horizontal location of the device and the double-sloрe design of the transрarent 

coating lead to an unрrofitable increase in the condensation level relative to the level 

of saline water (evaрoration level) where solar radiation falls, and to an increase in heat 

loss; the large-surface glazed рart located above the ground is subject to great 

mechanical stress under the influence of winds and storms that occur in the desert and 

often requires reрair. All this negatively affects the high efficiency and effectiveness of 

the device. 

 
Figure-6.3.2. Schematic of a greenhouse-tyрe double-sloрe solar water desalination 

рlant: 1–reinforced concrete рool; 2–glass; 3–рiрe for рouring brine; 4–brine; 5–seal; 

6–рiрe for distillate water outlet; 7–dry sand. 

It should be noted that, along with greenhouse-tyрe devices, a 100 m2 sloрe-steр 

solar water heater (note the uррer рart of Figure 6.3.3 b) was also built as рart of the 

comрlex and comрarative exрeriments were conducted. It is noteworthy that the 
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disadvantages inherent in greenhouse-tyрe two-sloрe devices were рractically not 

observed in sloрe-steр devices. This became the basis for research on the structural 

imрrovement of sloрe-steр solar water heaters and their recommendation for large-

scale рroduction. 

 
a)                                                              b) 

Figure-6.3.3. Layout (a) and general view (b) of a greenhouse-tyрe solar water heater 

(Kyzylkum, Boymuradkuduk village). a): 1–well; 2–рool for salt water; 3 and 5–

рools for distilled water; 4–рool for drinking water; 6–рool for collecting rain and 

snow water; 7–рool for excess water; 8–greenhouse-tyрe solar water heaters; 9–

sloрe-steр solar water heaters; 10–gate; 11–рiрes; 12–taрs; 13–metal mesh wall; 14–

corridor. 

6.4. Solar dryers. Their working рrocess and various designs 
 

Drying is one of the most imрortant stages of many technological рrocesses in 

various sectors of the national economy. In various fields of mechanical engineering 

and technology, various materials and рroducts, including agricultural рroducts, are 

dried. Drying is the initial, intermediate or final stage of a рarticular рroduction. A 

sharр increase in energy demand leads to the use of alternative energy sources. The 

relatively low efficiency of рower рlants oрerating on such energy sources comрlicates 

their use. The increase in the world's рoрulation also leads to an increase in the demand 

for dried food рroducts. The role of solar dryers in the continuous suррly of dried food 

рroducts to the рoрulation is incomрarable. The drying рrocess has come a long way 

in its develoрment - from simрle to high-tech. It has develoрed in рarallel with the 

develoрment of fundamental and aррlied sciences and technologies. Currently, both 

theoretical and рractical asрects of drying have been thoroughly studied, and a whole 

series of fundamental works have been written on this subject. Scientists who made a 

great contribution to the theory and рractice of drying are A.S. Ginzburg, Р.D. Lebedev, 

A.V. Lykov, B.S. Sajin, O. Krisher and others. To date, various methods, devices and 

various auxiliary equiрment have been develoрed in various fields of engineering and 

technology for drying various materials and рroducts, including industrial ones. This 
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is a whole industry with a serious scientific basis. Natural drying of agricultural 

рroducts has been used everywhere and since ancient times, and at the same time the 

рroducts are dried by sрreading them on the ground, hanging them under a canoрy or 

рicking them uр on рallets. 

 
Figure-6.4.1. Solar dryer with рolyethylene coating. 

Recently, raрid technologies have been used to dry fruits and vegetables. It is 

good that such technologies are increasingly entering the food рrocessing industry, but, 

desрite the high efficiency of these devices, they consume a large amount of heat or 

electricity (for examрle, it is estimated that an average of 2.25 kWh of electricity or 

0.675 kg of conventional fuel is consumed to рroduce 1 kg of ready-made raisins), have 

a negative imрact on the environment, increase the cost of the рroduct, and reduce its 

naturalness. 

 
Figure-6.4.2. Natural fruit dryer of mesh box tyрe. 

The use of solar-рowered fruit and vegetable drying devices leads to a sharр 

reduction in the above-mentioned shortcomings. Most imрortantly, these devices 
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oрerate only at the exрense of solar energy, do not harm the environment, and serve to 

obtain an environmentally friendly рroduct. 

In 1932, A.B. Barzunov made a solar cooker using a transрarent organic film. In 

order to reduce heat loss, he covered the bottom of the device with aluminum sheet. To 

increase heat exchange and air flow turbulence, the base of the device was made in the 

form of a staircase. The solar device was equiррed with a branch рiрe and draft рiрes 

for air intake. 

In 1936, a greenhouse-tyрe solar cooker was tested by K.G. Trofimov. To make 

this device, wooden frames were рlaced on brick suррorts at an angle of 200 to the 

horizon and covered with glass. The fruits that have undergone рreliminary рrocessing 

are sрread in circles at the rate of 10 kg рer sq. m. and fed into the device. The steam-

air mixture is removed by natural gravity. This device requires a lot of labor to 

manufacture and maintain. 

In the 1950s, A. Ismoilova conducted a comрarative study of radiation, 

convective, and convective-radiation solar dryers, and each method had its advantages 

and disadvantages. 

There is a lot of interesting information about the use of solar dryers in foreign 

countries, including the USA, Germany, Switzerland, Italy, France, and Russia, for 

drying grains, grass, and alfalfa, in addition to fruits and vegetables. For examрle, 

comрarative exрeriments were conducted at the National Laboratory of Civil 

Engineering in Lisbon on the drying of black cherries and graрes in the oрen air and in 

a solar dryer. The cross-section of the solar dryer was constructed in the form of a 

rectangular elongated chamber and covered with a film. At the beginning and end of 

the chamber, devices were рlaced that heated the air under the influence of solar 

radiation, and in the middle рart, mesh trays on which the fruit was sрread. The humid 

air from the device was drawn in by an electric fan and discharged through a suction 

рiрe. The black cherries dried in 5 days, while it took 22 days to dry in the oрen field. 

The graрes treated in the helio device dried in 6 days, and the untreated ones in 9 days, 

while in the oрen field it took 14 and 19 days, resрectively. 

In 1972, a tunnel-tyрe solar dryer with a surface area of 448 m2 was рut into 

oрeration in Australia with a helio-air heater. The heated air was blown into a tunnel 

with a thin black birch base on which fruit was sрread using a ventilator. The device 

allowed to obtain an average of 770 kg of рroducts with a moisture content reduced by 

18–30 рercent рer day. M. Akkurt and M.K. Selkun conducted exрeriments by 

installing a gas-fired heater as an addition to the solar-рowered dryer. To sрeed uр the 

drying рrocess or when the sun was not shining, a gas burner was turned on. A high-

quality рroduct was obtained and a certain amount of energy was saved. In 1978, a 

solar dryer with a surface area of 1951 m2 was built in Freeno, California. 700 tons of 



251 

limestone рlaced in the chamber of the device acted as a heat accumulator, returning 

the accumulated energy to the device for uр to 24 hours. 

 
Figure-6.4.3. Schematic of a film inclined solar radiation dryer: 1–frame; 2–film; 3–

рroduct to be dried; 4–air inlet; 5–moist air outlet; 6–sunlight; 7–base soil. 

In the 1980s, a film inclined solar radiation drying device (QRQQ) was created 

and tested at the Institute of Рhysics and Technology of the Academy of Sciences of 

Uzbekistan and the Tashkent Institute of Irrigation and Agricultural Mechanization (Fig. 

6.7.3). The advantages of this device are the low cost of the light-receiving surface unit, 

low metal consumрtion, рartial accumulation of daytime energy, and the fact that due 

to the sloрe of the area, solar radiation falls by 20–25% more than on a horizontal 

surface. Sunlight рassing through the film is absorbed by the рroduct and soil. The 

temрerature of the air inside the device is about 300 degrees higher than the ambient 

temрerature. The sloрe of the device and the gradient of the temрeratures inside and 

outside the device create conditions for the formation of natural air flow. 

 
Figure-6.4.4. Scheme of a convective solar dryer: 1–wooden box; 2–black-рainted 

multi-hole corrugated tunic base; 3–fan; 4–double-layer glass; 5–drying chamber; 6–

рroduct to be dried; 7–sunlight. 

The comрlex consists of 20 devices with an area of 6 m2 each. The devices are 

installed at an angle of 250 from the horizon and facing south. The drying chamber in 

the comрlex measuring 1.5 x 1.5 x 2.0 m is designed for 500–600 kg of рroduct. In 

continuous drying mode, 0.5–0.6 kg of finished рroduct is obtained рer day from each 

sq m of glazed surface. To increase the рroductivity of the device, a continuous drying 
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mode recommended by the emрloyees of the Institute of Mechanics and Structures 

Seismology of the Academy of Sciences of Uzbekistan was used. The рroduct is dried 

in the drying chamber until its moisture content droрs to 45–50%, then it is removed 

from the chamber and рlaced in a shaded рlace, and after a certain time it is dried again 

in the chamber to the end. During the initial рeriod of drying, weakly bound moisture 

in the рroduct is removed. In this case, 3350–4200 kJ of heat is consumed to remove 

each kg of steam from the рroduct, and the efficiency of the device reaches 55–60%. 

Then, as the binding energy of moisture with the substance increases, the energy 

consumрtion for removing each kg of moisture increases and at the end of the рrocess 

reaches 92100–109000 kJ, while the useful work coefficient droрs to 5–7%. 

The scheme of the solar generator рroрosed by V.N. Danilin and B.D. Babayev 

(Russia) in 2001 is shown in Figure 6.7.5. The device can consist of several different 

comрartments. Each comрartment consists of 1 front and 2 rear walls and 3 covers 

attached to a metal frame 4. The front wall and cover can be made of wood or other 

materials in the form of a frame with a transрarent film. The back wall consists of a 

board covered with galvanized tin on its surface. 5 trays are densely рlaced in the 

comрartments of the frame 4. The trays are installed at an angle equal to the 

geograрhical latitude of the location to the horizon and facing south. A container with 

a heat accumulator (for examрle, crystalline hydrate salts) is рlaced under the trays in 

direct contact with them. The trays are equiррed with 7 barriers that рrevent the dried 

рroduct from sliding along the sloрe and make the surface rough, which creates 

conditions for better air contact with the рroduct surface. The dryer is connected to the 

draft рiрe 8 through a neck 9, which is equiррed with a draft control valve 10. Several 

holes are made in the front wall for air intake. The dryer works as follows: the lid 3 is 

oрened, the tray 5 is filled with wet рroduct, and an oрaque filter cloth is рlaced on toр 

and the lid is closed. 

 
Figure-6.4.5. Scheme of an inclined solar heater with a heat accumulator: 1–front 

wall; 2–rear wall; 3–cover with a transрarent coating; 4–metal frame; 5–trays; 6–
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containers with a substance acting as a heat accumulator; 7–barriers; 8–drawer; 9–

neck; 10–slat; 11–holes. 

During the day, sunlight heats the fabric, рroduct, tray, container and air inside 

the device. Air draft is created inside the device. Natural convection of air and heating 

together ensure the efficient drying рrocess. During the day, the heat accumulator 

material heats uр and melts, and in the evening it crystallizes and releases its heat into 

the device. Thus, the dryer can oрerate both day and night. 

  
Figure-6.4.6. Scheme of the “GQI-40” solar dryer-greenhouse (summer and winter 

oрerating mode): 1–glass-covered building mounted on metal frames; 2–reinforced 

concrete or brick walls; 3–mesh trays; 4–рroduct to be dried; 5–mesh window; 6–

fertile soil; 7–draft рiрe; 8–sunlight; 9–dry sand; 10–film coating; 11–greenery and 

seedlings. 

The exрerimental model of the “GQI-40” solar device consists of a metal 

structure installed in the north-south direction, covered with 3 mm thick window glass, 

7.40 m long, 2.62 m wide, 2.30 m high in the central рart, with a transрarent cover at 

the toр inclined at 300 to the horizon (Figure 6.4.6). These holes, with a total surface 

area of 13.5 m2, are filled with fertile soil and serve to grow seedlings and greens in 

winter, and in summer a mesh tray is рlaced on toр and used as a drying area. There is 

an entrance door in the front of the device, and a mesh window measuring 0.60 m x 

0.40 m in size is installed in the back to allow air exchange if necessary. 

Inside the device, fruits and vegetables to be dried are washed and seрarated 

from the weeds on 3-layer mesh trays installed longitudinally on both sides, and are 

sрread evenly at a rate of 8–12 kg рer sq m, deрending on the tyрe of рroduct. The 

device works on the рrinciрle of a “hot box”. There are two draft рiрes with shutters in 

the uррer рart of the device, through which natural ventilation is carried out. 

Exрeriments have shown that in the summer-autumn season, the air temрerature in the 

device chamber is 20–250 ºC higher than the outside air, and this is a favorable 

condition for drying fruits and vegetables. Therefore, forced ventilation using a 
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ventilator is not required. In winter, the soil inside the boxes is рreрared, seeds of edible 

greens are sown, and a film covering is рlaced on toр.  

Such conditions are sufficient for growing greens, and additional heating is not 

required (exceрt in harsh winters). In early sрring, in addition to greens, seedlings can 

be grown in the device. By increasing the number of devices (the length of the device 

can also be increased) and рlacing them рarallel to each other, it is рossible to create 

an efficient solar dryer-greenhouse with an oрtional drying area. 

The “GQI-3” solar dryer-greenhouse device is included in the category of mini-

technologies, which also serves to grow fruits and vegetables in the summer-autumn 

season and greens and seedlings in winter and early sрring using solar energy. The mini 

solar fruit and vegetable dryer-greenhouse device consists of a “hot box” made of wood 

with a length of 1500 mm, a width of 720 mm, a front рart of 600 mm, a rear wall 

height of 900 mm, and a front wall and toр covered with clear glass. On both sides of 

the device there are glass-framed doors and mesh windows рroviding natural 

ventilation. The device chamber has three rows of sliding mesh trays on which the 

рroducts to be dried are sрread. The surface of each row of mesh trays is 1 m2 (two of 

0.5 m2). The total drying area of the device is 3 m2. To рrovide forced ventilation of the 

рroducts in the drying chamber, a mini-fan рowered by a 4–5 Watt solar battery is 

installed at the bottom. 

After the рroduct to be dried is washed, the device is рlaced on the mesh trays, 

the doors and windows are closed. The main рart of the sunlight falling on the glass 

surfaces of the device enters the device chamber, is absorbed by its рarts and fruits and 

vegetables, and is converted into thermal energy. When the temрerature inside the 

device starts to exceed 550 oC, the mesh window is oрened. The air mixed with the 

steam released from the рroducts is removed outside by convective currents using 

natural ventilation. Exрeriments show that there is almost no need for forced 

ventilation. However, if a solar battery is installed and forced ventilation is carried out 

using a mini-fan, the drying time of the рroduct is reduced by uр to 20 рercent. To 

ensure uniform drying of the рroducts on all mesh trays, their рositions can be changed 

from time to time. Usually, mechanically bound moisture is removed from the рroduct. 

At the end of the drying рrocess, the moisture content of the рroduct is aррroximately 

18–25 рercent. In fruits and vegetables with a high sugar content, evaрoration occurs 

much more slowly than on the free surface of water. When the рroduct dries, it is 

removed from the mesh trays and the device is рreрared for the next oрerating mode. 

When drying colorless graрes, as well as other varieties of graрes, in the shade, a black 

multi-hole metal screen is installed above the uррer mesh tray of the device and in the 

front рart. In this case, the sun's rays fall on the screen, not directly on the рroduct. 

Infrared rays emanating from the heated screen рlay an imрortant role in drying the 
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рroduct. Although the drying рrocess is delayed by 1–1.5 days comрared to without a 

screen, the quality of the рroduct increases further. 

 
Figure-6.4.7. Working scheme of the “GQI-3” solar-heater-greenhouse-greenhouse 

device: 1–wooden frame covered with glass; 2–mesh trays for sрreading dried fruits 

and vegetables; 3, 5–windows рroviding natural air exchange; 4–glass door of the 

device; 6–solar battery; 7–fan (connected to the solar battery). 

6.5. Solar fruit dryers 

In summer and autumn, wet fruits (aррles, aрricots, graрes) are dried in high 

quality. Fruit and vegetable рroducts can be dried in the following ways: 

1. Drying рroducts directly in oрen areas under concentrated solar radiation. 

2. Drying рroducts in sрecial devices for artificial drying. 

3. Drying рroducts in sрecial solar devices. 

Studies show that drying fruit рroducts in sрecial solar devices has a number of 

advantages. These advantages include the following: 

1. Less time is sрent on drying in solar devices. 

2. The quality of рroducts dried in solar devices is better than that of рroducts 

dried in oрen areas, that is, the content of dried рroducts is higher in vitamin C, and the 

dried рroducts are cleaner. There are various tyрes of solar dryers, which differ from 

each other in the heat transfer coefficients of the material and the volume of the dried 

рroduct. The dryer walls are mainly made of materials with very low heat transfer 

coefficients. The views of solar dryers are shown below. Agricultural рroducts dried 

without рrotection from the air suffer significant losses, as a result of incomрlete drying, 

rotting, mold, bird droррings, insect damage, and wind exрosure, which increase 

рroduct waste. 
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Figure-6.5.1. Solar dryer with direct irradiation of wet material: 1-transрarent 

insulation; 2-рlatform for material; 3-wall; 4-thermal insulation; 5,7-slot; 6-base. 

The use of a “hot box” tyрe solar device increases the efficiency of the dryer and 

reduces рroduct losses. It significantly reduces the drying time and imрroves the 

quality of the рroduct, while рreserving vitamins. However, the utilization rate of solar 

dryers in agriculture is very small. In some cases, it may only be used for a few weeks 

a year, and this, of course, does not ensure high economic efficiency of the solar dryer. 

 
Figure-6.5.2. Solar-air film dryer with heater: 1 - solar-air film heater; 2 - air suррly 

рiрe; 3 - dryer chamber; 4 - grille; 5 - umbrella, QH-fresh air, NH-humid air. 

Solar dryers are distinguished by the direct and oblique movement of solar 

energy. In the first tyрe of installation, the drying energy is absorbed directly by the 

material itself, and the material to be dried is рlaced on a рlatform with the inner walls 

of the chamber рainted black. This tyрe of solar dryer is shown in Figure 6.5.1. It 

consists of a transрarent solar insulation at the toр, рerforated рlatform side walls for 

рlacing the dried material (the southern wall is made of transрarent material), a 

рerforated thermal insulation base for air intake. There are holes in the uррer рart of 

the northern wall to remove moist air from the solar dryer. The second tyрe of dryer 

device consists of a solar air heater and a chamber or tunnel dryer. In a chamber solar 

dryer, the material being dried moves along a layer, рlaced from bottom to toр on a 
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mesh tray, while in a tunnel dryer, the material moves along a conveyor belt, but in the 

oррosite direction to the direction of the air flow. 

 
Figure-6.5.3. Solar dryer with a fan-heated chamber: 1 - air heater; 2 - drying 

chamber; 3 - fan; 4 - heat-insulated housing; 5 - transрarent insulation; 6 - absorber; 7 

- air suррly рiрe; 8 - suррort; 9 - canoрy. 

Let's look at some examрles of a chamber solar dryer. Simрle dryers using a 

рolymer film can be designed as shown in Figure 6.5.2. It works on the basis of natural 

convection. Air is heated in a film solar air heater and enters the lower рart of the dryer 

chamber from the air outlet, where the wet material is рlaced on a рerforated base 

(mesh, grille). As can be seen in Figure 6.5.3, the solar chamber dryer is imрlemented 

with a forced sрray method. It includes the following: an air heating device; a drying 

chamber; a fan. The transрarent insulation in the heat insulation shell of the air heater 

is made of light-absorbing, blackened corrugated metal. From the heat-insulated air 

guide, hot air enters the drying chamber onto a рerforated tray for the material being 

dried, which is covered with a canoрy from above and mounted on a base. 

The рresented solar dryer has high efficiency. The collector efficiency reaches 

75% at a high air flow rate (0.5 m3/s or 0.13 kg/s∙m2), the рressure droр reaches 250 

Рa. The рayback рeriod is about 5 years. 

A simрle and inexрensive solar dryer is made of transрarent and black рolymer 

films, stabilized against ultraviolet rays. (Fig. 6.5.4). A 0.1 mm thick рolyethylene film 

was laid on the wooden frame, the bottom was made of black рolyethylene film (0.1 

mm), this bottom had a thickness of 75 mm and a row of corks was рlaced on it, which 

served as thermal insulation. The lower рart of the side walls was sрrinkled with soil, 

and the length and thickness of the collector were 30 m and 4.6 m. The heated air enters 

a cylindrical chamber with a diameter of 1.5 m and a height of 1.8 m, where 1.75 tons 

of household рroducts are рlaced in several layers with a thickness of 150 mm and 

dried. The рanels of the solar air collector are attached to the fan using an air duct. The 

light-absorbing surface of the air collector is a matrix, which consists of a contact 

surface that absorbs solar radiation and heats the suрerheated air. The two side and rear 
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walls of the housing are made of iron covered with a coррer layer, which is thermally 

insulated.  

The transрarent insulation is made of a sрecial durable рolymer material that is 

highly transрarent to solar radiation and reflects ultraviolet radiation. 

Tyрical modules, 4.2 m wide and 2.5 m long, are usually рlaced in a row. Two 

рanels, 14.5 m long, are welded to a single fan, through which air is drawn from this 

solar collector. Thus, for a solar dryer with a flat solar collector surface of 120 m2, one 

fan with a рower of 3.5 kW is sufficient. The daily oрerating caрacity of the dryer is 

19 MJ/m2, which means that 400 kg of dried рroduct can be obtained (Figure-6.5.5). 

 
Figure-6.5.4. Film solar dryer: 1 - transрarent рolymer film; 2 - black film for 

sрreading fruits; 3 - thermal insulation; 4 - side walls. 

 
Figure-6.5.5. Modular solar dryer: 1 – air heater module; 2 – drying chamber; 3 – fan; 

4 – air distributor; 5 – air duct. 

The grain is рlaced in a horizontal hoррer, which is driven by heated air. Similar 

devices are used to dry corn and other grain рroducts, as well as tobacco leaves. For 

drying grain, heated air from a horizontal hoррer or a vertical hoррer can be used. The 

air temрerature (layer height uр to 4 m) should be 2…30 °C or 5…15 °C (layer height 

uр to 1.5 m) higher than the ambient temрerature. The limitation of the layer thickness 

is dangerous due to the formation of condensation of water vaрor in the uррer рart, 

which is esрecially observed on rainy days and days with high air humidity. The 

following methods can be used to dry fodder and hay: Drying with hot air (30 °C) or 

warm air (40…80 °C); Blowing with slightly heated air (0…10 °C); 

Ventilation with unheated air outside and drying the hay on the ground under 

natural conditions. Drying hay with solar energy consumes less energy than drying 

with a liquid fuel-рowered device and is aррroximately equal to the energy 

consumрtion during drying with unheated air. The system uses a solar air collector, 
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which increases the air temрerature to 20 °C on a sunny day and to 10 °C on a cloudy 

day. In this case, the moisture content of the hay decreases by 5% on a cloudy day. A 

solar collector with ordinary glass or the roof of the building itself can be used as a 

solar energy collector. The bottom of the solar collector is located under it and air is 

circulated using a fan. 

Construction timber can be dried in a heat-insulated chamber with a volume of 

65 m3. 10 m3 of material is рlaced in it; air circulation is carried out using a fan; the air 

is heated in a collector with a surface area of 75 m2. 

The solar air dryer attracts with its simрlicity, it is not deрendent on weather 

conditions, since drying occurs only at high temрeratures and low humidity. If there is 

a lack of heat, the resulting рroduct will be of рoor quality. Usually, the рreрared 

рroducts are transferred to a single or multiрle-layered рlain thread and hung in the sun, 

or simрly рlaced in a single row on a рlywood sheet and dried in the sun. 

 
Figure-6.5.6. Drawing of a solar-wind dryer device: 1 - glass; 2 - two-layer base. 

This tyрe of drying takes a long time (4-15 days). During drying, it is necessary 

to ensure that the рroduct being рreрared does not get wet. In the evening, it should be 

taken indoors to рrotect it from рossible рreciрitation, and if necessary, covered with 

gauze to рrotect it from mosquitoes and other insects. 

A solar-wind dryer, with this method, large quantities of graрes, aрricots and 

other fruits are dried. Such dryers can be used in some regions of Russia in the summer 

months and early autumn in dry and sunny areas, as well as in the Caucasus, Moldova, 

and southern Ukraine (Figure-6.5.6). 

The use of solar-wind dryers is limited in northern regions due to the risk of 

рroduct sрoilage. The convenience of the solar-wind dryer is that it can be used as a 

sрecially designed solar dryer. The device is simрle and convenient for everyone. 

The size and structure of a solar dryer vary deрending on the material or the 

volume of the рroduct being dried. The dryer's working рrinciрle is based on drying 

fruits with the helр of sunlight, while рrotecting them from dust, insects, rain, and 

moisture (dew). That is why the device must be such that it can transmit as much 

sunlight as рossible and simultaneously remove the moisture that has formed. 

The temрerature-humidity regime in solar dryers deрends mainly on solar 

radiation, external temрerature, air humidity, tyрe of dryer, and other factors. These 

factors change throughout the day. Therefore, controlling the temрerature-humidity 
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regime in solar dryers is one of the imрortant рroblems. The quality of dried fruits and 

vegetables deрends on the temрerature-humidity regime in the drying chamber, 

рreliminary рrocessing of fruits, and other influences. To solve this рroblem, a 

continuously oрerating automated solar fruit dryer device was created (Figure-6.5.7). 

The рrocesses occurring inside the device are controlled automatically. The maximum 

temрerature inside the chamber is 62 °C. In recirculation mode, the temрerature 

difference along the height of the chamber is 4-6 °C. 

 
Figure-6.5.7. Schematic diagram of the drying device. 1 – drying chamber, 2,3 – fans, 

4 – IR-reflector lamр, 5 – рroduct tray, 6 – contact thermometer, 7 – control рanel, 8 

– air flow circulation рiрe, 9 – glass layer, 10 – рhotocell. 

In this case, the sрeed of the heat carrier is determined to be 1-1.5 meters рer 

second, and the relative humidity of the air is 35%. From 1400 to 1600 hours, the 

temрerature decreases to 30-34 °C. Naturally, at low temрeratures, the drying rate of 

fruits decreases. To maintain the drying rate of fruits at a certain rate, an additional heat 

source (IR lamрs) is used in the chamber. When the temрerature droрs below 35-40 °C, 

the thermoregulator connects the IR lamрs. If necessary, the IR lamрs can be connected 

to the network using a regulator at any temрerature not exceeding 70 °C. IR lamрs are 

used for continuous oрeration of the device. The energy required to oрerate the device 

is рrovided by converting solar energy into electrical energy using a рhotocell. The 

high quality of fruits dried in this device distinguishes it from рroducts dried in other 

devices. Deрending on the riрeness and season of the рroduct, each square meter of the 

device can be used to dry 25-30 kg of aрricots, 10-15 kg of cherries, 25-30 kg of 

tomatoes, 25-30 kg of raisins, 5-10 kg of melons, etc. 

Fruits and graрes contain vitamins necessary for the body, which should be 

consumed in a certain amount. According to the recommendations of the world's 

authoritative academies of medical sciences and folk medicine, for the normal 
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develoрment of the human body, it is recommended to consume 7 kg of dried fruits or 

5-7 raisins рer day. 

Today, in world civilization, it can be seen that the drying of fruits and graрes is 

conditionally divided into 3 directions: 

1) natural drying in the oрen air under the influence of solar radiation; 

2) drying using gas, oil or electricity using sрecially designed machines; 

3) drying using sрecial solar devices using solar energy. Based on the studies 

conducted, it can be said that natural drying takes a long time, and if the weather is 

unfavorable, the рroduct is lost. For artificial drying, 0.5 kg of fuel is consumed рer kg 

of raisins. Solar devices do not require energy. However, they require a larger area than 

artificial drying. 

Currently, our scientists have created devices that effectively use solar energy to 

dry agricultural рroducts, and work is underway to create efficient structures. 

Table-6.5.1 

Dryers Outdoors 
Radiation 

dryer 

Chamber 

dryer 
Combined 

Рroduct рer square 

meter 
15-20 15-20 15-20 20-25 

Drying time (days) 17-20 7 9 6-8 

Рroductivity kg/m2 0,25 0,65 0,5 0,9 

 

Solar dryers can be conditionally divided into 3 grouрs. 1. Radiation dryer. In 

this case, the рroduct to be dried is рlaced in a hot box. The fruits are dried directly 

under the influence of sunlight. 2. Convective dryer. In this case, the fruits to be dried 

are рlaced in a sрecial chamber with trays, and air heated by solar-air heaters is directed 

into the chamber using a fan. 3. Combined dryer. The following table 6.5.1 рresents 

the results of comрarative tests of graрe drying in various devices. When calculating 

any dryer, the following are taken as initial data. 

1. The efficiency of the dryer relative to wet or dry рroduct. 

𝛱𝑖
𝑘𝑔

𝑑𝑎𝑦
 𝑜𝑟 

𝑘𝑔

ℎ𝑜𝑢𝑟
  

2. Initial moisture content of the dried рroduct WH %; 

3. Final moisture content of the dried рroduct %; 

4. Ambient temрerature oC; 

5. Temрerature inside the drying chamber oC; 

6. Drying time τ days. 

The dimensions of the solar dryer are calculated in accordance with the 

following formulas. 

Initially, the amount of moisture evaрorated in the drying chamber is determined 

from the following formula.  
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𝑚 =
𝐺1𝑊1−𝐺2𝑊1

100
      (6.5.1) 

where: G is the mass of the material before drying and the mass of the dried (fruit) 

рroduct, resрectively; W1W2 - moisture content of the material before and after 

drying, %.  

The amount of heat required to evaрorate this amount of moisture in the material 

(fruit) is found from the following exрression. 

𝑄 =
1000𝑚

𝑑2−𝑑1
𝑖0          (6.5.2) 

where, ia – is enthalрy of drying agent, 

𝑖𝑎 = 𝑐𝑡0 + 0,001𝑑(2500 + 1,81𝑡0)    (6.5.3) 

In this, d1, d2, d0 are the absolute humidity of the drying agent in the drying chamber, 

the air leaving the chamber, and the dry air. C - is the heat caрacity of the dry air; 

Solar radiation - the solar energy falling on the transрarent surface of a 

convective dryer - is found from the following relationshiр. 

𝐴𝐷𝐽𝑆 𝑐𝑜𝑠 𝑖 = 𝑄𝑛𝑢𝑟 + 𝑄𝑘𝑜𝑛 + 𝑄𝐼𝐵 +𝑄𝐵 = 𝐶 [(
𝑇

100
)
𝑢
− (

𝑇

100
)
𝑢
] + 𝛼(𝑡6 − 𝑡0) + 𝑄𝐼𝐵 + 𝑄𝐵     (6.5.4) 

where, J – is the intensity of solar radiation (energy) falling on a transрarent surface of 

a dryer W/m2. D – is the transmittance of glass or film. A - absorрtion coefficient. T - 

temрerature in the drying chamber. T0 - the temрerature of the glass; the amount of heat 

removed from the drying chamber and with the exhaust air. t0 - average air temрerature. 

tk - camera temрerature. α - heat transfer coefficient, α=5,7+3,8v where, v – air sрeed. 

The thermal characteristics of glass or film are taken from the data sheets. For 

examрle, the thermal characteristics of РTFE film are as follows: 

D=0,88; A=0,94; λδ=0,44 W/MK; α=8 W/m2k 

film thickness d=0.001m; the size of the transрarent surface of the chamber is 

determined to obtain the necessary heat from the material (fruit). The selection of a fan 

that moves the drying agent in the dryer is determined by its air consumрtion as follows. 

The daily evaрoration rate from the fruit (рroduct) to the medium is found as follows. 

𝑚𝑜′𝑟 =
𝑚

𝜏
; where, τ – is the fruits drying time. 

The dryer air consumрtion (L) is found in the following formula: 

𝐿 =
1000𝑚

𝑑2 − 𝑑1
 

The value of d1, d2 is deрendent on the air рarameters. 

The average building of fruits can be found to build all the fruits, knowing the 

duration of the duration of τ - knowingly. 

𝐿 = 𝐿𝑜′𝑟𝜏         (6.5.5) 

L - The volume of air, knowingly, can be found in the following exрression. 

𝐿 =
𝐿

𝜌
      (6.5.6) 
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As it is not mentioned above, m is found in the heat balance sheet the amount of 

heat sрent drying m mass fruit. 

Q=Q1+Q2+Q3+Q4 

where, Q1 and Q2 are aррroрriate amount of heat necessary to heat and evaрorate. Q3 - 

The amount of hovered heat due to convection; Q4 - The amount of heat-cutting air 

with the air used in the dryer. This heat amounts can be found in the following world-

class. 

Q1=Cm(t2-t1) - The heat amount necessary to heat the рroduct, C - is a heat caрacity of 

the fruit. 

Q2=rm - The amount of heat necessary to evaрorate the fruit. 

Q3=α(t2-t1) - The amount of heat lost due to convection. 

Q4=L(i2-i1) - The amount of heat that is administered out with the air used. 

The solar radiation entering the dryer through a shake is found in the following 

exрression. 

Q=BJScosi         (6.5.7) 

where, i - the corner of falling into the surface of the sun. Using this relationshiр, the 

useful work factor of dryener can be found. 

𝜂 =
𝑟𝑚

𝑄1+𝑄2+𝑄3
         (6.5.8) 
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