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ʄʝʭʘʥʽʟʤ ʘʥʪʠʩʪʦʢʩʦʚʦʾ ʣʶʤʽʥʝʩʮʝʥʮʽʾ ʤʽʢʨʦʢʨʠʩʪʘʣʽʚ AgHal,  
ʩʝʥʩʠʙʽʣʽʟʦʚʘʥʠʭ ʙʘʨʚʥʠʢʦʤ  

 
Експериментально обґрунтовано та уточнено двоквантово-ступінчастий механізм 

низькотемпературної (T = 77 K) антистоксової люмінесценції (λmax ≈ 560 нм) емульсій-
них мікрокристалів AgBrI (ЕМК), сенсибілізованих барвником (ЕМК-Бр), викликаної фо-
тозбудженням J-агрегату барвника (Бр) (λ = 670–700 нм). Згідно з цим механізмом, ене-
ргія фотозбудження від Бр передається до AgBrI через срібні центри атомно-молеку-
лярного ступеня дисперсності (АМСД). Встановлено, що за антистоксову люмінесцен-
цію ЕМК-Бр відповідальна рекомбінація вільних нерівноважних електронів, дозбудже-
них у зону провідності (ЗП) AgBrI із срібних центрів АМСД, з дірками, локалізованими 
на парних йодних центрах (ПЙЦ) у забороненій зоні (ЗЗ) AgBrI. В той же час, рекомбі-
нація електронів, локалізованих на срібних центрах АМСД, з дірками, що знаходяться 
на ПЙЦ, відповідає за стоксову люмінесценцію в смузі з λ ≈ 720–800 нм. Рекомбінація 
таких же електронів з вільними дірками у ВЗ AgBrI відбувається безвипромінювально, 
що зумовлює виникнення ефекту «втоми люмінесценції» антистоксової смуги. 
Ключові слова: мікрокристали галогенідів срібла, сенсибілізація барвниками, низько-

температурна люмінесценція, антистоксова люмінесценція, локальні центри захоп-
лення носіїв, процеси генерації-рекомбінації. 
 

 
ɺʩʪʫʧ. Механізм передачі енергії фотозбудження від Бр-сенсибілізатора га-

логеніду срібла (AgHal) досі залишається остаточно не з'ясованим, а запропоно-
вані моделі не можуть претендувати на вичерпне пояснення всієї сукупності на-
явних експериментальних фактів. 

Одним із експериментальних методів, що дозволяють досліджувати елект-
ронно-діркові процеси, зумовлені спектральною сенсибілізацією, є виникнення 
в ЕМК AgHal низькотемпературної (T = 4.2 – 77 K) антистоксової люмінесценції. 
Вперше антистоксова люмінесценція AgHal, обумовлена Бр, була зареєстрована 
в роботах [1–3]. Пропоновані механізми [4,5] виникнення антистоксової люміне-
сценції, що спостерігалась в [1–3], неоднозначні і носять вельми загальний хара-
ктер. Так, у [4] розглядається вид кооперативної люмінесценції, при якому один 

ʊɽʇʃʆʌɯɿʀʂɸ ɼʀʉʇɽʈʉʅʀʍ ʉʀʉʊɽʄ 
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квант антистоксової люмінесценції виникає при поглинанні двох квантів світла 
молекулами Бр, адсорбованими на різних дефектах поверхні ЕМК AgHal. Різ-
ність умов адсорбції обумовлює відмінність набору енергетичних рівнів у різних 
молекул. Поглинання світла одними молекулами Бр призводить до утворення 
електронів у ЗП і катіон-радикалу Бр+, а при поглинанні світла іншими молеку-
лами виникають дірки у ВЗ та аніон-радикали Бр–. Подальша доля заряджених 
радикалів Бр+ та Бр– у роботі не обговорюється. 

Автори роботи [5] розвивають уявлення про двофотонно-ступінчастий ме-
ханізм антистоксової люмінесценції, при якому одна фотозбуджена молекула Бр 
відновлює іон срібла до атома. Утворений при цьому іон-радикал барвника Бр+ 
віддає дірку у ВЗ, а інша молекула Бр передає свою енергію збудження знов утво-
реному атому срібла, з переходом електрона в ЗП AgHal. Проте, як саме енергія 
збудження Бр передається атому срібла, у роботах не уточнюється, і це питання 
залишається відкритим. 

Відсутність надійних знань щодо механізму виникнення антистоксової лю-
мінесценції ускладнює інтерпретацію експериментальних результатів і не дає 
можливості оцінити роль та ефективність Бр при використанні його для різних 
практичних застосувань [6–12]. 

Все вищесказане і стало підставою для проведення цього дослідження, ме-
тою якого є побудова моделі електронно-діркових переходів, яка становитиме 
надійну основу при інтерпретації експериментальних спостережень антистоксо-
вої люмінесценції ЕМК-Бр. 

 
ʇʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ. Описані в роботі 

низькотемпературні (Т = 77 К) люмінесцентні дослідження були виконані за 
умови, що тривалість збудження зразків і тривалість реєстрації їх люмінесценції 
однакові і становлять 10–4 с, проміжок часу між закінченням опромінення та ре-
єстрацією світіння (темновий інтервал) становив 1.1×10–3 с на частоті модуляції 
400 Гц. 

Об'єктом люмінесцентних досліджень було обрано однорідні кубічні ЕМК 
AgBrI (3 моль% AgI), отримані в середовищі полівінілового спирту (ПВС) або 
желатини методом контрольованої двостру-
меневої емульсифікації. Контроль огранки 
та розмірів синтезованих ЕМК здійснювався 
за допомогою електронного мікроскопа 
типу УМВ-100К при спостереженні їх вугі-
льних реплік, відтінених платиною. Типова 
електронно-мікроскопічна фотографія ЕМК 
AgBrI кубічної огранки показана на рис. 1. 
За нашими даними, середній розмір ЕМК в 
емульсіях становив d ≈ 0.25 мкм. 

Після синтезу вміст іонів срібла в ему-
льсії доводився до pBr = 3 та pBr = 7. Спект-
ральна сенсибілізація ЕМК AgBrI здійсню-
валась: 

 
ʈʠʩ. 1. Електронно-мікроскопі-
чна фотографія вугільно-плати-
нових реплік кубічних (d = 0.25 
мкм) ЕМК AgBrI на желатині 
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1) аніонним J-агрегуючим панхроматичним барвником − піридиновою сіллю 
3,3'-ди-γ-сульфопропіл-9-етил-4,5,4',5'-дибензокарбоціанінбетаїна з концентра-
цією СБр = 10-4 моль Бр / моль AgBr; 
2) катіонним J-агрегуючим барвником − 3,3',9-тріетил-5,5'-дифенілоксакар-

боціаніннітратом з концентрацією СБр = 10-4 моль Бр / моль AgBr. 
Стандартний шлях збудження низькотемпературної (Т = 77 К) люмінесцен-

ції ЕМК AgBrI полягає в опроміненні світлом з краю смуги власного поглинання 
(СВП) ЕМК з довжиною хвилі λ = 450–470 нм. Але відомо [13–15], що в ЕМК, 
спектрально-сенсибілізованих або аніонним Бр, або катіонним Бр (ЕМК-Бр) як у 
желатині, так і в ПВС, з’являються додаткові канали збудження і керування лю-
мінесцентними процесами. Так, за концентрації СБр ≥ 10–4 виникають полімоле-
кулярні форми Бр (так звані J-агрегати), що адсорбуються на поверхнях ЕМК і 
формують додаткові центри локалізації електронів чи дірок; зокрема, вони при-
зводять до виникнення смуги поглинання в інтервалі λ = 670–700 нм. 

При збудженні таких ЕМК світлом з СВП, виникає характерна «зелена» лю-
мінесценція з λmax = 550–570 нм та слабко виражена смуга світіння з λ = 750–800 
нм, обумовлені наявністю домішкових йодних центрів у сусідніх вузлах криста-
лічної ґратки (рис. 2, крива 1). В подальшому викладі цей процес використову-
ється як «базовий», що служить основою для порівняльного аналізу люмінесце-
нції, викликаної іншими варіантами збудження, наприклад, світлом зі смуги по-
глинання J-агрегатів Бр (ПАБр), і на рисунках його характеристики представля-
ються кривими з заливкою.  
Обидва канали мають стоксів характер; виникнення кванта зеленої люмінес-

ценції при цьому може бути описано схемою [16] 
!Ç"Ò) Ὤʉ̈ ʇ̂  τυπ τχπ ̎̍  Ὡ ὴȠ

)) Ὡ ὴ ᴼ )) Ὡ ᴼ )) Ὤʉ̟̌ ʇ̍  υτπ υχπ ̎̍ ȟ
 

 
ʈʠʩ. 2. Спектри низькотемпературної люмінесценції (1, 2) та спектри збу-
дження люмінесценції (1', 2') ЕМК-Бр при pBr = 3. Спектри люмінесценції за-
писані при збудженні світлом з λ = 470 нм (крива 1) і λ = 690 нм (крива 2). 
Спектри збудження записані для люмінесценції з λ = 560 нм (крива 1') та λ = 
800 нм (крива 2'). 
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де )) позначає ПЙЦ, в якому іони йоду розташовані в сусідніх вузлах криста-
лічної ґратки, e – електрон, p – дірка. За світіння з λ = 750–800 нм відповідає 
тунельна рекомбінація електронів, локалізованих на срібних центрах АМСД, з 
дірками, що знаходяться на ПЙЦ, а також рекомбінація локалізованих електро-
нів з вільними дірками, що знаходяться у ВЗ ЕМК AgBrI. 

При збудженні світлом з λ = 670–700 нм, що відповідає смузі ПАБр, у спек-
трі люмінесценції ЕМК-Бр знову спостерігається смуга зеленої люмінесценції з 
λmax = 550–570 нм. Тепер вона є антистоксовою і має помітно меншу інтенсив-
ність, ніж при збудженні світлом СВП, зате стоксова люмінесценція виражена 
більш яскраво, а її спектр поширюється у довгохвильовий бік до λ = 750–850 нм 
(обидві смуги описуються кривою 2, рис. 2). Слід звернути увагу на те, що в спе-
ктрі збудження світіння з λ = 800 нм, крім смуг в області СВП ЕМК AgBrI (λ = 
450–470 нм) та ПАБр (λ = 670–700 нм) (рис. 2, крива 1'), наявна смуга, характерна 
для поглинання молекулярного Бр λ = 630 нм (рис. 2, крива 2'). 

При підвищенні вмісту іонів срібла в ЕМК AgBrI до pBr = 7 можна відзна-
чити, що в цілому спектральне положення смуг післясвітіння та його збудження 
залишаються без змін, але суттєво змінюється відносна інтенсивність антисток-
сової та стоксової компонент при збудженні післясвітіння в області ПАБр: перша 
зростає, тоді як друга істотно зменшується (рис. 3, криві 2, 1'). 

Результати досліджень спектрів збудження світіння з λmax = 540–570 нм як 
при стоксовому (λ = 450–470 нм), так і при антистоксовому (λ = 670–700 нм) 
збудженні при різних температурах представлені на рис. 4. Як видно, хід темпе-
ратурної залежності інтенсивності світіння («температурного гасіння»), в обох 
випадках в цілому однаковий (рис. 4А, криві 1' – 4') і характеризується двома 
ділянками (рис. 4B, криві 1, 2). В області температур 77 < Т < 90 К енергія акти-
вації «температурного гасіння» становить 0.15 – 0.16 еВ, що збігається з енергією 
переміщення міжвузлових іонів срібла, а при температурах Т > 90 К енергія ак-
тивації становить 0.24 еВ. 

 
ʈʠʩ. 3. Спектри низькотемпературної люмінесценції (1, 2) та спектри збудження 
люмінесценції (1', 2') ЕМК-Бр при pBr = 7. Спектри люмінесценції записані при 
збудженні світлом з λ = 470 нм (крива 1) і λ = 690 нм (крива 2). Спектри збудження 
записані для люмінесценції з λ = 560 нм (крива 1') та λ = 750 нм (крива 2'). 
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Після проведення циклу температурного гасіння та при повторному охоло-
дженні зразка до Т = 77 К (за незмінності всіх інших умов експерименту) у лю-
мінесценції спостерігаються наступні зміни: при збудженні світлом як СВП 
ЕМК-Бр (λ = 450–470 нм), так і ПАБр (λmax = 670–700 нм) інтенсивність зеленої 
люмінесценції з λmax = 550–570 нм знижується, а світіння в довгохвильовій діля-
нці з λmax ≈ 750 нм, яке у початковому зразку було слабко виражене, збільшу-
ється. 

Для детального вивчення електронно-діркових рекомбінаційних процесів, 
відповідальних за люмінесценцію ЕМК-Бр, крім спектрів люмінесценції та збу-
дження люмінесценції, проводилася реєстрація кінетики наростання люмінесце-
нції для різних довжин хвиль світіння, збудження, pBr та при додатковому підс-
вічуванні інфрачервоним (ІЧ) випромінюванням різних довжин хвиль, отрима-
ним від світла ксенонової лампи, що пройшло через подвійний монохроматор 
ДМР-4 (рис. 5). 

Головні особливості кінетики наростання люмінесценції з λmax = 550 – 
570 нм виглядають таким чином: 
- після увімкнення збуджуючого світла для кривих (a), (c) – (e) зростання 
інтенсивності люмінесценції відбувається монотонно від нуля до певного 
стаціонарного рівня, який позначено на кривих як I; 

- для кривої (b) після увімкнення збуджуючого світла поява антистоксової 
люмінесценції характеризується досягненням максимального значення ін-
тенсивності, яка затим спадає, виходячи на стаціонарний рівень. Такий тип 
кінетики є досить типовим і в літературі звичайно називається «спалахо-
вим розгоранням», або ж «втомою люмінесценції» [17,18]; 
 

 
ʈʠʩ. 4. (А) Залежність інтенсивності збудження люмінесценції смуги λ = 560 нм 
ЕМК-Бр при pBr = 7 від температури Т, К: 1' ‒ 82; 2' ‒ 84; 3' ‒ 85; 4' – 87). (В) 
Залежності логарифма інтенсивності післясвітіння смуги з λmax = 570 нм від обер-
неної температури при збудженні світлом з λ = 450 нм (крива 1 ‒ стоксове сві-
тіння) та 670 нм (крива 2 ‒ антистоксове світіння). 
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- в момент увімкнення додаткового ІЧ випромінювання, для всіх типів кіне-
тики (а) – (e) динаміка люмінесценції характеризується монотонним зни-
женням («гасінням») інтенсивності від I до іншого стаціонарного значення, 
позначеного на кривих (а) – (e) як I1. Залежність величини відносного га-
сіння I1/I від довжини хвилі ІЧ-підсвічування показана на рис. 6А, криві 1, 

 
 

ʈʠʩ. 5. Спектри збудження і випромінювання (А) та кінетики наростання (В, С) 
інтенсивності люмінесценції ЕМК-Бр. Моменти увімкнення и вимкнення додат-
кового ІЧ випромінювання позначені стрілками. 
(А) Спектри інтенсивності люмінесценції при збудженні світлом з λ = 450 нм 
(крива 1) и λ = 690 нм (крива 2); спектр збудження записано для світіння з λ = 570 
нм (крива 1'); 
(В) Кінетики наростання інтенсивності люмінесценції з λ = 570 нм при збудженні 
світлом (a, c) λ = 470 нм, стоксова люмінесценція, і (b, d, e) з λ = 690 нм, антисто-
ксова люмінесценція. Кінетики (a, b) записані при pBr = 3, (c, d, e) – при pBr = 7. 
(C) Кінетики наростання інтенсивності люмінесценції з λ = 750 нм при збудженні 
світлом (f) з λ = 450 нм і (g) p λ = 690 нм; кінетики записані при pBr = 3. 
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2. Звідси випливає, що хід відносного «гасіння» люмінесценції (I1/I) з λmax 
= 550–570 нм, незалежно від довжини хвилі збудження, однаковий для всіх 
довжин хвиль ІЧ-підсвічування і характеризується монотонним спаданням 
при λІЧ  > 1000 нм; 

- вимкнення ІЧ випромінювання для всіх видів кінетики (a) – (d) призводить 
до монотонного повернення інтенсивності люмінесценції від I1 до стаціо-
нарного рівня I; 

- для кінетики (e) вимкнення ІЧ-підсвічування в спектральному діапазоні 
1050 – 1350 нм (0.92 – 1.18 еВ) веде до «спалахового розгорання» антисто-
ксової зеленої люмінесценції, в результаті чого її інтенсивність I2 після ви-
мкнення ІЧ перевищує стаціонарний рівень I, що спостерігався до початку 
ІЧ впливу. Залежність відносної величини I2/I антистоксової люмінесцен-
ції від довжини хвилі ІЧ-підсвічування показана на рис.6А, крива 3. 

У порівнянні зі стоксовим варіантом збудження світіння, можна відзначити 
такі риси антистоксової люмінесценції з с λmax = 540–570 нм; 
- «втома люмінесценції», спостережувана у ЕМК-Бр з pBr = 3 (рис. 5B, b), зі 
збільшенням вмісту іонів срібла до pBr = 7 зникає; 

- для ЕМК-Бр з pBr = 7, у досить вузькому спектральному діапазоні ІЧ-під-
свічування 1050 – 1350 нм (0,92 – 1,18 еВ), після вимикання ІЧ-підсвічу-
вання спостерігається «спалахове розгорання» антистоксової зеленої лю-
мінесценції (рис. 5B, e). 

У свою чергу, кінетики наростання стоксової люмінесценції з λmax = 750 нм, 
представлені на рис. 5С кривими (f), (g), характеризуються такими особливос-
тями: 

ʈʠʩ. 6. (А) Залежності I1/I, I2/I для люмінесценції ЕМК-Бр з λmax = 570 нм при 
збудженні світлом з λ = 450 нм (крива 1) і λ = 670 нм (крива 2); для кривої 3 
пояснення в тексті.  
(В) Енергетична схема електронно-діркових переходів при збудженні люмінес-
ценції ЕМК-Бр: VB і CB – валентна зона і зона провідності ЕМК-Бр; довжини 
хвиль фотонів, пов’язані з переходами між рівнями, вказані в нанометрах. 
 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 8ï20.                    ISSN 0367-1631 (Print)



15 

- після включення збуджуючого світла зростання інтенсивності люмінесце-
нції йде монотонно від нуля до певного стаціонарного значення I незале-
жно від довжини хвилі збуджуючого світла; 

- для випадку збудження монохроматичним світлом СВП AgBrI з λ = 450 нм, 
у момент включення ІЧ-підсвічування спостерігається підвищення рівня 
інтенсивності люмінесценції до стаціонарного значення I' > I з незначним 
спалахом. При вимиканні ІЧ світла інтенсивність люмінесценції моно-
тонно повертається до початкового рівня I (рис. 5С, f); 

- при збудженні монохроматичним світлом зі смуги ПАБр і під дією ІЧ ви-
промінювання люмінесценція з λmax = 750 нм показує лише монотонне зни-
ження інтенсивності – «гасіння» (Рис. 5С, g). 

 
ʆʙʛʦʚʦʨʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ. Порівняння двох основних механізмів виник-

нення антистоксової люмінесценції, обумовленої збудженням J-агрегату Бр, з 
урахуванням отриманих експериментальних даних приводить до висновку, що 
переважним є двоквантово-ступінчастий механізм передачі фотозбудження від 
Бр до ЕМК. Цей висновок підтримується такими міркуваннями: 
1. Інтенсивність антистоксової люмінесценції EMК-Бр з λmax = 540–570 нм (при 
збудженні світлом з ПАБр) зростає зі збільшенням вмісту іонів срібла в ему-
льсії. Водночас інтенсивність стоксової люмінесценції тієї ж смуги (при збу-
дженні з СВП) за тих самих умов зменшується. Якщо виходити з механізму, 
за яким електрони та дірки, збуджені в Бр, безпосередньо передаються до ЗП 
і ВЗ AgHal, то в цьому випадку навряд чи слід очікувати різницю між сток-
совою та анти-стоксовою люмінесценцією в смузі з λmax = 540–570 нм при 
зміні вмісту іонів срібла в емульсії. На нашу думку, існуюча різниця у пове-
дінці стоксової та антистоксової люмінесценції свідчить на користь двосту-
пінчастого механізму антистоксової люмінесценції, при якому збудження від 
Бр спочатку передається до проміжного донорного центру, найімовірніше, 
утвореного атомами або іонами Ag, і лише після цього електрон або потрап-
ляє в ЗП AgHal, або тунельно рекомбінує з центрами світіння. 

2. Температурне «гасіння» стоксової та антистоксової зеленої люмінесценції ві-
дбувається практично однаково (рис. 4B). Для першої низькотемпературної 
ділянки температурного «гасіння» люмінесценції енергія активації процесу 
збігається з енергією, необхідною для руху міжвузельних іонів срібла Agi

+, 
які й забезпечують «гасіння». Цей механізм є досить очевидним для темпера-
турного «гасіння» стоксової та антистоксової люмінесценції, за умови, що 
антистоксова люмінесценція здійснюється за двоступінчастим механізмом. 
Спочатку електрон локалізується на проміжному срібному центрі АМСД, ро-
зташованому в ЗЗ ЕМК AgHal, а потім він «дозбуджується» у ЗП. Дірки ж від 
Бр безпосередньо потрапляють до ВЗ. Якщо для пояснення антистоксової лю-
мінесценції виходити з того факту, що електрони та дірки з різних молекул 
Бр потрапляють, відповідно, в ЗП та ВЗ EMК з утворенням на їх поверхні 
просторово розділених радикалів Бр– і Бр+, то для їх нейтралізації Бр– + Бр+ 
→ 2Бр0, природно, потрібна енергія активації, відмінна від енергії активації 
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руху іонів срібла. У цьому випадку температурне «гасіння» стоксового та ан-
тистоксового світіння має характеризуватися різними енергіями активації. 

3. Поява люмінесцентної смуги з λmax = 750 нм також свідчить на користь двос-
тупінчастого механізму антистоксової люмінесценції, згідно з яким збу-
дження від Бр передається на ЕМК через проміжні донорні центри срібної 
природи, з енергіями в ЗЗ EMК AgHal, які, до того ж, здатні еволюціонувати 
під впливом температури, утворюючи стабільні випромінювальні (обумов-
люють світіння з λ = 750 нм) центри рекомбинації. 
Отже, як випливає з вищезазначеного, антистоксова люмінесценція реалізу-

ється двоступінчастим механізмом, за яким збудження від Бр передається до 
ЕМК AgHal через проміжні донорні центри, енергетично розташовані в ЗЗ ЕМК. 
Природно припустити, що ці центри є кластерами Agn

+ (n ≥ 2), які утворюються 
під впливом збуджувального світла внаслідок утримання емульсії при підвище-
них температурах, коли міжвузлові іони Agi

+ достатньо рухливі [19]. Виходячи з 
цього припущення, електронно-діркові процеси, відповідальні за антистоксове 
зелене світіння та стоксове світіння з λmax = 750 нм, можна представити енерге-
тичною схемою, зображеною на рис. 6B, що включає низку електронно-діркових 
переходів для двох довжин хвиль фотозбудження. 
- При збудженні світлом СВП AgBrI з λ = 450–470 нм (перехід 1), в AgHal з'я-
вляються вільний електрон і дірка в ЗП і ВЗ відповідно. В подальшому, дірка 
локалізується на ПЙЦ і рекомбінує з вільним електроном із ЗП, що відповідає 
переходу 3 на схемі. Таким чином, стоксове світіння з λmax = 540–570 нм опи-
сується механізмом люмінесценції Шена–Клазенса. У випадку, коли фотое-
лектрон локалізується на срібному кластері, біля якого, як вважалося у робо-
тах [20,21], є ПЙЦ, то тунельна рекомбінація цього електрона з діркою, лока-
лізованою на ПЙЦ, призводить до люмінесценції в області λmax = 750 нм (пе-
рехід 5 на схемі, механізм люмінесценції Вільямса–Преннера). Однак реалі-
зація переходу 5 не виключає можливості рекомбінації електрона, локалізо-
ваного на срібному кластері, з вільною діркою із ВЗ (перехід 4 на рис. 6B). 
Більш того, цей перехід 4 є єдино можливим для електрона, локалізованого 
на срібному кластері, поруч із яким немає ПЙЦ (механізм Ламбе–Кліка). 

- При збудженні світлом зі смуги ПАБр (λ = 670–700 нм, перехід 2), згідно з 
двоквантово-ступінчастим механізмом антистоксової люмінесценції, на пер-
шому етапі відбувається передавання електрона з першого синглетного рівня 
(S1') збудженого J-агрегату Бр до сусіднього срібного кластера Ag2

+ (перехід 
8, рис. 6B) та його відновлення до Ag2

0. Потім, коли світло поглинається са-
мим срібним кластером Ag2

0 [21,22], електрон збуджується в ЗП (рис. 6B, пе-
рехід 6). J-агрегат Бр відновлюється, передаючи дірку з основного рівня S0 
до ВЗ AgHal. Локалізація дірки з ВЗ на парному йодному центрі та її реком-
бінація з електроном із ЗП спричиняє антистоксове світіння з λmax = 540–570 
нм (перехід 3 на схемі). Рекомбінація електрона, локалізованого срібним кла-
стером Ag2

0, та дірки з ВЗ або дірки, локалізованої на ПЙЦ, забезпечує канали 
рекомбінації, позначені на схемі переходами 4 і 5 відповідно. Один із цих 
переходів (що буде зрозуміло з подальшого розгляду) є радіаційним і відпо-
відає за люмінесценцію при λmax = 750 нм. 
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Тепер розглянемо інтерпретацію експериментальних результатів щодо кіне-
тики та впливу додаткового ІЧ-світла на люмінесценцію вищезгаданих смуг при 
збудженні світлом як з СВП ЕМК AgHal, так і з ПАБр. Той факт, що при збу-
дженні світлом з СВП вплив ІЧ-світла призводить до «гасіння» смуги зеленої 
люмінесценції та зростання люмінесценції з λ = 750 нм, свідчить, що ІЧ-світло 
не забезпечує збудження срібних центрів Agn

0 з переходом електронів з Agn
0-

центрів до ЗП. (В такому випадку слід було б очікувати протилежного ефекту – 
підсилення зеленої смуги люмінесценції та «гасіння» люмінесценції на λ = 750 
нм). Тому природно припустити, що ІЧ-випромінювання впливає на I–I0-центри, 
звільняючи з них дірки з переходом у ВЗ (рис. 6В, перехід 7). Такий процес при-
зводить до зменшення інтенсивності переходів 3 і 5 та до збільшення інтенсив-
ності переходу 4. Це дає підставу вважати, що відповідальним за люмінесценцію 
з λ = 750 нм є перехід 4. Звідси випливає також, що перехід 5 є безвипромінюва-
льним.  
На користь вищесказаного свідчать подальші аргументи. При збудженні сві-

тлом ПАБр в емульсії з малим вмістом срібла (pBr = 3) кінетика наростання ан-
тистоксової зеленої смуги демонструє «втому люмінесценції» (рис. 5, b). Це го-
ворить про існування «повільних центрів», які здійснюють процес рекомбінації, 
відповідальний за «втому» антистоксової люмінесценції. Природно припустити, 
що таким процесом при збудженні J-агрегатів Бр є перехід 5, час релаксації якого 
для встановлення стаціонарного значення довший, ніж для переходів 3 і 4. Часи 
релаксації процесів 3 і 4 мають бути порівнянними, оскільки обидва визнача-
ються загальним переходом фотозбудженого електрона в Бр від першого збудже-
ного синглетного рівня S1' J-агрегату до центру Ag2

+, який розташований на по-
верхні EMК AgHal (перехід 8). Перехід фотозбудженого електрона з рівня S1' J-
агрегату Бр до центру Ag2

+, поруч із яким розташований центр I–I0, найімовір-
ніше, потребує більш тривалого часу. Справді, як показали наші дослідження, 
темпи зростання антистоксової зеленої люмінесценції до квазістаціонарного зна-
чення (перехід 3), і люмінесценції на λ = 750 нм (перехід 4) практично збігаються. 
Як уже згадувалося, якщо люмінесценція збуджується світлом з СВП ЕМК 

AgHal, дія ІЧ-випромінювання призводить до «гасіння» антистоксової люмінес-
ценції та збільшення стоксової люмінесценції на λ = 750 нм. Якщо збудження 
здійснюється зі смуги ПАБр, то ІЧ-підсвічування призводить до «гасіння» обох 
зазначених смуг (рис. 5, кінетики (b, d, e, g)). Можливою причиною такої поведі-
нки може бути додатковий канал нерадіаційної рекомбінації, що виникає безпо-
середньо в Бр під впливом ІЧ-світла, наприклад, внаслідок взаємодії молекуляр-
них і полімолекулярних форм Бр [23]. Проте відповідь на це питання не є пред-
метом даного дослідження і потребує окремого аналізу. 
 
ɺʠʩʥʦʚʢʠ. Головні висновки роботи полягають у встановленні та якісному 

обґрунтуванні електронно-діркових процесів, що обумовлюють особливості ни-
зькотемпературної люмінесценції ЕМК-Бр. Так, з наших спостережень випливає, 
що антистоксова люмінесценція (l = 540–570 нм) ЕМК-Бр при збудженні J-
агрегатів Бр (λ = 670–700 нм) реалізується за двоквантово-ступінчастим механі-
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змом, згідно з яким, коли світло поглинається J-агрегатом Бр, електрон локалі-
зується на срібному кластері AgBrI, а барвник Бр+ відновлюється при релокалі-
зації дірки у ПЙЦ через ВЗ AgBrI або тунельно. У подальшому, електрон або 
потрапляє в ЗП при поглинанні світла срібним кластером, після чого рекомбінує 
з діркою, локалізованою на ПЙЦ, або рекомбінує з такою діркою тунельно. В 
результаті кожного з цих процесів генерується квант антистоксової зеленої лю-
мінесценції. 
Крім того, встановлено, що рекомбінація електрона, локалізованого на сріб-

ному кластері, з вільною діркою у ВЗ ЕМК AgBrI відповідає за люмінесценцію з 
λ = 750 нм (перехід 4 на рис. 6B). Перехід 5 на рис. 6B здійснює канал нерадіа-
ційної рекомбінації, який викликає «спалахове розгорання» або «втому» антис-
токсової зеленої люмінесценції при збудженні J-агрегатів Бр. 
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телекомунікацій та біомедицини”. 
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Mechanism of the anti-Stokes luminescence of dye-sensitized AgHal  
microcrystals  

 
Summary

Spectral and kinetic characteristics of the light-induced luminescence offer efficient tools
for investigation of the atomic-molecular structure, energy levels, and the generation-recombi-
nation processes involving free and captured charge-carriers. In particular, especial interest
is attracted to luminescence properties of the silver-halide emulsion microcrystals (EMC)
which find a lot of existent and potential applications for the optical methods of data registra-
tion and processing. In this work, the low-temperature (T = 77 K) luminescence properties of
dye-sensitized AgBrI EMC (EMC-Dye) are studied experimentally. When such EMC-Dyes are
excited by light from the absorption band of the dye J-aggregate (λ = 670–700 nm), the two
luminescence bands appear in the after-glow spectrum: the Stokes band with λ ≈ 720–800 nm
and the anti-Stokes “green” luminescence with λmax ≈ 560 nm. Based on the experimental re-
sults, the two-quantum step-wise mechanism of this anti-Stokes luminescence has been substan-
tiated and clarified. According to this mechanism, the photoexcitation energy, absorbed by the
dye, is transferred to AgBrI through the silver centers of the atomic-molecular degree of dis-
persion (AMDD): at the first step, an electron is localized at the intermediate silver center, at
the second step it is re-excited into the conduction band. It has been established that the anti-
Stokes luminescence of EMC-Dye is caused by the recombination of free non-equilibrium elec-
trons, excited into the AgBrI conduction band from the AMDD silver centers, with holes local-
ized on paired iodine centers in the AgBrI band gap. At the same time, the recombination of
electrons, localized at the AMDD silver centers, with holes, located on the paired iodine cen-
ters, is responsible for the Stokes luminescence in the band with λ ≈ 720–800 nm. Recombina-
tion of the same electrons with free holes in the AgBrI valence band occurs without radiation,
which causes the effect of “luminescence fatigue” for the anti-Stokes luminescence.
Keywords: silver-halide microcrystals, dye-sensitization, low-temperature luminescence,

anti-Stokes luminescence, local charge-carrier capture centers, electron-hole generation-re-
combination.
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Unsteady heat transfer in an aerodisperse system with a dense gravel bed 
in a soil regenerator channel 

 
The paper investigates the space-time evolution of the temperature field in the aerodisperse 

system ñairïdense gravel bedò realized in the channel of a soil regenerator for greenhouses. 
Aerodisperse systems with dense granular layers are widely used in heat power units, regener-
ative heat exchangers, and seasonal thermal energy storage devices, but the physics of unsteady 
heat transfer between the gas flow and a fixed bed of particles has not been fully clarified. 
Special attention is paid to the sequential heating of the bed along the channel and to the inter-
action between the thermal front in the solid phase and the temperature field of the gas phase, 
which are characteristic features of aerodisperse systems under charging conditions of heat 
storage units. 
The aim of this study is to analyze the temperature field in the channel of a soil regenerator 

with a dense gravel bed considered as an aerodisperse system and to quantify coupled heat 
transfer between the gas and solid phases under transient conditions. The physical model is 
formulated as a two-component quasi-homogeneous medium, where the gas flow and the dense 
granular layer are treated as interacting components of the aerodisperse system. The governing 
equations include the heat transfer equation for the solid phase with effective thermal conduc-
tivity and a convective energy equation for the gas flow with an intercomponent heat transfer 
term describing the energy exchange between the gas and dispersed subsystems. The numerical 
implementation is performed in Matlab using finite-difference schemes: gas temperature along 
the channel is calculated sequentially in space, while the temperature of the granular bed is 
obtained by an implicit time-stepping scheme. 
The calculations employ thermophysical properties of a gravel bed typical for regenerators 

with dense granular packing, including porosity, density, specific heat, effective thermal con-
ductivity, and specific particle surface area. The results are presented as two-dimensional tem-
perature fields T(x,t) and Tg(x,t), temperature profiles of the bed and gas along the channel at 
characteristic times, and time dependences at selected cross-sections. It is shown that a pro-
nounced heating front is formed in the ñairïdense gravel bedò aerodisperse system, which 
gradually propagates from the inlet region of the channel towards the outlet due to gas cooling 
and heat accumulation in the granular layer. The obtained regularities provide deeper physical 
insight into heat transfer in aerodisperse systems with dense packing and can be used to opti-
mize geometric and operating parameters of soil regenerators and other regenerative heat ex-
changers with granular beds. 
Keywords: gas flow, dense granular bed, gravel, soil regenerator, temperature field, heat 

transfer, two-component model, Matlab. 
 
 
Introduction. Problem statement. Energy-efficient heating systems for agricul-

tural greenhouses remain a pressing engineering challenge, particularly in regions with 
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significant diurnal temperature fluctuations. One promising solution is the soil 
(ground) regenerator ï a channel filled with a dense granular bed that accumulates 
thermal energy during daylight hours by blowing warm greenhouse air through the 
packed layer and releases this heat to the incoming cold air at night. The working me-
dium of such a device is an aerodisperse system formed by a through airflow and a 
stationary dense layer of granular particles, in which coupled heat transfer between the 
gas and solid phases determines the charging and discharging performance of the entire 
unit. Despite the apparent simplicity of this physical picture, the spatiotemporal evolu-
tion of the temperature field in the channel ï particularly the propagation of the thermal 
front along the granular bed ï requires rigorous modelling that accounts for the separate 
energy equations of both phases. 

Formulation of the article's aim. Despite the progress described above, the pub-
lished results for soil regenerators are largely based on either simplified single-phase 
approaches or analytical solutions that treat the gas temperature as uniform along the 
channel ï an assumption that conceals the physically important phenomenon of gas 
cooling in the flow direction and the resulting delayed heating of downstream bed sec-
tions. The aim of this article is to investigate the spatiotemporal temperature field in 
the aerodisperse system "air ï dense gravel bed" of a soil regenerator channel by means 
of a two-component numerical model that solves coupled energy equations for both 
phases, and to demonstrate the formation and propagation of the thermal heating front 
along the packed-bed channel. 

Analysis of recent studies and publications. The heat transfer in dense packed 
beds with a gas flow has been studied extensively since the classical work of Schu-
mann, who proposed a one-dimensional two-phase (gasïsolid) model that forms the 
theoretical basis for most contemporary approaches [1]. Subsequent analytical and nu-
merical developments confirmed that the Schumann-type model adequately captures 
the thermocline behaviour in packed-bed thermal energy storage systems when inter-
component heat transfer is correctly parameterised. Reviews of packed-bed sensible 
heat storage systems highlight that the single most important parameter governing the 
shape of the thermal front is the intercomponent heat transfer coefficient between the 
flowing fluid and the granular packing [1, 2]. Practical experiments on soil regenerators 
with crushed stone and gravel packing showed that this coefficient lies in the range of 
4ï9 W/(mĮĿK) under typical greenhouse operating conditions, and the Biot number 
remains sufficiently small to justify the lumped-solid assumption for individual parti-
cles. Mathematical modelling of the heat transfer process in a dense blown gravel layer 
demonstrated that the analytical temperature distribution along the channel correlates 
satisfactorily with experimental data when porosity, density, specific heat, effective 
thermal conductivity, and specific particle surface area are taken as input parameters 
[3 ï 5]. Development of the soil regenerator design for a greenhouse with an 18 mĮ 
floor area showed that five 5.75 m channels filled with crushed stone can accumulate 
enough heat during a six-hour charging period to maintain the temperature for approx-
imately 2.6 hours after sunset under a mean ambient temperature of 7 ÁC [3, 6]. Effec-
tive thermal conductivity of granular beds has been shown to depend strongly on par-
ticle shape, packing fraction, and the contact network between particles, and must be 
treated as an independent model parameter rather than a simple mixture average. The 
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author's earlier dissertation work systematically investigated the intensification of heat 
and mass transfer in dense granular layers and developed a procedure for thermal de-
sign calculations of soil regenerators with granular packing for greenhouses, establish-
ing the empirical dependences for the intercomponent heat exchange factor and veri-
fying the model against pilot-plant measurements[ 4 ï 7]. 

In addition to classical one-dimensional models, recent research has focused on 
refining the description of local thermal non-equilibrium effects and on validating more 
detailed numerical approaches such as CFDïDEM and pore-scale simulations, which 
resolve the gas flow and temperature fields around individual particles in the packed 
bed. These studies confirm that, for engineering-scale soil regenerators operating at 
moderate Reynolds numbers and with relatively large gravel particles, the Schumann-
type two-equation macroscopic model remains sufficient for predicting the overall 
thermal response, provided that the effective transport properties and interphase heat 
transfer coefficient are carefully calibrated against experimental data [1, 7]. At the 
same time, the advanced numerical results help to interpret the influence of bed struc-
ture, particle shape and size distribution on the effective thermal conductivity and on 
the spatial heterogeneity of the temperature field, which is particularly important when 
designing compact regenerators with limited bed length and when assessing the sensi-
tivity of the thermal front propagation to packing irregularities and local channelling 
of the airflow. 

 
Experimental setup and pilot regenerator. The experimental investigation was 

carried out using a pilot soil regenerator installed inside an operating greenhouse and 
a dedicated laboratory channel designed for studying heat transfer in dense granular 
beds under controlled conditions. The pilot regenerator channel had an inner diameter 
of 100 mm and a working length of 1 m; the channel was filled with granite gravel with 
a particle size fraction of 40ï60 mm and was buried under the greenhouse floor to 
ensure thermal contact with the surrounding soil. The channel was thermally insulated 
with 12 mm milled rubber, which corresponded to an overall heat transfer coefficient 
of k=2.34 W/(mĮĿK) during the pause period. 

Air flow through the channel was provided by a fan with a rated volume flow of 
105 mį/h, yielding a filtration velocity in the range 0.3ï0.5 m/s in the granular bed. 
During the daytime charging phase, warm air was taken from the upper (hottest) zone 
of the greenhouse and blown through the gravel bed; at night, the air circulation direc-
tion was reversed and the accumulated heat was released to the cold incoming air. Au-
tomatic insulated shutters were installed at both ends of the channel to prevent convec-
tive heat loss during the pause period between charging and discharging. 

Temperature measurements were performed using five TemPer 2.0 thermocou-
ples positioned along the channel axis at distances of 0.1, 0.3, 0.5, 0.7, and 0.9 m from 
the inlet, plus additional sensors at the air inlet and outlet and in the ambient environ-
ment; data were logged at 3-second intervals via TemPer V27 software. The thermo-
couple arrangement allowed the full axial temperature distribution in the granular bed 
to be monitored continuously throughout the charging and discharging cycles. 
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The thermophysical properties of the gravel bed used as input data in all calcu-
lations are listed in Table 1, and are consistent with values reported in the authors' 
earlier study. 

 
Physical and mathematical model. The aerodisperse system "air ï dense gravel 

bed" is modelled as a two-component quasi-homogeneous medium consisting of a gas 
component (air) and a solid component (gravel particles). The dense bed is assumed 
stationary and the flow is one-dimensional along the channel axis x. Thermal equilib-
rium between the two components is not assumed; instead, the temperature fields of 
the gas Tg(x,t) and the solid phase T(x,t) are determined independently and coupled 
through the intercomponent heat transfer term. 

The energy equation for the solid (granular) phase is: 
2

2 ( ),eff s eff pit g
T Tc a T T
t x
µ µr =l +a -
µ µ

 0 , 0x L t¢ ¢ >   (1) 

Where ɟeff=(1īŮ)ɟs is the effective density of the solid phase in the bed. 

 
Fig 1. Layout diagram of the ground regenerator in the greenhouse 

1 ï granulated material, 2 ï heat-exchange channel, 3 ï air duct, 4 ï exhaust fan, 5 ï in-
sulation, 6 ï soil in the greenhouse. 

 

Table. Thermophysical properties of the gravel bed 
Parameter Value Unit 
Solid density, sɟ 1500 kg/mį 
Specific heat, sc 860 J/(kgĿK) 
Effective thermal conductivity, effɚ  0.25 W/(mĿK) 
Porosity, e 0.40 ï 

Specific particle surface, pita  800 mĮ/mį 
Intercomponent heat transfer coeff, a 3.8ï15.7 W/(mĮĿK) 
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The energy equation for the gas phase is written in the convective quasi-steady 
form, accounting for the heat exchange with the solid layer: 

( ),g
g g pit g

T
c a T T

x
µ

r w =-a -
µ

  0 x L¢ ¢   (2) 

Where w is the filtration velocity of air, and ɟg=1.2 kg/mį, cg=1000 J/(kgĿK) are 
the density and specific heat of air. 

Initial and boundary conditions are: 

0( ,0) ;T x T=   ,(0, ) ;g g inT t T=  
0

0.
x x L

T T
x x= =

µ µ= =
µ µ

 (3) 

The initial layer temperature was T0=20 C and the inlet air temperature was 
Tg,in=36ʐC, in accordance with the experimental conditions recorded in the pilot tests. 

 
Numerical implementation in Matlab. The mathematical model (1)ï(3) was im-

plemented numerically in the Matlab environment using finite-difference schemes. The 
channel of length L=1 m was discretised into Nx=121 equal spatial intervals 
(ȹx=L/(Nxī1)), and the time domain [0,3600s] was divided into Nt=721 steps (ȹt=5s). 

At each time step the computation proceeds in two sub-steps. First, the gas tem-
perature distribution Tg(x) is calculated by integrating equation (2) explicitly along the 
spatial coordinate from the inlet boundary condition: 

( ) ( 1) ( 1) ( 1)( ),piti i i i
g g g

g g

a
T T x T T

c
- - -a

= -D Ö -
r w

    2,...,xi N=   (4) 

Second, using the gas temperature field Tg(x) computed in the first sub-step, equa-
tion (1) is solved for the solid-phase temperature at the new time level using an implicit 
(backward-Euler) finite-difference scheme, which yields an unconditionally stable 
tridiagonal system of linear equations at each time step: 

1 1 1
1 1 1 ,

1 2
n

n n n ni
i i i g i

TrT r s T rT sT
t t

+ + +
- + +
å õ- + + + - = +æ öD Dç ÷

   (5) 

where r = ɚeff/(ɟeffcsȹx2) and s=Ŭapit/(ɟeffcs). The adiabatic wall boundary conditions are 
enforced using one-sided differences at i =1 and i=Nx. 

 
Results and discussion. The computed two-dimensional temperature field T(x,t) 

of the gravel bed is shown in Fig. 2, and the gas-phase field Tg(x,t)in Fig. 3. Both fields 
exhibit a pronounced diagonal thermal front propagating from the channel inlet (x=0) 
toward the outlet (x=L) as time increases. 

The physical mechanism is as follows: at the beginning of the heating period the 
incoming air at 36 ÁC gives up heat primarily to the inlet section of the gravel bed, 
where the bedïgas temperature difference is maximal. As the inlet section heats up, the 
gas arrives at deeper cross-sections with progressively less residual thermal driving 
force, so these sections begin to heat with a time delay visible as the propagating front 
in Fig. 1. This sequential layer-by-layer heat absorption is fully consistent with the 
experimental observations reported in the pilot-regenerator tests, where no abrupt tem-
perature discontinuities were detected along the channel axis. 
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The axial temperature profiles of the gravel bed at characteristic instants are pre-
sented in Fig. 4. After 60 s of heating the temperature elevation is almost entirely con-
fined to the first 0.2 m of the channel; by 900 s the front has advanced to approximately 
0.5 m; and at 3600 s a nearly uniform temperature close to the equilibrium value is 
established along the full channel length. 

The time evolution of the bed temperature at five axial positions is shown in Fig. 
5. The inlet section (x=0.1 m) reaches near-equilibrium within approximately 600 s, 
whereas the outlet section (x=0.9 m) does not attain the same temperature even after 
3600 s, reflecting the limited heat carried by the cooled air in the downstream region. 

The mean cross-sectional bed temperature at t=3600s obtained from the two-com-
ponent model equals approximately 31ï32 ÁC, which agrees with the experimental 
value of 32 ÁC measured in the pilot tests to within the experimental uncertainty. This 
agreement validates the physical adequacy of the two-component model and the cor-
rectness of the adopted thermophysical parameters. The intercomponent heat transfer 

  

Fig. 2. Temperature field T(x,t) of the 
dense gravel bed in the soil regenerator 
channel (Matlab simulation). 
 

Fig. 3. Temperature field Tg(x,t) of the 
airflow along the channel (Matlab sim-
ulation) 

  
Fig. 4. Temperature profiles of the 
gravel bed along the channel at selected 
times. 
 

Fig. 5. Time evolution of the gravel bed 
temperature at selected axial positions. 
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coefficient Ŭ=7 W/(mĮĿK), used in the present calculation, falls within the experimen-
tally determined range of 3.8ï15.7 W/(mĮĿK) for the gravel bed at a filtration velocity 
of 0.12 m/s and an inlet air temperature of 36 ÁC. 

The computed gas-phase profiles (Fig. 3) show that at early times the air cools 
noticeably along the channel ï from 36 ÁC at the inlet to near the initial bed temperature 
at the outlet ï confirming that the assumption of a spatially uniform gas temperature 
would be physically incorrect for this configuration. As the bed heats up, the driving 
temperature difference between gas and solid diminishes uniformly, and the axial gra-
dient of Tg flattens progressively, as observed in the experimental temperature records. 

 
Conclusions
1. Based on the analysis of literature and experimental data, a two-component

mathematical model of the aerodisperse system ñairïdense gravel bedò in a soil regen-
erator channel has been developed, which accounts for separate energy equations for
the gas and solid phases and their intercomponent heat exchange.

2. The numerical implementation of the model in Matlab, using an implicit finite-
difference scheme for the solid phase and sequential computation of the gas tempera-
ture along the channel, made it possible to obtain spatio-temporal temperature fields
T(x,t) and Tg(x,t) with a clearly pronounced heating front propagating from the inlet
towards the outlet.

3. It has been shown that, for parameters typical of a gravel bed in a greenhouse
soil regenerator (porosity, effective thermal conductivity, specific particle surface area,
intercomponent heat transfer coefficient), the most intensive heating occurs in the ini-
tial section of the channel, while downstream cross-sections of the bed are heated with
a significant time delay, forming a non-stationary thermal front.

4. Comparison of the cross-section-averaged gravel bed temperature predicted by
the two-component model with experimental data from the pilot soil regenerator shows
satisfactory agreement, with an error of only a few percent, which confirms the ade-
quacy of the adopted thermophysical parameters and the experimentally determined
range of the intercomponent heat transfer coefficient.

5. The obtained results can be used for engineering design and optimisation of
soil regenerators with dense granular packing, in particular for selecting channel
length, particle size and type, airflow filtration velocity, and charging duration, as well
as for further development of heat transfer models in aerodisperse systems with dense
particle layers.
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ɯ. ɯ. ʄʫʢʤʽʥʦʚ

ʅʝʩʪʘʮʽʦʥʘʨʥʝ ʪʝʧʣʦʧʝʨʝʥʝʩʝʥʥʷ ʚ ʘʝʨʦʜʠʩʧʝʨʩʥʽʡ ʩʠʩʪʝʤʽ ʟ
ʱʽʣʴʥʠʤ ʰʘʨʦʤ ʛʨʘʚʽʶ ʚ ʢʘʥʘʣʽ ˇʨʫʥʪʦʚʦʛʦ ʨʝʛʝʥʝʨʘʪʦʨʘ

 
ɸʥʦʪʘʮʽʷ

ʋ ʩʪʘʪʪʽ ʜʦʩʣʽʜʞʝʥʦ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʽ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ
ʧʦʣʷ ʚ ʘʝʨʦʜʠʩʧʝʨʩʥʽʡ ʩʠʩʪʝʤʽ çʧʦʚʽʪʨʷ — ʱʽʣʴʥʠʡ ʰʘʨ ʛʨʘʚʽʶè, ʱʦ ʨʝʘʣʽʟʫʻʪʴʩʷ ʚ ʢʘ-
ʥʘʣʽˇʨʫʥʪʦʚʦʛʦ ʨʝʛʝʥʝʨʘʪʦʨʘ ʜʣʷ ʪʝʧʣʠʮʴ. ɸʝʨʦʜʠʩʧʝʨʩʥʽ ʩʠʩʪʝʤʠ ʟ ʱʽʣʴʥʠʤʠ ʰʘʨʘʤʠ
ʛʨʘʥʫʣ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʪʝʧʣʦʝʥʝʨʛʝʪʠʯʥʠʭ ʫʩʪʘʥʦʚʢʘʭ, ʨʝʛʝʥʝʨʘʪʠʚʥʠʭ ʪʝ-
ʧʣʦʦʙʤʽʥʥʠʢʘʭ ʪʘ ʩʝʟʦʥʥʠʭ ʘʢʫʤʫʣʷʪʦʨʘʭ ʪʝʧʣʦʪʠ, ʧʨʦʪʝ ʬʽʟʠʢʘ ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ ʪʝ-
ʧʣʦʧʝʨʝʥʝʩʝʥʥʷ ʤʽʞ ʛʘʟʦʚʠʤ ʧʦʪʦʢʦʤ ʽ ʥʝʨʫʭʦʤʠʤ ʰʘʨʦʤ ʯʘʩʪʠʥʦʢ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʜʦ-
ʩʪʘʪʥʴʦ ʚʠʚʯʝʥʦʶ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʧʦʩʣʽʜʦʚʥʦʤʫ ʧʨʦʛʨʽʚʘʥʥʶ ʰʘʨʫ ʚʟʜʦʚʞ
ʢʘʥʘʣʫʪʘ ʚʟʘʻʤʦʜʽʾ ʬʨʦʥʪʫ ʥʘʛʨʽʚʘʥʥʷ ʟ ʧʦʣʝʤ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʦʚʦʾ ʬʘʟʠ, ʱʦ ʻ ʭʘ-
ʨʘʢʪʝʨʥʠʤʠʨʠʩʘʤʠ ʧʦʚʝʜʽʥʢʠ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ ʫ ʨʝʞʠʤʘʭ ʟʘʨʷʜʞʘʥʥʷ ʪʝʧʣʦ-
ʘʢʫʤʫʣʶʚʘʣʴʥʠʭʧʨʠʩʪʨʦʾʚ.
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ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʢʘʥʘʣʽ ˇʨʫʥʪʦʚʦʛʦ ʨʝʛʝʥʝʨʘʪʦʨʘ ʟ 
ʱʽʣʴʥʠʤ ʰʘʨʦʤ ʛʨʘʚʽʶ ʷʢ ʘʝʨʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ ʪʘ ʢʽʣʴʢʽʩʥʘ ʦʮʽʥʢʘ ʚʟʘʻʤʦʧʦʚôʷʟʘ-
ʥʦʛʦ ʪʝʧʣʦʧʝʨʝʥʝʩʝʥʥʷ ʤʽʞ ʛʘʟʦʚʦʶ ʽ ʪʚʝʨʜʦʶ ʬʘʟʘʤʠ ʚ ʥʝʩʪʘʮʽʦʥʘʨʥʠʭ ʫʤʦʚʘʭ. ʌʽʟʠ-
ʯʥʫ ʤʦʜʝʣʴ ʧʦʙʫʜʦʚʘʥʦ ʫ ʚʠʛʣʷʜʽ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʢʚʘʟʽʛʦʤʦʛʝʥʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʜʝ ʛʘ-
ʟʦʚʠʡ ʧʦʪʽʢ ʽ ʱʽʣʴʥʠʡ ʛʨʘʥʫʣʴʦʚʘʥʠʡ ʰʘʨ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʷʢ ʚʟʘʻʤʦʜʽʶʯʽ ʢʦʤʧʦʥʝʥʪʠ ʘʝ-
ʨʦʜʠʩʧʝʨʩʥʦʾ ʩʠʩʪʝʤʠ. ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʚʢʣʶʯʘʻ ʨʽʚʥʷʥʥʷ ʪʝʧʣʦʧʝʨʝʥʦʩʫ ʚ ʪʚʝʨʜʽʡ ʬʘʟʽ 
ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʬʝʢʪʠʚʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʢʦʥʚʝʢʪʠʚʥʝ ʨʽʚʥʷʥʥʷ ʜʣʷ ʛʘʟʦʚʦʛʦ ʧʦ-
ʪʦʢʫ ʟ ʯʣʝʥʦʤ ʤʽʞʢʦʤʧʦʥʝʥʪʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ, ʷʢʠʡ ʦʧʠʩʫʻ ʝʥʝʨʛʝʪʠʯʥʫ ʚʟʘʻʤʦʜʽʶ ʜʠ-
ʩʧʝʨʩʥʦʾ ʪʘ ʛʘʟʦʚʦʾ ʧʽʜʩʠʩʪʝʤ. ʏʠʩʝʣʴʥʫ ʨʝʘʣʽʟʘʮʽʶ ʚʠʢʦʥʘʥʦ ʚ ʩʝʨʝʜʦʚʠʱʽ Matlab ʟʘ ʜʦ-
ʧʦʤʦʛʦʶ ʨʽʟʥʠʮʝʚʠʭ ʩʭʝʤ: ʪʝʤʧʝʨʘʪʫʨʫ ʛʘʟʫ ʚʟʜʦʚʞ ʢʘʥʘʣʫ ʦʙʯʠʩʣʶʚʘʣʠ ʧʦʩʣʽʜʦʚʥʦ ʟʘ 
ʢʦʦʨʜʠʥʘʪʦʶ, ʘ ʪʝʤʧʝʨʘʪʫʨʫ ʱʽʣʴʥʦʛʦ ʰʘʨʫ ï ʟʘ ʥʝʷʚʥʦʶ ʩʭʝʤʦʶ ʫ ʯʘʩʽ. 
ʋ ʨʦʟʨʘʭʫʥʢʘʭ ʚʨʘʭʦʚʘʥʦ ʪʝʧʣʦʬʽʟʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʰʘʨʫ ʛʨʘʚʽʶ, ʪʠʧʦʚʽ ʜʣʷ ʨʝ-

ʛʝʥʝʨʘʪʦʨʽʚ ʟ ʱʽʣʴʥʦʶ ʛʨʘʥʫʣʴʦʚʘʥʦʶ ʥʘʩʘʜʢʦʶ: ʧʦʨʦʟʥʽʩʪʴ, ʛʫʩʪʠʥʘ, ʧʠʪʦʤʘ ʪʝʧʣʦʻ-
ʤʥʽʩʪʴ, ʝʬʝʢʪʠʚʥʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʧʠʪʦʤʘ ʧʦʚʝʨʭʥʷ ʯʘʩʪʠʥʦʢ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴ-
ʪʘʪʠ ʥʘʚʝʜʝʥʦ ʫ ʚʠʛʣʷʜʽ ʜʚʦʚʠʤʽʨʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʦʣʽʚ T(x,t) ʽ Tg(x,t), ʧʨʦʬʽʣʽʚ ʪʝʤ-
ʧʝʨʘʪʫʨʠ ʰʘʨʫ ʽ ʛʘʟʫ ʚʟʜʦʚʞ ʢʘʥʘʣʫ ʜʣʷ ʭʘʨʘʢʪʝʨʥʠʭ ʤʦʤʝʥʪʽʚ ʯʘʩʫ, ʘ ʪʘʢʦʞ ʢʨʠʚʠʭ 
ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʦʢʨʝʤʠʭ ʧʝʨʝʨʽʟʘʭ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚ ʘʝʨʦʜʠʩʧʝʨʩʥʽʡ ʩʠʩʪʝʤʽ çʧʦʚʽ-
ʪʨʷ ï ʱʽʣʴʥʠʡ ʰʘʨ ʛʨʘʚʽʶè ʬʦʨʤʫʻʪʴʩʷ ʚʠʨʘʞʝʥʠʡ ʬʨʦʥʪ ʥʘʛʨʽʚʘʥʥʷ, ʷʢʠʡ ʧʦʩʪʫʧʦʚʦ 
ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʚʽʜ ʚʭʽʜʥʦʾ ʜʽʣʷʥʢʠ ʢʘʥʘʣʫ ʜʦ ʚʠʭʦʜʫ ʚ ʤʽʨʫ ʦʭʦʣʦʜʞʝʥʥʷ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ 
ʪʘ ʥʘʢʦʧʠʯʝʥʥʷ ʪʝʧʣʦʪʠ ʛʨʘʥʫʣʴʦʚʘʥʠʤ ʰʘʨʦʤ. ʆʪʨʠʤʘʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʜʦʟʚʦʣʷʶʪʴ 
ʛʣʠʙʰʝ ʽʥʪʝʨʧʨʝʪʫʚʘʪʠ ʬʽʟʠʢʫ ʪʝʧʣʦʧʝʨʝʥʝʩʝʥʥʷ ʚ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤʘʭ ʟ ʱʽʣʴʥʦʶ 
ʥʘʩʘʜʢʦʶ ʪʘ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʛʝʦʤʝʪʨʠʯʥʠʭ ʽ ʨʝʞʠʤʥʠʭ ʧʘ-
ʨʘʤʝʪʨʽʚ ˇʨʫʥʪʦʚʠʭ ʨʝʛʝʥʝʨʘʪʦʨʽʚ ʽ ʽʥʰʠʭ ʨʝʛʝʥʝʨʘʪʠʚʥʠʭ ʪʝʧʣʦʦʙʤʽʥʥʠʢʽʚ ʽʟ ʛʨʘʥʫʣʴʦ-
ʚʘʥʠʤʠ ʰʘʨʘʤʠ. 
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʛʘʟʦʚʠʡ ʧʦʪʽʢ, ʱʽʣʴʥʠʡ ʛʨʘʥʫʣʴʦʚʘʥʠʡ ʰʘʨ, ʛʨʘʚʽʡ, ˇʨʫʥʪʦʚʠʡ ʨʝʛʝʥʝ-

ʨʘʪʦʨ, ʪʝʤʧʝʨʘʪʫʨʥʝ ʧʦʣʝ, ʪʝʧʣʦʧʝʨʝʥʝʩʝʥʥʷ, ʜʚʦʢʦʤʧʦʥʝʥʪʥʘ ʤʦʜʝʣʴ, Matlab. 
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ʅʘʩʘʜʢʦʚʽ ʢʦʣʦʥʠ ʚ ʪʝʭʥʦʣʦʛʽʾ ʦʪʨʠʤʘʥʥʷ ʥʘʪʫʨʘʣʴʥʦʛʦ
ʭʦʣʦʜʦʘʛʝʥʪʫ — ʧʨʦʧʘʥʫ (R290)

 
ʉʪʘʪʪʷ ʧʨʠʩʚʷʯʝʥʘ ʘʢʪʫʘʣʴʥʽʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽʡ ʧʨʦʙʣʝʤʽ — ʧʦʰʫʢʫ ʪʘ ʚʧʨʦʚʘ-

ʜʞʝʥʥʶ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʪʘ ʝʢʦʣʦʛʽʯʥʦ ʙʝʟʧʝʯʥʠʭ ʨʦʙʦʯʠʭ ʪʽʣ ʜʣʷ ʭʦʣʦʜʠʣʴʥʠʭ ʩʠʩ-
ʪʝʤ. ʈʦʟʛʣʷʥʫʪʦ ʥʘʪʫʨʘʣʴʥʠʡ ʭʦʣʦʜʦʘʛʝʥʪ — ʧʨʦʧʘʥ (R290), ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ
ʥʫʣʴʦʚʠʤ ʧʦʪʝʥʮʽʘʣʦʤ ʨʫʡʥʫʚʘʥʥʷ ʦʟʦʥʦʚʦʛʦ ʰʘʨʫ (ODP = 0) ʽ ʚʢʨʘʡ ʥʠʟʴʢʠʤ ʧʦʪʝʥʮʽ-
ʘʣʦʤʛʣʦʙʘʣʴʥʦʛʦ ʧʦʪʝʧʣʽʥʥʷ (GWP Ò 3). ɺʠʢʦʨʠʩʪʘʥʥʷ ʚʫʛʣʝʚʦʜʥʽʚ ʻ ʩʪʨʘʪʝʛʽʯʥʦʶ
ʘʣʴʪʝʨʥʘʪʠʚʦʶ ʩʠʥʪʝʪʠʯʥʠʤ ʬʨʝʦʥʘʤ (HFC), ʷʢʽ ʧʦʪʨʘʧʠʣʠ ʧʽʜ ʞʦʨʩʪʢʽ ʦʙʤʝʞʝʥʥʷ
ʤʽʞʥʘʨʦʜʥʠʭ ʧʨʦʪʦʢʦʣʽʚ ʽ F-Gas ʨʝʛʫʣʶʚʘʥʥʷ. ʋ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʪʝʭʥʦʣʦʛʽʶ ʚʠ-
ʣʫʯʝʥʥʷʧʨʦʧʘʥʫ ʪʘ ʽʥʰʠʭ ʚʫʛʣʝʚʦʜʥʽʚ (ʝʪʘʥʫ (R170), ʽʟʦʙʫʪʘʥʫ (R600a) ʟ ʰʠʨʦʢʦʾ
ʬʨʘʢʮʽʾ ʣʝʛʢʠʭʚʫʛʣʝʚʦʜʥʽʚ (ʉ2+), ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʧʨʠ ʧʽʜʛʦʪʦʚʮʽ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʜʦ
ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷʪʘ ʚʠʨʦʙʥʠʮʪʚʘ ɿʇɻ. ɸʥʘʣʽʟ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʙʽʥʘʨʥʠʭ ʩʫʤʽʰʝʡ
ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʧʽʜʪʚʝʨʜʠʚ ʾʭʥʽʡ ʥʝʘʟʝʦʪʨʦʧʥʠʡ ʭʘʨʘʢʪʝʨ, ʱʦ ʜʦʟʚʦʣʷʻ
ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʦʜʠ ʙʘʛʘʪʦʩʪʫʧʝʥʝʚʦʾ ʨʝʢʪʠʬʽʢʘʮʽʾ ʜʣʷ ʛʣʠʙʦʢʦʛʦ ʦʯʠʱʝʥʥʷ. ɼʣʷ
ʫʤʦʚ ʤʘʣʦʪʦʥʥʘʞʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʦʙˇʨʫʥʪʦʚʘʥʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘʩʘʜʢʦʚʠʭ ʢʦʣʦʥ ʽʟ
ʥʝʨʝʛʫʣʷʨʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʪʨʴʦʭ ʪʠʧʽʚ ʥʘʩʘʜʦʢ: ʩʽ-
ʪʯʘʩʪʦʾ ʩʽʜʣʦʧʦʜʽʙʥʦʾ,ʩʧʽʨʘʣʴʥʦʾ ʪʘ ʩʧʽʨʘʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʥʦʾ. ʋ ʩʝʨʝʜʦʚʠʱʽ Mathcad
ʨʝʘʣʽʟʦʚʘʥʦ ʘʣʛʦʨʠʪʤʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ, ʱʦ ʜʦʟʚʦʣʠʚ ʚʠʟʥʘʯʠʪʠ
ʦʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʧʦʜʽʣʫ ʩʫʤʽʰʝʡ ʧʨʦʧʘʥ-ʽʟʦʙʫʪʘʥ ʪʘ ʧʨʦʧʘʥ-ʧʨʦʧʽʣʝʥ.
ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʯʠʩʪʦʪʠ99,9% ʧʨʠ ʧʦʜʽʣʽ ʩʫʤʽʰʽ ʟ ʧʨʦʧʽʣʝʥʦʤ ʧʦʪʨʽ-
ʙʥʦ ʟʥʘʯʥʦ ʙʽʣʴʰʝ ʦʜʠʥʠʮʴ ʧʝʨʝʥʦʩʫ (ʧʦʥʘʜ200 ɺɽʊʊ), ʥʽʞ ʜʣʷ ʩʫʤʽʰʽ ʟ ʽʟʦʙʫʪʘʥʦʤ
(~40 ɺɽʊʊ). ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʦ, ʱʦ ʦʯʠʱʝʥʥʷ ʚʽʜ ʚʠʩʦʢʦʢʠʧʣʷʯʠʭ ʽ ʥʠʟʴʢʦʢʠʧʣʷʯʠʭ
ʜʦʤʽʰʦʢ ʪʝʭʥʽʯʥʦ ʥʝʤʦʞʣʠʚʝ ʚ ʦʜʥʦʤʫ ʘʧʘʨʘʪʽ ʯʝʨʝʟ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʛʽʜʨʘʚʣʽʯʥʠʭ ʨʝʞʠ-
ʤʘʭ ʪʘ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʫʤʦʚʘʭ. ʈʝʟʫʣʴʪʘʪʠʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ
ʧʨʦʝʢʪʫʚʘʥʥʽ ʢʦʤʧʘʢʪʥʠʭ ʫʩʪʘʥʦʚʦʢ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʥʘʜʯʠʩʪʠʭ ʭʦʣʦʜʦʘʛʝʥʪʽʚ ʰʣʷʭʦʤ
ʧʦʪʨʽʡʥʦʾ ʧʝʨʝʛʦʥʢʠ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʪʫʨʘʣʴʥʽ ʭʦʣʦʜʦʘʛʝʥʪʠ, ʧʨʦʧʘʥ, ʨʝʢʪʠʬʽʢʘʮʽʡʥʘ ʢʦʣʦʥʘ, ʥʝʨʝʛʫʣʷ-

ʨʥʘ ʥʘʩʘʜʢʘ, ʧʨʠʨʦʜʥʠʡ ʛʘʟ, ʝʢʦʣʦʛʽʯʥʘ ʙʝʟʧʝʢʘ, ʚʫʛʣʝʚʦʜʥʽ. 
 

ɺʚʝʜʝʥʥʷ. ʇʦʰʫʢ ʥʦʚʠʭ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʨʦʙʦʯʠʭ ʪʽʣ ʜʣʷ ʭʦʣʦʜʠʣʴʥʠʭ 
ʪʝʭʥʦʣʦʛʽʡ ʻ ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʤ ʟʘʚʜʘʥʥʷʤ. ʅʘʪʫʨʘʣʴʥʽ ʭʦʣʦʜʦʘʛʝ-
ʥʪʠ, ʟʦʢʨʝʤʘ, ʚʫʛʣʝʚʦʜʥʽ ï ʮʝ ʝʢʦʣʦʛʽʯʥʦ ʙʝʟʧʝʯʥʽ ʨʦʙʦʯʽ ʪʽʣʘ ʟ ʥʫʣʴʦʚʠʤ ʧʦʪʝʥ-
ʮʽʘʣʦʤ ʨʫʡʥʫʚʘʥʥʷ ʦʟʦʥʦʚʦʛʦ ʰʘʨʫ (ODP = 0) ʪʘ ʚʢʨʘʡ ʥʠʟʴʢʠʤ ʧʦʪʝʥʮʽʘʣʦʤ ʛʣʦ-
ʙʘʣʴʥʦʛʦ ʧʦʪʝʧʣʽʥʥʷ (GWP) [1, 2]. 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʜʝʷʢʠʭ ʩʠʥʪʝʪʠʯʥʠʭ ʬʨʝʦʥʽʚ, ʷʢʽ ʧʨʠ ʚʠʪʦʢʘʭ ʫʪʚʦʨʶʶʪʴ ʰʢʽ-
ʜʣʠʚʽ ʨʝʯʦʚʠʥʠ, ʥʘʪʫʨʘʣʴʥʽ ʭʦʣʦʜʦʘʛʝʥʪʠ ʻ ʧʨʠʨʦʜʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. GWP ʩʠ-
ʥʪʝʪʠʯʥʠʭ ʬʨʝʦʥʽʚ ʛʨʫʧʠ HFC ʜʦʩʷʛʘʻ 3000-14000 ʦʜʠʥʠʮʴ. ʋ ʧʨʠʨʦʜʥʠʭ ʭʦʣʦ-
ʜʦʘʛʝʥʪʽʚ ʮʝʡ ʧʦʢʘʟʥʠʢ ʜʦʨʽʚʥʶʻ ʥʫʣʶ ʯʠ ʦʜʠʥʠʮʽ. 

É ʖ. ʄ. ʉʠʤʦʥʝʥʢʦ, ɹ. ɻ. ɻʨʫʜʢʘ, 2026
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ом 

ʇʝʨʝʚʘʛʠ ʧʨʠʨʦʜʥʠʭ ʭʦʣʦʜʦʘʛʝʥʪʽʚ ʥʝ ʦʙʤʝʞʫʶʪʴʩʷ ʨʘʤʢʘʤʠ ʝʢʦʣʦʛʽʯʥʠʭ 
ʧʨʦʙʣʝʤ. ʇʨʠʨʦʜʥʽ ʭʦʣʦʜʦʘʛʝʥʪʠ ʥʝ ʧʽʜʧʘʜʘʶʪʴ ʧʽʜ ʦʙʤʝʞʝʥʥʷ F-Gas ʨʝʛʫʣʶ-
ʚʘʥʥʷ ʪʘ ʥʝ ʚʢʣʶʯʝʥʽ ʜʦ ʩʧʠʩʢʽʚ ʟʘʙʦʨʦʥʝʥʠʭ ʨʝʯʦʚʠʥ. 

ʎʷ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʨʦʟʨʦʙʮʽ ʪʝʭʥʦʣʦʛʽʾ ʦʪʨʠʤʘʥʥʷ ʚʫʛʣʝʚʦʜʥʽʚ ʟ ʬʨʘʢʮʽʾ 
ʉ2+ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʩʘʜʢʦʚʠʭ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥ. 

 
ʉʠʨʦʚʠʥʘ ʪʘ ʪʝʭʥʦʣʦʛʽʷ. ɺʫʛʣʝʚʦʜʥʝʚʽ ʥʘʪʫʨʘʣʴʥʽ ʭʦʣʦʜʦʘʛʝʥʪʠ ï ʝʪʘʥ 

(R170), ʝʪʠʣʝʥ (R1150), ʧʨʦʧʘʥ (R290), ʧʨʦʧʽʣʝʥ (R1270), ʙʫʪʘʥ (R600) ʪʘ ʽʟʦʙʫ-
ʪʘʥ (R600a) ʻ ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ (ʇɻ). ɿʘʟʥʘʯʝʥʽ ʢʦʤʧʦʥʝʥʪʠ ʚʭʦ-
ʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʨʽʜʢʦʾ ʬʨʘʢʮʽʾ, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʧʽʜ ʯʘʩ ʧʽʜʛʦʪʦʚʢʠ ʇɻ ʜʦ ʪʨʘʥʩ-
ʧʦʨʪʫʚʘʥʥʷ. ʇʨʠ ʮʴʦʤʫ ʧʨʦʚʦʜʠʪʴʩʷ ʦʯʠʱʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʛʘʟʫ, ʱʦ ʥʘʜʭʦʜʠʪʴ ʽʟ 
ʩʚʝʨʜʣʦʚʠʥʠ, ʚʽʜ ʜʚʦʦʢʠʩʫ ʚʫʛʣʝʮʶ ʪʘ ʩʽʨʯʠʩʪʠʭ ʩʧʦʣʫʢ. ʇʨʠʩʫʪʥʽʩʪʴ ʝʪʘʥʫ, ʧʨʦ-
ʧʘʥʫ, ʙʫʪʘʥʫ ʽ ʧʝʥʪʘʥʫ ʚ ʛʘʟʦʚʦʤʫ ʧʘʣʠʚʽ, ʱʦ ʥʘʜʭʦʜʠʪʴ ʜʦ ʩʧʦʞʠʚʘʯʽʚ, ʪʘʢʦʞ 
ʥʝʙʘʞʘʥʘ. ʊʦʤʫ ʧʝʨʝʜ ʧʦʜʘʚʘʥʥʷʤ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʜʦ ʪʨʘʥʩʧʦʨʪʥʠʭ ʤʘʛʽʩʪʨʘʣʴ-
ʥʠʭ ʤʝʨʝʞ ʟ ʥʴʦʛʦ ʧʦʚʠʥʥʽ ʙʫʪʠ ʚʠʜʘʣʝʥʽ ʙʽʣʴʰ ʚʘʞʢʽ ʚʫʛʣʝʚʦʜʥʽ. ʗʢ ʧʨʘʚʠʣʦ, ʮʝ 
ʧʨʦʚʦʜʠʪʴʩʷ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʾ ʩʝʧʘʨʘʮʽʾ [3] ʰʣʷʭʦʤ ʧʦʧʝʨʝʜʥʴʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ 
ʛʘʟʫ (ʪʘʙʣ.1) ʪʘ ʚʽʜʜʽʣʝʥʥʷ ʨʽʜʢʦʾ ʬʘʟʠ. 

ʇʨʠ ʚʠʨʦʙʥʠʮʪʚʽ ʟʨʽʜʞʝʥʦʛʦ ʛʘʟʫ (ɿʇɻ) ʪʘʢʦʞ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʜʘʣʝʥʥʷ 
ʝʪʘʥʫ, ʧʨʦʧʘʥʫ, ʙʫʪʘʥʽʚ ʽ ʙʽʣʴʰ ʚʘʞʢʠʭ ʚʫʛʣʝʚʦʜʥʽʚ. ɺʤʽʩʪ ʜʦʤʽʰʦʢ ʫ ʟʨʽʜʞʝʥʦʤʫ 
ʤʝʪʘʥʽ ʜʦʧʫʩʪʠʤʦ ʥʘ ʨʽʚʥʽ 3-4 % ʝʪʘʥʫ, 2-3 % ʧʨʦʧʘʥʫ, ʜʦ 2 % ʙʫʪʘʥʽʚ ʽ ʜʦ 1,5 % 
ʘʟʦʪʫ [4-6]. ɺʠʣʫʯʝʥʥʷ ʚʠʩʦʢʦʢʠʧʣʷʯʦʾ ʬʨʘʢʮʽʾ ʥʝʦʙʭʽʜʥʝ ʜʣʷ: 
ï ʚʠʜʘʣʝʥʥʷ ʟ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʨʝʯʦʚʠʥ, ʷʢʽ ʤʦʞʫʪʴ ʟʘʤʝʨʟʥʫʪʠ ʪʘ ʚʠ-
ʧʘʩʪʠ ʫ ʪʚʝʨʜʫ ʬʘʟʫ ʫ ʢʨʽʦʛʝʥʥʠʭ ʪʝʧʣʦʦʙʤʽʥʥʠʢʘʭ; 
ï ʚʠʜʽʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʉ2 ʪʘ ʉ3 ʜʣʷ ʢʦʤʧʝʥʩʘʮʽʾ ʚʠʪʦʢʽʚ ʟʤʽʰʘʥʦʛʦ ʭʦʣʦʜʦʘ-
ʛʝʥʪʫ; 
ï ʢʦʨʠʛʫʚʘʥʥʷ ʷʢʦʩʪʽ ɿʇɻ ï ʡʦʛʦ ʥʘʡʚʠʱʦʾ ʪʝʧʣʦʪʚʦʨʥʦʾ ʟʜʘʪʥʦʩʪʽ [6]; 
ï ʢʦʤʝʨʮʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʚʘʞʯʠʭ ʱʦʜʦ ʤʝʪʘʥʫ ʢʦʤʧʦʥʝʥʪʽʚ (ʝʪʘʥʫ, ʧʨʦʧʘ-
ʥʫ, ʧʨʦʧʘʥ-ʙʫʪʘʥʦʚʦʾ ʬʨʘʢʮʽʾ ʪʦʱʦ). 
ʊʝʭʥʽʯʥʦ ʚʠʣʫʯʝʥʥʷ ʨʽʜʢʦʾ ʬʨʘʢʮʽʾ ʧʨʦʚʦʜʠʪʴʩʷ ʰʣʷʭʦʤ ʧʦʧʝʨʝʜʥʴʦʛʦ ʦʭʦ-

ʣʦʜʞʝʥʥʷ ʛʘʟʫ. ʂʦʥʜʝʥʩʘʪ ʧʦʜʘʻʪʴʩʷ ʚ ʫʩʪʘʥʦʚʢʫ ʩʝʧʘʨʘʮʽʾ, ʜʝ ʧʦʩʣʽʜʦʚʥʦ ʧʦʜʽ-
ʣʷʻʪʴʩʷ ʚ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥʘʭ: ʜʝʤʝʪʘʥʽʟʘʪʦʨ, ʜʝʝʪʘʥʽʟʘʪʦʨ, ʜʝʧʨʦʧʘʥʽʟʘʪʦʨ 
ʽ ʜʝʙʫʪʘʥʽʟʘʪʦʨ (ʨʠʩ. 1ʘ). ʇʨʠ ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʠʜʽʣʷʶʪʴ ʽ ʚʘʞʯʽ ʢʦʤʧʦʥʝʥʪʠ. 

ʊʘʙʣʠʮʷ 1. ɿʨʘʟʢʦʚʽ ʩʢʣʘʜʠ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʪʘ ɿʇɻ [3] 
ʂʦʤʧʦʥʝʥʪ ʇʨʠʨʦʜʥʠʡ ʛʘʟ, % ʦʙ. ɿʇɻ, % ʦʙ. 

ɻʝʣʽʡ ʜʦ 0.58 - 
ɸʟʦʪ 0.43 ... 28.0 ʜʦ 1.5 
ɺʫʛʣʝʢʠʩʣʠʡ ʛʘʟ 0.03 ... 2.25 - 
ʄʝʪʘʥ 62.6 ... 98.8 86.98 ... 99.72 
ɽʪʘʥ 2.89 ... 7.06 0.06 ... 9.35 
ʇʨʦʧʘʥ 0.05 ... 2.10 0.0005 ... 2.33 
ɹʫʪʘʥʠ 0.03 ... 1.04 0.0005 ... 2.33 
 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 30ï40.                    ISSN 0367-1631 (Print)



он 

 
ʘ) 

 
ʙ) 

ʈʠʩ.1. ʉʧʨʦʱʝʥʘ ʩʭʝʤʘ ʧʝʨʝʨʦʙʢʠ ʢʦʥʜʝʥʩʘʪʫ, ʱʦ ʚʠʧʘʚ ʫ ʧʨʦʮʝʩʽ ʧʦʧʝʨʝʜʥʴʦʛʦ 
ʦʭʦʣʦʜʞʝʥʥʷ ʇɻ [6]: ʘ) ï ʩʝʧʘʨʘʮʽʷ ʢʦʥʜʝʥʩʘʪʫ ʥʘ 4 ʬʨʘʢʮʽʾ; ʙ) ï ʚʠʨʦʙʥʠʮʪʚʦ ʧʨʦ-
ʧʘʥ-ʙʫʪʘʥʦʚʦʾ ʬʨʘʢʮʽʾ; ʊʆ ï ʪʝʧʣʦʦʙʤʽʥʥʠʢ-ʨʝʢʫʧʝʨʘʪʦʨ 
  
ʉʫʤʽʰ ʧʨʦʧʘʥʫ ʪʘ ʙʫʪʘʥʫ ʩʘʤʘ ʧʦ ʩʦʙʽ ʻ ʟʘ-

ʪʨʝʙʫʚʘʥʠʤ ʧʨʦʜʫʢʪʦʤ [7]  ʾʾ ʟʘʢʘʯʫʶʪʴ ʫ ʙʘ-
ʣʦʥʠ ʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʫ ʷʢʦʩʪʽ ʧʦʙʫʪʦʚʦʛʦ ʪʘ 
ʛʘʟʦʤʦʪʦʨʥʦʛʦ ʧʘʣʠʚʘ. ɼʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʧʨʦ-
ʧʘʥ-ʙʫʪʘʥʦʚʦʾ ʩʫʤʽʰʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʽʥʰʘ 
ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʧʝʨʝʨʦʙʢʠ (ʨʠʩ. 1ʙ). ʂʫʙʦʚʠʡ ʟʘ-
ʣʠʰʦʢ ʢʦʣʦʥʠ ʜʝʤʝʪʘʥʽʟʘʪʦʨʘ ʧʦʜʘʻʪʴʩʷ ʚ ʦʢ-
ʨʝʤʫ ʢʦʣʦʥʫ, ʜʝ ʷʢ ʜʠʩʪʠʣʷʪ ʦʪʨʠʤʫʶʪʴ ʧʨʦʧʘʥ-
ʙʫʪʘʥʦʚʫ ʬʨʘʢʮʽʶ ʽ ʢʫʙʦʚʠʡ ʟʘʣʠʰʦʢ, ʱʦ ʩʢʣʘ-
ʜʘʻʪʴʩʷ ʟ ʙʽʣʴʰ ʚʘʞʢʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ɸʥʘʣʽʟ ʚʣʘʩʪʠʚʦʩʪʝʡ ʙʽʥʘʨʥʠʭ ʩʫʤʽʰʝʡ, 
ʫʪʚʦʨʝʥʠʭ ʟ ʢʦʤʧʦʥʝʥʪʽʚ ʇɻ, ʧʦʢʘʟʘʚ, ʱʦ CO2, 
N2 ʽ He, ʘʣʢʘʥʠ ʪʘ ʘʣʢʽʥʠ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʡʦʛʦ 
ʩʢʣʘʜʫ (ʪʘʙʣ.1), ʫʪʚʦʨʶʶʪʴ ʤʽʞ ʩʦʙʦʶ ʥʝʘʟʝʦʪ-
ʨʦʧʥʽ ʩʫʤʽʰʽ [8], ʧʦʜʽʣ ʷʢʠʭ ʤʝʪʦʜʘʤʠ ʬʘʟʦʚʦʾ 
ʩʝʧʘʨʘʮʽʾ ʥʝ ʩʪʘʥʦʚʠʪʴ ʪʨʫʜʥʦʱʽʚ. 

ʊʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʩʝʧʘʨʘʮʽʾ 
ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʫʤʽʰʝʡ ʧʦʢʘʟʫʶʪʴ, ʱʦ 
ʜʣʷ ʧʦʚʥʦʛʦ ʧʦʜʽʣʫ ʩʫʤʽʰʽ ʥʘ ʢʦʤʧʦʥʝʥʪʠ ʧʦʪ-
ʨʽʙʥʦ ʱʦʥʘʡʤʝʥʰʝ (n-1) ʢʦʣʦʥʘ [9-11]. ʆʜʥʘʢ 
ʜʣʷ ʚʠʣʫʯʝʥʥʷ ʦʜʥʦʛʦ (ʮʽʣʴʦʚʦʛʦ) ʢʦʤʧʦʥʝʥʪʘ 
(ʨʠʩ. 2) ʜʦʩʪʘʪʥʴʦ ʦʜʥʦʛʦ ʘʙʦ ʜʚʦʭ ʘʧʘʨʘʪʽʚ, ʷʢʽ, 
ʷʢʱʦ ʮʝ ʨʦʙʠʪʠ ʧʦʢʨʦʢʦʚʦ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʜʦʟʚʦʣʷʪʴ ʨʦʟʜʽʣʠʪʠ ʙʫʜʴ-ʷʢʫ ʢʽʣʴʢʽʩʪʴ 
ʢʦʤʧʦʥʝʥʪʽʚ. ʊʦʙʪʦ, ʽʟ ʩʫʤʽʰʽ ʙʫʜʴ-ʷʢʦʛʦ ʩʢʣʘʜʫ (ʥʘʧʨʠʢʣʘʜ, ʥʠʟʴʢʦʢʠʧʣʷʯʦʾ ʘʙʦ 
ʚʠʩʦʢʦʢʠʧʣʷʯʦʾ ʬʨʘʢʮʽʾ ʧʦʧʝʨʝʜʥʴʦʛʦ ʝʪʘʧʫ ʩʝʧʘʨʘʮʽʾ) ʤʦʞʥʘ ʧʦ ʯʝʨʟʽ ʚʠʣʫʯʘʪʠ 

 
ʈʠʩ.2. ʇʨʠʥʮʠʧ ʚʠʣʫʯʝʥʥʷ 
ʮʽʣʴʦʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʟ ʙʘʛʘ-
ʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʫʤʽʰʽ [10] 
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оо 

ʢʦʞʝʥ ʦʢʨʝʤʠʡ ʢʦʤʧʦʥʝʥʪ, ʟʤʽʥʶʶʯʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʢʦʣʦʥʠ ʪʘ ʪʝʤʧʝʨʘʪʫʨʥʠʡ 
ʨʽʚʝʥʴ ʥʘʛʨʽʚʘʥʥʷ-ʦʭʦʣʦʜʞʝʥʥʷ. ɼʣʷ ʟʘʜʘʥʠʭ ʫʤʦʚ ʜʦʩʣʽʜʞʝʥʥʷ (ʥʝʚʠʩʦʢʘ ʚʠʪʨʘʪʘ 
ʩʫʤʽʰʽ, ʱʦ ʨʦʟʜʽʣʷʻʪʴʩʷ, ʮʽʣʴʦʚʠʡ ʢʦʤʧʦʥʝʥʪ - ʧʨʦʧʘʥ) ʙʫʣʦ ʦʙʨʘʥʦ ʥʘʩʘʜʢʦʚʠʡ 
ʪʠʧ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥ [12-14]. 

 
ɺʠʙʽʨ ʪʠʧʫ ʥʘʩʘʜʢʠ. ʅʘ ʨʠʩ.3 ʧʦʢʘʟʘʥʽ ʦʩ-

ʥʦʚʥʽ ʪʠʧʠ ʥʘʩʘʜʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ, ʧʨʠʜʘʪʥʠʭ 
ʜʣʷ ʤʘʣʦʚʠʪʨʘʪʥʠʭ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥ [12, 
13]. ʈʦʟʤʽʨ ʦʜʠʥʦʯʥʦʛʦ ʤʘʩʦʦʙʤʽʥʥʦʛʦ ʝʣʝʤʝʥʪʘ 
ʥʝʨʝʛʫʣʷʨʥʦʾ ʥʘʩʘʜʢʠ ʟʘʟʚʠʯʘʡ ʧʨʠʡʤʘʻʪʴʩʷ ʚ 
ʤʝʞʘʭ 0,03...0,05 ʚʽʜ ʜʽʘʤʝʪʨʘ ʢʦʣʦʥʠ. 

ʋ ʷʢʦʩʪʽ ʥʘʩʘʜʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʙʫʣʦ ʜʦʩʣʽ-
ʜʞʝʥʦ ʪʨʠ ʪʠʧʠ ʥʝʨʝʛʫʣʷʨʥʠʭ ʥʘʩʘʜʦʢ: ʩʽʪʯʘʩʪʘ 
ʩʽʜʣʦʧʦʜʽʙʥʘ, ʩʧʽʨʘʣʴʥʦ-ʮʠʣʽʥʜʨʠʯʥʘ ʽ ʩʧʽʨʘ-
ʣʴʥʦ-ʧʨʠʟʤʘʪʠʯʥʘ. ʋ ʪʘʙʣ. 2 ʧʦʢʘʟʘʥʽ ʦʩʥʦʚʥʽ 
ʛʝʦʤʝʪʨʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʱʝʟʛʘʜʘʥʠʭ ʪʠ-
ʧʽʚ ʥʘʩʘʜʦʢ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʧʦʜʘʣʴʰʠʭ 
ʨʦʟʨʘʭʫʥʢʘʭ. 

ʈʦʟʨʘʭʫʥʦʢ ʢʦʣʦʥ. ʋ ʪʘʙʣ. 3 ʽ 4 ʚʠʢʣʘʜʝʥʦ 
ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʥʘʩʘʜ-
ʢʦʚʦʾ ʢʦʣʦʥʠ [14], ʩʧʨʦʱʝʥʘ ʩʭʝʤʘ ʷʢʦʾ ʧʦʢʘʟʘʥʘ 
ʥʘ ʨʠʩ.4, ʪʘ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʛʝʦʤʝʪʨʠʯʥʠʭ 
ʨʦʟʤʽʨʽʚ ʢʦʣʦʥ, ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʧʦʜʽʣʫ ʩʫʤʽʰʝʡ 
ʧʨʦʧʘʥʫ ʟ ʥʘʡʙʣʠʞʯʠʤʠ ʟʘ ʪʝʤʧʝʨʘʪʫʨʦʶ ʢʠʧʽʥʥʷ 
ʢʦʤʧʦʥʝʥʪʘʤʠ ï ʽʟʦʙʫʪʘʥʦʤ ʪʘ ʧʨʦʧʽʣʝʥʦʤ. ʈʦʟʨʘ-
ʭʫʥʦʢ ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ ʙʘʟʽ x,y-ʜʽʘʛʨʘʤʠ, ʧʨʦʛʨʘʤʘ 
ʨʦʟʨʘʭʫʥʢʫ, ʱʦ ʨʝʘʣʽʟʫʻ ʟʘʟʥʘʯʝʥʫ ʧʦʩʣʽʜʦʚʥʽʩʪʴ, 
ʚʠʢʦʥʘʥʘ ʚ ʨʝʜʘʢʪʦʨʽ Mathcad. 
ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʜʣʷ ʩʫʤʽʰʽ ʧʨʦʧʘʥ-ʽʟʦ-
ʙʫʪʘʥ ʧʨʠ ʨʦʙʦʯʦʤʫ ʪʠʩʢʫ 2 ʘʪʽ ʚ ʢʦʣʦʥʽ ʢʦʝʬʽ-
ʮʽʻʥʪ ʧʦʜʽʣʫ ʜʦʨʽʚʥʶʻ 3,009, ʘ ʜʣʷ ʩʫʤʽʰʽ ʧʨʦ-

ʧʘʥ-ʧʨʦʧʽʣʝʥ ʽ ʪʠʩʢʫ 1 ʘʪʽ ï 1,259, ʪʦʙʪʦ ʟʥʘʯʥʦ, ʥʽʞ ʫʜʚʽʯʽ ʤʝʥʰʝ. ɺʽʜʧʦʚʽʜʥʦ, 
ʜʣʷ ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʚʽʜ ʧʨʦʧʘʥʫ ʚʘʞʢʠʭ ʜʦʤʽʰʦʢ ʥʝʦʙʭʽʜʥʦ ʙʣʠʟʴʢʦ 40 ʦʜʠʥʠʮʴ 
ʧʝʨʝʥʝʩʝʥʥʷ (ʚʠʩʦʪʘ, ʝʢʚʽʚʘʣʝʥʪʥʘ ʦʜʥʽʡ ʪʝʦʨʝʪʠʯʥʽʡ ʪʘʨʽʣʮʽ - ɺɽʊʊ [13]), ʘ ʦʯʠ-
ʱʝʥʥʷ ʚʽʜ ʧʨʦʧʽʣʝʥʫ ʜʦ 99,9% ï ʧʦʥʘʜ 200 ɺɽʊʊ (ʫ 5 ʨʘʟʽʚ ʙʽʣʴʰʝ).  

 
ʘ) 

 
ʙ) 

 
ʚ) 

 
ʛ) 

ʈʠʩ.3. ʊʠʧʠ ʥʝʨʝʛʫʣʷʨʥʠʭ ʤʘʩʦʦʙʤʽʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥ 
[12]: ʘ) ï ʩʽʜʣʦʧʦʜʽʙʥʽ ʩʽʪʯʘʩʪʽ; ʙ); ʚ) ï ʩʧʽʨʘʣʴʥʽ ʮʠʣʽʥʜʨʠʯʥʽ; ʛ) ï ʩʧʽʨʘʣʴʥʦ-
ʧʨʠʟʤʘʪʠʯʥʽ 
 

 
ʈʠʩ.4. ʇʦʟʥʘʯʝʥʥʷ, ʧʨʠʡʥʷʪʽ ʫ 
ʨʦʟʨʘʭʫʥʢʘʭ 
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оп 

ʊʘʙʣʠʮʷ 2. ʊʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʨʝʛʫʣʷʨʥʠʭ ʥʘʩʘʜʦʢ [12-14] 

ʇʘʨʘʤʝʪʨ ʌʦʨʤʫʣʘ 

ʊʠʧ ʥʘʩʘʜʢʠ 
ʉʽʪʯʘʩʪʘ ʩʽ-
ʜʣʦʧʦʜʽʙʥʘ, 
ʨʠʩ.3ʘ 

ʉʧʽʨʘʣʴʥʘ,  
ʨʠʩ. 3ʙ 

ʉʧʽʨʘʣʴʥʦ-
ʧʨʠʟʤʘʪʠʯ-
ʥʘ, ʨʠʩ.3ʛ 

ʄʘʪʝʨʽʘʣ - ʃʘʪʫʥʴ ʅʝʨʞʘʚʽʶʯʘ ʩʪʘʣʴ 
ʅʝʨʞʘʚʽʶ-
ʯʘ ʩʪʘʣʴ 

ʍʘʨʘʢʪʝʨʥʽ ʨʦʟ-
ʤʽʨʠ. ʤʤ ʘĬbĬdʇʈ 10Ĭ10Ĭ0.18 3.45³3.45Ĭ0.75 2.2Ĭ2.4Ĭ0.2 

ɺʽʣʴʥʠʡ ʦʙ'ʻʤ (ʧʦ-
ʨʠʩʪʽʩʪʴ). ʤ3/ʤ3 

ʉɺV
V

e
S

= (1) 0.935 0.673 0.907 

ʇʠʪʦʤʘ ʤʘʩʦʦʙ-
ʤʽʥʥʘ ʧʦʚʝʨʭʥʷ. 
ʤ2/ʤ3 

ʇʈF
V

s
S

= (2) 1446 1764 1859 

ɽʢʚʽʚʘʣʝʥʪʥʠʡ ʜʽʘ-
ʤʝʪʨ. ʤʤ ʝ

4d e
s

= (3) 2.59 1.53 1.95 

ʅʘʩʠʧʥʘ ʤʘʩʘ.  
ʢʛ/ʤ3 ʅ

m
V

r
S

= (4) 556 2576 732 

 
ʊʘʙʣʠʮʷ 3. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʚʦʭ ʥʘʩʘʜʢʦʚʠʭ 

ʨʝʢʪʠʬʽʢʘʮʽʡʥʠʭ ʢʦʣʦʥ. ʱʦ ʧʨʘʮʶʶʪʴ ʧʦʩʣʽʜʦʚʥʦ. ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʨʦʧʘʥʫ ʟ 
ʧʨʦʧʘʥ-ʙʫʪʘʥʦʚʦʾ ʩʫʤʽʰʽ [13-15] 

ʇʘʨʘʤʝʪʨ ʆʜ. ʚʠʤ. ʌʦʨʤʫʣʘ 

ʉʫʤʽʰ. ʱʦ ʨʦʟʜʽʣʷ-
ʻʪʴʩʷ 

ʇʨʦʧʘʥ-
ʽʟʦʙʫʪʘʥ 

ʇʨʦʧʘʥ-
ʧʨʦʧʽʣʝʥ 

ɺʠʭʽʜʥʽ ʜʘʥʽ 
ɺʠʪʨʘʪʘ ʥʘ ʚʭʦʜʽ ʜʦ 
ʢʦʣʦʥʠ ʥʤ3/ʛʦʜ ʄ 30 22.43 

ʈʦʙʦʯʠʡ ʪʠʩʢ ʫ ʢʦʣʦʥʽ ʘʪʽ (ʘʪʤ) P 2 (2.936) 1 (1.968) 
ʂʦʥʮʝʥʪʨʘʮʽʷ ʧʨʦ-
ʧʘʥʫ: 

% ʦʙ. 

   

ʚʠʭʽʜʥʦʾ ʩʫʤʽʰʽ xM 75 98 
ʚʽʜʜʫʚʢʘ yD 99.99 20 
ʢʫʙʦʚʦʾ ʬʨʘʢʮʽʾ xR 1 99.9 

ʉʪʫʧʽʥʴ ʥʝʨʽʚʥʦʚʘʞʥʦʩ-
ʪʽ ʫ ʤʽʩʮʽ ʚʚʝʜʝʥʥʷ ʧʦ-
ʪʦʢʫ 

 D 0.9 0.7 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ 
ʊʝʤʧʝʨʘʪʫʨʘ ʫ ʜʝʬʣʝ-
ʛʤʘʪʦʨʽ ʂ (̄ʉ) TD 258 (-15) 242 (-31) 
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ор 

ʊʝʤʧʝʨʘʪʫʨʘ ʫ ʢʫʙʽ ʢʦ-
ʣʦʥʠ ʂ (̄ʉ) TK 292 (+19) 248 (-25) 

ɺʽʜʥʦʩʥʘ ʣʝʪʢʽʩʪʴ  SD

S R

Pp
p P

a= Ö (5) 3.009 1.259 

ɺʠʪʨʘʪʘ ʛʘʟʦʚʦʾ ʬʨʘʢ-
ʮʽʾ (ʚʽʜʜʫʚʢʘ) ʥʤ3/ʛʦʜ M R

D R

x xD M
y x
-= Ö
-
 (6) 22.43 2.142 

ɺʠʪʨʘʪʘ ʢʫʙʦʚʦʾ ʨʽʜʠ-
ʥʠ ʥʤ3/ʛʦʜ D R

D M

y xR M
y x
-= Ö
-
 (7) 7.57 20.288 

ʈʽʚʥʦʚʘʞʥʘ ʢʦʥʮʝʥʪ-
ʨʘʮʽʷ ʧʘʨʠ ʤʦʣʴ/ʤʦʣʴ ( )1 1

M
Z

M

xy
x

a
a
Ö=

+ - Ö
(8) 0.9 0.025 

ʄʽʥʽʤʘʣʴʥʘ ʬʣʝʛʤʦʚʘ 
ʢʽʣʴʢʽʩʪʴ  D M

MIN
Z M

y yv
y x
-=
-
 (9) 0.663 34.59 

ʈʦʙʦʯʝ ʬʣʝʛʤʦʚʝ ʯʠʩ-
ʣʦ  (  )

D M

Z M

y yv
y x
-=
- D -

(10) 0.763 34.89 

ɼʣʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ 
ʩʝʢʮʽʾ  1

L v
G v
=
+   (11) 

0.433 0.972 

ɼʣʷ ʩʝʢʮʽʾ ʚʽʜʛʦʥʢʠ  1
L v u
G v

+=
+. (12). ʜʝ

Mu
D

=  1.192 1.264 

ʈʽʚʥʷʥʥʷ ʨʦʙʦʯʦʾ ʣʽʥʽʾ ʚ ʢʦʥʮʝʥʪʨʘ-
ʮʽʡʥʽʡ ʩʝʢʮʽʾ 1 1 1

Dyvy x
v v
= Ö +
+ +

. (13) 0.433 Ŀ x + 
+0.567 

0.972 Ŀ x 
+ +0.569 

ʈʽʚʥʷʥʥʷ ʨʦʙʦʯʦʾ ʣʽʥʽʾ ʫ ʩʝʢʮʽʾ ʚʽʜ-
ʛʦʥʢʠ 2

1
1 1R

v u uy x x
v v
+ -= Ö + Ö
+ +

.(14) 1.192 Ŀ x + 
+0.0019 

1.264 ʭ + 
+0.0055 

ʏʠʩʣʦ ʪʝʦʨʝʪʠʯʥʠʭ ʪʘ-
ʨʽʣʦʢ ɺɽʊʊ ʰʪ N 38 205 

ʉʠʩʪʝʤʘ ʪʝʧʣʦʭʦʣʦʜʦʧʦʩʪʘʯʘʥʥʷ 
ʊʝʤʧʝʨʘʪʫʨʘ ʦʭʦʣʦʜ-
ʞʝʥʥʷ ʂ (̄ʉ) Tx 254(-19) 237(-36) 

ʍʦʣʦʜʦʘʛʝʥʪ   ʧʨʦʧʽʣʝʥ 
(ʘʤʽʘʢ) 

ʝʪʘʥ 
(ʧʨʦ-ʧʽ-
ʣʝʥ) 

ʊʠʩʢ ʭʦʣʦʜʦʘʛʝʥʪʫ ʘʪʽ (ʘʪʤ) Px 2.066 (3) 7.95 
(8.69) 

ʍʦʣʦʜʠʣʴʥʝ ʥʘʚʘʥʪʘ-
ʞʝʥʥʷ ʢɺʪ Qx 3.25 15.7 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʛʨʽ-
ʚʘʥʥʷ ʂ (̄ʉ) Tt 298 (25) 243 (-20) 

ʊʝʧʣʦʥʦʩʽʡ   ʚʦʜʘ ʧʨʦʧʘʥ 

ʊʠʩʢ ʪʝʧʣʦʥʦʩʽʷ ʘʪʽ (ʘʪʤ) Pt 3.1 (4) 0.67 (1.65) 
ʊʝʧʣʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʢɺʪ Qt 11.5 20.41 
 

ʊʦʙʪʦ ʦʯʠʱʝʥʥʷ ʧʨʦʧʘʥʫ ʚʽʜ ʚʠʩʦʢʦʢʠʧʣʷʯʠʭ ʽ ʥʠʟʴʢʦʢʠʧʣʷʯʠʭ ʜʦʤʽʰʦʢ ʥʝ-
ʤʦʞʣʠʚʝ ʚ ʦʜʥʽʡ ʢʦʣʦʥʽ ʯʝʨʝʟ ʚʝʣʠʢʫ ʚʽʜʤʽʥʥʽʩʪʴ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʦʙʦ-
ʯʦʾ ʯʘʩʪʠʥʠ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʦʭʦʣʦʜʞʝʥʥʷ ʢʦʥʜʝʥʩʘʪʦʨʘ. 
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ос 

ɺʧʣʠʚ ʪʠʧʫ ʥʘʩʘʜʢʠ ʥʘ ʧʨʦʮʝʩ ʩʝʧʘʨʘʮʽʾ ʙʫʣʦ ʚʠʚʯʝʥʦ ʰʣʷʭʦʤ ʚʥʝʩʝʥʥʷ ʜʦ 
ʨʦʟʨʘʭʫʥʢʫ ʚʽʜʧʦʚʽʜʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʩʘʜʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠ-
ʤʘʥʽ ʛʨʘʬʽʢʠ ʟʘʣʝʞʥʦʩʪʽ ʜʽʘʤʝʪʨʘ dK ʪʘ ʚʠʩʦʪʠ ʨʦʙʦʯʦʾ ʯʘʩʪʠʥʠ ʢʦʣʦʥʠ HK ʚʽʜ 
ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ dɽ ʥʝʨʝʛʫʣʷʨʥʦʾ ʥʘʩʘʜʢʠ. ʆʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʢʘʟʘʣʘ, 
ʱʦ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʢʦʣʦʥʠ ʟʘʣʝʞʘʪʴ ʣʽʥʽʡʥʦ ʚʽʜ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ 
ʥʘʩʘʜʢʠ (ʨʠʩ.5). 

ɿʥʠʞʝʥʥʷ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ ʥʠʞʯʝ 1,5 ʤʤ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ 
ʦʧʦʨʫ ʩʫʭʦʾ ʥʘʩʘʜʢʠ (ʪʘʙʣ. 4, 5) [16], ʘ ʥʘʷʚʥʽʩʪʴ ʧʣʽʚʢʠ ʢʦʥʜʝʥʩʘʪʫ ʽ ʢʘʧʽʣʷʨʥʽ 
ʝʬʝʢʪʠ ï ʜʦ ʟʥʘʯʥʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʦʧʦʨʫ ʟʨʦʰʫʚʘʥʦʾ ʥʘʩʘʜʢʠ. ɺʠʟʥʘʯʝʥʥʷ ʤʽʥʽʤʘ-
ʣʴʥʦʛʦ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ, ʧʨʠ ʷʢʦʤʫ ʨʝʞʠʤ ʨʦʙʦʪʠ ʥʘʩʘʜʢʠ ʚ ʢʦʣʦʥʽ ʧʝ-
ʨʝʡʜʝ ʚ ʨʝʞʠʤʽ ʟʘʭʣʠʥʫʚʘʥʥʷ, ʚʠʤʘʛʘʻ ʜʦʜʘʪʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ʗʢ ʧʦʢʘʟʘʣʠ ʨʦʟʨʘʭʫʥʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʦʙ'ʻʤ ʥʘʩʘʜʢʦʚʦʾ ʢʦʣʦʥʠ ʪʘʢʦʞ ʣʽ-
ʥʽʡʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ ʥʘʩʘʜʢʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ. ɼʣʷ 
ʩʝʧʘʨʘʮʽʾ ʩʫʤʽʰʽ ʧʨʦʧʘʥ-ʽʟʦʙʫʪʘʥ  

ὠ ρωȟψυσϽὨ˒ σȟτωψς,    (23) 
ʜʝ VK1 ï ʦʙ'ʻʤ ʥʘʩʘʜʢʠ ʫ ʨʦʙʦʯʽʡ ʯʘʩʪʠʥʽ ʢʦʣʦʥʠ, ʜʤ3; dɽ ï ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʜʽʘʤʝʪʨ 
ʥʘʩʘʜʢʠ, ʤʤ. ɼʣʷ ʩʫʤʽʰʽ ʧʨʦʧʘʥ-ʧʨʦʧʽʣʝʥ 

ὠ ςπφȟτυϽὨ˒ τςȟφςτ.    (24) 
ɼʦʜʘʪʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʦʯʠʱʝʥʥʷ ʧʨʦʧʘʥʫ ʚʽʜ ʧʨʦʧʽʣʝʥʫ ʜʦ ʯʠʩʪʦʪʠ ʚʠʱʝ 

99.9% ʧʦʢʘʟʘʣʠ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʯʠʩʪʦʪʠ ʧʨʦʧʘʥʫ ʥʘ ʧʦʨʷʜʦʢ ʤʦʞʥʘ ʧʨʦʚʦʜʠʪʠ ʚ 
ʪʽʡ ʞʝ ʢʦʣʦʥʽ. ʇʨʠ ʮʴʦʤʫ ʚʪʨʘʪʠ ʧʨʦʜʫʢʪʫ ʥʘ ʢʦʞʥʦʤʫ ʥʘʩʪʫʧʥʦʤʫ ʩʪʫʧʝʥʽ ʦʯʠ-
ʱʝʥʥʷ ʩʪʘʥʦʚʠʪʠʤʫʪʴ 3% ʥʦʨʤʘʣʴʥʦʛʦ ʦʙ'ʻʤʫ ʧʨʦʧʘʥʫ, ʱʦ ʥʘʜʭʦʜʠʪʴ ʚ ʢʦʣʦʥʫ. 
ʊʘʢʠʤ ʯʠʥʦʤ, ʦʜʝʨʞʘʥʥʷ ʧʨʦʧʘʥʫ ʯʠʩʪʦʪʦʶ 99.999% ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʰʣʷʭʦʤ ʧʦ-
ʪʨʽʡʥʦʾ ʧʝʨʝʛʦʥʢʠ ʧʨʦʧʘʥʫ ʟ ʜʦʤʽʰʢʦʶ 2% ʦʙ. ʧʨʦʧʽʣʝʥʫ. ʆʙ'ʻʤ ʦʜʝʨʞʫʚʘʥʦʛʦ 
C2H8 ʩʢʣʘʜʝ 85% ʚʽʜ ʦʙ'ʻʤʫ ʧʨʦʧʘʥʫ, ʱʦ ʥʘʜʭʦʜʠʪʴ ʥʘ ʦʯʠʱʝʥʥʷ. 
 

 
ʘ) ʙ) 

ʈʠʩ. 5. ʈʦʟʨʘʭʫʥʢʦʚʽ ʜʽʘʤʝʪʨ (ʘ) ʪʘ ʚʠʩʦʪʘ (ʙ) ʨʦʙʦʯʦʾ ʯʘʩʪʠʥʠ ʥʘʩʘʜʢʦʚʦʾ ʢʦʣʦʥʠ 
ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʩʫʤʽʰʽ, ʱʦ ʨʦʟʜʽʣʷʻʪʴʩʷ, ʽ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ ʥʝʨʝʛʫʣʷ-
ʨʥʦʾ ʥʘʩʘʜʢʠ 
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от 

 
ʊʘʙʣʠʮʷ 4. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʜʽʘʤʝʪʨʘ ʪʘ ʚʠʩʦʪʠ ʥʘʩʘʜʢʦʚʦʾ ʢʦʣʦʥʠ ʜʣʷ ʧʦʜʽʣʫ 

ʩʫʤʽʰʽ ʧʨʦʧʘʥ-ʽʟʦʙʫʪʘʥ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʦʾ ʥʘʩʘʜʢʠ 

ʇʘʨʘʤʝʪʨ ʆʜ. ʚʠʤ. ʌʦʨʤʫʣʘ 
ʊʠʧ ʪʘ ʨʦʟʤʽʨ ʥʘʩʘʜʢʠ. ʨʦʟʤʽʨʠ. ʤʤ 
ʉʽʪʯʘʩʪʘ ʩʽʜ-
ʣʦʧʦʜʽʙʥʘ 
10Ĭ10Ĭ0.2 

ʉʧʽʨʘʣʴʥʘ 
3.45Ĭ3.45Ĭ
Ĭ0.75 

ʉʧʽʨʘʣʴʥʦ-
ʧʨʠʟʤʘʪʠʯʥʘ 
2.2Ĭ2.4Ĭ0.2 

ʏʠʩʣʦ ɸʨʭʽʤʝʜʘ  
( )
2

ɽ y x y

y

d g
Ar

Ör Ö r -r Ö
=

h
 (15) 17.17Ĭ106 3.539Ĭ106 7.327Ĭ106 

ʆʧʪʠʤʘʣʴʥʝ 
ʟʥʘʯʝʥʥʷ ʢʨʠʪʝ-
ʨʽʶ ʈʝʡʥʦʣʴʜʩʘ 

 
0,43

0,57Re 0,045GAr
L
å õ= Ö Öæ öç ÷

(16) 858 349 528 

ʆʧʪʠʤʘʣʴʥʘ 
ʰʚʠʜʢʽʩʪʴ ʧʘʨʠ ʤ/ʩ 

Rey
OPT

ɽ y

w
d
h
r
Ö

=
Ö
 (17) 0.225 0.155 0.184 

ɺʠʩʦʪʘ ʝʢʚʽʚʘʣʝ-
ʥʪʥʦʾ ʪʝʦʨʝʪʠʯ-
ʥʦʾ ʪʘʨʽʣʢʠ 

ʤʤ ( )
0,23

0,521,25127,7 (18)ɽ y OPT
Gh d w
L

-
å õ= Ö Ö æ öç ÷

r  145 62 92 

ɼʽʘʤʝʪʨ ʚʝʨʭʥʴʦʾ 
ʯʘʩʪʠʥʠ ʢʦʣʦʥʠ ʤʤ 3600 0,785K

y OPT

D v nd
w

r
r

Ö Ö=
Ö Ö Ö

   (19) 67 81 74 

ʏʠʩʣʦ ɸʨʭʽʤʝʜʘ  (15) 9.344Ĭ106 1.926Ĭ106 3.988Ĭ106 
ʆʧʪʠʤʘʣʴʥʝ 
ʟʥʘʯʝʥʥʷ ʢʨʠʪʝ-
ʨʽʶ ʈʝʡʥʦʣʴʜʩʘ 

 (16) 392 160 241 

ʆʧʪʠʤʘʣʴʥʘ 
ʰʚʠʜʢʽʩʪʴ ʧʘʨʠ ʤ/ʩ (17) 0.229 0.158 0.187 

ɺʠʩʦʪʘ ʝʢʚʽʚʘʣʝ-
ʥʪʥʦʾ ʪʝʦʨʝʪʠʯ-
ʥʦʾ ʪʘʨʽʣʢʠ 

ʤʤ (18) 73 62 46 

ɼʽʘʤʝʪʨ ʚʝʨʭʥʴʦʾ 
ʯʘʩʪʠʥʠ ʢʦʣʦʥʠ ʤʤ (19) 120 144 133 

ɺʠʩʦʪʘ ʥʘʩʘʜʢʦ-
ʚʦʾ ʯʘʩʪʠʥʠ ʢʦ-
ʣʦʥʠ 

ʤ Ὄ ὔϽὬ  (20) 4.83 2.06 3.05 

ʆʙ'ʻʤ ʥʘʩʘʜʢʠ ʜʤ3 ὠ ẗὨ ẗὌ  (21) 55 34 42 

ɺʪʨʘʪʠ ʪʠʩʢʫ ʚ 
ʩʫʭʽʡ ʥʘʩʘʜʮʽ 
[15] 

ʇʘ 
(ʘʪʽ) 

Ўὴ ‚
Ͻ Ͻ Ͻ

Ͻ
. (22) ʜʝ ‚ Ȣ

Ȣ 

ʧʨʠ Re < 1000 ʪʘ 
‚ Ȣ

Ȣ ʧʨʠ Re ² 1000 

11380 
(0.113) 

25900 
(0.26) 

14080 
(0.141) 

 
ʇʦʟʥʘʯʝʥʥʷ ʫ ʪʘʙʣʠʮʷʭ: dɽ ï ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʜʽʘʤʝʪʨ ʥʘʩʘʜʢʠ, ʤ; ɟx, ɟy ï ʛʫʩʪʠʥʘ ʧʘʨʠ ʪʘ ʨʽ-
ʜʠʥʠ, ʢʛ/ʤ3; ɟn ï ʛʫʩʪʠʥʘ ʛʘʟʫ ʧʨʠ 20ʉ̄ ʪʘ 0,1 ʄʇʘ, ʢʛ/ʤ3;hx,hy ï ʜʠʥʘʤʽʯʥʘ ʚ'ʷʟʢʽʩʪʴ ʨʽʜʢʦʾ ʪʘ 
ʛʘʟʦʧʦʜʽʙʥʦʾ ʬʘʟʠ, ʇʘÖʩ. ʆʩʢʽʣʴʢʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʧʦʪʦʢʽʚ ʥʘʚʝʜʝʥʽ ʚ ʦʙ'ʻʤʥʠʭ ʦʜʠʥʠʮʷʭ 
(ʤʦʣʴ/ʤʦʣʴ), ʦʙ'ʻʤʥʽ ʚʠʪʨʘʪʠ (ʤ3/ʛʦʜ) ʥʘʚʝʜʝʥʦ ʜʦ ʫʤʦʚ T = 20ʉ̄ ʽ P=1 ʘʪʤ. 
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оу 

ʊʘʙʣʠʮʷ 5. ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʜʽʘʤʝʪʨʘ ʪʘ ʚʠʩʦʪʠ ʢʦʣʦʥʠ ʜʣʷ ʦʯʠʱʝʥʥʷ 
ʧʨʦʧʘʥʫ ʚʽʜ ʧʨʦʧʽʣʝʥʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʦʾ ʥʘʩʘʜʢʠ 

ʇʘʨʘʤʝʪʨ ʆʜ. ʚʠʤ. ʌʦʨʤʫʣʘ 

ʊʠʧ ʥʘʩʘʜʢʠ, ʨʦʟʤʽʨʠ, ʤʤ 
ʉʽʪʯʘʩʪʘ ʩʽʜ-
ʣʦʧʦʜʽʙʥʘ 
10Ĭ10Ĭ0,2 

ʉʧʽʨʘʣʴʥʘ 
3,45Ĭ3,45Ĭ
Ĭ0,75 

ʉʧʽʨʘʣʴʥʦ-
ʧʨʠʟʤʘʪʠʯʥʘ 
2,2Ĭ2,4Ĭ0,2 

ʏʠʩʣʦ ɸʨʭʽʤʝʜʘ  (15) 8.472Ĭ106 1.746Ĭ106 3.616Ĭ106 
ʆʧʪʠʤʘʣʴʥʝ ʟʥʘ-
ʯʝʥʥʷ ʢʨʠʪʝʨʽʶ ʈʝʡ-
ʥʦʣʴʜʩʘ 

 (16) 405 164 249 

ʆʧʪʠʤʘʣʴʥʘ ʰʚʠʜ-
ʢʽʩʪʴ ʧʘʨʠ ʤ/ʩ (17) 0.255 0.176 0.209 

ɺʠʩʦʪʘ ʝʢʚʽʚʘʣʝʥʪ-
ʥʦʾ ʪʝʦʨʝʪʠʯʥʦʾ ʪʘʨʽ-
ʣʢʠ 

ʤʤ (18) 77 33 48 

ɼʽʘʤʝʪʨ ʚʝʨʭʥʴʦʾ ʯʘ-
ʩʪʠʥʠ ʢʦʣʦʥʠ ʤʤ (19) 216 261 239 

ʏʠʩʣʦ ɸʨʭʽʤʝʜʘ  (15) 8.791Ĭ106 1.812Ĭ106 3.752Ĭ106 
ʆʧʪʠʤʘʣʴʥʝ ʟʥʘ-
ʯʝʥʥʷ ʢʨʠʪʝʨʽʶ ʈʝʡ-
ʥʦʣʴʜʩʘ 

 (16) 369 150 227 

ʆʧʪʠʤʘʣʴʥʘ ʰʚʠʜ-
ʢʽʩʪʴ ʧʘʨʠ ʤ/ʩ (17) 0.233 0.16 0.19 

ɺʠʩʦʪʘ ʝʢʚʽʚʘʣʝʥʪ-
ʥʦʾ ʪʝʦʨʝʪʠʯʥʦʾ ʪʘʨʽ-
ʣʢʠ 

ʤʤ (18) 69 29 43 

ɼʽʘʤʝʪʨ ʥʠʞʥʴʦʾ ʯʘ-
ʩʪʠʥʠ ʢʦʣʦʥʠ ʤʤ (19) 226 273 250 

ɺʠʩʦʪʘ ʥʘʩʘʜʢʦʚʦʾ 
ʯʘʩʪʠʥʠ ʢʦʣʦʥʠ ʤ (20) 14.34 6.11 9.05 

ʆʙ'ʻʤ ʥʘʩʘʜʢʠ ʜʤ3 (21) 577 358 446 
ɺʪʨʘʪʠ ʪʠʩʢʫ ʚ ʩʫʭʽʡ 
ʥʘʩʘʜʮʽ 

ʇʘ 
(ʘʪʽ) (22) 

31970 
(0.32) 

55130 
(0.551) 

32640 
(0.326) 

 
 
ɺʠʩʥʦʚʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ: 

 ʩʠʨʦʚʠʥʦʶ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʥʘʪʫʨʘʣʴʥʦʛʦ ʭʦʣʦʜʦʘʛʝʥʪʫ ʧʨʦʧʘʥʫ ʤʦʞʝ ʙʫʪʠ 
ʬʨʘʢʮʽʷ ʉ2+, ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʧʨʦʮʝʩʘʭ ʧʽʜʛʦʪʦʚʢʠ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʫ ʜʦ ʪʨʘʥʩʧʦ-
ʨʪʫʚʘʥʥʷ ʘʙʦ ʚʠʨʦʙʥʠʮʪʚʘ ɿʇɻ. ɺ ʜʘʥʠʡ ʯʘʩ ʚʦʥʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʧʦʙʫʪʦʚʝ 
ʪʘ ʛʘʟʦʤʦʪʦʨʥʝ ʧʘʣʠʚʦ; 
 ʘʥʘʣʽʟ ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʢʘʟʫʻ, ʱʦ ʙʽʥʘʨʥʽ ʩʫʤʽʰʽ, ʱʦ ʫʪʚʦʨʶ-
ʶʪʴʩʷ ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʫʤʽʰʝʡ, ʻ ʥʝʘʟʝʦʪʨʦ-
ʧʥʠʤʠ. ʆʪʞʝ, ʧʦʜʽʣ ʩʫʤʽʰʽ ʥʘ ʦʢʨʝʤʽ ʢʦʤʧʦʥʝʥʪʠ ʤʦʞʣʠʚʠʡ ʤʝʪʦʜʘʤʠ ʬʘʟʦʚʦʾ 
ʩʝʧʘʨʘʮʽʾ; 
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оф 

 ʜʣʷ ʟʘʜʘʥʠʭ ʫʤʦʚ (ʥʝʚʠʩʦʢʘ ʚʠʪʨʘʪʘ ʩʫʤʽʰʽ, ʱʦ ʨʦʟʜʽʣʷʻʪʴʩʷ, ʮʽʣʴʦʚʠʡ ʢʦʤʧʦ-
ʥʝʥʪ - ʧʨʦʧʘʥ) ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʝʢʪʠʬʽʢʘʮʽʡʥʫ ʢʦʣʦʥʫ, ʟʘʧʦʚ-
ʥʝʥʫ ʥʝʨʝʛʫʣʷʨʥʦʶ ʥʘʩʘʜʢʦʶ; 
 ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʢʦʣʦʥʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʠʧʫ ʙʽʥʘʨʥʦʾ ʩʫʤʽʰʽ, ʱʦ ʨʦʟʜʽʣʷ-
ʻʪʴʩʷ, ʽ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ ʥʘʩʘʜʢʠ. ɿʥʠʞʝʥʥʷ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʜʽʘʤʝʪʨʘ ʥʘ-
ʩʘʜʢʠ ʥʠʞʯʝ 1,5 ʤʤ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʦʧʦʨʫ ʩʫʭʦʾ ʥʘʩʘʜʢʠ ʽ ʟʥʘʯʥʦʛʦ 
ʟʙʽʣʴʰʝʥʥʷ ʦʧʦʨʫ ʟʨʦʰʫʚʘʥʦʾ ʥʘʩʘʜʢʠ; 
 ʦʯʠʱʝʥʥʷ ʧʨʦʧʘʥʫ ʚʽʜ ʚʠʩʦʢʦʢʠʧʣʷʯʠʭ ʪʘ ʥʠʟʴʢʦʢʠʧʣʷʯʠʭ ʜʦʤʽʰʦʢ ʥʝʤʦʞʣʠʚʝ 
ʚ ʦʜʥʽʡ ʢʦʣʦʥʽ ʯʝʨʝʟ ʚʝʣʠʢʫ ʚʽʜʤʽʥʥʽʩʪʴ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʦʙʦʯʦʾ ʯʘʩ-
ʪʠʥʠ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʦʭʦʣʦʜʞʝʥʥʷ ʢʦʥʜʝʥʩʘʪʦʨʘ ʢʦʣʦʥʠ. 
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Packed columns in the technology of obtaining
natural refrigerant — propane (R290)

 
Summary

The article is devoted to the current scientific and technical problem — the search and im-
plementation of energy-efficient and environmentally safe working fluids for refrigeration sys-
tems. The natural refrigerant — propane (R290), which is characterized by zero ozone
depletionpotential (ODP = 0) and extremely low global warming potential (GWP Ò 3), is
considered.The use of hydrocarbons is a strategic alternative to synthetic freons (HFC),
which have fallenunder the strict restrictions of international protocols and F-Gas
regulation. The paper proposes a technology for extracting propane and other hydrocarbons
(ethane (R170), isobutane(R600a) from a wide fraction of light hydrocarbons (C2+) formed
during the preparation ofnatural gas for transportation and LNG production. Analysis of
phase equilibria of binary mixtures of natural gas components confirmed their non-azeotropic
nature, which allows the useof multi-stage rectification methods for deep purification. For
low-tonnage production conditions, the use of packed columns with irregular elements is
justified. A comparative analysis ofthree types of packings is carried out: mesh saddle-
shaped, spiral and spiral-prismatic. A constructive calculation algorithm is implemented in
the Mathcad environment, which made it possible to determine the optimal parameters for
the separation of propane-isobutane and propane-propylene mixtures. It was established that
to achieve a purity of 99.9% when separatinga mixture with propylene, significantly more
transfer units are required (more than 200 HETP)than for a mixture with isobutane (~40
HETP). The study showed that purification from high-boiling and low-boiling impurities is
technically impossible in one apparatus due to differencesin hydraulic modes and
temperature conditions. The results of the work can be used in thedesign of compact
installations for obtaining ultrapure refrigerants by triple distillation.
Keywords: natural refrigerants, propane, distillation column, irregular nozzle, natural gas,

environmental safety, hydrocarbons. 
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ʄʦʜʝʣʶʚʘʥʥʷ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʟ ʚʽʜʥʦʚʣʶʚʘʣʴʥʠʤʠ 

ʜʞʝʨʝʣʘʤʠ ʝʥʝʨʛʽʾ 
 

ʈʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʫ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʧʽʩʣʷʟʙʠʨʘʣʴʥʦʛʦ ʩʫ-
ʰʽʥʥʷ ʟʝʨʥʘ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ. ɺʠʟʥʘʯʝʥʦ ʟʘ
ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʽʟʫ ʩʫʯʘʩʥʠʭ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʪʝ-
ʧʣʦʧʦʩʪʘʯʘʥʥʷ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʩʧʦʞʠʚʘʥʥʷ ʪʨʘʜʠʮʽʡʥʠʭ ʝʥʝʨʛʦʨʝʩʫʨʩʽʚ, ʧʽʜʚʠʱʠʪʠ
ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʧʣʦʪʠ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽʪʨʷ, ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʪʝʤʧʝ-
ʨʘʪʫʨʫ ʩʫʰʠʣʴʥʦʛʦ ʘʛʝʥʪʘ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʠʡ ʧʝʨʝʙʽʛ ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ.
ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʭʝʤʫ ʰʘʭʪʥʦʾ ʟʝʨʥʦʩʫʰʘʨʢʠ ʟ ʛʽʙʨʠʜʥʦʶ
ʩʠʩʪʝʤʦʶ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ, ʫ ʷʢʽʡ ʩʚʽʞʝ ʘʪʤʦʩʬʝʨʥʝ ʧʦʚʽʪʨʷ ʟʤʽʰʫʻʪʴʩʷ ʟ ʯʘʩʪʠʥʦʶ
ʨʝʮʠʨʢʫʣʷʮʽʡʥʦʛʦ ʧʦʚʽʪʨʷ, ʧʽʩʣʷ ʯʦʛʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʩʦʥʷʯʥʠʡ ʧʦʚʽʪʨʷʥʠʡ ʧʽʜʽʛʨʽʚʘʯ ʽ
ʢʦʥʜʝʥʩʘʪʦʨ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʩʦʥʷʯʥʠʡ ʧʽʜʽʛʨʽʚʘʯ
ʜʣʷ ʧʦʧʝʨʝʜʥʴʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʧʦʚʽʪʨʷ, ʘ ʪʝʧʣʦʚʠʡ ʥʘʩʦʩ ï ʜʣʷ ʜʦʜʘʪʢʦʚʦʛʦ ʜʦʛʨʽʚʘʥʥʷ ʪʘ
ʫʪʠʣʽʟʘʮʽʾ ʪʝʧʣʦʪʠ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽʪʨʷ. ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʛʦ ʩʫʰʽʥʥʷ ʟʝ-
ʨʥʦʚʦʛʦ ʰʘʨʫ ʧʝʨʝʜʙʘʯʝʥʦ ʧʦʜʘʯʫ ʩʫʰʠʣʴʥʦʛʦ ʘʛʝʥʪʘ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʨʦʟʧʦʜʽʣʴʥʠʭ ʢʦʨʦ-
ʙʽʚ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʦ ʚʠʩʦʪʽ ʰʘʭʪʠ. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʛʽʙʨʠʜ-
ʥʦʾ ʩʠʩʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʟʝʨʥʦʩʫʰʘʨʢʠ ʜʣʷ ʩʫʰʽʥʥʷ ʧʰʝʥʠʮʽ ʟ ʚʠʪʨʘʪʦʶ 1,7 ʪ/ʛʦʜ
ʟ ʧʦʯʘʪʢʦʚʦʶ ʚʦʣʦʛʽʩʪʶ 20% ʜʦ ʢʽʥʮʝʚʦʾ ʚʦʣʦʛʦʩʪʽ 14%. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʫ
ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʪʝʧʣʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʦʥʷʯʥʦʛʦ ʧʦʚʽʪʨʷʥʦʛʦ ʧʽʜʽʛʨʽʚʘʯʘ ʩʪʘʥʦʚʠʪʴ
61,6 ʢɺʪ, ʧʦʪʫʞʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ð 92 ʢɺʪ, ʟʘʛʘʣʴʥʘ ʪʝʧʣʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʠʩ-
ʪʝʤʠ ð 154 ʢɺʪ, ʯʘʩʪʢʘ ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ð 40%, ʘ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ
ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʜʦʨʽʚʥʶʻ 3,5. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ
ʧʦʣʷ ʪʘ ʧʦʣʷ ʚʦʣʦʛʦʩʪʽ ʟʝʨʥʘ ʚ ʰʘʭʪʥʽʡ ʩʫʰʘʨʮʽ ʧʨʠ ʙʘʛʘʪʦʨʽʚʥʝʚʦʤʫ ʧʽʜʚʝʜʝʥʥʽ ʩʫʰʠʣʴ-
ʥʦʛʦ ʘʛʝʥʪʘ ʯʝʨʝʟ ʢʦʨʦʙʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʩʭʝʤʘ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʩʪʚʦʨʝʥʥʷ
ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʟʝʨʥʦʩʫʰʘʨʦʢ ʜʣʷ ʧʨʦʜʦʚʦʣʴʯʦʛʦ ʪʘ ʥʘʩʽʥʥʻʚʦʛʦ ʟʝʨʥʘ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʫʰʽʥʥʷ, ʟʝʨʥʦ, ʨʝʮʠʨʢʫʣʷʮʽʷ ʧʦʚʽʪʨʷ, ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʪʝʤʧʝʨʘ-

ʪʫʨʥʝ ʧʦʣʝ, ʧʦʣʝ ʚʦʣʦʛʦʩʪʽ.
 

ɺʩʪʫʧ. ʆʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʦʻʤʥʠʭ ʦʧʝʨʘʮʽʡ ʫ ʘʛʨʦʧʨʦʤʠʩʣʦʚʦʤʫ ʚʠ-
ʨʦʙʥʠʮʪʚʽ ʻ ʩʫʰʽʥʥʷ ʟʝʨʥʘ, ʦʩʢʽʣʴʢʠ ʜʣʷ ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ ʥʝʦʙʭʽʜʥʝ ʟʥʘʯʥʝ ʧʽʜ-
ʚʝʜʝʥʥʷ ʪʝʧʣʦʪʠ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʛʦ ʧʦʚʽʪʨʦʦʙʤʽʥʫ ʚ ʟʝʨʥʦʚʦʤʫ ʰʘʨʽ. 
ʊʨʘʜʠʮʽʡʥʽ ʟʝʨʥʦʩʫʰʘʨʢʠ ʧʝʨʝʚʘʞʥʦ ʧʨʘʮʶʶʪʴ ʥʘ ʧʨʠʨʦʜʥʦʤʫ ʛʘʟʽ, ʜʠʟʝʣʴʥʦʤʫ 
ʧʘʣʠʚʽ ʘʙʦ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʩʦʢʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʪʨʘʪ, 
ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʮʽʥ ʥʘ ʝʥʝʨʛʦʥʦʩʽʾ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʚʠʢʠʜʽʚ ʧʘʨʥʠʢʦʚʠʭ ʛʘʟʽʚ. ʇʝʨʩ-
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ʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʟʝʨʥʦʩʫʰʽʥʥʷ ʻ ʚʠʢʦʨʠʩ-
ʪʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ, ʫ ʷʢʠʭ ʪʨʘʜʠʮʽʡʥʽ ʜʞʝʨʝʣʘ ʪʝʧʣʦʪʠ ʯʘ-
ʩʪʢʦʚʦ ʘʙʦ ʧʦʚʥʽʩʪʶ ʟʘʤʽʥʶʶʪʴʩʷ ʚʽʜʥʦʚʣʶʚʘʥʠʤʠ ʪʘ ʥʠʟʴʢʦʧʦʪʝʥʮʽʡʥʠʤʠ ʝʥʝ-
ʨʛʝʪʠʯʥʠʤʠ ʨʝʩʫʨʩʘʤʠ. ɿʦʢʨʝʤʘ, ʩʦʥʷʯʥʠʡ ʧʦʚʽʪʨʷʥʠʡ ʧʽʜʽʛʨʽʚʘʯ ʤʦʞʝ ʟʘʙʝʟʧʝ-
ʯʫʚʘʪʠ ʧʦʧʝʨʝʜʥʻ ʥʘʛʨʽʚʘʥʥʷ ʩʫʰʠʣʴʥʦʛʦ ʘʛʝʥʪʘ ʙʝʟ ʚʠʪʨʘʪ ʧʘʣʠʚʘ, ʘ ʪʝʧʣʦʚʠʡ 
ʥʘʩʦʩ ï ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʚʽʪʨʷ ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʠʟʴʢʦʧʦʪʝʥʮʽʡʥʝ 
ʪʝʧʣʦ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʇʦʻʜʥʘʥʥʷ ʮʠʭ ʝʣʝʤʝʥʪʽʚ ʩʪʚʦʨʶʻ ʧʝʨʝʜʫ-
ʤʦʚʠ ʜʣʷ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ, ʧʽʜʚʠʱʝʥʥʷ ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 
ʟʤʝʥʰʝʥʥʷ ʝʢʦʣʦʛʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ. 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ. ʇʨʘʢʪʠʯʥʘ ʨʝʘʣʽʟʘʮʽʷ ʟʝʨʥʦʩʫʰʘʨʢʠ ʟ ʛʽʙʨʠʜʥʦʶ 
ʩʠʩʪʝʤʦʶ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʧʦʪʨʝʙʫʻ ʨʦʟʚôʷʟʘʥʥʷ ʥʠʟʢʠ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ ʟʘ-
ʜʘʯ, ʜʦ ʷʢʠʭ ʥʘʣʝʞʠʪʴ ʚʠʙʽʨ ʨʘʮʽʦʥʘʣʴʥʦʾ ʩʭʝʤʠ ʧʽʜʚʝʜʝʥʥʷ ʪʘ ʨʦʟʧʦʜʽʣʫ ʩʫʰʠʣʴ-
ʥʦʛʦ ʘʛʝʥʪʘ, ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʛʦ ʧʨʦʭʦʜʞʝʥʥʷ ʧʦʚʽʪʨʷ ʢʨʽʟʴ ʰʘʨ ʟʝʨʥʘ ʟ 
ʫʨʘʭʫʚʘʥʥʷʤ ʡʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʦʧʦʨʫ, ʫʟʛʦʜʞʝʥʥʷ ʨʦʙʦʪʠ ʩʦʥʷʯʥʦʛʦ ʧʦʚʽʪʨʷ-
ʥʦʛʦ ʧʽʜʽʛʨʽʚʘʯʘ, ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ, ʚʝʥʪʠʣʷʪʦʨʘ ʪʘ ʩʫʰʠʣʴʥʦʾ ʰʘʭʪʠ, ʱʦ ʤʘʻ ʜʦ-
ʟʚʦʣʠʪʠ ʟʘʙʝʟʧʝʯʠʪʴ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʝ ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʧʫʙʣʽʢʘʮʽʡ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʩʠʩ-
ʪʝʤ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʝʥʝʨʛʝʪʠʯʥʫ ʪʘ ʝʢʦʥʦʤʽʯʥʫ 
ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ ʟʝʨʥʘ [1]. ʆʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʧʝʨʝʚʘʛ ʻ ʟʥʘʯʥʝ 
ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ 
ʝʥʝʨʛʽʾ. ʉʦʥʷʯʥʽ ʢʦʣʝʢʪʦʨʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʦʧʝʨʝʜʥʻ ʥʘʛʨʽʚʘʥʥʷ ʧʦʚʽʪʨʷ ʙʝʟ ʚʠ-
ʪʨʘʪ ʧʘʣʠʚʘ, ʘ ʪʝʧʣʦʚʠʡ ʥʘʩʦʩ ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʠʟʴʢʦʧʦʪʝʥʮʽʡʥʝ ʪʝʧʣʦ ʥʘʚʢʦʣʠʰ-
ʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʜʦʩʷʛʘʻʪʴʩʷ ʚʠʩʦʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ 
ʝʥʝʨʛʽʾ. ʇʨʠ ʟʥʘʯʝʥʥʷʭ ʉʆʈ ʚʽʜ 3 ʥʘ 1 ʢɺʪ ʩʧʦʞʠʚʘʥʦʾ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʚʠʨʦʙʣʷ-
ʻʪʴʩʷ 3 ï 4 ʢɺʪ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ [2]. ʂʦʤʙʽʥʫʚʘʥʥʷ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ ʪʘ ʪʝʧʣʦʚʦʛʦ 
ʥʘʩʦʩʘ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʝʥʝʨʛʦʨʝʩʫʨʩʠ [3]. ɻʽʙʨʠʜʥʘ ʩʫʰʘʨʢʘ 
ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʠʟʴʢʠʤ ʨʽʚʥʝʤ ʚʧʣʠʚʫ ʥʘ ʜʦʚʢʽʣʣʷ, ʦʩʢʽʣʴʢʠ ʚʽʜʩʫʪʥʽ ʚʠʢʠʜʠ 
ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ. ʎʝ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʚ ʫʤʦʚʘʭ ʧʦʩʠʣʝʥʥʷ ʝʢʦʣʦʛʽʯʥʠʭ ʚʠ-
ʤʦʛ ʪʘ ʧʝʨʝʭʦʜʫ ʜʦ ʩʪʘʣʦʛʦ ʨʦʟʚʠʪʢʫ. ɺ ʨʦʙʦʪʽ [4] ʚʠʢʦʥʘʥʘ ʨʦʟʨʦʙʢʘ ʛʽʙʨʠʜʥʦʾ 
ʩʫʰʘʨʢʠ ʟ ʪʝʧʣʦʚʠʤ ʥʘʩʦʩʦʤ ʥʘ ʩʦʥʷʯʥʽʡ ʝʥʝʨʛʽʾ ʜʣʷ ʩʫʰʽʥʥʷ ʨʠʩʫ. 

ʉʫʰʽʥʥʷ ʪʨʘʜʠʮʽʡʥʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴ-
ʢʦʾ ʧʨʦʜʫʢʮʽʾ ʪʘ, ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ, ʜʣʷ ʟʥʠʞʝʥʥʷ ʚʤʽʩʪʫ ʚʦʣʦʛʠ ʜʦ ʧʝʚʥʦʛʦ ʩʪʫ-
ʧʝʥʷ, ʱʦʙ ʧʨʦʜʦʚʞʠʪʠ ʪʝʨʤʽʥ ʾʾ ʟʙʝʨʽʛʘʥʥʷ [4, 5]. ʉʫʰʽʥʥʷ ʻ ʝʥʝʨʛʦʻʤʥʠʤ ʧʨʦʮʝ-
ʩʦʤ, ʷʢʠʡ ʚʠʤʘʛʘʻ ʚʝʣʠʢʠʭ ʚʠʪʨʘʪ ʝʥʝʨʛʽʾ ʯʝʨʝʟ ʚʠʩʦʢʫ ʧʨʠʭʦʚʘʥʫ ʪʝʧʣʦʪʫ ʚʠʧʘ-
ʨʦʚʫʚʘʥʥʷ ʚʦʜʠ; ʧʨʠʙʣʠʟʥʦ 12% ʚʽʜ ʟʘʛʘʣʴʥʦʾ ʢʽʣʴʢʦʩʪʽ ʝʥʝʨʛʽʾ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫ-
ʻʪʴʩʷ ʫ ʚʩʽʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʨʦʟʚʠʥʝʥʠʭ ʢʨʘʾʥ, ʩʧʦʞʠʚʘʻʪʴʩʷ ʥʘ ʧʨʦʮʝʩʠ 
ʩʫʰʽʥʥʷ [6, 7].  

ʑʦʙ ʧʦʜʦʣʘʪʠ ʦʙʤʝʞʝʥʥʷ ʤʝʪʦʜʽʚ ʩʦʥʷʯʥʦʛʦ ʩʫʰʽʥʥʷ ʘʙʦ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ 
ʩʫʰʽʥʥʷ, ʘ ʪʘʢʦʞ ʟʤʝʥʰʠʪʠ ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ, ʥʝʦʙʭʽʜʥʦ ʚʠʙʨʘʪʠ ʝʬʝʢʪʠʚʥʫ 
ʩʠʩʪʝʤʫ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ. ʇʦʻʜʥʘʥʥʷ ʩʠʩʪʝʤʠ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʽʟ ʩʦʥʷʯʥʦʶ ʩʫ-
ʰʘʨʢʦʶ ʟʘʙʝʟʧʝʯʫʻ ʨʽʰʝʥʥʷ ʜʣʷ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ ʩʫʰʽʥʥʷ [4]. ʉʠʩʪʝʤʠ ʪʝʧʣʦ-
ʚʠʭ ʥʘʩʦʩʽʚ ʻ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʤʠ ʧʨʠʩʪʨʦʷʤʠ, ʘ ʪʘʢʦʞ ʻ ʝʢʦʣʦʛʽʯʥʦ ʯʠʩʪʠʤʠ ʪʝ-
ʭʥʦʣʦʛʽʷʤʠ [8]. ʇʦʻʜʥʘʥʥʷ ʩʠʩʪʝʤʠ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʽʟ ʩʦʥʷʯʥʦʶ ʩʫʰʘʨʢʦʶ ʚʽ-
ʜʦʤʝ ʷʢ ʩʦʥʷʯʥʘ ʪʝʧʣʦʚʘ ʥʘʩʦʩʥʘ ʩʫʰʘʨʢʘ (ʉʊʅʉ). ʅʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʉʊʅʉ 
ʚʧʣʠʚʘʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ, ʪʦʜʽ ʷʢ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ 
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ʥʘʩʦʩʘ ʚʧʣʠʚʘʻ ʟʜʘʪʥʽʩʪʴ ʚʠʧʘʨʥʠʢʘ ʚʠʜʘʣʷʪʠ ʚʦʣʦʛʫ ʟ ʧʦʚʽʪʨʷ ʪʘ ʟʜʘʪʥʽʩʪʴ ʢʦʥ-
ʜʝʥʩʘʪʦʨʘ ʥʘʛʨʽʚʘʪʠ ʦʩʫʰʫʚʘʥʝ ʧʦʚʽʪʨʷ [9]. ʉʊʅʉ ʧʨʦʧʦʥʫʻ ʜʝʷʢʽ ʧʝʨʝʚʘʛʠ: ʧʨʦ-
ʮʝʩ ʩʫʰʽʥʥʷ ʤʦʞʝ ʧʨʦʭʦʜʠʪʠ ʙʝʟʧʝʨʝʨʚʥʦ, ʧʦʪʨʝʙʫʻ ʤʝʥʰʝ ʯʘʩʫ, ʩʧʦʞʠʚʘʻ ʤʘʣʦ 
ʝʥʝʨʛʽʾ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʭʦʨʦʰʫ ʷʢʽʩʪʴ ʧʨʦʜʫʢʮʽʾ [8]. ʋ ʢʽʣʴʢʦʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʘʟʥʘ-
ʯʘʻʪʴʩʷ, ʱʦ ʉʊʅʉ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʜʣʷ ʩʫʰʽʥʥʷ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʘʙʦ 
ʙʽʦʣʦʛʽʯʥʦ ʘʢʪʠʚʥʠʭ ʧʨʦʜʫʢʪʽʚ, ʚʢʣʶʯʘʶʯʠ ʧʨʦʜʦʚʦʣʴʯʽ ʟʝʨʥʦʚʽ [2, 10]. 

ɸʚʪʦʨʠ [11] ʚʠʷʚʠʣʠ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʣʦʪʠ ʚ ʪʝʧʣʦʚʦʤʫ ʥʘ-
ʩʦʩʽ (COP) ʩʠʩʪʝʤʠ ʪʘ ʢʦʝʬʽʮʽʻʥʪ ʚʦʣʦʛʦʩʪʽ (SMER) ʩʪʘʥʦʚʠʣʠ 2,1ï3,1 ʪʘ 0,26ï
0,92 ʢʛ/ʢɺʪĿʛʦʜ ʚʽʜʧʦʚʽʜʥʦ. ɸʚʪʦʨ [12] ʧʦʚʽʜʦʤʠʚ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ 
(COP) ʩʫʰʘʨʢʠ ʩʪʘʥʦʚʠʚ 2,31ï2,77 ʽʟ ʩʝʨʝʜʥʽʤ ʟʥʘʯʝʥʥʷʤ 2,54, ʪʦʜʽ ʷʢ ʩʝʨʝʜʥʽʡ 
ʢʦʝʬʽʮʽʻʥʪ ʚʦʣʦʛʦʩʪʽ ʩʪʘʥʦʚʠʚ ʜʦ 0,79 ʢʛ/ʢɺʪĿʛʦʜ. ʉʫʰʘʨʢʘ ʟʥʠʟʠʣʘ ʚʤʽʩʪ ʚʦʣʦʛʠ 
(MC) ʢʦʧʨʠ ʟ 52% ʜʦ 9,2% ʧʨʦʪʷʛʦʤ 40 ʛʦʜʠʥ ʧʨʠ ʩʝʨʝʜʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 43,2Ǔʉ. 

ɺ [13] ʯʠʩʝʣʴʥʦ ʦʮʽʥʠʣʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʥʘʩʦʩʘ ʟ ʚʠʢʦ-
ʨʠʩʪʘʥʥʷʤ ʽʜʝʥʪʠʯʥʦʾ ʩʫʰʠʣʴʥʦʾ ʢʘʤʝʨʠ ʜʣʷ ʙʘʥʘʥʽʚ ʽ ʚʠʷʚʠʣʠ, ʱʦ ʩʝʨʝʜʥʽ ʟʥʘ-
ʯʝʥʥʷ COP ʪʘ SMER ʪʝʧʣʦʚʠʭ ʥʘʩʦʩʽʚ ʩʪʘʥʦʚʠʣʠ 2,72 ʪʘ 0,6 ʢʛ/ʢɺʪĿʛʦʜ ʚʽʜʧʦ-
ʚʽʜʥʦ. ɺʦʣʦʛʦʚʤʽʩʪ ʙʘʥʘʥʘ ʟʥʠʟʠʚʩʷ ʟ 74% ʜʦ 19% ʧʨʦʪʷʛʦʤ 21 ʛʦʜʠʥʠ ʧʨʠ 54,8 
ʦʉ. ɸʚʪʦʨʠ [5] ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʩʣʽʜʠʣʠ ʉʊʅʉ ʪʘ ʚʠʟʥʘʯʠʣʠ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ 
ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʥʝʨʛʽʾ (COP), ʢʦʝʬʽʮʽʻʥʪ ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ (SMER) ʪʘ ʝʢʩʝʨʛʝ-
ʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʩʪʘʥʦʚʠʣʠ 2,04, 1,45 ʢʛ/ ʢɺʪĿʛʦʜ ʪʘ 45,08% 
ʚʽʜʧʦʚʽʜʥʦ. ʊʝʨʤʽʥ ʦʢʫʧʥʦʩʪʽ ʩʠʩʪʝʤʠ ʩʢʣʘʚ 46 ʤʽʩʷʮʽʚ. ʆʜʥʘʢ, ʉʊʅʉ ʤʘʻ ʥʝʜʦ-
ʣʽʢ: ʥʠʟʴʢʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʽʪʨʷ ʜʣʷ ʩʫʰʽʥʥʷ ʚ ʭʤʘʨʥʠʡ ʪʘ ʜʦʱʦʚʠʡ ʜʝʥʴ ʤʦʞʝ 
ʟʨʦʙʠʪʠ ʦʧʝʨʘʮʽʶ ʩʫʰʽʥʥʷ ʥʝʧʦʚʥʦʶ ʯʝʨʝʟ ʦʙʤʝʞʝʥʫ ʧʦʪʫʞʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ 
ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʜʣʷ ʚʠʨʦʙʣʝʥʥʷ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ ʪʘ ʦʙʤʝʞʝʥʫ ʟʜʘʪʥʽʩʪʴ ʩʦʥʷʯ-
ʥʦʛʦ ʢʦʣʝʢʪʦʨʘ ʟʙʠʨʘʪʠ ʩʦʥʷʯʥʫ ʝʥʝʨʛʽʶ. ʑʦʙ ʧʦʜʦʣʘʪʠ ʮʽ ʧʨʦʙʣʝʤʠ, ʉʊʅʉ ʤʦ-
ʞʥʘ ʽʥʪʝʛʨʫʚʘʪʠ ʟ ʙʽʦʤʘʩʦʚʦʶ ʧʽʯʯʶ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻ ʙʽʦʤʘʩʫ ʷʢ ʜʞʝʨʝʣʦ ʪʝʧ-
ʣʦʚʦʾ ʝʥʝʨʛʽʾ. ɺ ʨʦʙʦʪʽ [14] ʜʦʩʣʽʜʞʫʚʘʣʘʩʴ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʥʘʩʦʩʘ, ʽʥʪʝʛʨʦʚʘʥʦʛʦ 
ʟ ʧʽʯʯʶ ʥʘ ʙʽʦʤʘʩʽ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʰʠʣʴʥʦʾ ʢʘʤʝʨʠ ʣʦʪʢʦʚʦʛʦ ʪʠʧʫ ʜʣʷ ʯʝʨ-
ʚʦʥʦʛʦ ʧʝʨʮʶ ʯʠʣʽ. ɸʚʪʦʨ ʧʦʚʽʜʦʤʠʚ, ʱʦ ʩʝʨʝʜʥʽʡ ʧʦʢʘʟʥʠʢ SMER ʩʪʘʥʦʚʠʚ 0,14 
ʢʛ/ʢɺʪĿʛʦʜ, ʘ ʪʝʧʣʦʚʠʡ ʂʂɼ ʩʫʰʘʨʢʠ ï 9,03%. ʂʨʽʤ ʪʦʛʦ, ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦ-
ʨʝʥʥʷ ʪʝʧʣʘ (COP), ʂʂɼ ʩʦʥʷʯʥʦʛʦ ʢʦʣʝʢʪʦʨʘ ʪʘ ʂʂɼ ʧʝʯʽ ʥʘ ʙʽʦʤʘʩʽ ʟʨʦʩʣʠ ʜʦ 
3,84%, 35,1% ʪʘ 30,7% ʚʽʜʧʦʚʽʜʥʦ. ʊʠʤ ʯʘʩʦʤ ʧʽʯ ʪʘ ʩʦʥʷʯʥʠʡ ʢʦʣʝʢʪʦʨ ʚʠʪʨʘ-
ʯʘʣʠ ʧʨʠʙʣʠʟʥʦ 37,8% ʪʘ 14,7% ʝʥʝʨʛʽʾ ʚʽʜʧʦʚʽʜʥʦ ʥʘ ʩʫʰʘʨʢʫ.  

ɸʚʪʦʨʠ [16] ʚʠʷʚʠʣʠ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ, ʂʂɼ 
ʩʦʥʷʯʥʦʛʦ ʢʦʣʝʢʪʦʨʘ ʪʘ ʂʂɼ ʧʝʯʽ ʥʘ ʙʽʦʤʘʩʽ ʩʪʘʥʦʚʠʣʠ 3.7%, 50.5% ʪʘ 77.5% ʚʽʜ-
ʧʦʚʽʜʥʦ.  

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʭʝʤʠ ʟʝʨʥʦʩʫʰʘ-
ʨʢʠ ʟ ʛʽʙʨʠʜʥʦʶ ʩʠʩʪʝʤʦʶ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʥʘ ʦʩʥʦʚʽ ʩʦʥʷʯʥʦʛʦ ʧʦʚʽʪʨʷʥʦʛʦ ʧʽ-
ʜʽʛʨʽʚʘʯʘ ʪʘ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ ʚʠʪʨʘʪ ʪʨʘʜʠʮʽʡʥʠʭ ʝʥʝ-
ʨʛʦʨʝʩʫʨʩʽʚ, ʨʽʚʥʦʤʽʨʥʝ ʩʫʰʽʥʥʷ ʟʝʨʥʦʚʦʛʦ ʰʘʨʫ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʝʥʝʨ-
ʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ. 

 
ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʈʦʙʦʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʘʚʪʦʨʘʤʠ ʛʽʙʨʠʜʥʦʾ ʩʠʩ-

ʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʟʝʨʥʦʩʫʰʘʨʢʠ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ ʪʨʴʦʭ ʦʩʥʦʚʥʠʭ ʝʣʝ-
ʤʝʥʪʽʚ: ʩʦʥʷʯʥʦʛʦ ʧʦʚʽʪʨʦʥʘʛʨʽʚʘʯʘ, ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʪʘ ʩʠʩʪʝʤʠ ʨʝʮʠʨʢʫʣʷʮʽʾ 
ʧʦʚʽʪʨʷ. ʊʘʢʘ ʩʭʝʤʘ ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʥʝʨʛʽʾ ʪʘ ʤʽʥʽʤʽʟʘʮʽʶ 
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ʚʠʪʨʘʪ. ʅʘ ʨʠʩ. 1 ʥʘʚʝʜʝʥʘ ʩʭʝʤʘ ʟʝʨʥʦʩʫʰʘʨʢʠ ʟ ʛʽʙʨʠʜʥʦʶ ʩʠʩʪʝʤʦʶ ʪʝʧʣʦʧʦ-
ʩʪʘʯʘʥʥʷ ʟ ʨʝʮʠʨʢʫʣʷʮʽʻʶ ʧʦʚʽʪʨʷ. ɿʝʨʥʦʩʫʰʘʨʢʘ ʟ ʨʝʮʠʨʢʫʣʷʮʽʻʶ ʧʦʚʽʪʨʷ ʻ ʝʥʝ-
ʨʛʝʪʠʯʥʦ ʝʬʝʢʪʠʚʥʽʰʦʶ, ʦʩʢʽʣʴʢʠ ʯʘʩʪʠʥʘ ʪʝʧʣʦʪʠ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽʪʨʷ ʧʦ-
ʚʪʦʨʥʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʩʫʰʽʥʥʷ. ʎʝ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʪʝʧʣʦʚʽ ʚʪʨʘʪʠ 
ʪʘ ʟʤʝʥʰʠʪʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʪʝʧʣʦʚʠʡ ʥʘʩʦʩ. 

ʋ ʩʠʩʪʝʤʫ ʥʘʜʭʦʜʠʪʴ ʩʚʽʞʝ ʘʪʤʦʩʬʝʨʥʝ ʧʦʚʽʪʨʷ, ʷʢʝ ʟʤʽʰʫʻʪʴʩʷ ʟ ʯʘʩʪʠʥʦʶ 
ʨʝʮʠʨʢʫʣʷʮʽʡʥʦʛʦ ʧʦʚʽʪʨʷ, ʱʦ ʧʦʚʝʨʪʘʻʪʴʩʷ ʧʽʩʣʷ ʩʫʰʽʥʥʷ. ʎʝʡ ʧʨʦʮʝʩ ʚʽʜʙʫʚʘ-
ʻʪʴʩʷ ʚ ʟʤʽʰʫʚʘʯʽ ʧʦʚʽʪʨʷ, ʜʝ ʬʦʨʤʫʻʪʴʩʷ ʧʦʪʽʢ ʽʟ ʟʘʜʘʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʤʧʝ-
ʨʘʪʫʨʠ ʪʘ ʚʦʣʦʛʦʩʪʽ. ʇʽʩʣʷ ʟʤʽʰʫʚʘʥʥʷ ʧʦʚʽʪʨʷ ʥʘʜʭʦʜʠʪʴ ʫ ʩʦʥʷʯʥʠʡ ʢʦʣʝʢʪʦʨ 
(ʉʂ), ʜʝ ʥʘʛʨʽʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʚʽʪʨʷ ʧʽʜʚʠʱʫ-
ʻʪʴʩʷ ʜʦ T1å30ï45 Cʐ. ʅʘ ʮʴʦʤʫ ʝʪʘʧʽ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʯʘʩʪʢʦʚʝ ʧʦʢʨʠʪʪʷ ʪʝʧʣʦ-
ʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʚʽʜʥʦʚʣʶʚʘʥʦʛʦ ʜʞʝʨʝʣʘ ʝʥʝʨʛʽʾ. ʇʽʩʣʷ ʩʦʥʷʯʥʦʛʦ 
ʢʦʣʝʢʪʦʨʘ ʧʦʚʽʪʨʷ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʢʦʥʜʝʥʩʘʪʦʨ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ, ʜʝ ʜʦʜʘʪʢʦʚʦ 
ʥʘʛʨʽʚʘʻʪʴʩʷ ʜʦ ʥʝʦʙʭʽʜʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʩʫʰʽʥʥʷ: T2å45ï52 Cʐ. ʊʝʧʣʦʚʠʡ ʥʘʩʦʩ 
ʚʠʢʦʨʠʩʪʦʚʫʻ ʥʠʟʴʢʦʧʦʪʝʥʮʽʡʥʫ ʪʝʧʣʦʪʫ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽʪʨʷ, ʷʢʫ ʚʽʜʙʠʨʘʻ 
ʫ ʚʠʧʘʨʥʠʢʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤʠ. ʅʘ-
ʛʨʽʪʝ ʧʦʚʽʪʨʷ ʧʦʜʘʻʪʴʩʷ ʚ ʩʫʰʘʨʢʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʝʥʪʠʣʷʪʦʨʘ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ 
ʥʝʦʙʭʽʜʥʠʡ ʚʠʪʨʘʪʥʠʡ ʨʝʞʠʤ ʽ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʧʦʚʽʪʨʷ ʯʝʨʝʟ ʰʘʨ ʟʝʨʥʘ. ʋ 
ʩʫʰʘʨʮʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʩʫʰʽʥʥʷ: ʧʦʚʽʪʨʷ ʧʝʨʝʜʘʻ ʪʝʧʣʦ ʟʝʨʥʫ, ʚʦʣʦʛʘ ʚʠʧʘ-
ʨʦʚʫʻʪʴʩʷ, ʧʦʚʽʪʨʷ ʥʘʩʠʯʫʻʪʴʩʷ ʚʦʜʷʥʦʶ ʧʘʨʦʶ. ʇʽʩʣʷ ʩʫʰʘʨʢʠ ʧʦʚʽʪʨʷ ʤʘʻ ʥʠ-
ʞʯʫ ʪʝʤʧʝʨʘʪʫʨʫ T3å25ï30Cʐ ʽ ʧʽʜʚʠʱʝʥʫ ʚʦʣʦʛʽʩʪʴ. ʎʝʡ ʧʦʪʽʢ ʥʘʧʨʘʚʣʷʻʪʴʩʷ ʜʦ 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʟʝʨʥʦʩʫʰʘʨʢʠ ʟ ʛʽʙʨʠʜʥʦʶ ʩʠʩʪʝʤʦʶ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʩ ʨʝʮʠʨʢʫʣʷ-

ʮʽʻʶ ʧʦʚʽʪʨʷ 
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пр 

ʨʦʟʧʦʜʽʣʴʥʦʛʦ ʚʫʟʣʘ, ʜʝ ʚʽʥ ʨʦʟʜʽʣʷʻʪʴʩʷ ʥʘ ʜʚʽ ʯʘʩʪʠʥʠ: ʯʘʩʪʠʥʘ (20ï30%) ʚʠʢʠ-
ʜʘʻʪʴʩʷ ʚ ʘʪʤʦʩʬʝʨʫ; ʽʥʰʘ ʯʘʩʪʠʥʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʚ ʩʠʩʪʝʤʫ. ʈʝʮʠʨʢʫʣʷʮʽʡʥʝ ʧʦ-
ʚʽʪʨʷ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʚʠʧʘʨʥʠʢ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ, ʜʝ ʚʽʜʜʘʻ ʪʝʧʣʦʪʫ ʭʦʣʦʜʦʘʛʝ-
ʥʪʫ; ʦʭʦʣʦʜʞʫʻʪʴʩʷ ʪʘ ʯʘʩʪʢʦʚʦ ʦʩʫʰʫʻʪʴʩʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʪʝʧʣʦʪʘ ʚʽʜʧʨʘʮʴʦʚʘ-
ʥʦʛʦ ʧʦʚʽʪʨʷ ʥʝ ʚʪʨʘʯʘʻʪʴʩʷ, ʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʦʚʪʦʨʥʦ. ʇʽʩʣʷ ʚʠʧʘʨʥʠʢʘ ʧʦ-
ʚʽʪʨʷ ʧʦʚʝʨʪʘʻʪʴʩʷ ʫ ʟʤʽʰʫʚʘʯ, ʜʝ ʟʥʦʚʫ ʟʤʽʰʫʻʪʴʩʷ ʟʽ ʩʚʽʞʠʤ ʧʦʚʽʪʨʷʤ ʽ ʮʠʢʣ 
ʧʦʚʪʦʨʶʻʪʴʩʷ. ʉʠʩʪʝʤʘ ʧʨʘʮʶʻ ʚ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ: ʜʝʥʥʠʡ ʨʝʞʠʤ - ʩʦʥʷʯʥʠʡ ʢʦ-
ʣʝʢʪʦʨ ʬʫʥʢʮʽʦʥʫʻ, ʱʦ ʟʤʝʥʰʫʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʪʝʧʣʦʚʠʡ ʥʘʩʦʩ, ʥʽʯʥʠʡ ʨʝʞʠʤ 
- ʧʨʘʮʶʻ ʪʽʣʴʢʠ ʪʝʧʣʦʚʠʡ ʥʘʩʦʩ, ʟʘ ʨʘʭʫʥʦʢ ʯʦʛʦ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʥʝʦʙʭʽʜʥʘ ʪʝʤʧʝ-
ʨʘʪʫʨʘ ʩʫʰʽʥʥʷ. 

ɿʘʛʘʣʴʥʝ ʪʝʧʣʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʬʦʨʤʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʪʝʧʣʦʪʠ ʚʠʧʘʨʦʚʫ-
ʚʘʥʥʷ ʚʦʣʦʛʠ, ʥʘʛʨʽʚʫ ʤʘʪʝʨʽʘʣʫ ʪʘ ʪʝʧʣʦʚʠʭ ʚʪʨʘʪ. ɼʣʷ ʧʦʙʫʜʦʚʠ ʤʘʪʝʤʘʪʠʯʥʦʾ 
ʤʦʜʝʣʽ ʛʽʙʨʠʜʥʦʾ ʟʝʨʥʦʩʫʰʘʨʢʠ ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʽʜʭʽʜ, ʱʦ ʧʦʻʜʥʫʻ ʨʽ-
ʚʥʷʥʥʷ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʫ ʩʫʰʠʣʴʥʦʾ ʢʘʤʝʨʠ, ʤʘʩʦʧʝʨʝʥʦʩʫ ʚ ʟʝʨʥʽ, ʝʥʝʨʛʝʪʠʯ-
ʥʦʛʦ ʙʘʣʘʥʩʫ ʩʦʥʷʯʥʦʛʦ ʧʦʚʽʪʨʦʥʘʛʨʽʚʘʯʘ ʪʘ ʨʽʚʥʷʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʝʧʣʦʚʦʛʦ ʥʘ-
ʩʦʩʘ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʚʽʜʧʦʚʽʜʘʻ ʩʫʯʘʩʥʠʤ ʜʦʩʣʽʜʞʝʥʥʷʤ ʩʦʥʷʯʥʦ-ʪʝʧʣʦʥʘʩʦʩʥʠʭ 
ʩʫʰʠʣʴʥʠʭ ʩʠʩʪʝʤ, ʫ ʷʢʠʭ ʦʮʽʥʶʶʪʴʩʷ COP (Coefficient of Performance, ʢʦʝʬʽʮʽ-
ʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ), MER (Moisture Extraction Rate, ʰʚʠʜʢʽʩʪʴ 
ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ) ʽ SMER (Specific Moisture Extraction Rate, ʧʠʪʦʤʠʡ ʧʦʢʘʟʥʠʢ 
ʝʬʝʢʪʠʚʥʦʩʪʽ ʩʫʰʽʥʥʷ), ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʦʥʷʯʥʦʛʦ ʢʦʣʝʢʪʦʨʘ ʪʘ ʢʽʥʝʪʠʢʘ ʟʤʝʥ-
ʰʝʥʥʷ ʚʦʣʦʛʦʩʪʽ ʟʝʨʥʘ. ɸʣʛʦʨʠʪʤ ʨʦʟʨʘʭʫʥʢʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʦʤʧʣʝʢʩʫ ʤʦʜʝʣʝʡ: 

 
ʈʠʩ. 2. ʉʭʝʤʘ ʰʘʭʪʥʦʾ ʟʝʨʥʦʩʫʰʘʨʢʠ ʟ ʛʽʙʨʠʜʥʦʶ ʩʠʩʪʝʤʦʶ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ 
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пс 

ʩʫʰʽʥʥʷ, ʩʦʥʷʯʥʦʛʦ ʢʦʣʝʢʪʦʨʘ ʪʘ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʟ ʧʦʢʘʟʥʠʢʘʤʠ ʝʬʝʢʪʠʚʥʦʩʪʽ. 
ɺʠʢʦʥʘʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʛʽʙʨʠʜʥʦʾ ʟʝʨʥʦʩʫʰʘʨʢʠ, ʚʠʭʽʜʥʽ ʜʘʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʥʘ-
ʩʪʫʧʥʽ. ʄʘʪʝʨʽʘʣ ï ʟʝʨʥʦ ʧʰʝʥʠʮʽ, ʚʠʪʨʘʪʘ ʟʝʨʥʘ: G = 1,7 ʪ/ʛʦʜ , ʧʦʯʘʪʢʦʚʘ ʚʦʣʦ-
ʛʽʩʪʴ: W1 = 20%, ʢʽʥʮʝʚʘ ʚʦʣʦʛʽʩʪʴ: W2 = 14%, ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝ-
ʜʦʚʠʱʘ: t0 = 15ʦC, ʪʝʤʧʝʨʘʪʫʨʘ ʩʫʰʠʣʴʥʦʛʦ ʘʛʝʥʪʫ: t1 = 60 ʦC, ʧʠʪʦʤʘ ʪʝʧʣʦʻʤ-
ʥʽʩʪʴ ʧʦʚʽʪʨʷ: ʩʨ = 1.005 ʢɼʞ/(ʢʛĿÁC). 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʫ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʪʝʧʣʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʦʥʷʯʥʦʛʦ 
ʧʦʚʽʪʨʷʥʦʛʦ ʧʽʜʽʛʨʽʚʘʯʘ ʩʪʘʥʦʚʠʪʴ 62 ʢɺʪ, ʧʦʪʫʞʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ï 92 ʢɺʪ, 
ʟʘʛʘʣʴʥʘ ʪʝʧʣʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʠʩʪʝʤʠ ï 154 ʢɺʪ, ʯʘʩʪʢʘ ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶ-
ʚʘʥʥʷ ï 40%, ʘ ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʜʦʨʽʚʥʶʻ 3,5.  

ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʧʨʦʮʝʩʫ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʧʣʦʪʠ ʚ ʱʽʣʴʥʦʤʫ ʰʘʨʽ ʟʝʨʥʘ 
ʚ ʟʝʨʥʦʩʫʰʘʨʮʽ, ʱʦ ʧʨʦʜʫʚʘʻʪʴʩʷ ʥʘʛʨʽʪʠʤ ʧʦʚʽʪʨʷʤ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʛʨʘʤ-
ʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ Python ʦʪʨʠʤʘʥʽ ʟʦʙʨʘʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʪʘ ʧʦʣʷ ʚʦ-
ʣʦʛʦʩʪʽ. ɿʤʽʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʰʘʭʪʥʽʡ ʟʝʨʥʦʩʫʰʘʨʮʽ ʚ ʧʝʨʽʦʜ ʚʠʭʦʜʫ ʥʘ 
ʨʝʞʠʤ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3. ʋ ʤʦʜʝʣʽ ʧʨʠʡʥʷʪʦ ʱʘʜʥʠʡ ʨʝʞʠʤ ʜʣʷ ʥʘʩʽʥʥʻʚʦʾ ʧʰʝ-
ʥʠʮʽ: ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʽʪʨʷ ʙʽʣʷ ʧʽʜʚʽʜʥʦʛʦ ʢʦʨʦʙʘ ʙʣʠʟʴʢʦ 45 ÁC, ʰʚʠʜʢʽʩʪʴ ʧʦʚʽ-
ʪʨʷ ʚ ʰʘʨʽ ʙʣʠʟʴʢʦ 0,25 ʤ/ʩ, ʪʝʤʧʝʨʘʪʫʨʘ ʟʝʨʥʘ ʦʙʤʝʞʝʥʘ ʜʦ 45 ÁC. 

ʅʘ ʧʦʯʘʪʢʫ ʩʫʰʽʥʥʷ ʧʨʦʛʨʽʚʘʻʪʴʩʷ ʣʠʰʝ ʚʭʽʜʥʘ ʟʦʥʘ ʩʫʰʠʣʴʥʦʾ ʢʘʤʝʨʠ. ɼʘʣʽ 
ʪʝʧʣʦʚʠʡ ʬʨʦʥʪ ʧʦʩʪʫʧʦʚʦ ʧʦʰʠʨʶʻʪʴʩʷ ʧʦ ʰʘʨʫ ʟʝʨʥʘ. ʄʘʢʩʠʤʘʣʴʥʽ ʪʝʤʧʝʨʘ-
ʪʫʨʠ ʬʦʨʤʫʶʪʴʩʷ ʧʦʙʣʠʟʫ ʨʦʟʧʦʜʽʣʴʥʠʭ ʢʦʨʦʙʽʚ ʫ ʩʫʰʠʣʴʥʽʡ ʟʦʥʽ, ʪʦʜʽ ʷʢ ʫ ʥʘ-
ʧʨʷʤʢʫ ʜʦ ʚʠʪʷʞʥʠʭ ʢʘʥʘʣʽʚ ʽ ʚ ʟʦʥʽ ʦʭʦʣʦʜʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʘ ʟʤʝʥʰʫʻʪʴʩʷ. ʅʘ 

ʊʘʙʣʠʮʷ. ʊʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ  
ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʟʝʨʥʦʩʫʰʘʨʢʠ 

ɼʞʝʨʝʣʦ ʝʥʝʨʛʽʾ  ʇʦʪʫʞʥʽʩʪʴ 
ʉʦʥʷʯʥʠʡ ʧʦʚʽʪʨʷʥʘʛʨʽʚʘʯ 61.6 ʢɺʪ 
ʅʘʚʢʦʣʠʰʥʝ ʩʝʨʝʜʦʚʠʱʝ (ʯʝʨʝʟ ʊʅ) 66 ʢɺʪ 
ɽʣʝʢʪʨʦʚʠʪʨʘʪʠ ʚ ʢʦʤʧʨʝʩʦʨʽ ʊʅ 26.4 ʢɺʪ 
ʇʦʪʫʞʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ 92 ʢɺʪ 
ɿʘʛʘʣʴʥʘ ʧʦʪʫʞʥʽʩʪʴ  154 ʢɺʪ 
ɼʦʣʷ ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 40 % 
ʂʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ 3.5 

 

 
ʈʠʩ. 3. ɿʤʽʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʰʘʭʪʥʽʡ ʟʝʨʥʦʩʫʰʘʨʮʽ ʚ ʧʝʨʽʦʜ ʚʠʭʦʜʫ 

ʥʘ ʨʝʞʠʤ. 
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ʨʠʩ. 4 ʥʘʚʝʜʝʥʽ ʛʨʘʬʽʢʠ ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʚʦʣʦʛʦʩʪʽ ʟʝʨʥʘ ʧʦ ʚʠʩʦʪʽ ʟʝʨʥʦʩʫ-
ʰʘʨʢʠ ʚ ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ. ɿʝʨʥʦʚʘ ʤʘʩʘ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʥʝ ʷʢ ʩʫʮʽʣʴʥʝ 
ʪʽʣʦ, ʘ ʷʢ ʜʠʩʧʝʨʩʥʠʡ ʰʘʨ ʦʢʨʝʤʠʭ ʟʝʨʥʽʚʦʢ, ʤʽʞ ʷʢʠʤʠ ʽʩʥʫʻ ʧʦʨʦʚʠʡ ʧʨʦʩʪʽʨ 
ʜʣʷ ʧʨʦʭʦʜʞʝʥʥʷ ʩʫʰʠʣʴʥʦʛʦ ʘʛʝʥʪʘ ï ʧʦʪʦʢʫ ʧʦʚʽʪʨʷ, ʥʘʛʨʽʪʦʛʦ ʚ ʩʠʩʪʝʤʽ ʛʽʙʨʠ-
ʜʥʦʛʦ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ. ʇʝʨʝʜʘʯʘ ʪʝʧʣʦʪʠ ʜʦ ʟʝʨʥʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʰʣʷ-
ʭʦʤ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʤʽʞ ʥʘʛʨʽʪʠʤ ʧʦʚʽʪʨʷʤ ʽ ʧʦʚʝʨʭʥʝʶ ʟʝʨʥʽʚʦʢ, ʘ 
ʪʘʢʦʞ ʧʦʜʘʣʴʰʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʚʩʝʨʝʜʠʥʽ ʟʝʨʥʘ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʨʦʛʨʽʚ ʡʦʛʦ 
ʚʥʫʪʨʽʰʥʽʭ ʰʘʨʽʚ ʽ ʩʪʚʦʨʶʻ ʫʤʦʚʠ ʜʣʷ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʦʣʦʛʠ. 

ʆʪʨʠʤʘʥʽ ʛʨʘʬʽʢʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʬʽʟʠʮʽ ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ. ʅʘʷʚʥʽ ʣʦʢʘʣʴʥʽ 
ʭʚʠʣʝʧʦʜʽʙʥʽ ʚʽʜʭʠʣʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ (ʨʠʩ. 4ʘ) ʧʦ ʚʠʩʦʪʽ ʧʦʚôʷʟʘʥʽ ʟ ʨʦʟʪʘʰʫʚʘʥ-
ʥʷʤ ʢʦʨʦʙʽʚ. ʋ ʤʽʩʮʷʭ ʧʽʜʚʝʜʝʥʥʷ ʧʦʚʽʪʨʷ ʬʦʨʤʫʶʪʴʩʷ ʣʦʢʘʣʴʥʽ ʟʦʥʠ ʧʽʜʚʠʱʝʥʦʾ 
ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʫ. ʆʜʥʘʢ ʮʽ ʟʦʥʠ ʥʝ ʩʪʚʦʨʶʶʪʴ ʨʽʟʢʠʭ ʧʝʨʝʛʨʽʚʽʚ, ʱʦ 
ʚʢʘʟʫʻ ʥʘ ʜʦʮʽʣʴʥʽʩʪʴ ʙʘʛʘʪʦʨʽʚʥʝʚʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʦʨʦʙʽʚ ʧʦ ʚʠʩʦʪʽ ʩʫʰʘʨʢʠ. 
ɿʘʚʜʷʢʠ ʪʘʢʽʡ ʩʭʝʤʽ ʧʦʜʘʯʽ ʪʝʧʣʦʥʦʩʽʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʝ ʥʘʜʭʦ-
ʜʞʝʥʥʷ ʪʝʧʣʦʪʠ ʜʦ ʟʝʨʥʦʚʦʛʦ ʰʘʨʫ. ʅʝʚʝʣʠʢʝ ʟʙʽʣʴʰʝʥʥʷ ʚʦʣʦʛʦʩʪʽ (ʨʠʩ. 4ʙ) ʚ 
ʥʘʧʨʷʤʢʫ ʜʦ ʚʽʜʚʽʜʥʦʛʦ ʢʦʨʦʙʘ ʻ ʬʽʟʠʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʠʤ, ʦʩʢʽʣʴʢʠ ʧʦʚʽʪʨʷ ʚ ʧʨʦ-
ʮʝʩʽ ʨʫʭʫ ʯʝʨʝʟ ʟʝʨʥʦʚʠʡ ʰʘʨ ʧʦʩʪʫʧʦʚʦ ʥʘʩʠʯʫʻʪʴʩʷ ʚʦʜʷʥʦʶ ʧʘʨʦʶ, ʡʦʛʦ ʩʫ-
ʰʠʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʟʤʝʥʰʫʻʪʴʩʷ, ʽ ʪʦʤʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ ʥʘ ʚʠʭʦʜʽ 
ʜʝʱʦ ʥʠʞʯʘ. 

 
ʘ)                                                   ʙ) 

ʈʠʩ. 4. ʇʦʣʝ ʪʝʤʧʝʨʘʪʫʨ (ʘ) ʪʘ ʚʦʣʦʛʦʩʪʽ (ʙ) ʟʝʨʥʘ ʚ ʟʝʨʥʦʩʫʰʘʨʮʽ ʫ 
 ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ. 
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ʇʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠ-
ʩʪʘʥʘ ʜʣʷ ʪʝʨʤʦʦʙʨʦʙʢʠ ʪʘ ʩʫʰʽʥʥʷ ʱʽʣʴʥʠʭ ʰʘʨʽʚ ʜʠʩʧʝʨʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠ 
ʧʦʤʽʨʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʽʚʥʷʭ, ʧʨʦʪʝ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ ʦʧʽʨ 
ʰʘʨʫ ʧʦ ʡʦʛʦ ʪʦʚʱʠʥʽ. ʊʦʚʱʠʥʫ ʰʘʨʫ ʩʣʽʜ ʦʙʠʨʘʪʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʪʨʘʪ ʝʥʝʨʛʽʾ 
ʧʦʪʦʢʫ. ʊʘʢ, ʜʣʷ ʟʝʨʥʽʚʢʠ ʧʰʝʥʠʮʽ ʟ ʜʦʚʞʠʥʦʶ 4 ï 11 ʤʤ ʪʦʚʱʠʥʫ ʰʘʨʫ ʜʦʮʽʣʴʥʦ 
ʧʨʠʡʤʘʪʠ ʥʘ ʨʽʚʥʽ 0,2 ʤ [16]. ʅʘʡʢʨʘʱʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʜʘʥʠʤ 
ʟʘ ʚʪʨʘʪʘʤʠ ʪʠʩʢʫ ʧʨʠ ʧʨʦʜʫʚʘʥʥʽ ʧʦʪʦʢʫ ʛʘʟʫ ʢʨʽʟʴ ʱʽʣʴʥʠʡ ʰʘʨ ʜʠʩʧʝʨʩʥʦʛʦ 
ʤʘʪʝʨʽʘʣʫ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʷʥʥʷ ɽʨʛʫʥʘ. ʌʦʨʤʫʣʫ ɽʨʛʫʥʘ (ɽʨʛʘʥʘ) [17, 18] ʥʘ ʧʨʘʢ-
ʪʠʮʽ ʜʣʷ ʱʽʣʴʥʦʛʦ ʰʘʨʫ, ʪʨʘʜʠʮʽʡʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʫ, ʷʢʘ ʚʠʤʘʛʘʻ ʚʨʘʭʫʚʘʥʥʷ 
ʽʥʝʨʮʽʡʥʠʭ ʩʠʣ ʚ ʧʦʪʦʮʽ, ʱʦ ʨʫʭʘʻʪʴʩʷ (ʜʨʫʛʠʡ ʜʦʜʘʥʦʢ ʫ ʧʨʘʚʽʡ ʯʘʩʪʠʥʽ ʨʽʚ-
ʥʷʥʥʷ). 
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ʜʝ e ï ʧʦʨʽʟʥʽʩʪʴ ʰʘʨʫ, ɛ - ʢʦʝʬʽʮʽʻʥʪ ʜʠʥʘʤʽʯʥʦʾ ʚ'ʷʟʢʦʩʪʽ, ɟ ï ʛʫʩʪʠʥʘ ʨʽʜʠʥʠ 
(ʛʘʟʫ), w - ʰʚʠʜʢʽʩʪʴ ʧʦʪʦʢʫ, H ï ʪʦʚʱʠʥʘ ʰʘʨʫ ʧʦ ʭʦʜʫ ʧʦʚʽʪʨʷ.  

ʇʨʠ ʪʦʚʱʠʥʽ ʰʘʨʫ ʅ=0,2 ʚʪʨʘʪʠ ʪʠʩʢʫ ʩʢʣʘʜʘʶʪʴ Dʈ=78,4 ʇʘ. ʈʦʟʨʘʭʫʥʢʠ 
ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʦʨʫ ʰʘʨʫ ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʠʪʠ ʡʦʛʦ ʦʧʪʠʤʘʣʴʥʠʡ ʨʦʟʤʽʨ ʪʘ 
ʦʙʨʘʪʠ ʪʝʭʥʽʯʥʝ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʶʪʴ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʢʠ ʱʦʜʦ ʨʽʚʥʦ-
ʤʽʨʥʦʩʪʽ ʧʨʦʮʝʩʫ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʧʣʦʪʠ  

 
ɺʠʩʥʦʚʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʘ ʩʭʝʤʘ ʛʽʙʨʠʜʥʦʾ ʩʠ-

ʩʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʜʣʷ ʰʘʭʪʥʦʾ ʟʝʨʥʦʩʫʰʘʨʢʠ, ʷʢʘ ʧʦʻʜʥʫʻ ʩʦʥʷʯʥʠʡ ʧʦʚʽʪ-
ʨʷʥʠʡ ʧʽʜʽʛʨʽʚʘʯ, ʪʝʧʣʦʚʠʡ ʥʘʩʦʩ ʽ ʯʘʩʪʢʦʚʫ ʨʝʮʠʨʢʫʣʷʮʽʶ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽ-
ʪʨʷ, ʟʘʙʝʟʧʝʯʫʻ ʧʦʧʝʨʝʜʥʻ ʥʘʛʨʽʚʘʥʥʷ ʧʦʚʽʪʨʷ ʟʘ ʨʘʭʫʥʦʢ ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ, ʜʦʜʘ-
ʪʢʦʚʝ ʜʦʛʨʽʚʘʥʥʷ ʚ ʢʦʥʜʝʥʩʘʪʦʨʽ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ʪʘ ʧʦʚʪʦʨʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝ-
ʧʣʦʪʠ ʚʽʜʧʨʘʮʴʦʚʘʥʦʛʦ ʧʦʚʽʪʨʷ. 

ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʩʫʰʽʥʥʷ 
ʧʰʝʥʠʮʽ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ 1,7 ʪ/ʛʦʜ ʽʟ ʧʦʯʘʪʢʦʚʦʶ ʚʦʣʦʛʽʩʪʶ 20% ʜʦ ʢʽʥʮʝʚʦʾ ʚʦ-
ʣʦʛʦʩʪʽ 14%. ʊʝʧʣʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʦʥʷʯʥʦʛʦ ʧʦʚʽʪʨʦʥʘʛʨʽʚʘʯʘ ʩʪʘʥʦʚʠʪʴ 61,6 
ʢɺʪ, ʧʦʪʫʞʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ð 92 ʢɺʪ, ʟʘʛʘʣʴʥʘ ʪʝʧʣʦʚʘ ʧʦʪʫʞʥʽʩʪʴ ʩʠʩ-
ʪʝʤʠ ð 154 ʢɺʪ, ʢʦʝʬʽʮʽʻʥʪ ʧʝʨʝʪʚʦʨʝʥʥʷ ʪʝʧʣʦʚʦʛʦ ʥʘʩʦʩʘ ð 3,5. 

ʄʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʪʘ ʧʦʣʷ ʚʦʣʦʛʦʩʪʽ ʧʽʜʪʚʝʨʜʠʣʦ ʥʘʷʚʥʽʩʪʴ 
ʣʦʢʘʣʴʥʠʭ ʚʽʜʭʠʣʝʥʴ ʧʦʙʣʠʟʫ ʢʦʨʦʙʽʚ, ʦʜʥʘʢ ʮʽ ʚʽʜʭʠʣʝʥʥʷ ʥʝ ʩʪʚʦʨʶʶʪʴ ʨʽʟʢʠʭ 
ʟʦʥ ʧʝʨʝʛʨʽʚʫ ʘʙʦ ʥʝʜʦʩʫʰʫʚʘʥʥʷ. 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʛʽʙʨʠʜʥʦʾ ʩʠʩʪʝʤʠ ʪʝʧʣʦʧʦʩʪʘʯʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠ-
ʩʪʘʥʘ ʜʣʷ ʪʝʨʤʦʦʙʨʦʙʢʠ ʪʘ ʩʫʰʽʥʥʷ ʱʽʣʴʥʠʭ ʰʘʨʽʚ ʜʠʩʧʝʨʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠ 
ʧʦʤʽʨʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʽʚʥʷʭ, ʧʨʦʪʝ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ ʦʧʽʨ 
ʰʘʨʫ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʡʦʛʦ ʪʦʚʱʠʥʠ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʝ ʪʝʭʥʽ-
ʯʥʝ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ ʟʘʜʦʚʽʣʴʥʫ ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʧʨʦʮʝʩʫ ʨʦʟʧʦʚʩʶ-
ʜʞʝʥʥʷ ʪʝʧʣʦʪʠ. 
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Modeling of a hybrid heat supply system with renewable energy sources
 

Summary
The paper considers the problem of improving the energy efficiency of post-harvest grain

drying through the application of a hybrid heat supply system. Based on the analysis of modern
scientific studies, it has been determined that the use of a hybrid heat supply system makes it
possible to reduce the consumption of conventional energy resources, increase the efficiency of
waste-air heat recovery, stabilize the temperature of the drying agent, and ensure a more uni-
form drying process. A structural and technological scheme of a shaft grain dryer with a hybrid
heat supply system is proposed. In this system, fresh atmospheric air is mixed with a portion of
recirculated air and then passes through a solar air heater and the condenser of a heat pump.
It is proposed to use the solar heater for preliminary air heating, while the heat pump is used
for additional heating and recovery of heat from the exhaust air. To ensure uniform drying of
the grain layer, the drying agent is supplied through a system of distribution ducts arranged
along the height of the dryer shaft. The main energy parameters of the hybrid heat supply system
for drying wheat at a mass flow rate of 1.7 t/h from an initial moisture content of 20% to a final
moisture content of 14% have been determined. According to the calculation results, the ther-
mal capacity of the solar air heater is 61.6 kW, the heat pump capacity is 92 kW, the total
thermal capacity of the system is 154 kW, the share of solar radiation is 40%, and the coefficient
of performance of the heat pump is 3.5. The features of the formation of the grain temperature
field and moisture field in the shaft dryer under multi-level supply of the drying agent through
the distribution ducts are considered. The proposed scheme can be used for the development of
energy-efficient grain dryers for both food and seed grain.
Keywords: drying, grain, air recirculation, energy efficiency, temperature field, moisture

field.
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ɼʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʚʦʜʥʠʭ ʨʦʟʯʠʥʽʚ ʤʝʪʘʥʦʣʫ ʚ ʦʢʦʣʽ ʦʩʦʙʣʠʚʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʪʦʯʢʠ 
 

ʋ ʨʦʙʦʪʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ ʜʽʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʦʜʥʠʭ ʨʦʟʯʠʥʽʚ
ʤʝʪʘʥʦʣʫ ʚ ʦʢʦʣʽ ʦʩʦʙʣʠʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʪʦʯʢʠ (ʙʣʠʟʴʢʦ 0,05ï0,1 ʤʦʣʷʨʥʦʾ ʯʘʩʪʢʠ
ʩʧʠʨʪʫ). ɺʠʤʽʨʶʚʘʥʥʷ ʘʢʪʠʚʥʦʾ ʪʘ ʨʝʘʢʪʠʚʥʦʾ ʩʢʣʘʜʦʚʠʭ ʽʤʧʝʜʘʥʩʫ ʧʨʦʚʦʜʠʣʠ ʤʦʩʪʦ-
ʚʠʤ ʤʝʪʦʜʦʤ ʥʘ ʯʘʩʪʦʪʽ 1 ʢɻʮ ʫ ʧʣʦʩʢʦʤʫ ʢʦʥʜʝʥʩʘʪʦʨʽ ʟ ʝʣʝʢʪʨʦʜʘʤʠ, ʚʢʨʠʪʠʤʠ ʬʪʦ-
ʨʦʧʣʘʩʪʦʚʦʶ ʧʣʽʚʢʦʶ.
ɺʠʷʚʣʝʥʦ, ʱʦ ʯʘʩ ʚʩʪʘʥʦʚʣʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʠʭ ʟʥʘʯʝʥʴ ʻʤʥʦʩʪʽ ʪʘ ʧʨʦʚʽʜʥʦʩʪʽ ʟʥʘʯʥʦ

ʧʝʨʝʚʠʱʫʻ ʭʘʨʘʢʪʝʨʥʽ ʯʘʩʠ ʝʣʝʢʪʨʦʜʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʽ ʜʦʩʷʛʘʻ ʜʝʩʷʪʢʽʚ ʭʚʠʣʠʥ — ʢʽʣʴʢʦʭ
ʛʦʜʠʥ. ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʮʴʦʛʦ ʯʘʩʫ ʯʽʪʢʦ ʢʦʨʝʣʶʻ ʟ ʧʦʣʦʞʝʥʥʷʤ ʘʥʦʤʘʣʽʡ
ʽʥʰʠʭ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʯʠʥʽʚ (ʧʦʢʘʟʥʠʢ ʟʘʣʦʤʣʝʥʥʷ, ʚôʷʟʢʽʩʪʴ, ʨʦʟʩʽʷʥʥʷ
ʩʚʽʪʣʘ). ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʢʘʟʫʶʪʴ ʥʘ ʪʝ, ʱʦ ʘʥʦʤʘʣʴʥʦ ʧʦʚʽʣʴʥʘ ʜʠʥʘʤʽʢʘ ʝʣʝʢʪ-
ʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟʫʤʦʚʣʝʥʘ ʧʨʦʮʝʩʘʤʠ ʚʩʪʘʥʦʚʣʝʥʥʷ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫʢ-
ʪʫʨʠ ʨʦʟʯʠʥʫ ʪʘ ʧʝʨʝʙʫʜʦʚʦʶ ʩʠʩʪʝʤʠ ʚʦʜʥʝʚʠʭ ʟʚôʷʟʢʽʚ ʫ ʦʢʦʣʽ ʦʩʦʙʣʠʚʦʾ ʪʦʯʢʠ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʦʟʯʠʥʠ, ʚʦʜʘ, ʩʧʠʨʪʠ, ʨʽʚʥʦʚʘʛʘ, ʜʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ, ʚʦʜʥʝʚʽ

ʟʚôʷʟʢʠ, ʦʩʦʙʣʠʚʽ ʪʦʯʢʠ.
 

ɺʩʪʫʧ. ʋ ʤʦʣʝʢʫʣʷʨʥʽʡ ʬʽʟʠʮʽ ʨʽʜʠʥ ʟʥʘʯʥʫ ʫʚʘʛʫ ʧʨʠʜʽʣʷʶʪʴ ʚʠʚʯʝʥʥʶ ʙʽ-
ʥʘʨʥʠʭ ʨʦʟʯʠʥʽʚ ʚʦʜʘïʩʧʠʨʪʠ, ʷʢʽ ʻ ʢʣʘʩʠʯʥʠʤʠ ʤʦʜʝʣʷʤʠ ʩʠʩʪʝʤ ʟ ʟʥʘʯʥʠʤ ʚʥʝ-
ʩʢʦʤ ʚʦʜʥʝʚʠʭ ʟʚôʷʟʢʽʚ ʫ ʤʽʞʤʦʣʝʢʫʣʷʨʥʫ ʚʟʘʻʤʦʜʽʶ [1, 2]. ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ 
ʚʠʢʣʠʢʘʶʪʴ ʦʩʦʙʣʠʚʽ (peculiar) ʪʦʯʢʠ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʟʘʣʝʞʥʦʩʪʷʭ ʬʽʟʠʢʦ-
ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʮʠʭ ʨʦʟʯʠʥʽʚ, ʚʠʷʚʣʝʥʽ ʪʘ ʜʝʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʽ ʚ ʨʦʙʦʪʘʭ 
[3-5]. ʎʽ ʪʦʯʢʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʝʚʥʠʤ ʤʦʣʷʨʥʠʤ ʘʙʦ ʦʙôʻʤʥʠʤ ʢʦʥʮʝʥʪʨʘʮʽʷʤ, ʙʽʣʷ 
ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʦʩʦʙʣʠʚʘ ʧʦʚʝʜʽʥʢʘ ʚôʷʟʢʦʩʪʽ, ʪʝʧʣʦʻʤʥʦʩʪʽ, ʧʦʢʘʟʥʠʢʘ ʟʘ-
ʣʦʤʣʝʥʥʷ ʪʘ ʽʥʰʠʭ ʤʘʢʨʦʩʢʦʧʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɸʣʝ ʛʦʣʦʚʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ 
ʧʦʚʝʜʽʥʢʘ ʛʫʩʪʠʥʠ ʚʦʜʥʠʭ ʨʦʟʯʠʥʽʚ ʩʧʠʨʪʽʚ ʧʨʠ ʟʤʽʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʩʧʠʨʪʫ. ʎʽ ʨʦ-
ʙʦʪʠ ʟʘʧʦʯʘʪʢʦʚʘʥʽ ʱʝ ʫ ʧʝʨʰʠʭ ʨʦʙʦʪʘʭ ʄʝʥʜʝʣʻʻʚʘ ʫ ʆʜʝʩʽ, ʘʣʝ ʩʘʤʝ ʟʘʨʘʟ ʟ 
ʚʩʴʦʛʦ ʨʷʜʫ ʚʚʝʜʝʥʠʭ ʥʠʤ ʦʩʦʙʣʠʚʠʭ ʪʦʯʦʢ ʜʣʷ ʪʘʢʠʭ ʨʦʟʯʠʥʽʚ ʤʠ ʤʦʞʝʤʦ ʚʧʝʚ-
ʥʝʥʦ ʚʽʜʦʢʨʝʤʠʪʠ ʦʜʥʫ ï ʫ ʨʦʟʙʘʚʣʝʥʠʭ ʨʦʟʯʠʥʘʭ (ʢʦʥʮʝʥʪʨʘʮʽʷ ʙʣʠʟʴʢʦ 0.05-0.1 
ʤʦʣʴʥʦʾ ʯʘʩʪʢʠ ʩʧʠʨʪʫ). ɺ ʦʢʦʣʽ ʪʘʢʦʾ ʪʦʯʢʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʘʥʦʤʘʣʴʥʘ ʧʦʚʝʜʽʥʢʘ 
ʙʽʣʴʰʝ ʜʝʩʷʪʢʘ ʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʥʘʧʨʠʢʣʘʜ, ʘʥʦʤʘʣʴʥʠʡ ʧʽʢ ʨʦʟʩʽʷʥʥʷ ʩʚʽ-
ʪʣʘ, ʟʘ ʷʢʦʛʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ ʤʦʞʝ ʙʫʪʠ ʥʘ ʧʦʨʷʜʢʠ ʙʽʣʴʰʘ ʥʽʞ 
ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʨʦʟʩʽʷʥʥʽ. 

ʋ ʨʦʙʦʪʘʭ [3,4] ʪʘʢʽ ʟʤʽʥʠ ʫ ʧʦʚʝʜʽʥʮʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʟʯʠʥʽʚ ʟʚôʷʟʫʶʪʴʩʷ ʟʽ 
ʟʤʽʥʘʤʠ ʚʧʦʨʷʜʢʫʚʘʥʥʷ, ʫʪʚʦʨʝʥʥʷ, ʧʝʨʝʙʫʜʦʚʦʶ ʚʦʜʥʝʚʠʭ ʟʚôʷʟʢʽʚ ʧʽʜ ʚʧʣʠʚʦʤ 
ʤʦʣʝʢʫʣ ʩʧʠʨʪʫ, ʚʩʪʘʥʦʚʣʝʥʥʷ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ. 
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ʆʜʥʠʤ ʟ ʢʣʶʯʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʯʫʪʣʠʚʠʭ ʜʦ ʩʪʨʫʢʪʫʨʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʦʟ-
ʯʠʥʽʚ, ʻ ʜʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ (Ů), ʷʢʘ ʚʽʜʦʙʨʘʞʘʻ ʢʦʣʝʢʪʠʚʥʠʡ ʧʦʣʷʨʠʟʘʮʽʡ-
ʥʠʡ ʚʽʜʢʣʠʢ ʤʦʣʝʢʫʣ ʪʘ ʤʦʣʝʢʫʣʷʨʥʠʭ ʘʩʦʮʽʘʪʽʚ.  

 
ʄʝʪʘ ʨʦʙʦʪʠ. ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ ʜʽʝʣʝʢ-

ʪʨʠʯʥʦʾ ʧʨʦʥʠʢʥʦʩʪʽ ʨʦʟʯʠʥʽʚ ʚʦʜʘïʩʧʠʨʪʠ ʚ ʦʢʦʣʽ ʦʩʦʙʣʠʚʠʭ ʪʦʯʦʢ ʤʝʪʦʜʦʤ ʤʦ-
ʩʪʦʚʦʾ ʩʭʝʤʠ ʫ ʧʣʦʩʢʦʤʫ ʢʦʥʜʝʥʩʘʪʦʨʽ ʥʘ ʯʘʩʪʦʪʽ 1 ʢɻʮ. ʄʝʪʦʜʠʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ 
ʚʩʪʘʥʦʚʣʝʥʥʽ ʧʦʩʪʽʡʥʠʭ (ʩʪʘʮʽʦʥʘʨʥʠʭ) ʟʥʘʯʝʥʴ ʘʢʪʠʚʥʦʾ (ʧʨʦʚʽʜʥʽʩʪʴ) ʪʘ ʨʝʘʢʪʠ-
ʚʥʦʾ (ʻʤʥʽʩʪʴ) ʩʢʣʘʜʦʚʠʭ ʽʤʧʝʜʘʥʩʫ ʧʣʦʩʢʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʟʘʧʦʚʥʝʥʦʛʦ ʜʦʩʣʽ-
ʜʞʫʚʘʥʠʤ ʨʦʟʯʠʥʦʤ, ʧʽʩʣʷ ʧʦʜʘʯʽ ʚʠʤʽʨʶʚʘʣʴʥʦʾ ʥʘʧʨʫʛʠ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ 
ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʧʣʠʚ ʧʦʣʷʨʠʟʘʮʽʡʥʠʭ ʝʬʝʢʪʽʚ ʥʘ ʝʣʝʢʪʨʦʜʘʭ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʩʦʢʫ 
ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʩʪʘʪʠʯʥʦʾ ʜʽʝʣʝʢʪʨʠʯʥʦʾ ʧʨʦʥʠʢʥʦʩʪʽ ʚ ʫʤʦʚʘʭ ʩʣʘʙʢʦʾ ʧʨʦ-
ʚʽʜʥʦʩʪʽ ʨʦʟʯʠʥʽʚ. ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʜʘʶʪʴ ʟʤʦʛʫ ʫʪʦʯʥʠʪʠ ʭʘʨʘʢʪʝʨ ʩʪʨʫʢʪʫʨʥʠʭ 
ʧʝʨʝʪʚʦʨʝʥʴ ʫ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʠʭ ʩʠʩʪʝʤʘʭ.  

 
ʄʝʪʦʜʠʢʘ ʝʢʩʧʝʨʠʤʝʥʪʫ ʪʘ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ. ɿʘ ʦʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ 

ʙʫʣʦ ʚʟʷʪʦ ʚʦʜʥʽ ʨʦʟʯʠʥʠ ʤʝʪʘʥʦʣʫ ʷʢ ʧʝʨʰʦʛʦ ʧʨʝʜʩʪʘʚʥʠʢʘ ʛʦʤʦʣʦʛʽʯʥʦʛʦ ʨʷʜʫ 
ʦʜʥʦʘʪʦʤʥʠʭ ʩʧʠʨʪʽʚ. ɼʣʷ ʾʭ ʧʨʠʛʦʪʫʚʘʥʥʷ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʩʧʠʨʪʠ ʤʘʨʢʠ ʏɼɸ 
ʪʘ ʙʽʜʠʩʪʠʣʴʦʚʘʥʘ ʚʦʜʘ. ʇʽʩʣʷ ʤʝʭʘʥʽʯʥʦʛʦ ʟʤʽʰʫʚʘʥʥʷ ʩʧʠʨʪʫ ʟ ʙʽʜʠʩʪʠʣʷʪʦʤ ʽ 
ʧʝʨʝʜ ʧʨʦʚʝʜʝʥʥʷʤ ʚʠʤʽʨʽʚ, ʨʦʟʯʠʥʠ ʙʫʣʠ ʚʠʪʨʠʤʘʥʽ. ʎʝ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʨʽ-
ʚʥʦʚʘʞʥʠʡ ʩʪʘʥ ʫ ʚʦʜʥʠʭ ʨʦʟʯʠʥʘʭ ʩʧʠʨʪʽʚ ʤʦʞʝ ʙʫʪʠ ʜʫʞʝ ʪʨʠʚʘʣʠʤ (ʚʽʜ ʛʦʜʠʥ 
ʜʦ ʪʠʞʥʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʫʤʦʚ ʪʘ ʢʦʥʮʝʥʪʨʘʮʽʡ). 

ɹʫʣʠ ʧʨʦʚʝʜʝʥʽ ʚʠʤʽʨʠ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʝʣʝʢʪʨʠʯʥʦʾ ʻʤʥʦʩʪʽ ʧʘʨʘʣʝ-
ʣʴʥʦʛʦ ʻʤʥʽʩʥʦ-ʨʝʟʠʩʪʠʚʥʦʛʦ ʝʢʚʽʚʘʣʝʥʪʘ ʢʦʥʪʘʢʪʥʦʾ ʢʦʤʽʨʢʠ. ʋ ʨʦʙʦʪʘʭ [6,7] 
ʜʣʷ ʮʴʦʛʦ ʧʽʜʛʦʪʦʚʣʝʥʽ ʚʦʜʥʽ ʨʦʟʯʠʥʠ ʩʧʠʨʪʽʚ ʪʘ ʯʠʩʪʽ ʨʝʯʦʚʠʥʠ ʤʽʩʪʠʣʠʩʷ ʚ ʢʦ-
ʤʽʨʢʫ ʟ ʧʣʘʪʠʥʦʚʠʤʠ ʧʣʘʩʢʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ (ʧʣʦʱʘ ʧʣʘʩʪʠʥʠ ʝʣʝʢʪʨʦʜʘ 3Ā10-

4 ʤ2, ʤʽʞʝʣʝʢʪʨʦʜʥʘ ʚʽʜʩʪʘʥʴ 5 ʤʤ). ɽʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʽ ʝʣʝʢʪʨʠʯʥʘ ʻʤʥʽʩʪʴ ʟʨʘ-
ʟʢʽʚ ʚʠʤʽʨʷʣʘʩʷ ʧʨʠ 20 Üʉ ʘʚʪʦʤʘʪʠʯʥʠʤ ʮʠʬʨʦʚʠʤ ʚʠʤʽʨʶʚʘʯʝʤ ɽ7-8 ʟ ʨʦʙʦʶ 
ʯʘʩʪʦʪʦʶ ʧʨʠʣʘʜʫ ʩʪʘʥʦʚʠʪʴ: (1000Ñ10) ɻʮ., ʤʝʞʘ ʦʩʥʦʚʥʦʾ ʧʦʭʠʙʢʠ, ʱʦ ʜʦʧʫʩ-
ʢʘʻʪʴʩʷ, 0,1 %. ɺ ʦʩʥʦʚʽ ʚʠʤʽʨʶʚʘʥʴ ʧʨʠʣʘʜʦʤ ʣʝʞʠʪʴ ʤʦʩʪʦʚʠʡ ʤʝʪʦʜ ʟ ʬʘʟʦʯʫ-
ʪʣʠʚʠʤʠ ʜʝʪʝʢʪʦʨʘʤʠ ʚʨʽʚʥʦʚʘʞʝʥʥʷ [8]. ʆʜʥʠʤ ʟ ʛʦʣʦʚʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʫ ʨʦʙʦʪʽ 
[7] ʙʫʣʦ ʜʦʚʛʦʪʨʠʚʘʣʝ (ʚʽʜ ʜʝʩʷʪʢʽʚ ʭʚʠʣʠʥ ʜʦ ʜʝʢʽʣʴʢʦʭ ʛʦʜʠʥ) ʚʩʪʘʥʦʚʣʝʥʥʷ ʧʦ-
ʩʪʽʡʥʠʭ ʟʥʘʯʝʥʴ ʧʽʩʣʷ ʚʢʣʶʯʝʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʚʠʤʽʨʶʚʘʣʴʥʦʛʦ ʧʦʣʷ ʫ ʢʶʚʝʪʽ. 
ʎʝ ʤʦʞʥʘ ʙʫʣʦ ʙ ʧʦʷʩʥʠʪʠ ʧʦʣʷʨʠʟʘʮʽʻʶ ʝʣʝʢʪʨʦʜʽʚ ʪʘ ʽʥʰʠʤʠ ʧʨʠʝʣʝʢʪʨʦʜʥʠʤʠ 
ʷʚʠʱʘʤʠ. 

ɼʣʷ ʚʠʢʣʶʯʝʥʥʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦʾ ʚʟʘʻʤʦʜʽʾ ʨʦʟʯʠʥʽʚ ʟ ʧʦʚʝʨʭʥʝʶ ʝʣʝʢʪʨʦʜʽʚ 
ʤʠ ʟʘʤʽʥʠʣʠ ʧʣʘʪʠʥʦʚʽ ʝʣʝʢʪʨʦʜʠ, ʱʦ ʚʚʘʞʘʶʪʴʩʷ ʢʣʘʩʠʯʥʠʤʠ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ 
ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ ʫ ʨʦʟʯʠʥʘʭ ʝʣʝʢʪʨʦʜʘʤʠ, ʱʦ ʚʢʨʠʪʽ ʪʦʥʢʦʶ ʬʪʦʨʦʧʣʘ-
ʩʪʦʚʦʶ ʧʣʽʚʢʦʶ (50 ʤʢʤ), ʷʢʘ ʻ ʥʝʧʨʦʚʽʜʥʦʶ ʠ ʭʽʤʽʯʥʦ ʥʝʡʪʨʘʣʴʥʦʶ, ʱʦ ʚʠʢʣʶ-
ʯʘʻ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʚʧʣʠʚ ʝʣʝʢʪʨʦʜʽʚ ʥʘ ʫʪʚʦʨʝʥʥʷ ʽʦʥʽʚ. ɸʣʝ ʮʝ ʥʝ ʧʨʠʚʝʣʦ ʜʦ 
ʟʥʘʯʥʠʭ ʟʤʽʥ ʫ ʯʘʩʦʚʦʾ ʧʦʚʝʜʽʥʮʽ ʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʝʣʝʢʪʨʠʯʥʦʾ ʻʤʥʦʩʪʽ ʟʨʘʟʢʽʚ. 

ɸʥʘʣʽʟ ʨʦʙʽʪ, ʚ ʷʢʠʭ ʨʦʟʛʣʷʜʘʚʩʷ ʚʧʣʠʚ ʝʣʝʢʪʨʦʜʽʚ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʯʠʥʽʚ 
ʧʦʢʘʟʘʚ, ʱʦ ʯʘʩ ʚʩʪʘʥʦʚʣʝʥʥʷ (ʨʝʣʘʢʩʘʮʽʾ) ʧʦʣʷʨʠʟʘʮʽʾ ʝʣʝʢʪʨʦʜʽʚ ʫ ʪʘʢʠʭ ʚʠʤʽ-
ʨʶʚʘʥʥʷʭ ʟʘʟʚʠʯʘʡ ʩʪʘʥʦʚʠʪʴ ʚʽʜ ʯʘʩʪʦʢ ʩʝʢʫʥʜʠ ʜʦ ʢʽʣʴʢʦʭ ʩʝʢʫʥʜ (ʽʥʦʜʽ ʜʦ ʭʚʠ-
ʣʠʥ), ʟʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ [8-11]. ʎʝ ʷʚʠʱʝ ʝʣʝʢʪʨʦʜʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʚʠʥʠʢʘʻ ʧʨʠ 
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ро 

ʢʦʥʪʘʢʪʽ ʝʣʝʢʪʨʦʜʽʚ ʟ ʝʣʝʢʪʨʦʣʽ-
ʪʦʤ (ʨʦʟʯʠʥʦʤ) ʫ ʚʠʤʽʨʶʚʘʣʴ-
ʥʠʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʘʙʦ ʢʦʤʽʨ-
ʢʘʭ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʽʝʣʝʢʪʨʠʯ-
ʥʦʾ ʧʨʦʥʠʢʥʦʩʪʽ, ʧʨʦʚʽʜʥʦʩʪʽ ʯʠ 
ʽʥʰʠʭ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝ-
ʪʨʽʚ. ɯʦʥʠ ʥʘʢʦʧʠʯʫʶʪʴʩʷ ʙʽʣʷ 
ʧʦʚʝʨʭʥʽ ʝʣʝʢʪʨʦʜʽʚ (ʫʪʚʦʨʶ-
ʻʪʴʩʷ ʧʦʜʚʽʡʥʠʡ ʝʣʝʢʪʨʠʯʥʠʡ 
ʰʘʨ), ʱʦ ʩʪʚʦʨʶʻ ʜʦʜʘʪʢʦʚʫ 
ʻʤʥʽʩʪʴ ʽ ʩʧʦʪʚʦʨʶʻ ʨʝʟʫʣʴʪʘʪʠ, 
ʦʩʦʙʣʠʚʦ ʥʘ ʥʠʟʴʢʠʭ ʯʘʩʪʦʪʘʭ 
(ʟʘʟʚʠʯʘʡ ʥʠʞʯʝ 10ï100 ʢɻʮ). 

ʊʠʧʦʚʽ ʯʘʩʦʚʽ ʤʘʩʰʪʘʙʠ 
ʥʘʩʪʫʧʥʽ. ɼʣʷ ʽʦʥʥʦʾ/ʨʝʣʘʢʩʘ-
ʮʽʡʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʚ ʤʘʪʝʨʽʘʣʘʭ 
ï ~10  ʜʦ 10  ʩ (ʜʫʞʝ ʰʚʠʜʢʦ). 
ɼʣʷ ʝʣʝʢʪʨʦʜʥʦʾ ʧʦʣʷʨʠʟʘʮʽʾ ʚ ʨʦʟʯʠʥʘʭ ï ʚʽʜ ʤʽʣʽʩʝʢʫʥʜ ʜʦ ʩʝʢʫʥʜ (ʙʫʜʽʚʣʷ ʧʦ-
ʜʚʽʡʥʦʛʦ ʰʘʨʫ. ʊʦʯʥʠʡ ʯʘʩ ʜʨʝʡʬʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʥʢʨʝʪʥʦʾ ʫʩʪʘʥʦʚʢʠ, ʨʦʟʯʠʥʫ 
ʪʘ ʯʘʩʪʦʪʠ, ʪʦʤʫ ʚ ʣʘʙʦʨʘʪʦʨʥʽʡ ʧʨʘʢʪʠʮʽ ʡʦʛʦ ʯʘʩʪʦ ʚʠʟʥʘʯʘʶʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘ-
ʣʴʥʦ (ʩʪʘʙʽʣʽʟʘʮʽʷ ʩʠʛʥʘʣʫ). ɸʣʝ ʦʪʨʠʤʘʥʽ ʥʘʤʠ ʯʘʩʠ ʩʪʘʙʽʣʽʟʘʮʽʾ ʙʫʣʠ ʥʝ ʩʝʢʫʥʜʠ, 
ʘ ʜʝʩʷʪʢʠ ʭʚʠʣʠʥ, ʱʦ ʥʝ ʤʦʞʝ ʧʦʷʩʥʶʚʘʪʠʩʴ ʚʧʣʠʚʦʤ ʝʣʝʢʪʨʦʜʽʚ, ʪʠʤ ʙʽʣʴʰʝ, ʱʦ 
ʧʨʠʥʮʠʧʦʚʘ ʟʤʽʥʘ ʪʠʧʫ ʝʣʝʢʪʨʦʜʫ ʥʝ ʚʧʣʠʥʫʣʘ ʥʘ ʛʦʣʦʚʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʦʪʨʠ-
ʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʅʘ ʨʠʩ.1 ʥʘʚʝʜʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʫ ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʝʟʤʽʥʥʠʭ ʟʥʘʯʝʥʴ ʧʨʠ ʚʠ-
ʤʽʨʶʚʘʥʥʽ ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʜʝʥʩʘʪʦʨʥʦ-ʨʝʟʠʩʪʠʚʥʦʛʦ ʝʢʚʽʚʘʣʝʥʪʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 
ʢʦʥʮʝʥʪʨʘʮʽʾ ʤʝʪʘʥʦʣʫ ʫ ʡʦʛʦ ʚʦʜʥʦʤʫ ʨʦʟʯʠʥʽ. ʂʦʥʮʝʥʪʨʘʮʽʶ ʥʘʚʝʜʝʥʦ ʫ ʤʘʩʦ-
ʚʽʡ ʯʘʩʪʮʽ ʤʝʪʘʥʦʣʫ ὅ  (ʽʥʜʝʢʩʠ ʧʨʠ ʤʘʩʘʭ ʚʽʜʧʦʚʽʜʘʶʪʴ ʤʘʩʘʤ ʤʝʪʘ-
ʥʦʣʫ ʪʘ ʚʦʜʠ ʫ ʨʦʟʯʠʥʽ).  

ɿ ʥʘʚʝʜʝʥʦʾ ʥʘ ʨʠʩ.1 ʟʘʣʝʞʥʦʩʪʽ ʦʯʝʚʠʜʥʦ, ʱʦ ʟʤʽʥʠ ʯʘʩʫ ʜʨʝʡʬʫ ʝʢʩʧʝʨʠʤʝ-
ʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ï ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʝʟʤʽʥʥʠʭ ʜʘʥʠʭ ʧʨʠ ʚʠʤʽʨʶʚʘʥʥʽ ʝʣʝʢʪʨʦʬʽʟʠ-
ʯʥʠʭ ʚʝʣʠʯʠʥ ʨʦʟʯʠʥʫ ʧʨʘʢʪʠʯʥʦ ʪʦʯʥʦ ʩʧʽʚʧʘʜʘʶʪʴ ʧʦʣʦʞʝʥʥʷʤʠ ʚʽʜʭʠʣʝʥʴ ʚʽʜ 
ʤʦʥʦʪʦʥʥʦʛʦ ʭʦʜʫ ʢʨʠʚʦʾ ʟ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʤʠ ʟʘʣʝʞʥʦʩʪʷʤʠ ʽʥʰʠʭ ʬʽʟʠʯʥʠʭ ʚʝ-
ʣʠʯʠʥ ʜʣʷ ʪʘʢʠʭ ʦʙôʻʢʪʽʚ. ɺʝʣʠʢʠʤ ʧʠʪʘʥʥʷʤ ʟʘʣʠʰʘʻʪʴʩʷ ʷʢ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ 
ʮʽ ʨʝʟʫʣʴʪʘʪʠ ʯʘʩ, ʱʦ ʧʨʦʡʰʦʚ ʧʽʩʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʨʦʟʯʠʥʫ. ɺʩʪʘʥʦʚʣʝʥʥʷ ʘʥʦ-
ʤʘʣʴʥʦʛʦ ʧʽʢʫ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ, ʧʦʢʘʟʥʠʢʘ ʟʘʣʦʤʣʝʥʥʷ ʤʦʞʝ ʪʨʠʚʘʪʠ ʫ ʦʩʦʙʣʠʚʽʡ 
ʪʦʯʮʽ ʜʦ ʪʠʞʥʷ. 

ʄʽʢʨʦʥʝʦʜʥʦʨʽʜʥʘ ʩʪʨʫʢʪʫʨʘ ʨʦʟʯʠʥʽʚ, ʱʦ ʚʠʥʠʢʘʻ ʚ ʪʘʢʠʭ ʨʦʟʯʠʥʘʭ ʤʦʞʝ 
ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʜʦʜʘʪʢʦʚʠʭ ʧʦʜʚʽʡʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʰʘʨʽʚ ʥʘ ʛʨʘʥʠ-
ʮʷʭ ʜʠʥʘʤʽʯʥʠʭ ʫʪʚʦʨʝʥʴ. 

ʄʘʢʩʠʤʫʤ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʘ ʨʠʩ.1, ʩʢʦʨʽʰ ʟʘ ʚʩʝ, ʤʦʞʝ ʚʽʜʧʦʚʽʜʘʪʠ ʜʠ-
ʬʫʟʽʡʥʦʤʫ ʤʝʭʘʥʽʟʤʫ ʜʨʝʡʬʫ ʜʫʞʝ ʥʝʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʦʤʽʰʦʢ ʫ ʨʦʟʯʠʥʘʭ ʟ 
ʫʪʚʦʨʝʥʥʷʤ çʧʨʦʚʽʜʥʦʾ ʩʽʪʢʠè, ʱʦ ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ ʘ) ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫ-
ʢʪʫʨʠ ʨʦʟʯʠʥʫ; ʙ) ʥʘʢʣʘʜʝʥʦʛʦ ʟʦʚʥʽʰʥʴʦʤʫ ʧʦʣʷ, ʱʦ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʷʚʠʱʝ 

 
ʈʠʩ.1. ɿʘʣʝʞʥʽʩʪʴ ʯʘʩʫ ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʝʟʤʽʥʥʠʭ 
ʜʘʥʠʭ ʧʨʠ ʚʠʤʽʨʶʚʘʥʥʽ ʧʘʨʘʤʝʪʨʽʚ ʧʣʦʩʢʦʾ ʢʦʥ-
ʜʝʥʩʘʪʦʨʥʦʾ ʢʦʤʽʨʢʠ ʟʘʧʦʚʥʝʥʦʾ ʚʦʜʥʠʤ ʨʦʟʯʠʥʦʤ 
ʤʝʪʘʥʦʣʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʦʟʯʠʥʫ. 
ʊʝʤʧʝʨʘʪʫʨʘ 15 Áʉ. 
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ʪʠʧʫ ʝʣʝʢʪʨʦʬʦʨʝʟʫ. ʆʪʨʠʤʘʥʽ ʥʘʤʠ ʨʝʟʫʣʴʪʘʪʠ ʧʦ ʧʨʦʚʽʜʥʦʩʪʽ ʤʠ ʥʝ ʥʘʚʦʜʠʤʦ, 
ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʤʘʶʪʴ ʜʫʞʝ ʩʢʣʘʜʥʠʡ ʭʘʨʘʢʪʝʨ, ʭʦʯʘ ʦʩʦʙʣʠʚʽʩʪʴ ʽʭ ʧʦʚʝʜʽʥʢʠ ʪʝʞ 
ʧʨʠʧʘʜʘʻ ʥʘ ʦʢʽʣ ʦʩʦʙʣʠʚʦʾ ʪʦʯʢʠ ʚʦʜʥʦ-ʤʝʪʘʥʦʣʦʚʦʛʦ ʨʦʟʯʠʥʫ. ʅʝʦʙʭʽʜʥʘ ʮʽʣʘ 
ʧʨʦʛʨʘʤʘ ʜʦʩʣʽʜʞʝʥʴ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʯʘʩʫ ʧʽʩʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʨʦʟʯʠʥʽʚ, ʚʧʣʠʚʫ 
ʥʘʢʣʘʜʝʥʦʛʦ ʧʦʣʷ ʥʘ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʽʚʥʦʚʘʛʠ ʫ ʨʦʟʯʠʥʘʭ, ʛʽʩʪʝʨʝʟʠʩʥʠʭ ʝʬʝʢʪʽʚ 
ʧʨʠ ʚʠʤʽʨʘʭ ʾʭ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ. 

 
ɺʠʩʥʦʚʢʠ. ʏʘʩ ʜʨʝʡʬʫ (ʚʩʪʘʥʦʚʣʝʥʥʷ ʥʝʟʤʽʥʥʠʭ ʚʝʣʠʯʠʥ ʧʨʠ ʚʠʤʽʨʶʚʘʥ-

ʥʷʭ) ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʦʜʥʠʭ ʨʦʟʯʠʥʽʚ ʤʝʪʘʥʦʣʫ ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʻ 
ʜʘʥʥʽ, ʷʢʽ ʧʦʷʩʥʶʶʪʴʩʷ ʧʨʠʝʣʝʢʪʨʦʜʥʠʤʠ ʝʬʝʢʪʘʤʠ. 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʫ ʜʨʝʡʬʫ ʩʧʽʚʧʘʜʘʻ ʟ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʧʦʢʘʟ-
ʥʠʢʘ ʟʘʣʦʤʣʝʥʥʷ, ʚôʷʟʢʦʩʪʽ, ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʨʦʟʩʽʷʥʥʷ ʩʚʽʪʣʘ, ʪʦʤʫ ʤʦʞʝ ʙʫʪʠ ʧʦ-
ʷʩʥʝʥʘ ʚʩʪʘʥʦʚʣʝʥʥʷʤ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʫ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʠʭ ʨʦʟʯʠ-
ʥʘʭ ʚ ʦʢʦʣʽ ʾʭ ʦʩʦʙʣʠʚʠʭ ʪʦʯʦʢ. 

ʅʝʦʙʭʽʜʥʦ ʧʨʦʚʦʜʠʪʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʦ ʟʘʣʝʞʥʦʩʪʽ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘ-
ʤʝʪʨʽʚ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚ ʦʢʦʣʽ ʦʩʦʙʣʠʚʦʾ ʪʦʯʢʠ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʜʦʚʛʦʪʨʠʚʘʣʠʭ 
ʧʨʦʮʝʩʽʚ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʽʚʥʦʚʘʞʥʦʛʦ ʩʪʘʥʫ ʨʦʟʯʠʥʽʚ ʧʽʩʣʷ ʾʭ ʧʨʠʛʦʪʫʚʘʥʥʷ. 
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Dielectric permittivity of aqueous methanol solutions in the vicinity of the
peculiar concentration point

 
Summary

The dielectric properties of aqueous methanol solutions in the vicinity of the peculiar con-
centration point (approximately 0.05ï0.1 mole fraction of alcohol) were experimentally inves-
tigated. Measurements of the active and reactive components of impedance were carried out
using the bridge method at a frequency of 1 kHz in a parallel-plate capacitor with electrodes
coated by a fluoroplastic film.
It was found that the time required to establish stationary values of capacitance and con-

ductivity significantly exceeds the characteristic times of electrode polarization and reaches
from tens of minutes to several hours. The concentration dependence of this relaxation time
clearly correlates with the positions of anomalies in other physicochemical properties of the
solutions (refractive index, viscosity, and light scattering). The obtained results indicate that
the anomalously slow dynamics of the electrophysical parameters are caused by the processes
of formation of a microinhomogeneous solution structure and restructuring of the hydrogen-
bond network in the vicinity of the peculiar point.
Keywords: aqueous alcohol solutions, methanol, dielectric permittivity, peculiar concentra-

tion points, microheterogeneity, hydrogen bonds.
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ɺʧʣʠʚ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʜʝʛʽʜʨʘʪʘʮʽʾ ʥʘ ʪʝʧʣʦʪʫ ʩʦʨʙʮʽʾ ʮʝʦʣʽʪʽʚ ʪʠʧʫ A 
 

ʇʨʝʜʩʪʘʚʣʝʥʽ ʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʱʦʜʦ ʢʽʥʝʪʠʢʠ ʩʫʰʽʥʥʷ ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʮʝʦʣʽʪʽʚ ʪʠʧʫ ɸ (3A, 4A, 5A) ʫ ʧʨʦʮʝʩʽ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʨʝʛʝʥʝʨʘʮʽʾ, ʱʦ ʻ 
ʢʣʶʯʦʚʠʤ ʝʪʘʧʦʤ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʪʝʨʤʦʭʽʤʽʯʥʠʭ ʘʢʫʤʫʣʷʪʦʨʽʚ ʪʝʧʣʦʪʠ. ʆʪʨʠʤʘʥʦ, 
ʱʦ ʮʝʦʣʽʪ 5A ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʚʠʱʦʶ ʰʚʠʜʢʽʩʪʶ ʩʫʰʽʥʥʷ (6,55Ā10  1/ʩ), ʪʝʤʧʦʤ 
ʥʘʛʨʽʚʘʥʥʷ (1,98 ʂ/ʩ) ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ (0,56), ʱʦ 
ʦʙʫʤʦʚʣʝʥʦ ʙʽʣʴʰʠʤ ʨʦʟʤʽʨʦʤ ʧʦʨ ʪʘ ʧʦʢʨʘʱʝʥʠʤʠ ʫʤʦʚʘʤʠ ʜʠʬʫʟʽʾ ʚʦʜʷʥʦʾ ʧʘʨʠ. ɺʦʜ-
ʥʦʯʘʩ ʧʦʢʘʟʘʥʦ, ʱʦ ʽʥʪʝʥʩʠʬʽʢʘʮʽʷ ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʠʞʝʥʥʷʤ ʧʠʪʦ-
ʤʦʾ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ (ʜʦ 87 ʢɼʞ/ʢʛ) ʪʘ ʤʝʭʘʥʽʯʥʦʶ ʜʝʛʨʘʜʘʮʽʻʶ ʛʨʘʥʫʣ ʧʽʩʣʷ ʧʝʨʰʦʛʦ 
ʮʠʢʣʫ ʜʝʩʦʨʙʮʽʾïʩʦʨʙʮʽʾ, ʱʦ ʦʙʤʝʞʫʻ ʧʨʘʢʪʠʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʴʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʫʤʦʚʘʭ 
ʮʠʢʣʽʯʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʆʪʨʠʤʘʥʦ, ʱʦ ʮʝʦʣʽʪ 3A ʜʝʤʦʥʩʪʨʫʻ ʥʘʡʚʠʱʫ ʧʠʪʦʤʫ ʪʝʧʣʦʪʫ 
ʩʦʨʙʮʽʾ (165 ʢɼʞ/ʢʛ) ʩʝʨʝʜ ʜʦʩʣʽʜʞʝʥʠʭ ʟʨʘʟʢʽʚ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʝʬʝʢʪʦʤ ʧʨʦʩʪʦʨʦ-
ʚʦʛʦ ʦʙʤʝʞʝʥʥʷ ʪʘ ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʤʦʣʝʢʫʣ ʚʦʜʠ ʟ ʧʦʨʦʚʦʶ ʩʪʨʫʢʪʫʨʦʶ. 
ʇʦʢʘʟʘʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʦʙʨʦʙʢʠ ʜʦ 360 ʩ ʽ ʜʦʩʷʛʥʝʥʥʷ ʪʝʤ-
ʧʝʨʘʪʫʨʠ ʙʣʠʟʴʢʦ 400 ÁC ʧʨʠʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ ʜʦ 204,4 ʢɼʞ/ʢʛ, ʱʦ 
ʩʚʽʜʯʠʪʴ ʧʨʦ ʧʦʛʣʠʙʣʝʥʫ ʘʢʪʠʚʘʮʽʶ ʘʜʩʦʨʙʝʥʪʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ ʩʪʨʫʢʪʫʨʥʠʭ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢ ʮʝʦʣʽʪʽʚ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʪʚʦʨʝʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ ʚ ʪʝʧʣʦʚʫ 
ʪʘ ʥʘ ʢʽʥʝʪʠʢʫ ʜʝʩʦʨʙʮʽʾ. ɼʦʚʝʜʝʥʦ, ʱʦ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʪʝʨʤʦʭʽʤʽʯʥʠʭ ʩʠʩʪʝʤʘʭ ʘʢʫ-
ʤʫʣʶʚʘʥʥʷ ʪʝʧʣʦʪʠ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʮʝʦʣʽʪ 3A, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʤʘʢʩʠʤʘʣʴʥʫ 
ʝʥʝʨʛʦʻʤʥʽʩʪʴ, ʪʦʜʽ ʷʢ ʮʝʦʣʽʪ 5A ʜʦʮʽʣʴʥʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʧʨʦʮʝʩʘʭ, ʜʝ ʧʨʽʦʨʠʪʝ-
ʪʥʦʶ ʻ ʰʚʠʜʢʽʩʪʴ ʩʫʰʽʥʥʷ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʽʚ ʤʽʢʨʦʭʚʠ-
ʣʴʦʚʦʾ ʨʝʛʝʥʝʨʘʮʽʾ ʪʘ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʫʩʪʘʥʦʚʦʢ (ʟʦʢʨʝʤʘ, ʰʣʷʭʦʤ ʦʨ-
ʛʘʥʽʟʘʮʽʾ ʧʨʦʜʫʚʢʠ ʰʘʨʫ ʛʘʟʦʤ) ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʜʝʛʽʜʨʘʪʘʮʽʾ ʪʘ ʩʪʘʙʽʣʴ-
ʥʦʩʪʽ ʘʜʩʦʨʙʝʥʪʽʚ. 
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʮʝʦʣʽʪʠ, ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʩʫʰʽʥʥʷ, ʪʝʨʤʦʭʽʤʽʯʥʘ ʘʢʫʤʫʣʷʮʽʷ ʪʝʧʣʦʪʠ, 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʝʢʩʧʝʨʠʤʝʥʪ, ʚʦʣʦʛʦʚʤʽʩʪ, ʪʝʤʧʝʨʘʪʫʨʘ. 
 

 
ɺʩʪʫʧ. ʉʪʽʡʢʠʡ ʨʦʟʚʠʪʦʢ ʩʫʯʘʩʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʧʝʨʝʜʙʘʯʘʻ ʘʢʪʠʚʥʝ ʚʧʨʦʚʘ-

ʜʞʝʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʘʢʫʤʫʣʶʚʘʥʥʷ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ, ʟʜʘʪʥʠʭ ʢʦʤʧʝʥʩʫʚʘʪʠ ʥʝʨʽʚ-
ʥʦʤʽʨʥʽʩʪʴ ʥʘʜʭʦʜʞʝʥʥʷ ʝʥʝʨʛʽʾ ʟ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ. ʉʝʨʝʜ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 
ʩʠʩʪʝʤ ʥʘʢʦʧʠʯʝʥʥʷ ʪʝʧʣʘ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʶʪʴ ʪʝʨʤʦʭʽʤʽʯʥʽ ʘʢʫʤʫʣʷ-
ʪʦʨʠ ʥʘ ʦʩʥʦʚʽ ʮʝʦʣʽʪʽʚ, ʷʢʽ ʚʠʨʽʟʥʷʶʪʴʩʷ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʝʥʝʨʛʽʾ ʪʘ ʧʨʠʥʮʠ-
ʧʦʚʦʶ ʤʦʞʣʠʚʽʩʪʶ ʪʨʠʚʘʣʦʛʦ, ʟʦʢʨʝʤʘ ʩʝʟʦʥʥʦʛʦ, ʟʙʝʨʽʛʘʥʥʷ ʪʝʧʣʦʪʠ ʙʝʟ ʩʘʤʦ-
ʚʽʣʴʥʠʭ ʚʪʨʘʪ [1, 2]. ɺ ʦʩʥʦʚʽ ʨʦʙʦʪʠ ʪʘʢʠʭ ʘʢʫʤʫʣʷʪʦʨʽʚ ʣʝʞʘʪʴ ʧʨʦʮʝʩʠ ʘʜʩʦʨ-
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ʙʮʽʾ ʪʘ ʜʝʩʦʨʙʮʽʾ ʚʦʣʦʛʠ, ʧʨʠ ʮʴʦʤʫ ʥʘʡʚʘʞʣʠʚʽʰʦʶ ʩʪʘʜʽʻʶ, ʱʦ ʚʠʟʥʘʯʘʻ ʝʬʝʢ-
ʪʠʚʥʽʩʪʴ ʫʩʴʦʛʦ ʮʠʢʣʫ, ʻ ʨʝʛʝʥʝʨʘʮʽʷ ʘʜʩʦʨʙʝʥʪʫ. ʊʨʘʜʠʮʽʡʥʽ ʢʦʥʚʝʢʪʠʚʥʽ ʪʘ ʢʦʥ-
ʜʫʢʪʠʚʥʽ ʤʝʪʦʜʠ ʩʫʰʽʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʠʟʴʢʦʶ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʶ, ʟʥʘʯ-
ʥʦʶ ʪʨʠʚʘʣʽʩʪʶ ʪʘ ʨʠʟʠʢʦʤ ʪʝʨʤʽʯʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʮʝʦʣʽʪʫ, ʱʦ ʧʨʠ-
ʟʚʦʜʠʪʴ ʜʦ ʧʦʩʪʫʧʦʚʦʛʦ ʟʥʠʞʝʥʥʷ ʡʦʛʦ ʩʦʨʙʮʽʡʥʦʾ ʻʤʥʦʩʪʽ. ʋ ʟʚ'ʷʟʢʫ ʟ ʮʠʤ, ʟʥʘ-
ʯʥʠʡ ʥʘʫʢʦʚʠʡ ʽ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ ʚʠʢʣʠʢʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʚʠ-
ʧʨʦʤʽʥʶʚʘʥʥʷ ʜʣʷ ʜʝʛʽʜʨʘʪʘʮʽʾ ʮʝʦʣʽʪʽʚ, ʷʢʝ ʟʘʙʝʟʧʝʯʫʻ ʦʙ'ʻʤʥʝ, ʩʝʣʝʢʪʠʚʥʝ ʪʘ 
ʰʚʠʜʢʝ ʥʘʛʨʽʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʙʝʟ ʥʘʛʨʽʚʘʥʥʷ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʦʙ-
ʣʘʜʥʘʥʥʷ.  

 
ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʟʥʘʥʽ ʧʝʨʝʚʘʛʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ 

ʨʝʛʝʥʝʨʘʮʽʾ, ʽʩʥʫʻ ʧʨʦʙʣʝʤʘ ʥʝʜʦʩʪʘʪʥʴʦʾ ʚʠʚʯʝʥʦʩʪʽ ʢʽʥʝʪʠʢʠ ʩʫʰʽʥʥʷ ʪʘ ʪʝʧʣʦ-
ʚʠʭ ʝʬʝʢʪʽʚ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʫ ʧʨʦʤʠʩʣʦʚʦ ʚʘʞʣʠʚʠʭ ʮʝʦʣʽʪʽʚ ʪʠʧʫ ɸ. ɺ ʣʽʪʝ-
ʨʘʪʫʨʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʦʙʤʝʞʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʱʦʜʦ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘ-
ʣʽʟʫ ʧʨʦʮʝʩʽʚ ʜʝʩʦʨʙʮʽʾ ʚ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʧʦʣʽ ʜʣʷ ʮʝʦʣʽʪʽʚ, ʱʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ 
ʨʦʟʤʽʨʦʤ ʧʦʨ, ʪʘʢʠʭ ʷʢ 3A, 4A ʪʘ 5A. ɹʨʘʢʫʻ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʚʧʣʠʚ ʩʪʨʫʢʪʫʨʥʠʭ 
ʦʩʦʙʣʠʚʦʩʪʝʡ ʮʠʭ ʤʦʣʝʢʫʣʷʨʥʠʭ ʩʠʪ ʥʘ ʜʠʥʘʤʽʢʫ ʟʤʽʥʠ ʚʦʣʦʛʦʚʤʽʩʪʫ ʪʘ ʪʝʤʧʝʨʘ-
ʪʫʨʠ, ʘ ʪʘʢʦʞ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʝʨʝʪʚʦʨʝʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ ʚ ʪʝʧʣʦʚʫ. 
ɺʠʟʥʘʯʝʥʥʷ ʮʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʻ ʢʣʶʯʦʚʠʤ ʜʣʷ ʚʠʙʦʨʫ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴ-
ʥʦʛʦ ʪʠʧʫ ʘʜʩʦʨʙʝʥʪʫ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʨʝʛʝʥʝʨʘʮʽʾ ʚ ʪʝʧʣʦʘʢʫ-
ʤʫʣʶʚʘʣʴʥʠʭ ʩʠʩʪʝʤʘʭ. 

 
ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʧʫʙʣʽʢʘʮʽʡ. ʎʝʦʣʽʪʠ ʟʘʚʜʷʢʠ ʫʥʽʢʘʣʴʥʽʡ ʧʦ-

ʨʠʩʪʽʡ ʩʪʨʫʢʪʫʨʽ, ʥʘʷʚʥʦʩʪʽ ʨʝʛʫʣʷʨʥʦʛʦ ʧʫʩʪʦʪʥʦʛʦ ʧʨʦʩʪʦʨʫ, ʨʦʟʚʠʥʝʥʽʡ ʧʦʨʠ-
ʩʪʽʡ ʩʪʨʫʢʪʫʨʽ, ʟʥʘʯʥʽʡ ʧʠʪʦʤʽʡ ʧʦʚʝʨʭʥʽ [3, 4] ʪʘ ʚʠʩʦʢʽʡ ʩʝʣʝʢʪʠʚʥʦʩʪʽ ʜʦ ʤʦʣʝ-
ʢʫʣ ʚʦʜʠ ʟʥʘʭʦʜʷʪʴ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʷʭ [5]. ɼʦʩʠʪʴ ʟʘ-
ʪʨʝʙʫʚʘʥʠʤʠ ʻ ʮʝʦʣʽʪʠ ʪʠʧʽʚ 3ɸ, 4ɸ ʪʘ 5ɸ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʝʬʝʢʪʠʚʥʽ 
ʘʜʩʦʨʙʝʥʪʠ, ʤʦʣʝʢʫʣʷʨʥʽ ʩʠʪʘ, ʽʦʥʦʦʙʤʽʥʥʠʢʠ ʪʘ ʢʘʪʘʣʽʟʘʪʦʨʠ ʚ ʥʘʬʪʦʭʽʤʽʾ, ʛʘʟʦ-
ʚʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʪʘ ʩʠʩʪʝʤʘʭ ʚʦʜʦʦʯʠʱʝʥʥʷ [3, 6]. ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘ-
ʚʣʷʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʮʝʦʣʽʪʽʚ ʫ ʪʝʨʤʦʭʽʤʽʯʥʽʡ ʘʢʫʤʫʣʷʮʽʾ ʪʝʧʣʦʪʠ, ʱʦ ʜʦʟʚʦʣʷʻ 
ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʚʠʩʦʢʫ ʱʽʣʴʥʽʩʪʴ ʟʙʝʨʽʛʘʥʥʷ ʝʥʝʨʛʽʾ ʪʘ ʪʨʠʚʘʣʠʡ ʯʘʩ ʾʾ ʫʪʨʠʤʘʥʥʷ 
ʙʝʟ ʚʪʨʘʪ. ʋ ʨʦʙʦʪʽ [1] ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʪʝʨʤʦʭʽʤʽʯʥʽ ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʥʘʢʦʧʠʯʝʥʥʷ 
ʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ ʩʦʨʙʮʽʾ, ʟʦʩʝʨʝʜʞʫʶʯʠʩʴ ʥʘ ʤʘʪʝʨʽʘʣʘʭ ʫ ʜʽʘʧʘʟʦʥʽ ʥʠʟʴʢʠʭ ʪʘ 
ʩʝʨʝʜʥʽʭ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʦʛʣʷʜʽ [2] ʥʘʚʝʜʝʥʦ ʢʣʶʯʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 
ʟʙʝʨʽʛʘʥʥʷ ʪʝʧʣʘ, ʚʢʣʶʯʘʶʯʠ ʮʝʦʣʽʪʠ. ʆʩʥʦʚʥʠʡ ʘʢʮʝʥʪ ʟʨʦʙʣʝʥʦ ʥʘ ʘʜʩʦʨʙʮʽʾ ʚ 
ʧʦʨʠʩʪʠʭ ʥʦʩʽʷʭ, ʤʝʭʘʥʽʟʤʘʭ ʪʘ ʤʘʪʝʨʽʘʣʘʭ ʜʣʷ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʟʘʩʪʦʩʫ-
ʚʘʥʴ. ɸʚʪʦʨʠ [7] ʘʥʘʣʽʟʫʶʪʴ ʦʙʤʝʞʝʥʥʷ (ʚʢʣʶʯʘʶʯʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘ ʢʦʥʩʪʨʫʢ-
ʮʽʶ) ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʝʦʣʽʪʫ 13X ʫ ʞʠʪʣʦʚʦʤʫ ʩʝʢʪʦʨʽ, ʚ ʨʦʙʦʪʽ ʟʨʦʙʣʝʥʦ ʚʠʩʥʦ-
ʚʦʢ, ʱʦ ʜʣʷ ʚʠʧʨʘʚʜʘʥʥʷ ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ ʩʠʩʪʝʤʦʶ ʩʣʽʜ ʚʠʟʥʘʯʠʪʠ ʪʘ ʚʧʨʦ-
ʚʘʜʠʪʠ ʙʽʣʴʰ ʜʦʩʪʫʧʥʽ ʝʥʝʨʛʝʪʠʯʥʽ ʨʝʩʫʨʩʠ. ɿʘʛʘʣʦʤ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʝʦʣʽʪʦʚʦʾ 
ʩʠʩʪʝʤʠ ʪʝʨʤʦʭʽʤʽʯʥʦʛʦ ʘʢʫʤʫʣʶʚʘʥʥʷ ʝʥʝʨʛʽʾ ʷʢ ʩʠʩʪʝʤʠ ʦʧʘʣʝʥʥʷ ʟʜʘʻʪʴʩʷ ʤʦ-
ʞʣʠʚʠʤ, ʧʨʠʯʦʤʫ ʮʷ ʩʠʩʪʝʤʘ ʛʦʪʦʚʘ ʩʪʘʪʠ ʩʝʨʡʦʟʥʠʤ ʢʦʥʢʫʨʝʥʪʦʤ ʜʣʷ ʩʫʯʘʩʥʠʭ 
ʦʧʘʣʶʚʘʣʴʥʠʭ ʧʨʠʣʘʜʽʚ ʥʘ ʨʠʥʢʫ ʞʠʪʣʦʚʦʛʦ ʙʫʜʽʚʥʠʮʪʚʘ. ɺʽʜʦʤʦ, ʱʦ ʢʣʶʯʦʚʫ 
ʨʦʣʴ ʫ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʚʽʜʽʛʨʘʻ ʪʝʧʣʦʪʘ ʩʦʨʙʮʽʾ, ʷʢʘ ʚʠʜʽʣʷʻʪʴʩʷ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʮʝ-
ʦʣʽʪʫ ʟ ʚʦʜʦʶ, ʦʜʥʘʢ ʾʾ ʯʠʩʝʣʴʥʽ ʟʥʘʯʝʥʥʷ ʩʫʪʪʻʚʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʠʧʫ ʮʝʦʣʽʪʫ, ʫʤʦʚ 
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ʘʢʪʠʚʘʮʽʾ ʪʘ ʤʝʪʦʜʠʢʠ ʝʢʩʧʝʨʠʤʝʥʪʫ [8-10]. ʂʣʶʯʦʚʠʤ ʝʪʘʧʦʤ ʟʘʙʝʟʧʝʯʝʥʥʷ ʝʬʝ-
ʢʪʠʚʥʦʛʦ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʻ ʧʨʦʮʝʩ ʨʝʛʝʥʝʨʘʮʽʾ ʮʝʦʣʽʪʽʚ, ʱʦ ʧʝʨʝʜ-
ʙʘʯʘʻ ʚʠʜʘʣʝʥʥʷ ʘʜʩʦʨʙʦʚʘʥʦʾ ʚʦʣʦʛʠ ʰʣʷʭʦʤ ʩʫʰʽʥʥʷ. ʉʝʨʝʜ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ 
ʜʝʛʽʜʨʘʪʘʮʽʾ ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʻ ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʥʘʛʨʽʚʘʥʥʷ, ʷʢʝ ʟʘʙʝʟʧʝʯʫʻ 
ʦʙôʻʤʥʠʡ ʭʘʨʘʢʪʝʨ ʧʽʜʚʝʜʝʥʥʷ ʝʥʝʨʛʽʾ, ʽʥʪʝʥʩʠʬʽʢʘʮʽʶ ʤʘʩʦ- ʪʘ ʪʝʧʣʦʧʝʨʝʥʦʩʫ, ʘ 
ʪʘʢʦʞ ʩʢʦʨʦʯʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʧʨʦʮʝʩʫ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʢʦʥʚʝʢʪʠʚ-
ʥʠʤʠ ʤʝʪʦʜʘʤʠ. ʈʘʟʦʤ ʟ ʪʠʤ, ʧʠʪʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʤʽʢʨʦʭʚʠʣʴʦ-
ʚʦʛʦ ʩʫʰʽʥʥʷ ʮʝʦʣʽʪʽʚ ʪʘ ʚʧʣʠʚʫ ʫʤʦʚ ʦʙʨʦʙʢʠ ʥʘ ʾʭ ʧʦʜʘʣʴʰʽ ʩʦʨʙʮʽʡʥʽ ʚʣʘʩʪʠ-
ʚʦʩʪʽ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʜʦʩʪʘʪʥʴʦ ʜʦʩʣʽʜʞʝʥʠʤʠ. ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʩʪʘʥʦʚʠʪʴ ʚʠ-
ʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʾ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʜʝʛʽʜʨʘʪʦʚʘʥʠʭ ʮʝʦʣʽʪʽʚ ʟ ʚʦʜʦʶ, 
ʦʩʢʽʣʴʢʠ ʮʝʡ ʧʘʨʘʤʝʪʨ ʻ ʚʠʟʥʘʯʘʣʴʥʠʤ ʜʣʷ ʦʮʽʥʢʠ ʾʭ ʪʝʧʣʦʘʢʫʤʫʣʶʚʘʣʴʥʦʾ ʟʜʘʪ-
ʥʦʩʪʽ. ʇʨʠ ʮʴʦʤʫ ʪʝʧʣʦʚʠʡ ʝʬʝʢʪ ʘʜʩʦʨʙʮʽʾ ʟʘʣʝʞʠʪʴ ʷʢ ʚʽʜ ʪʠʧʫ ʮʝʦʣʽʪʫ, ʪʘʢ ʽ ʚʽʜ 
ʫʤʦʚ ʡʦʛʦ ʧʦʧʝʨʝʜʥʴʦʾ ʧʽʜʛʦʪʦʚʢʠ, ʟʦʢʨʝʤʘ ʨʝʞʠʤʽʚ ʩʫʰʽʥʥʷ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 
ʩʪʨʫʢʪʫʨʫ ʧʦʨʦʚʦʛʦ ʧʨʦʩʪʦʨʫ ʪʘ ʜʦʩʪʫʧʥʽʩʪʴ ʘʢʪʠʚʥʠʭ ʮʝʥʪʨʽʚ.  

ɺ ʨʦʙʦʪʽ [8] ʧʽʜʢʨʝʩʣʶʻʪʴʩʷ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʘʥʥʷ 
ʷʢʽʩʥʦ ʟʤʽʥʶʻ ʧʨʦʮʝʩ ʜʝʩʦʨʙʮʽʾ. ɿʘʟʥʘʯʘʻʪʴʩʷ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ 
ʥʘʛʨʽʚʫ ʜʦʟʚʦʣʷʻ ʚʝʩʪʠ ʧʨʦʮʝʩ ʥʘʙʘʛʘʪʦ ʰʚʠʜʰʝ, ʯʠʩʪʽʰʝ ʪʘ ʟ ʥʠʞʯʦʶ ʝʥʝʨʛʦʻʤ-
ʥʽʩʪʶ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ. ʂʨʽʤ ʪʦʛʦ, ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʩʫʰʽʥʥʷ 
ʤʦʞʝ ʩʧʨʠʷʪʠ ʟʤʝʥʰʝʥʥʶ ʚʪʨʘʪʠ ʮʝʦʣʽʪʫ. ɺ [9] ʧʽʜʪʚʝʨʜʞʝʥʦ, ʱʦ ʯʠʩʪʽ ʮʝʦʣʽʪʠ 
ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʩʦʢʫ ʟʜʘʪʥʽʩʪʴ ʜʦ ʟʙʝʨʽʛʘʥʥʷ ʪʝʧʣʘ ʪʘ ʚʦʜʠ, ʘ ʪʘʢʦʞ ʚʠʩʦʢʫ ʩʪʘ-
ʙʽʣʴʥʽʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʙʝʨʽʛʘʥʥʷ. ɸʚʪʦʨʘʤʠ [10] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʩʪʨʘʪʝʛʽʶ ʧʝ-
ʨʝʟʘʨʷʜʞʘʥʥʷ ʨʽʜʢʦʶ ʚʦʜʦʶ ʜʣʷ ʢʦʤʧʦʟʠʪʥʠʭ ʪʝʧʣʦʘʢʫʤʫʣʶʚʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 
ʥʘ ʦʩʥʦʚʽ ʮʝʦʣʽʪʫ SAPO-34. ɼʦʩʷʛʥʫʪʦ ʨʝʢʦʨʜʥʫ ʱʽʣʴʥʽʩʪʴ ʝʥʝʨʛʽʾ >1.6 ʢɼʞ/ʛ ʪʘ 
ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʪʷʛʦʤ >100 ʮʠʢʣʽʚ. ʉʠʩʪʝʤʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʮʝʦʣʽʪʽʚ, ʽʤʧʨʝʛʥʦʚʘ-
ʥʠʭ MgSO , MgCl , LaCl  ʪʘ CaCl  ʧʦʢʘʟʘʣʦ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʘ ʱʽʣʴʥʽʩʪʴ ʟʙʝʨʽ-
ʛʘʥʥʷ ʪʝʧʣʘ ʜʦʩʷʛʘʻ 638.9 ɼʞ/ʛ ʟ 30% MgCl  [11]. ʂʦʤʧʦʟʠʪ ʥʘ ʦʩʥʦʚʽ ʮʝʦʣʽʪʫ 13X 
ʧʦʢʘʟʘʚ ʩʦʨʙʮʽʡʥʫ ʟʜʘʪʥʽʩʪʴ 0.21 ʛ/ʛ (ʥʘ 24% ʚʠʱʝ ʟʘ ʯʠʩʪʠʡ ʮʝʦʣʽʪ) ʽ ʱʽʣʴʥʽʩʪʴ 
ʟʙʝʨʽʛʘʥʥʷ ʪʝʧʣʘ 438.4 ʢɼʞ/ʢʛ. ɼʦʜʘʪʢʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʽʜʪʚʝʨʜʠʣʠ ʧʦʢʨʘ-
ʱʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʜʦʜʘʚʘʥʥʽ MgSO  [12]. ɸʚʪʦʨʠ [13] ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 
ʜʦʩʣʽʜʞʫʚʘʣʠ ʚʧʣʠʚ ʚʦʣʦʛʦʩʪʽ ʪʘ ʚʠʪʨʘʪʠ ʧʦʚʽʪʨʷ ʥʘ ʪʝʧʣʦʚʫ ʧʦʪʫʞʥʽʩʪʴ ʪʘ ʢʽʥʝ-
ʪʠʢʫ ʘʜʩʦʨʙʮʽʾ ʮʝʦʣʽʪʫ 13X ʫ ʩʠʩʪʝʤʘʭ ʪʝʨʤʦʭʽʤʽʯʥʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʪʝʧʣʦʪʠ. ɹʫʣʘ 
ʨʦʟʨʦʙʣʝʥʘ ʯʠʩʣʦʚʘ ʤʦʜʝʣʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʢʽʥʝʪʠʢʠ ʘʜʩʦʨʙʮʽʾ ʮʝʦʣʽʪʫ 13X ʪʘ 
ʚʦʜʠ, ʷʢʘ ʧʽʜʪʚʝʨʜʞʝʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʤʠ ʟ ʧʝʨʝʧʘʜʫ ʪʠʩʢʫ ʪʘ ʪʠʤʯʘʩʦʚʠʭ ʟʤʽʥ ʪʝ-
ʤʧʝʨʘʪʫʨʠ. ɿʙʽʣʴʰʝʥʥʷ ʘʙʩʦʣʶʪʥʦʾ ʚʦʣʦʛʦʩʪʽ ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ ʧʨʠʩʢʦʨʶʻ 
ʘʜʩʦʨʙʮʽʾ ʮʝʦʣʽʪʫ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʨʦʟʨʷʜʢʠ.  

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʢʽʥʝʪʠʢʠ ʩʫʰʽʥʥʷ ʚ ʧʨʦʮʝʩʽ 
ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʱʽʣʴʥʦʛʦ ʰʘʨʫ ʩʬʝʨʠʯʥʠʭ ʛʨʘʥʫʣ ʮʝʦʣʽʪʽʚ 3A, 4A ʪʘ 
5A ʪʘ ʦʮʽʥʢʘ ʾʭ ʩʦʨʙʮʽʡʥʦ-ʝʥʝʨʛʝʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʟʦʢʨʝʤʘ ʧʠʪʦʤʦʾ ʪʝʧʣʦʪʠ 
ʩʦʨʙʮʽʾ ʧʽʩʣʷ ʜʝʛʽʜʨʘʪʘʮʽʾ 

 
ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʄʝʪʦʜʠʢʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʧʨʦʮʝʩʫ ʩʫʰʽʥʥʷ ʮʝʦʣʽʪʽʚ ʚ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʧʦʣʽ ʪʘ ʩʭʝʤʘ ʣʘʙʦʨʘʪʦʨʥʽʡ ʫʩʪʘʥʦ-
ʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʨʦʙʦʪʽ [8]. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʮʝʦʣʽʪʘʭ ʪʠʧʫ ɸ, ʚʠ-
ʨʦʙʥʠʢ ʮʝʦʣʽʪʽʚ ï ʂʠʪʘʡ, ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʷʢʠʭ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1. ɺʠʭʽʜʥʘ ʧʦ-
ʪʫʞʥʽʩʪʴ ʤʘʛʥʝʪʨʦʥʫ ʚ ʝʢʩʧʝʨʠʤʝʥʪʽ ʩʢʣʘʜʘʣʘ 800 ɺʪ, ʤʘʩʘ ʚʦʣʦʛʦʛʦ ʤʘʪʝʨʽʘʣʫ 
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70 ʛ. ɼʦʩʣʽʜʞʫʚʘʥʠʡ ʤʘʪʝʨʽʘʣ ʫ ʢʝʨʘʤʽʯʥʦʤʫ ʪʠʛʝʣʽ ʨʦʟʤʽʱʫʚʘʚʩʷ ʚ ʤʽʢʨʦʭʚʠʣʴʦ-
ʚʦʾ ʢʘʤʝʨʽ. ɺ ʧʨʦʮʝʩʽ ʩʫʰʽʥʥʷ ʟ ʽʥʪʝʨʚʘʣʦʤ 15 ʩ ʟʨʘʟʦʢ ʜʽʩʪʘʚʘʣʠ ʟ ʢʘʤʝʨʠ ʪʘ ʚʠ-
ʟʥʘʯʘʣʠ ʤʘʩʫ ʚʪʨʘʯʝʥʦʾ ʚʦʣʦʛʠ ʰʣʷʭʦʤ ʟʚʘʞʫʚʘʥʥʷ ʥʘ ʝʣʝʢʪʨʦʥʥʠʭ ʚʘʛʘʭ ʊɺɽ-
0.5-0. 01. ʊʝʤʧʝʨʘʪʫʨʫ ʚʠʤʽʨʶʚʘʣʠ ʤʫʣʴʪʠʤʝʪʨʦʤ ACCTA AT-280, ʪʝʨʤʦʱʫʧ 
ʷʢʦʛʦ ʦʜʨ ʘʟʫ ʧʽʩʣʷ ʚʠʤʢʥʝʥʥʷ ʤʘʛʥʝʪʨʦʥʘ ʟʘʥʫʨʶʚʘʣʠ ʚ ʰʘʨ ʮʝʦʣʽʪʫ.  
ɽʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ ʧʨʠ ʩʫʰʽʥʥʽ ʮʝʦʣʽʪʽʚ ʦʮʽʥʶ-
ʚʘʣʘʩʴ ʟʘ ʬʦʨʤʫʣʦʶ: 

P
Qʢʦʨ=h                                                              (1) 

ʜʝ Qʢʦʨ ï ʢʽʣʴʢʽʩʪʴ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ, ʱʦ ʧʽʰʣʘ ʥʘ ʥʘʛʨʽʚʘʥʥʷ ʚʦʣʦʛʦʛʦ ʮʝʦ-
ʣʽʪʫ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʢʦʤʽʨʢʠ ʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʦʣʦʛʠ; ʈ ï ʚʠʭʽʜʥʘ ʧʦʪʫʞ-
ʥʽʩʪʴ ʤʘʛʥʝʪʨʦʥʫ 

ʐʚʠʜʢʽʩʪʴ ʩʫʰʽʥʥʷ ʱʽʣʴʥʦʛʦ ʰʘʨʫ ʮʝʦʣʽʪʫ ʚ ʧʝʨʽʦʜʽ ʧʦʩʪʽʡʥʦʾ ʰʚʠʜʢʦʩʪʽ 
(ʜʨʫʛʠʡ ʧʝʨʽʦʜ) ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʴ ʟʘ ʬʦʨʤʫʣʦʶ: 

tD
-=

t
= 21 uu
d
duN , 1/ʩ                                                  (2) 

ʜʝ u1, u2 ï ʚʦʣʦʛʦʚʤʽʩʪ ʮʝʦʣʽʪʫ ʥʘ ʧʦʯʘʪʢʫ ʪʘ ʥʘʧʨʠʢʽʥʮʽ ʧʝʨʽʦʜʫ ʧʦʩʪʽʡʥʦʾ ʰʚʠʜ-
ʢʦʩʪʽ ʩʫʰʽʥʥʷ, ʢʛ/ʢʛ; DŰ ï ʪʨʠʚʘʣʽʩʪʴ ʜʨʫʛʦʛʦ ʧʝʨʽʦʜʫ, ʩ. 

ʂʽʣʴʢʽʩʪʴ ʪʝʧʣʦʪʠ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʚʦʜʠ ʮʝʦʣʽʪʘʤʠ, ʨʦʟʨʘʭʦʚʫ-
ʚʘʣʘʩʴ ʷʢ ʩʫʤʘ ʪʝʧʣʦʪʠ, ʱʦ ʡʰʣʘ ʥʘ ʥʘʛʨʽʚʘʥʥʷ ʚʦʜʠ, ʮʝʦʣʽʪʫ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ 
ʢʦʤʽʨʢʠ ʪʘ ʥʝʟʥʘʯʥʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʦʜʠ, ʱʦ ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ ʦʜʨʘʟʫ ʧʽʩʣʷ ʜʦʜʘ-
ʚʘʥʥʷ ʚʦʜʠ ʜʦ ʮʝʦʣʽʪʫ. 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʮʝʦʣʽʪʽʚ ʪʘ ʦʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦʭʚʠ-
ʣʴʦʚʦʛʦ ʩʫʰʽʥʥʷ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʽ.  

 
   ʘ)    ʙ)   ʚ) 

ʈʠʩ.1. ʌʦʪʦ ʮʝʦʣʽʪʽʚ, ʱʦ ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʚ ʨʦʙʦʪʽ 
ʘ) ï 3ɸ; ʙ) ï 4ɸ; ʚ) ï 5ɸ. 

 

ʊʘʙʣʠʮʷ. ʇʦʨʽʚʥʷʣʴʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʽʟʥʠʭ ʪʠʧʽʚ ʮʝʦʣʽʪʫ  
ʊʠʧ ʮʝ-
ʦʣʽʪʫ 

ɼʽʘʤʝʪʨ 
ʛʨʘʥʫʣ,  
ʤʤ 

ʅʘʩʠʧʥʘ 
ʱʽʣʴʥʽʩʪʴ, 
ʢʛ/ʤ3 

ʐʚʠʜʢʽʩʪʴ 
ʩʫʱʽʥʥʷ, 
1/ʩ 

ʊʝʤʧ ʥʘʛʨʽ-
ʚʘʥʥʷ, ʂ/ʩ 

ɽʬʝʢ-
ʪʠʚ-
ʥʽʩʪʴ 

ʊʝʧʣʦʪʘ 
ʩʦʨʙʮʽʾ, 
ʢɼʞ/ʢʛ 

3ɸ 3.71 758 3.46Ö10-4 1.86 0.37 165 
4ɸ 4.58 826 3.59Ö10-4 1.43 0.41 100.7 
5ɸ 4.85 865 6.55Ö10-4 1.98 0.56 87 
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ɸʥʘʣʽʟʫʶʯʠ ʪʘʙʣʠʮʶ, ʤʠ ʙʘʯʠʤʦ, ʱʦ ʮʝʦʣʽʪ ʪʠʧʫ 5ɸ ʤʘʻ ʥʘʡʢʨʘʱʽ ʧʦʢʘʟ-
ʥʠʢʠ ʰʚʠʜʢʦʩʪʽ ʩʫʰʽʥʥʷ, ʪʝʤʧʫ ʥʘʛʨʽʚʘʥʥʷ ʪʘ ʟʘʛʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʦʜʥʘʢ ʭʘ 
ʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʥʠʞʯʦʶ ʪʝʧʣʦʪʦʶ ʩʦʨʙʮʽʾ. ʎʝ ʤʦʞʝ ʙʫʪʠ ʧʝʨʝʚʘʛʦʶ ʚ ʧʨʦʮʝ-
ʩʘʭ, ʜʝ ʚʘʞʣʠʚʘ ʰʚʠʜʢʽʩʪʴ, ʘ ʥʝ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ. ʅʘʪʦʤʽʩʪʴ ʮʝʦʣʽʪ 3ɸ ʚʠʨʽʟʥʷ-
ʻʪʴʩʷ ʚʠʩʦʢʦʶ ʪʝʧʣʦʪʦʶ ʩʦʨʙʮʽʾ, ʘʣʝ ʥʠʞʯʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ ʪʘ ʰʚʠʜʢʽʩʪʶ. ɼʣʷ 
ʪʝʨʤʦʭʽʤʽʯʥʦʛʦ ʘʢʫʤʫʣʷʪʦʨʘ ʪʝʧʣʦʪʠ ʥʘʡʢʨʘʱʠʤ ʻ ʮʝʦʣʽʪ 3ɸ, ʦʩʢʽʣʴʢʠ ʛʦʣʦʚʥʘ 
ʤʝʪʘ ï ʟʘʧʘʩʘʪʠ ʷʢʦʤʦʛʘ ʙʽʣʴʰʝ ʪʝʧʣʦʪʠ ʥʘ ʢʽʣʦʛʨʘʤ ʤʘʪʝʨʽʘʣʫ. ʁʦʛʦ ʚʽʜʥʦʩʥʦ 
ʥʠʟʴʢʘ ʝʬʝʢʪʠʚʥʽʩʪʴ (ɖ = 0.37) ʤʦʞʝ ʙʫʪʠ ʢʦʤʧʝʥʩʦʚʘʥʘ ʚʽʜʧʦʚʽʜʥʠʤ ʢʦʥʩʪʨʫʢ-
ʪʠʚʥʠʤ ʨʽʰʝʥʥʷʤ, ʥʘʧʨʠʢʣʘʜ, ʨʝʢʫʧʝʨʘʮʽʻʶ ʪʝʧʣʦʪʠ. 

ʂʽʥʝʪʠʢʘ ʩʫʰʽʥʥʷ ʮʝʦʣʽʪʽʚ 3ɸ, 4ɸ ʪʘ 5ɸ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ.2.  
ɼʣʷ ʮʝʦʣʽʪʽʚ 3ɸ ʪʘ 4ɸ ʟʤʽʥʘ ʚʦʣʦʛʦʚʤʽʩʪʫ ʟʘ ʯʘʩʦʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʘʢʪʠʯʥʦ 

ʦʜʥʘʢʦʚʦ, ʰʚʠʜʢʽʩʪʴ ʩʫʰʽʥʥʷ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʥʝʟʥʘʯʥʦ. ʅʘʡʙʽʣʴʰʘ ʰʚʠʜʢʽʩʪʴ ʩʫ-
ʰʽʥʥʷ ʪʘ ʪʝʤʧ ʥʘʛʨʽʚʘʥʥʷ ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʮʝʦʣʽʪʫ 5ɸ, ʮʝ ʤʦʞʝ ʧʦʷʩʥʶʚʘʪʠʩʷ ʙʽ-
ʣʴʰʠʤ ʨʦʟʤʽʨʦʤ ʧʦʨ, ʱʦ ʧʦʣʝʛʰʫʻ ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ ʟ ʤʘʪʝʨʽʘʣʫ.  

 
 

ʈʠʩ. 3. ɿʤʽʥʘ ʚʦʣʦʛʦʚʤʽʩʪʫ (ʘ) ʽ ʪʝʤʧʝʨʘʪʫʨʠ (ʙ) ʮʝʦʣʽʪʫ 3ɸ ʧʨʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ 
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   ʘ)        ʙ) 
ʈʠʩ. 2. ɿʤʽʥʘ ʚʦʣʦʛʦʚʤʽʩʪʫ (ʘ) ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ (ʙ) ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʮʝʦʣʽʪʽʚ ʚ ʧʨʦʮʝʩʽ 

ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʫʰʽʥʥʷ. 
ƶ ï ʮʝʦʣʽʪ 3ɸ; ǅ - ʮʝʦʣʽʪ 4ɸ; ƴ ï ʮʝʦʣʽʪ 5ɸ 
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ɼʦʩʣʽʜʞʝʥʥʷ ʢʽʥʝʪʠʢʠ ʩʫʰʽʥʥʷ ʮʝʦʣʽʪʫ 3ɸ ʚ ʙʽʣʴʰ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ 
ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ ʩʫʰʽʥʥʷ  ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ3.  

ʅʘ ʨʠʩ 3ʘ ʚʠʜʥʦ, ʱʦ ʚ ʧʨʦʮʝʩʽ ʤʽʢʨʦʭʚʠʣʴʦ-
ʚʦʛʦ ʩʫʰʽʥʥʷ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʜʽʣʷʥʢʫ, ʥʘ ʷʢʽʡ 
ʚʦʣʦʛʦʚʤʽʩʪ ʟʤʽʥʶʻʪʴʩʷ ʣʽʥʽʡʥʦ (ʧʝʨʽʦʜ ʧʦʩʪʽʡ-
ʥʦʾ ʰʚʠʜʢʦʩʪʽ ʩʫʰʽʥʥʷ ʘʙʦ ʜʨʫʛʠʡ ʧʝʨʽʦʜ ʩʫ-
ʰʽʥʥʷ), ʱʦ ʭʘʨʘʢʪʝʨʥʦ ʧʨʠ ʩʫʰʽʥʥʽ ʢʘʧʽʣʷʨʥʦ-
ʧʦʨʠʩʪʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʧʨʠ ʮʴʦʤʫ ʤʘʪʝʨʽʘʣ ʜʦʩʠʪʴ 
ʽʥʪʝʥʩʠʚʥʦ ʥʘʛʨʽʚʘʻʪʴʩʷ, ʪʦʙʪʦ ʥʘ ʛʨʘʬʽʢʫ ʟʤʽʥʠ 
ʪʝʤʧʝʨʘʪʫʨʠ ʜʨʫʛʠʡ ʧʝʨʽʦʜ ʚʽʜʩʫʪʥʽʡ (ʨʠʩ. 3ʙ), 
ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʜʽʝʣʝʢʪʨʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ 
ʪʘ ʽʦʥʥʠʤ ʨʦʟʽʛʨʽʚʦʤ ʤʘʪʝʨʽʘʣʫ ʚʧʨʦʜʦʚʞ ʚʩʴʦʛʦ 
ʧʨʦʮʝʩʫ. ɼʣʷ ʮʝʦʣʽʪʫ 3A ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘ-
ʪʫʨʘ ʜʦʩʷʛʘʣʘ 410 ÁC ʧʨʠ ʪʨʠʚʘʣʦʩʪʽ ʩʫʰʽʥʥʷ 360 
ʩ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʚʘʣʦʩʷ ʟʥʠʞʝʥʥʷʤ ʚʦʣʦʛʦʚʤʽ-
ʩʪʫ ʜʦ ʧʨʘʢʪʠʯʥʦ ʥʫʣʴʦʚʠʭ ʟʥʘʯʝʥʴ. ʇʦʭʠʙʢʘ ʚʠ-
ʟʥʘʯʝʥʥʷ ʩʝʨʝʜʥʴʦʛʦ ʚʦʣʦʛʦʚʤʽʩʪʫ ʩʢʣʘʣʘ 5,4%, ʪʝʤʧʝʨʘʪʫʨʠ ï 6,8%. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʽʩʣʷ ʧʝʨʰʦʛʦ ʮʠʢʣʫ ʜʝʩʦʨʙʮʽʾ-ʩʦʨʙʮʽʾ ʮʝʦʣʽʪ 
5ɸ ʟʘʟʥʘʚ ʟʥʘʯʥʠʭ ʧʦʰʢʦʜʞʝʥʴ, ʱʦ ʤʦʞʝ ʙʫʪʠ ʚʠʢʣʠʢʘʥʦ ʥʘʜʤʽʨʥʦ ʚʠʩʦʢʦʶ 
ʰʚʠʜʢʽʩʪʶ ʩʫʰʽʥʥʷ (ʨʠʩ. 4). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʮʴʦʛʦ ʮʝʦʣʽʪʫ ʥʝʦʙʭʽʜʥʦ ʟʤʝʥʰʫʚʘʪʠ ʧʦʪʫʞʥʽʩʪʴ, ʱʦ ʧʽʜ-
ʚʦʜʠʪʴʩʷ, ʜʣʷ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʩʫʰʽʥʥʷ, ʘʣʝ ʮʝ ʥʝʜʦʮʽʣʴʥʦ ʟ ʪʦʯʢʠ ʟʦʨʫ ʝʬʝ-
ʢʪʠʚʥʦʩʪʽ ʪʘ ʪʨʠʚʘʣʦʩʪʽ ʧʨʦʮʝʩʫ, ʱʦ ʨʦʙʠʪʴ ʡʦʛʦ ʤʝʥʰ ʧʨʠʚʘʙʣʠʚʠʤ ʧʨʠ ʚʠʢʦ-
ʨʠʩʪʘʥʥʽ ʷʢ ʪʝʧʣʦʘʢʫʤʫʣʶʚʘʣʴʥʠʡ ʤʘʪʝʨʽʘʣ ʜʣʷ ʩʠʩʪʝʤ ʪʝʨʤʦʭʽʤʽʯʥʦʛʦ ʟʙʝʨʽ-
ʛʘʥʥʷ ʪʝʧʣʦʪʠ. 

ʈʦʟʨʘʭʫʥʢʠ ʪʝʧʣʦʪʠ ʘʜʩʦʨʙʮʽʾ ʚʽʜʧʦʚʽʜʥʦ ʤʝʪʦʜʠʢʠ, ʥʘʚʝʜʝʥʦʾ ʚ [14], ʧʦʢʘ-
ʟʘʣʠ, ʱʦ ʧʨʠ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚʘʭ ʘʢʪʠʚʘʮʽʾ ʮʝʦʣʽʪ 3A ʜʝʤʦʥʩʪʨʫʻ ʥʘʡʚʠʱʫ ʧʠʪʦʤʫ 
ʪʝʧʣʦʪʫ ʩʦʨʙʮʽʾ 165 ʢɼʞ/ʢʛ, ʪʦʜʽ ʷʢ ʜʣʷ 4A ʪʘ 5A ʮʝʡ ʧʦʢʘʟʥʠʢ ʩʪʘʥʦʚʠʪʴ ʚʽʜʧʦ-
ʚʽʜʥʦ 100.7 ʪʘ 87 ʢɼʞ/ʢʛ. ʊʘʢʘ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʦʙʫʤʦʚʣʝʥʘ ʢʦʤʧʣʝʢʩʥʠʤ ʚʧʣʠʚʦʤ 
ʩʪʨʫʢʪʫʨʥʠʭ, ʝʥʝʨʛʝʪʠʯʥʠʭ ʪʘ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʘ-
ʪʝʨʽʘʣʽʚ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʦʜʥʘʢʦʚʠʡ ʪʠʧ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ, ʮʽ ʮʝʦʣʽʪʠ ʚʽʜʨʽʟ-
ʥʷʶʪʴʩʷ ʝʬʝʢʪʠʚʥʠʤ ʨʦʟʤʽʨʦʤ ʧʦʨ, ʷʢʠʡ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 3¡ ʜʣʷ 3A, 4¡ ʜʣʷ 
4A ʪʘ 5¡ ʜʣʷ 5A. ɺʢʘʟʘʥʘ ʚʽʜʤʽʥʥʽʩʪʴ ʚʠʟʥʘʯʘʻ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ ʤʦʣʝʢʫʣ ʚʦʜʠ 
ʟ ʧʦʨʦʚʠʤ ʧʨʦʩʪʦʨʦʤ. ʋ ʮʝʦʣʽʪʽ 3A ʨʦʟʤʽʨ ʧʦʨ ʻ ʩʧʽʚʨʦʟʤʽʨʥʠʤ ʽʟ ʢʽʥʝʪʠʯʥʠʤ 
ʜʽʘʤʝʪʨʦʤ ʤʦʣʝʢʫʣʠ ʚʦʜʠ (~2,65 ¡), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʨʘʞʝʥʦʛʦ ʝʬʝʢʪʫ ʧʨʦʩ-
ʪʦʨʦʚʦʛʦ ʦʙʤʝʞʝʥʥʷ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʤʦʣʝʢʫʣʠ ʚʦʜʠ ʦʜʥʦʯʘʩʥʦ ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ 
ʢʽʣʴʢʦʤʘ ʩʪʽʥʢʘʤʠ ʧʦʨʠ ʪʘ ʦʙʤʽʥʥʠʤʠ ʢʘʪʽʦʥʘʤʠ, ʱʦ ʬʦʨʤʫʻ ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʝ 
ʧʦʪʝʥʮʽʘʣʴʥʝ ʧʦʣʝ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʧʽʜʚʠʱʫʻ ʝʥʝʨʛʽʶ ʟʚôʷʟʫʚʘʥʥʷ. ɼʣʷ ʮʝʦʣʽʪʽʚ 4A 
ʪʘ 5A ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʧʦʨ ʟʤʝʥʰʫʻʪʴʩʷ ʧʝʨʝʢʨʠʪʪʷ ʧʦʪʝʥʮʽʘʣʽʚ ʩʪʽʥʦʢ, 
ʟʥʠʞʫʻʪʴʩʷ ʱʽʣʴʥʽʩʪʴ ʘʜʩʦʨʙʮʽʡʥʦʛʦ ʧʦʣʷ ʪʘ ʟʨʦʩʪʘʻ ʯʘʩʪʢʘ ʤʝʥʰ ʝʥʝʨʛʝʪʠʯʥʦ 
ʚʠʛʽʜʥʦʾ ʦʙôʻʤʥʦʾ ʘʜʩʦʨʙʮʽʾ, ʱʦ ʚ ʢʽʥʮʝʚʦʤʫ ʧʽʜʩʫʤʢʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ 
ʧʠʪʦʤʦʾ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ. ʊʘʢʦʞ ʩʣʽʜ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʤʽʢ-
ʨʦʭʚʠʣʴʦʚʦʾ ʦʙʨʦʙʢʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ: ʪʘʢ, ʜʣʷ ʮʝʦʣʽʪʫ 
3A ʚʦʥʘ ʟʨʦʩʪʘʻ ʟ 165 ʜʦ 204,4 ʢɼʞ/ʢʛ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʯʘʩʫ ʩʫʰʽʥʥʷ ʟ 120 ʜʦ 360 

 
ʈʠʩ. 4. ʇʦʰʢʦʜʞʝʥʥʽ ʛʨʘʥʫʣʠ 

ʮʝʦʣʽʪʫ 5ɸ 
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ʩ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 400 ʦʉ. ʊʘʢʠʤ ʯʠʥʦʤ, ʮʝʦʣʽʪ 3A ʤʦʞʥʘ ʨʦʟʛʣʷ-
ʜʘʪʠ ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʤʘʪʝʨʽʘʣ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʪʝʨʤʦʭʽʤʽʯʥʠʭ ʩʠʩʪʝʤʘʭ ʘʢʫ-
ʤʫʣʶʚʘʥʥʷ ʪʝʧʣʦʪʠ.  

ʉʣʽʜ ʪʘʢʦʞ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʦʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʾ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ ʻ ʥʠ-
ʞʯʠʤʠ ʟʘ ʪʠʧʦʚʽ ʣʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʝʢʩʧʝʨʠʤʝʥʪʫ. 
ʉʫʰʽʥʥʷ ʧʨʦʚʦʜʠʣʦʩʴ ʫ ʪʠʛʣʽ ʙʝʟ ʦʨʛʘʥʽʟʘʮʽʾ ʧʨʠʤʫʩʦʚʦʾ ʢʦʥʚʝʢʮʽʾ, ʱʦ ʦʙʤʝʞʫ-
ʚʘʣʦ ʚʽʜʚʝʜʝʥʥʷ ʚʦʜʷʥʦʾ ʧʘʨʠ ʽʟ ʟʦʥʠ ʦʙʨʦʙʢʠ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʫ ʧʦʨʦʚʦʤʫ ʧʨʦʩ-
ʪʦʨʽ ʟʙʝʨʽʛʘʻʪʴʩʷ ʧʽʜʚʠʱʝʥʠʡ ʧʘʨʮʽʘʣʴʥʠʡ ʪʠʩʢ ʚʦʜʠ, ʱʦ ʤʦʞʝ ʩʧʨʠʷʪʠ ʯʘʩʪʢʦʚʽʡ 
ʨʝʘʜʩʦʨʙʮʽʾ ʪʘ ʧʝʨʝʰʢʦʜʞʘʪʠ ʧʦʚʥʽʡ ʜʝʛʽʜʨʘʪʘʮʽʾ ʮʝʦʣʽʪʫ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʝ-
ʨʝʞʝʥʥʷ ʯʘʩʪʠʥʠ ʟʚôʷʟʘʥʦʾ ʚʦʣʦʛʠ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʜʦ ʟʘʥʠʞʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘ-
ʣʴʥʦ ʚʠʟʥʘʯʝʥʦʾ ʪʝʧʣʦʪʠ ʩʦʨʙʮʽʾ. ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʘʢ-
ʪʠʚʘʮʽʾ ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʢʦʥʩʪʨʫʢʮʽʾ ʟ ʧʨʦʜʫʚʢʦʶ ʰʘʨʫ ʛʘʟʦʤ, ʱʦ ʟʘʙʝʟ-
ʧʝʯʫʶʪʴ ʙʝʟʧʝʨʝʨʚʥʝ ʚʠʜʘʣʝʥʥʷ ʚʦʜʷʥʦʾ ʧʘʨʠ ʪʘ ʟʤʝʥʰʝʥʥʷ ʜʠʬʫʟʽʡʥʠʭ ʦʙʤʝ-
ʞʝʥʴ. ʇʨʦʪʝ ʦʪʨʠʤʘʥʽ ʜʘʥʽ ʜʦʟʚʦʣʷʶʪʴ ʟʽʩʪʘʚʠʪʠ ʨʽʟʥʽ ʚʠʜʠ ʮʝʦʣʽʪʫ ʪʠʧʫ ɸ ʟʘ 
ʧʦʢʘʟʥʠʢʘʤʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʢʽʥʝʪʠʢʠ ʩʫʰʽʥʥʷ.  

 
ɺʠʩʥʦʚʢʠ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ 

ʩʫʰʽʥʥʷ ʮʝʦʣʽʪʽʚ ʪʠʧʽʚ 3ɸ, 4ɸ ʪʘ 5ɸ ʦʪʨʠʤʘʥʦ, ʱʦ ʥʘʡʚʠʱʘ ʰʚʠʜʢʽʩʪʴ ʩʫʰʽʥʥʷ 
(N=6.55Ŀ10ï4 1/ʩ), ʪʝʤʧ ʥʘʛʨʽʚʘʥʥʷ (1.98 ʂ/ʩ) ʪʘ ʟʘʛʘʣʴʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩ-
ʪʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ (ɖ = 0.56) ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʮʝʦʣʽʪʫ 5ɸ, ʱʦ ʧʦʷʩʥʶ-
ʻʪʴʩʷ ʥʘʡʙʽʣʴʰʠʤ ʨʦʟʤʽʨʦʤ ʧʦʨ, ʷʢʠʡ ʧʦʣʝʛʰʫʻ ʜʠʬʫʟʽʶ ʚʦʜʷʥʦʾ ʧʘʨʠ. 

ɼʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʪʝʨʤʦʭʽʤʽʯʥʠʭ ʘʢʫʤʫʣʷʪʦʨʘʭ ʪʝʧʣʦʪʠ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝ-
ʢʪʠʚʥʠʤ ʻ ʮʝʦʣʽʪ 3ɸ, ʦʩʢʽʣʴʢʠ ʚʽʥ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʚʠʱʫ ʧʠʪʦʤʫ ʝʥʝʨʛʦʻʤʥʽʩʪʴ 
(165 ʢɼʞ/ʢʛ), ʘ ʡʦʛʦ ʚʽʜʥʦʩʥʦ ʥʠʞʯʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʨʝʛʝʥʝʨʘʮʽʾ (ɖ 
= 0.37) ʤʦʞʝ ʙʫʪʠ ʢʦʤʧʝʥʩʦʚʘʥʘ ʦʧʪʠʤʽʟʘʮʽʻʶ ʢʦʥʩʪʨʫʢʮʽʾ ʘʢʫʤʫʣʷʪʦʨʘ (ʥʘʧʨʠ-
ʢʣʘʜ, ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʨʝʢʫʧʝʨʘʮʽʾ ʪʝʧʣʦʪʠ). 

ɿʙʽʣʴʰʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʦʙʨʦʙʢʠ (ʚʽʜ 120 ʜʦ 360 ʩ) ʪʘ ʜʦʩʷʛ-
ʥʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 400 ÁC ʧʽʜʚʠʱʫʻ ʪʝʧʣʦʪʫ ʩʦʨʙʮʽʾ ʮʝʦʣʽʪʫ 3ɸ ʜʦ 204,4 ʢɼʞ/ʢʛ. 
ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ ʜʦʜʘʪʢʦʚʦʾ ʘʢʪʠʚʘʮʽʾ ʤʘʪʝʨʽʘʣʫ ʰʣʷʭʦʤ ʛʣʠʙʰʦʛʦ 
ʚʠʜʘʣʝʥʥʷ ʚʦʣʦʛʠ, ʦʜʥʘʢ ʧʦʪʨʝʙʫʻ ʚʨʘʭʫʚʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʠʪʨʘʪ ʪʘ ʪʝʨʤʦʩ-
ʪʽʡʢʦʩʪʽ ʘʜʩʦʨʙʝʥʪʫ. 

ɺʠʷʚʣʝʥʦ, ʱʦ ʮʝʦʣʽʪ 5ɸ ʧʽʩʣʷ ʧʝʨʰʦʛʦ ʮʠʢʣʫ ʜʝʩʦʨʙʮʽʾ-ʩʦʨʙʮʽʾ ʟʘʟʥʘʻ ʤʝʭʘ-
ʥʽʯʥʠʭ ʧʦʰʢʦʜʞʝʥʴ (ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʛʨʘʥʫʣ) ʧʨʠ ʧʦʪʫʞʥʦʩʪʽ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ 
ʧʦʣʷ 800 ɺʪ. ɿʥʠʞʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʨʫʡʥʫʚʘʥʥʶ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 
ʟʙʽʣʴʰʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʧʨʦʮʝʩʫ, ʱʦ ʨʦʙʠʪʴ ʮʝʦʣʽʪ 5ɸ ʤʝʥʰ ʧʨʠʚʘʙʣʠʚʠʤ ʜʣʷ 
ʪʨʠʚʘʣʦʛʦ ʪʝʨʤʦʭʽʤʽʯʥʦʛʦ ʪʝʧʣʦʘʢʫʤʫʣʶʚʘʥʥʷ. 
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Effect of microwave dehydration on the heat of sorption of type A zeolites
 

Summary
The study presents new experimental data on the drying kinetics and energy characteristics

of A-type zeolites (3A, 4A, 5A) during microwave regeneration, which is a key stage in the
operation of thermochemical heat storage systems. It was found that zeolite 5A exhibits the
highest drying rate (6.55Ĭ10  s ĭ), heating rate (1.98 K/s), and microwave energy efficiency
(0.56), which is attributed to its larger pore size and improved conditions for water vapor dif-
fusion. At the same time, it is shown that intensification of the drying process is accompanied
by a decrease in the specific heat of sorption (down to 87 kJ/kg) and mechanical degradation
of the granules after the first desorptionïsorption cycle, which limits the practical application
of this material under cyclic operation conditions. It was determined that zeolite 3A demon-
strates the highest specific heat of sorption (165 kJ/kg) among the studied samples, which is
explained by the spatial confinement effect and stronger interaction of water molecules with
the pore structure. It is shown that increasing the microwave treatment time to 360 s and reach-
ing a temperature of about 400 ÁC leads to an increase in the heat of sorption up to 204.4 kJ/kg,
indicating deeper activation of the adsorbent. The influence of the structural characteristics of
zeolites on the efficiency of microwave energy conversion into thermal energy and on desorp-
tion kinetics has been analyzed. It is proven that zeolite 3A is the most promising for application
in thermochemical heat storage systems due to its maximum energy capacity, whereas zeolite
5A is more suitable for processes where drying rate is the priority. The feasibility of optimizing
microwave regeneration modes and improving the design of installations (in particular, by in-
troducing gas flow through the layer) to enhance dehydration efficiency and adsorbent stability
is substantiated.
Keywords: zeolites 3A, 4A, 5A; microwave drying; thermochemical heat storage; energy

efficiency; experiment; moisture content; temperature.
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ɺʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʫ ʜʣʷ 

ʩʪʘʜʽʾ ʩʫʰʽʥʥʷ ʧʦʨʦʰʢʽʚ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ 
 
ʈʦʟʛʣʷʥʫʪʽ ʧʠʪʘʥʥʷ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʥʘʛʨʽʚʫ ʥʘ ʧʦ-

ʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʩʧʽʢʘʥʥʷ ʢʝʨʘʤʽʢʠ, ʦʩʢʽʣʴʢʠ ʪʨʘʜʠʮʽʡʥʽ ʢʦʥʚʝʢʮʽʡʥʽ ʤʝʪʦʜʠ ʭʘʨʘʢʪʝ-
ʨʠʟʫʶʪʴʩʷ ʪʨʠʚʘʣʽʩʪʶ, ʚʠʩʦʢʠʤ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷʤ ʽ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʶ ʪʝʤʧʝʨʘʪʫʨ-
ʥʦʛʦ ʧʦʣʷ. ɼʦʩʣʽʜʞʝʥʦ ʦʩʦʙʣʠʚʦʩʪʽ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʫ ʧʦʨʦʰʢʽʚ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ
ʥʘ ʩʪʘʜʽʾ ʩʫʰʽʥʥʷ ʷʢ ʢʨʠʪʠʯʥʦʛʦ ʝʪʘʧʫ ʧʝʨʝʜ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʤ ʩʧʽʢʘʥʥʷʤ ʪʝʭʥʽʯ-
ʥʦʾ ʢʝʨʘʤʽʢʠ. ʇʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʘʥʘʣʽʟ ʚʧʣʠʚʫ ʧʦʪʫʞʥʦʩʪʽ ʤʘʛʥʝʪʨʦʥʘ
(240ï1000 ɺʪ), ʤʘʩʠ ʟʘʚʘʥʪʘʞʝʥʥʷ (50ï300 ʛ) ʪʘ ʪʦʚʱʠʥʠ ʰʘʨʫ (3ï10 ʤʤ) ʥʘ ʝʥʝʨʛʝ-
ʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ, ʰʚʠʜʢʽʩʪʴ ʥʘʛʨʽʚʘʥʥʷ ʪʘ ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ
ʨʦʟʧʦʜʽʣʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʥʘʛʨʽʚʘʥʥʷ ʚʠʟʥʘʯʘʣʴʥʫ ʨʦʣʴ ʚʽʜʽʛʨʘ-
ʶʪʴ ʜʽʝʣʝʢʪʨʠʯʥʽ ʚʪʨʘʪʠ ʚʦʜʠ ʪʘ ʧʦʣʽʚʽʥʽʣʦʚʦʛʦ ʩʧʠʨʪʫ, ʪʦʜʽ ʷʢ ʩʘʤ Al O  ʭʘʨʘʢʪʝʨʠ-
ʟʫʻʪʴʩʷ ʥʠʟʴʢʦʶ ʟʜʘʪʥʽʩʪʶ ʜʦ ʧʦʛʣʠʥʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʝʥʝʨʛʽʾ. ʇʦʢʘʟʘʥʦ, ʱʦ ʥʝʜʦ-
ʩʪʘʪʥʷ ʧʦʪʫʞʥʽʩʪʴ (240 ɺʪ) ʥʝ ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʦʭʦʜʞʝʥʥʷ ʝʥʝʨʛʦʻʤʥʠʭ
ʩʪʘʜʽʡ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʪʘ ʚʠʛʦʨʷʥʥʷ ʟʚôʷʟʫʶʯʦʛʦ. ɿʙʽʣʴʰʝʥʥʷ ʤʘʩʠ ʟʘʚʘʥʪʘʞʝʥʥʷ ʜʦ
200ï300 ʛ ʩʧʨʠʷʻ ʧʦʢʨʘʱʝʥʥʶ ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʦʛʦ ʫʟʛʦʜʞʝʥʥʷ ʚ ʢʘʤʝʨʽ ʪʘ ʧʽʜʚʠʱʝʥʥʶ
ʢʦʝʬʽʮʽʻʥʪʘ ʢʦʨʠʩʥʦʾ ʜʽʾ ʜʦ 81%, ʟʘʙʝʟʧʝʯʫʶʯʠ ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʡ ʪʘ ʢʦʥʪʨʦʣʴʦʚʘʥʠʡ
ʥʘʛʨʽʚ. ɺʠʷʚʣʝʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʫ ʜʦ 8 ʤʤ ʻ ʦʧʪʠʤʘʣʴʥʠʤ ʢʦʤʧʨʦʤʽʩʦʤ
ʤʽʞ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʶ ʪʘ ʨʽʚʥʦʤʽʨʥʽʩʪʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ
ʚʧʣʠʚ ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʽ ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʪʝʤʧʝʨʘ-
ʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʪʝʨʤʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʽ ʜʝʬʝ-
ʢʪʽʚ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʦʛʦ ʥʘʛʨʽʚʫ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ
SiC-ʩʫʩʮʝʧʪʦʨʽʚ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʥʘ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʩʪʘ-
ʜʽʷʭ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʪʝʭʥʦʣʦʛʽʯʥʠʭ
ʨʝʞʠʤʽʚ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʫʰʽʥʥʷ ʧʦʨʦʰʢʫ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʽʢʨʦʭʚʠʣʴʦʚʘ ʝʥʝʨʛʽʷ, ʝʢʩʧʝʨʠʤʝʥʪ, ʩʫʰʽʥʥʷ, ʧʦʣʽʚʽʥʽʣʦʚʠʡ ʩʧʠʨʪ,

ʝʥʝʨʛʝʪʠʯʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʛʨʘʜʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨʠ, ʩʫʩʮʝʧʪʦʨ
 
 
1. ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ. ɺʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʝ ʩʧʽʢʘʥʥʷ ʪʝʭʥʽʯʥʦʾ ʢʝʨʘ-

ʤʽʢʠ, ʟʦʢʨʝʤʘ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ (Al O ), ʻ ʢʣʶʯʦʚʠʤ ʝʪʘʧʦʤ ʬʦʨʤʫ-
ʚʘʥʥʷ ʾʾ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ï ʤʽʮʥʦʩʪʽ, ʱʽʣʴʥʦʩʪʽ ʪʘ ʪʝʨʤʦʩʪʽʡʢʦʩʪʽ. 
ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʢʦʥʚʝʢʮʽʡʥʦʤʫ ʘʙʦ ʨʘʜʽʘʮʽʡ-
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ʥʦʤʫ ʥʘʛʨʽʚʘʥʥʽ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʥʘʯʥʦʶ ʪʨʠʚʘʣʽʩʪʶ ʧʨʦʮʝʩʫ, ʚʠʩʦʢʠʤ ʝʥʝʨ-
ʛʦʩʧʦʞʠʚʘʥʥʷʤ ʽ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʚʩʝ ʙʽ-
ʣʴʰʦʾ ʫʚʘʛʠ ʥʘʙʫʚʘʶʪʴ ʤʽʢʨʦʭʚʠʣʴʦʚʽ ʪʝʭʥʦʣʦʛʽʾ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʙôʻʤʥʝ ʥʘ-
ʛʨʽʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʩʫʪʪʻʚʝ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʩʧʽʢʘʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝ-
ʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ [1, 2]. 

ʋ ʟʚʠʯʘʡʥʦʤʫ ʩʧʽʢʘʥʥʽ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ ʩʧʨʷʤʦʚʘʥʠʡ ʚʽʜ ʛʘʨʷʯʦʛʦ ʩʝʨʝʜʦ-
ʚʠʱʘ ʧʝʯʽ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʘ ʜʘʣʽ ï ʚʛʣʠʙ ʤʘʪʝʨʽʘʣʫ ʟʘ ʨʘʭʫʥʦʢ ʪʝʧʣʦʧʨʦʚʽʜ-
ʥʦʩʪʽ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʰʚʠʜʢʽʩʪʴ ʥʘʛʨʽʚʘʥʥʷ ʮʝʥʪʨʫ ʪʘ ʧʦʚʝʨʭʥʽ ʥʝ ʻ ʦʜʥʘʢʦʚʦʶ, 
ʦʩʦʙʣʠʚʦ ʜʣʷ ʧʦʛʘʥʦ ʪʝʧʣʦʧʨʦʚʽʜʥʠʭ ʘʙʦ ʚʝʣʠʢʠʭ ʟʘʛʦʪʦʚʦʢ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʬʦʨ-
ʤʫʶʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʥʽ ʛʨʘʜʽʻʥʪʠ, ʷʢʽ ʤʦʞʫʪʴ ʫʧʦʚʽʣʴʥʶʚʘʪʠ ʜʝʥʩʠʬʽʢʘʮʽʶ ʚ ʦʢ-
ʨʝʤʠʭ ʟʦʥʘʭ, ʩʧʨʠʷʪʠ ʥʝʦʜʥʦʯʘʩʥʦʤʫ ʨʦʩʪʫ ʟʝʨʝʥ ʽ ʩʪʚʦʨʶʚʘʪʠ ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ 
ʥʝʦʜʥʦʨʽʜʥʦʾ ʧʦʨʠʩʪʦʩʪʽ. ʋ ʦʛʣʷʜʦʚʽʡ ʩʪʘʪʪʽ [2] ʮʝ ʧʨʦʪʠʩʪʘʚʣʷʻʪʴʩʷ ʤʽʢʨʦʭʚʠ-
ʣʴʦʚʦʤʫ ʩʧʽʢʘʥʥʶ, ʜʝ ʥʘʛʨʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʚʩʴʦʤʫ ʦʙôʻʤʫ, ʘ ʦʪʞʝ ʤʽʢʨʦʩʪʨʫʢ-
ʪʫʨʥʘ ʝʚʦʣʶʮʽʷ ʻ ʙʽʣʴʰ ʦʜʥʦʨʽʜʥʦʶ. ʋ ʨʦʙʦʪʽ [3] ʮʝ ʪʚʝʨʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʞʝʥʦ 
ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ɸʚʪʦʨʠ ʟʘʟʥʘʯʘʶʪʴ, ʱʦ ʚ ʟʚʠʯʘʡʥʦʤʫ ʩʧʽʢʘʥʥʽ ʜʣʷ ʦʪʨʠʤʘʥʥʷ 
ʧʦʚʥʦʾ ʱʽʣʴʥʦʩʪʽ ʟʘʟʚʠʯʘʡ ʧʦʪʨʽʙʥʽ ʚʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʜʦʚʰʘ ʚʠʪʨʠʤʢʘ ʽ ʚʠʱʘ 
ʝʥʝʨʛʦʻʤʥʽʩʪʴ, ʪʦʜʽ ʷʢ ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʩʧʽʢʘʥʥʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʚʠʱʫ ʱʽʣʴ-
ʥʽʩʪʴ ʽ ʢʨʘʱʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʤʝʥʰʦʤʫ ʯʘʩʽ ʧʨʦʮʝʩʫ. ɿʥʠʞʝʥʝ ʩʧʦʞʠ-
ʚʘʥʥʷ ʝʥʝʨʛʽʾ ʧʨʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʩʧʽʢʘʥʥʽ ʧʦʻʜʥʫʻʪʴʩʷ ʟ ʪʦʥʰʦʶ ʤʽʢʨʦʩʪʨʫʢ-
ʪʫʨʦʶ. ʈʘʟʦʤ ʽʟ ʪʠʤ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠ-
ʟʥʘʯʘʻʪʴʩʷ ʥʝ ʣʠʰʝ ʬʽʟʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʘʪʝʨʽʘʣʫ, ʘ ʡ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤʠ 
ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʫʩʪʘʥʦʚʢʠ. ʆʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʧʨʦʙʣʝʤ ʻ ʥʝʨʽʚ-
ʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʚ ʨʦʙʦʯʦʤʫ ʦʙôʻʤʽ ʢʘʤʝʨʠ, ʱʦ ʧʨʠʟ-
ʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʩʪʦʷʯʠʭ ʭʚʠʣʴ, ʣʦʢʘʣʴʥʠʭ ʧʝʨʝʛʨʽʚʽʚ (ñʛʘʨʷʯʠʭ ʪʦʯʦʢò) ʪʘ 
ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʫ ʟʨʘʟʢʫ. ʆʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦʶ ʮʷ ʧʨʦʙʣʝʤʘ ʻ ʜʣʷ 
Al O , ʷʢʠʡ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʥʘʛʨʽʚʘʥʥʷ ʩʣʘʙʦ ʧʦʛʣʠʥʘʻ ʤʽʢʨʦʭʚʠʣʴʦʚʫ ʝʥʝ-
ʨʛʽʶ.  

 
ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʧʫʙʣʽʢʘʮʽʡ. ʆʜʠʥ ʽʟ ʛʦʣʦʚʥʠʭ ʢʨʠʪʝʨʽʾʚ ʦʮʽ-

ʥʢʠ ʙʫʜʴ-ʷʢʦʛʦ ʤʝʪʦʜʫ ʩʧʽʢʘʥʥʷ ï ʜʦʩʷʛʥʫʪʘ ʚʽʜʥʦʩʥʘ ʱʽʣʴʥʽʩʪʴ. ʉʘʤʝ ʚʦʥʘ ʚʠ-
ʟʥʘʯʘʻ ʟʘʣʠʰʢʦʚʫ ʧʦʨʠʩʪʽʩʪʴ, ʘ ʯʝʨʝʟ ʥʝʾ ï ʪʚʝʨʜʽʩʪʴ, ʤʽʮʥʽʩʪʴ, ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ 
ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ. ʋ ʨʦʙʦʪʽ [3] ʜʣʷ ʩʠʩʪʝʤʠ Al O ïSiC ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʽʢʨʦʭʚʠ-
ʣʴʦʚʝ ʩʧʽʢʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʠʱʫ ʱʽʣʴʥʽʩʪʴ ʧʦʨʽʚʥʷʥʦ ʟʽ ʟʚʠʯʘʡʥʠʤ ʧʨʠ ʦʜʥʘʢʦʚʽʡ 
ʪʝʤʧʝʨʘʪʫʨʽ 1500 ÁC. ʋ ʩʪʘʪʪʷʭ [4, 5] ʪʘʢʦʞ ʧʽʜʢʨʝʩʣʝʥʦ, ʱʦ ʧʨʠ ʤʽʢʨʦʭʚʠʣʴʦ-
ʚʦʤʫ ʩʧʽʢʘʥʥʽ ʢʝʨʘʤʽʢʘ ʤʦʞʝ ʫʱʽʣʴʥʶʚʘʪʠʩʷ ʰʚʠʜʰʝ ʽ ʟʘ ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨ, 
ʥʽʞ ʫ ʟʚʠʯʘʡʥʠʭ ʧʽʯʘʭ, ʘ ʟʘʛʘʣʴʥʠʡ ʯʘʩ ʥʘʛʨʽʚʘʥʥʷ ʜʣʷ ʨʝʤʽʩʥʠʯʥʦʾ ʢʝʨʘʤʽʢʠ ʟʤʝ-
ʥʰʫʚʘʚʩʷ ʧʨʠʙʣʠʟʥʦ ʜʦ 1 ʛʦʜ ʟʘʤʽʩʪʴ 8ï10 ʛʦʜ ʫ ʟʚʠʯʘʡʥʽʡ ʧʝʯʽ. 

ɼʣʷ ʪʝʭʥʽʯʥʦʾ ʢʝʨʘʤʽʢʠ ʚʠʩʦʢʘ ʱʽʣʴʥʽʩʪʴ ʩʘʤʘ ʧʦ ʩʦʙʽ ʱʝ ʥʝ ʻ ʜʦʩʪʘʪʥʴʦʶ 
ʫʤʦʚʦʶ ʚʠʩʦʢʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʂʨʠʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʽ ʨʦʟʤʽʨ ʟʝʨʝʥ, ʾʭ ʦʜʥʦʨʽ-
ʜʥʽʩʪʴ, ʥʘʷʚʥʽʩʪʴ ʟʘʣʠʰʢʦʚʠʭ ʧʦʨ ʪʘ ʤʽʞʟʝʨʝʥʥʦʾ ʬʘʟʠ. ɺʩʪʘʥʦʚʣʝʥʦ [3], ʱʦ ʧʨʠ 
ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʩʧʽʢʘʥʥʽ Al O ïSiC ʬʦʨʤʫʻʪʴʩʷ ʨʽʚʥʦʤʽʨʥʘ ʘʛʣʦʤʝʨʘʮʽʷ ʪʘ ʜʨʽ-
ʙʥʽ ʟʝʨʥʘ ʚ ʜʽʘʧʘʟʦʥʽ 2ï3,6 ʤʢʤ,  

ʋ ʨʦʙʦʪʽ [6] ʜʣʷ ATZ-ʢʦʤʧʦʟʠʪʽʚ ʘʚʪʦʨʠ ʪʝʞ ʧʽʜʢʨʝʩʣʶʶʪʴ, ʱʦ ʚʚʝʜʝʥʥʷ 
ʤʘʣʠʭ ʢʽʣʴʢʦʩʪʝʡ CuO, MnO  ʪʘ ʜʦʙʘʚʢʠ ʟ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʧʦʢʨʘʱʫʻ ʜʝʥʩʠʬʽ-
ʢʘʮʽʶ ʙʝʟ ʩʧʨʠʯʠʥʝʥʥʷ ʫʢʨʫʧʥʝʥʥʷ ʟʝʨʥʘ. ʆʩʦʙʣʠʚʦ ʮʝ ʚʘʞʣʠʚʦ ʜʣʷ ʮʠʨʢʦʥʽʻʚʦ-
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ст 

ʘʣʶʤʽʥʘʪʥʠʭ ʢʦʤʧʦʟʠʪʽʚ, ʜʝ ʥʘʜʤʽʨʥʝ ʫʢʨʫʧʥʝʥʥʷ ʟʝʨʝʥ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 
ʧʦʚôʷʟʘʥʝ ʟʽ ʟʥʠʞʝʥʥʷʤ ʤʝʭʘʥʽʯʥʦʾ ʥʘʜʽʡʥʦʩʪʽ.  

ʇʦʨʽʚʥʷʥʥʷ ʤʝʪʦʜʽʚ ʩʧʽʢʘʥʥʷ ʚʘʞʣʠʚʝ ʪʘʢʦʞ ʟ ʪʦʯʢʠ ʟʦʨʫ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ. 
ɼʣʷ Al O  ʘʚʪʦʨʠ [7] ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʚʽʜʥʦʩʥʦʾ ʛʫʩʪʠʥʠ ʙʣʠʟʴʢʦ 0,8 
ʪʝʤʧʝʨʘʪʫʨʘ, ʧʦʪʨʽʙʥʘ ʜʣʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ, ʻ ʥʠʞʯʦʶ ʧʨʠʙʣʠʟʥʦ ʥʘ 
250 ÁC. ʇʦʨʽʚʥʷʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʽ ʟʚʠʯʘʡʥʦʛʦ ʩʧʽʢʘʥʥʷ ʜʝʤʦʥʩʪʨʫʻ ʱʝ ʦʜʥʫ 
ʧʝʨʝʚʘʛʫ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʫ: ʢʦʨʦʪʰʠʡ ʮʠʢʣ ʪʘ ʦʙôʻʤʥʝ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ 
ʟʤʝʥʰʫʶʪʴ ʽʤʦʚʽʨʥʽʩʪʴ ʥʝʙʘʞʘʥʠʭ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʬʘʟʦʚʠʭ ʨʝʘʢʮʽʡ [8].  

ʆʜʥʠʤ ʽʟ ʥʘʡʯʫʪʣʠʚʽʰʠʭ ʧʦʢʘʟʥʠʢʽʚ ʷʢʦʩʪʽ ʩʧʝʯʝʥʦʾ ʢʝʨʘʤʽʢʠ ʻ ʪʚʝʨʜʽʩʪʴ, 
ʦʩʢʽʣʴʢʠ ʚʦʥʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʦʚôʷʟʘʥʘ ʟ ʱʽʣʴʥʽʩʪʶ, ʨʦʟʤʽʨʦʤ ʟʝʨʝʥ ʽ ʟʘʣʠʰʢʦ-
ʚʦʶ ʧʦʨʠʩʪʽʩʪʶ. ɸʚʪʦʨʠ [9, 10] ʧʦʚôʷʟʫʶʪʴ ʮʝ ʩʘʤʝ ʟ ʢʨʘʱʦʶ ʜʝʥʩʠʬʽʢʘʮʽʻʶ ʪʘ 
ʜʨʽʙʥʽʰʦʶ ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʶ ʧʨʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʥʘʛʨʽʚʘʥʥʽ. ʇʦʨʽʚʥʷʥʥʷ ʤʽʢ-
ʨʦʭʚʠʣʴʦʚʦʛʦ ʪʘ ʟʚʠʯʘʡʥʦʛʦ ʩʧʽʢʘʥʥʷ ʟʘ ʧʦʢʘʟʥʠʢʘʤʠ ʛʫʩʪʠʥʠ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 
ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘ ʧʽʜʩʪʘʚʽ ʜʘʥʠʭ [3, 6] ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ. 

 
 
ʊʘʙʣʠʮʷ. ʇʦʨʽʚʥʷʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʪʘ ʟʚʠʯʘʡʥʦʛʦ ʩʧʽʢʘʥʥʷ ʟʘ ʧʦʢʘʟʥʠʢʘʤʠ 

ʛʫʩʪʠʥʠ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 
ʄʘʪʝ-
ʨʽʘʣ 

ʄʝʪʦʜ ʩʧʽ-
ʢʘʥʥʷ 

ɺʽʜʥʦʩʥʘ ʛʫʩ-
ʪʠʥʘ 

ʈʦʟʤʽʨ ʟʝʨʝʥ / 
ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʊʚʝʨʜʽʩʪʴ ʊʨʽʱʠʥʦ-

ʩʪʽʡʢʽʩʪʴ 

Al O ï
SiC 
(10 
wt.% 
SiC) 
 

ɿʚʠʯʘʡʥʝ 
ʩʧʽʢʘʥʥʷ 

ʥʠʞʯʘ, ʥʽʞ ʧʨʠ 
ʄʍ-ʩʧʽʢʘʥʥʽ 

ʟʝʨʥʘ ʢʨʫʧʥʽʰʽ; 
ʙʽʣʴʰʘ ʯʘʩʪʢʘ 
ʚʪʦʨʠʥʥʦʾ SiO -
ʬʘʟʠ 

ʥʠʞʯʘ, ʥʽʞ 
ʧʨʠ ʄʍ-
ʩʧʽʢʘʥʥʽ 

ʥʠʞʯʘ, ʥʽʞ 
ʧʨʠ ʄʍ-
ʩʧʽʢʘʥʥʽ 

ʄʽʢʨʦ-
ʭʚʠʣʴʦʚʝ 
ʩʧʽʢʘʥʥʷ 

ʚʠʱʘ, ʥʽʞ ʧʨʠ 
ʟʚʠʯʘʡʥʦʤʫ 

2ï3.6 ʤʢʤ, ʜʨʽʙ-
ʥʦʟʝʨʥʠʩʪʘ ʡ ʨʽ-
ʚʥʦʤʽʨʥʘ ʩʪʨʫʢ-
ʪʫʨʘ 

24.6 ɻʧʘ 
5.7 
ʄʇʘĿʤĭƱĮ 

ATZ 
ʙʝʟ ʜʦ-
ʙʘʚʦʢ 
 

ɿʚʠʯʘʡʥʝ 
ʩʧʽʢʘʥʥʷ 

ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ 
ʚʠʩʦʢʦʾ ʛʫʩ-
ʪʠʥʠ ʧʦʪʨʽʙʥʘ 
ʚʠʱʘ ʪʝʤʧʝʨʘ-
ʪʫʨʘ 

ʙʽʣʴʰʠʡ ʨʠʟʠʢ 
ʨʦʩʪʫ ʟʝʨʝʥ 

ʥʠʞʯʘ ʧʨʠ 
ʦʜʥʘʢʦʚʽʡ 
ʪʝʤʧʝʨʘʪʫ-
ʨʽ 

ʥʠʞʯʘ ʧʨʠ 
ʦʜʥʘʢʦʚʽʡ 
ʪʝʤʧʝʨʘ-
ʪʫʨʽ 

ʄʽʢʨʦ-
ʭʚʠʣʴʦʚʝ 
ʩʧʽʢʘʥʥʷ 

ʚʠʩʦʢʘ, ʘʣʝ ʛʽ-
ʨʰʘ, ʥʽʞ ʫ ʣʝ-
ʛʦʚʘʥʠʭ ʟʨʘʟʢʽʚ 

ʙʝʟ ʨʽʟʢʦʛʦ ʫʢʨʫ-
ʧʥʝʥʥʷ ʟʝʨʝʥ 

ʧʽʜʚʠʱʫ-
ʻʪʴʩʷ ʟ ʪʝʤ-
ʧʝʨʘʪʫ-ʨʦʶ 

ʧʽʜʚʠʱʫ-
ʻʪʴʩʷ ʟ ʪʝʤ-
ʧʝʨʘʪʫʨʦʶ 

ATZ + 
0.2 
wt.% 
CuO 
 

ɿʚʠʯʘʡʥʝ 
ʩʧʽʢʘʥʥʷ 

ʜʣʷ ʙʣʠʟʴʢʠʭ 
ʚʣʘʩʪʠʚʦʩʪʝʡ 
ʧʦʪʨʽʙʥʘ ʚʠʱʘ 
ʪʝʤʧʝʨʘʪʫʨʘ 

ʙʽʣʴʰ ʪʨʠʚʘʣʠʡ 
ʮʠʢʣ, ʚʠʱʠʡ ʨʠ-
ʟʠʢ ʢʦʘʨʩʠʥʛʫ 

ʥʠʞʯʘ ʧʨʠ 
1250 ÁC 

ʥʠʞʯʘ ʧʨʠ 
1250 ÁC 

ʄʽʢʨʦʭʚʠ-
ʣʴʦʚʝ ʩʧʽ-
ʢʘʥʥʷ 

97% ʧʨʠ 1250 
ÁC 

ʱʽʣʴʥʘ ʩʪʨʫʢ-
ʪʫʨʘ ʙʝʟ ʫʢʨʫʧ-
ʥʝʥʥʷ ʟʝʨʝʥ 

13.2 ɻʧʘ 
6.5 
ʄʇʘĿʤĭƱĮ 

 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 65ï73.                    ISSN 0367-1631 (Print)



су 

ʅʘʚʝʜʝʥʽ ʜʘʥʽ ʩʚʽʜʯʘʪʴ, ʱʦ ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʩʧʽʢʘʥʥʷ ʚ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʟʘʙʝʟ-
ʧʝʯʫʻ ʚʠʱʫ ʚʽʜʥʦʩʥʫ ʛʫʩʪʠʥʫ, ʜʨʽʙʥʽʰʠʡ ʨʦʟʤʽʨ ʟʝʨʝʥ ʽ ʢʨʘʱʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠ-
ʚʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟʽ ʟʚʠʯʘʡʥʠʤ ʩʧʽʢʘʥʥʷʤ. ʅʘʡʙʽʣʴʰ ʚʠʨʘʞʝʥʠʡ ʧʦʟʠʪʠʚʥʠʡ ʝʬʝʢʪ 
ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʜʣʷ Al O ïSiC ʢʦʤʧʦʟʠʪʽʚ ʽ ATZ-ʢʝʨʘʤʽʢʠ ʟ ʥʝʚʝʣʠʢʠʤʠ ʜʦʙʘʚ-
ʢʘʤʠ CuO, ʜʝ ʄʍ ʩʧʽʢʘʥʥʷ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʚʠʩʦʢʦʾ ʱʽʣʴʥʦʩʪʽ ʡ ʪʨʽʱʠʥʦʩʪʽʡʢʦ-
ʩʪʽ ʚʞʝ ʟʘ ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʽ ʢʦʨʦʪʰʠʭ ʚʠʪʨʠʤʦʢ. 

ʇʦʧʨʠ ʥʘʚʝʜʝʥʽ ʧʝʨʝʚʘʛʠ, ʥʝ ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʩʧʽ-
ʢʘʥʥʷ ʘʚʪʦʤʘʪʠʯʥʦ ʟʘʚʞʜʠ ʢʨʘʱʝ ʟʘ ʢʦʥʚʝʢʪʠʚʥʝ. ʋ ʥʠʟʮʽ ʩʠʩʪʝʤ ʨʝʟʫʣʴʪʘʪʠ ʟʘ-
ʣʝʞʘʪʴ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʟʨʘʟʢʘ, ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ, ʥʘʷʚʥʦʩʪʽ ʩʫ-
ʩʮʝʧʪʦʨʘ, ʨʦʟʤʽʨʫ ʯʘʩʪʠʥʦʢ, ʚʤʽʩʪʫ ʜʨʫʛʦʾ ʬʘʟʠ ʘʙʦ ʜʦʙʘʚʢʠ ʜʣʷ ʩʧʽʢʘʥʥʷ, ʦʜʥʦ-
ʨʽʜʥʦʩʪʽ ʧʦʣʷ ʚ ʢʘʤʝʨʽ. 

ʋ ʨʦʙʦʪʽ [4], ʧʨʠʩʚʷʯʝʥʽʡ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʚʠʧʘʣʫ ʢʝʨʘʤʽʢʠ, ʦʢʨʝʤʦ ʧʽʜʢʨʝ-
ʩʣʝʥʦ, ʱʦ ʜʣʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʢʝʨʘʤʽʢʠ ʢʨʠʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʤʘ-
ʶʪʴ ʩʫʩʮʝʧʪʦʨʠ, ʦʩʢʽʣʴʢʠ ʫ ʙʘʛʘʪʴʦʭ ʢʝʨʘʤʽʢ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʜʽʝʣʝʢʪ-
ʨʠʯʥʽ ʚʪʨʘʪʠ ʜʫʞʝ ʥʠʟʴʢʠ, ʽ ʣʠʰʝ ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ ʢʨʠʪʠʯʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʚʦʥʠ 
ʧʦʯʠʥʘʶʪʴ ʝʬʝʢʪʠʚʥʦ ʧʦʛʣʠʥʘʪʠ ʤʽʢʨʦʭʚʠʣʴʦʚʫ ʝʥʝʨʛʽʶ. ʊʦʙʪʦ ʜʣʷ ʙʘʛʘʪʴʦʭ 
ʧʨʘʢʪʠʯʥʠʭ ʩʠʩʪʝʤ ʤʽʢʨʦʭʚʠʣʴʦʚʝ ʩʧʽʢʘʥʥʷ ʻ ʛʽʙʨʠʜʥʠʤ, ʘ ʥʝ ʧʦʚʥʽʩʪʶ ñʧʨʷʤʠʤò 
ʧʨʦʮʝʩʦʤ. 

ʆʪʞʝ, ʧʝʨʝʚʘʛʠ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʨʝʘʣʽʟʫʶʪʴʩʷ ʧʦʚʥʦʶ ʤʽʨʦʶ 
ʣʠʰʝ ʟʘ ʫʤʦʚ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʽʜʙʦʨʫ ʢʘʤʝʨʠ, ʩʫʩʮʝʧʪʦʨʽʚ, ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦ-
ʬʽʣʶ ʪʘ ʩʢʣʘʜʫ ʢʝʨʘʤʽʯʥʦʾ ʩʠʩʪʝʤʠ. ʉʫʩʮʝʧʪʦʨ ï ʮʝ ʤʘʪʝʨʽʘʣ, ʷʢʠʡ ʜʦʙʨʝ ʧʦʛʣʠ-
ʥʘʻ ʤʽʢʨʦʭʚʠʣʴʦʚʫ ʝʥʝʨʛʽʶ ʽ ʧʝʨʝʪʚʦʨʶʻ ʾʾ ʥʘ ʪʝʧʣʦ. ɺʠʢʦʨʠʩʪʘʥʥʷ SiC-ʩʫʩʮʝʧ-
ʪʦʨʽʚ ʧʦʣʷʛʘʻ ʫ ʚʚʝʜʝʥʥʽ ʚ ʨʦʙʦʯʠʡ ʦʙôʻʤ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʢʘʤʝʨʠ ʝʣʝʤʝʥʪʽʚ ʽʟ ʢʘ-
ʨʙʽʜʫ ʢʨʝʤʥʽʶ, ʷʢʽ ʽʥʪʝʥʩʠʚʥʦ ʧʦʛʣʠʥʘʶʪʴ ʤʽʢʨʦʭʚʠʣʴʦʚʫ ʝʥʝʨʛʽʶ ʪʘ ʧʝʨʝʜʘʶʪʴ 
ʪʝʧʣʦ ʢʝʨʘʤʽʯʥʦʤʫ ʟʨʘʟʢʫ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʟʘʙʝʟʧʝʯʫʻ ʛʽʙʨʠʜʥʠʡ ʤʝʭʘʥʽʟʤ ʥʘʛʨʽ-
ʚʘʥʥʷ, ʧʽʜʚʠʱʫʻ ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ, ʧʦʣʝʛʰʫʻ ʥʘʛʨʽʚʘʥʥʷ ʦʢ-
ʩʠʜʫ ʘʣʶʤʽʥʽʶ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʧʨʦʮʝʩʫ ʪʘ ʟʤʝʥʰʫʻ ʟʘʛʘʣʴʥʫ ʪʨʠʚʘʣʽʩʪʴ 
ʩʧʽʢʘʥʥʷ. ʈʘʟʦʤ ʽʟ ʪʠʤ ʢʦʥʬʽʛʫʨʘʮʽʷ SiC-ʩʫʩʮʝʧʪʦʨʽʚ ʧʦʚʠʥʥʘ ʙʫʪʠ ʦʧʪʠʤʽʟʦʚʘʥʘ, 
ʦʩʢʽʣʴʢʠ ʥʝʧʨʘʚʠʣʴʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʣʦʢʘʣʴʥʽ ʧʝʨʝʛʨʽʚʠ ʪʘ ʫʪʚʦ-
ʨʝʥʥʷ ñʛʘʨʷʯʠʭ ʪʦʯʦʢò. ɼʣʷ Al O  ʮʝ ʚʘʞʣʠʚʦ, ʪʦʤʫ ʱʦ ʩʘʤ ʦʢʩʠʜ ʘʣʶʤʽʥʽʶ ʥʘ 
ʥʠʟʴʢʠʭ ʽ ʩʝʨʝʜʥʽʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʛʨʽʻʪʴʩʷ ʤʽʢʨʦʭʚʠʣʷʤʠ ʥʝ ʜʫʞʝ ʝʬʝʢʪʠʚʥʦ, ʘ SiC 
ʥʘʛʨʽʚʘʻʪʴʩʷ ʟʥʘʯʥʦ ʢʨʘʱʝ. ʋ ʨʦʙʦʪʽ [11] ʧʨʷʤʦ ʚʢʘʟʘʥʦ, ʱʦ SiC-ʩʫʩʮʝʧʪʦʨʠ ʟʘ-
ʙʝʟʧʝʯʫʶʪʴ ʰʚʠʜʰʝ ʪʘ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʝ ʥʘʛʨʽʚʘʥʥʷ Al O  ʟʘʚʜʷʢʠ ʚʠʱʠʤ ʜʽʝʣʝ-
ʢʪʨʠʯʥʠʤ ʽ ʦʤʽʯʥʠʤ ʚʪʨʘʪʘʤ. ʇʽʜ ʜʽʻʶ ʤʽʢʨʦʭʚʠʣʴ SiC ʘʢʪʠʚʥʦ ʧʦʛʣʠʥʘʻ ʝʣʝʢʪ-
ʨʦʤʘʛʥʽʪʥʫ ʝʥʝʨʛʽʶ, ʥʘʛʨʽʚʘʻʪʴʩʷ ʪʘ ʧʝʨʝʜʘʻ ʪʝʧʣʦ ʜʦ ʟʨʘʟʢʘ Al O  - ʚʠʧʨʦʤʽʥʶ-
ʚʘʥʥʷʤ, ʢʦʥʚʝʢʮʽʻʶ ʪʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʯʝʨʝʟ ʧʽʜʩʪʘʚʢʫ. SiC-ʩʫʩʮʝʧʪʦʨʠ ʟʘʩʪʦ-
ʩʦʚʫʶʪʴ, ʱʦʙ ʟʘʧʫʩʪʠʪʠ ʥʘʛʨʽʚʘʥʥʷ Al O  ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ, ʢʦʣʠ ʩʘʤ ʦʢʩʠʜ 
ʘʣʶʤʽʥʽʶ ʱʝ ʩʣʘʙʢʦ ʧʦʛʣʠʥʘʻ ʤʽʢʨʦʭʚʠʣʽ, ʟʤʝʥʰʠʪʠ ʪʝʤʧʝʨʘʪʫʨʥʫ ʥʝʨʽʚʥʦʤʽʨ-
ʥʽʩʪʴ ʫ ʟʨʘʟʢʫ, ʜʦʧʦʤʦʛʪʠ ʧʨʦʡʪʠ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʦʙʣʘʩʪʴ, ʜʝ Al O  ʱʝ ʥʝʝ-
ʬʝʢʪʠʚʥʦ ʥʘʛʨʽʚʘʻʪʴʩʷ ʪʘ ʩʢʦʨʦʪʠʪʠ ʟʘʛʘʣʴʥʠʡ ʯʘʩ ʧʨʦʮʝʩʫ ʽ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. 
ʂʘʨʙʽʜ ʢʨʝʤʥʽʶ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʘʤʝ ʪʦʤʫ, ʱʦ ʚʽʥ ʜʦʙʨʝ ʧʨʘʮʶʻ ʚ ʤʽʢʨʦʭʚʠ-
ʣʴʦʚʦʤʫ ʧʦʣʽ ʪʘ ʻ ʪʝʨʤʦʩʪʽʡʢʠʤ, ʚʽʥ ʚʠʪʨʠʤʫʻ ʚʠʩʦʢʽ ʪʝʤʧʝʨʘʪʫʨʠ ʩʧʽʢʘʥʥʷ ʽ 
ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠ ʨʦʣʴ ʘʢʪʠʚʥʦʛʦ ʥʘʛʨʽʚʘʣʴʥʦʛʦ ʝʢʨʘʥʘ ʥʘʚʢʦʣʦ ʢʝʨʘʤʽʯʥʦʛʦ ʟʨʘ-
ʟʢʘ. SiC ʨʦʟʪʘʰʦʚʫʶʪʴ ʥʘʚʢʦʣʦ ʟʨʘʟʢʘ, ʧʦ ʧʝʨʠʤʝʪʨʫ ʨʦʙʦʯʦʾ ʟʦʥʠ, ʫ ʚʠʛʣʷʜʽ ʢʽ-
ʣʴʮʷ, ʨʘʤʢʠ, ʢʚʘʜʨʘʪʥʦʾ ʘʙʦ ʰʝʩʪʠʢʫʪʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ. ʇʨʦʙʣʝʤʦʶ ʻ ʪʦ, ʱʦ SiC-
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ʩʫʩʮʝʧʪʦʨʠ ʥʝ ʣʠʰʝ ʜʦʧʦʤʘʛʘʶʪʴ, ʘ ʡ ʤʦʞʫʪʴ ʩʪʚʦʨʶʚʘʪʠ ʣʦʢʘʣʴʥʽ ʧʝʨʝʛʨʽʚʠ. ʋ 
ʨʦʙʦʪʽ [11] ʟʘʟʥʘʯʝʥʦ, ʱʦ ʚʠʩʦʢʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ SiC ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʢʦʥʮʝʥ-
ʪʨʘʮʽʾ ʟʘʨʷʜʫ ʥʘ ʧʦʚʝʨʭʥʽ, ʧʦʩʠʣʝʥʥʷ ʣʦʢʘʣʴʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʽ ʧʦʷʚʠ ñʛʘ-
ʨʷʯʠʭ ʪʦʯʦʢò. ʊʦʤʫ ʚʘʞʣʠʚʘ ʥʝ ʪʽʣʴʢʠ ʥʘʷʚʥʽʩʪʴ ʩʫʩʮʝʧʪʦʨʘ, ʘ ʡ ʡʦʛʦ ʬʦʨʤʘ ʪʘ 
ʨʦʟʪʘʰʫʚʘʥʥʷ.  

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʽ-
ʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʫ (ʧʦʪʫʞʥʦʩʪʽ ʤʘʛʥʝʪʨʦʥʘ, ʤʘʩʠ ʪʘ ʪʦʚʱʠʥʠ ʰʘʨʫ ʟʘʚʘʥʪʘ-
ʞʝʥʥʷ) ʜʣʷ ʩʪʘʜʽʾ ʩʫʰʽʥʥʷ ʧʦʨʦʰʢʽʚ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ (Al O ) ʟʽ ʟʚ'ʷʟʫʶʯʠʤ (ʧʦ-
ʣʽʚʽʥʽʣʦʚʠʤ ʩʧʠʨʪʦʤ), ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʘʢʩʠʤʘʣʴʥʫ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦ-
ʮʝʩʫ, ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʪʘ ʤʽʥʽʤʽʟʘʮʽʶ ʨʠʟʠʢʫ ʚʠʥʠʢʥʝʥʥʷ ʪʝʤ-
ʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʽ ʪʝʨʤʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʟʨʘʟʢʘʭ. 

 
ʄʘʪʝʨʽʘʣʠ ʪʘ ʤʝʪʦʜʠ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴ-

ʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʫ, ʘ ʩʘʤʝ ʧʦʪʫʞʥʦʩʪʽ ʤʘʛʥʝʪʨʦʥʘ, ʤʘʩʠ ʪʘ 
ʪʦʚʱʠʥʠ ʰʘʨʫ ʟʘʚʘʥʪʘʞʝʥʥʷ ʜʣʷ ʩʪʘʜʽʾ ʩʫʰʽʥʥʷ ʧʦʨʦʰʢʽʚ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ 
(Al O ) ʟʽ ʟʚ'ʷʟʫʶʯʠʤ ʧʦʣʽʚʽʥʽʣʦʚʠʤ ʩʧʠʨʪʦʤ ʙʫʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʽʷ ʝʢʩʧʝʨʠʤʝʥ-
ʪʽʚ. ʉʭʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ ʪʘ ʤʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ ʥʘʚʝʜʝʥʽ ʚ ʨʦ-
ʙʦʪʽ [12]. ɺʠʭʽʜʥʘ ʧʦʪʫʞʥʽʩʪʴ ʤʘʛʥʝʪʨʦʥʫ ʟʤʽʥʶʚʘʣʘʩʴ ʚʽʜ 240 ɺʪ ʜʦ 1000 ɺʪ ʧʨʠ 
ʤʘʩʽ ʟʘʚʘʥʪʘʞʝʥʥʷ 170 ʛ, ʤʘʩʘ ʟʨʘʟʢʘ ï ʚʽʜ 50 ʛ ʜʦ 300 ʛ ʧʨʠ ʚʠʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 
ʤʘʛʥʝʪʨʦʥʫ 400 ɺʪ; ʪʦʚʱʠʥʘ ʰʘʨʫ ʧʨʠ ʤʘʩʽ 100 ʛ - ʚʽʜ 3 ʤʤ ʜʦ 10 ʤʤ. 

ɸʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʜʦʚʦʜʠʪʴ, ʱʦ ʧʨʠ ʧʦʪʫʞʥʦʩʪʽ 240 ɺʪ ʩʠʩʪʝʤʘ ʜʝ-
ʤʦʥʩʪʨʫʻ ʙʽʣʴʰ ʥʠʟʴʢʫ ʝʥʝʨʛʝʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ. ɿʨʦʩʪʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜʙʫ-
ʚʘʻʪʴʩʷ ʧʦʚʽʣʴʥʦ. ʅʘ ʝʪʘʧʽ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʦʜʠ (ʧʦʯʠʥʘʶʯʠ ʟʽ 100 ÁC) ʪʘ ʧʝʨʚʠʥ-
ʥʦʾ ʪʝʨʤʽʯʥʦʾ ʜʝʛʨʘʜʘʮʽʾ ʇɺʉ ʥʘʛʨʽʚ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʠʢʣʶʯʥʦ ʟʘʚʜʷʢʠ ʚʠʩʦʢʠʤ 
ʜʽʝʣʝʢʪʨʠʯʥʠʤ ʚʪʨʘʪʘʤ ʮʠʭ ʜʦʧʦʤʽʞʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʇʦʪʫʞʥʽʩʪʴ 240 ɺʪ ʻ ʢʨʠ-
ʪʠʯʥʦ ʥʝʜʦʩʪʘʪʥʴʦʶ ʜʣʷ ʽʥʽʮʽʘʮʽʾ ʧʨʦʮʝʩʫ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʤʘʩʠ ʫ 170 
ʛ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ ʟʦʚʥʽʰʥʽʭ ʪʝʧʣʦʽʟʦʣʷʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʘʙʦ ʩʫʩʮʝ-
ʧʪʦʨʽʚ. ɯʟ ʧʦʩʪʫʧʦʚʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʪʫʞʥʦʩʪʽ ʯʘʩ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʧʦʜʦʣʘʥʥʷ 
ʝʥʝʨʛʦʻʤʥʠʭ ʙʘʨ'ʻʨʽʚ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʦʜʠ ʪʘ ʝʥʜʦʪʝʨʤʽʯʥʦʛʦ ʚʠʛʦʨʷʥʥʷ ʧʦʣʽʤʝ-
ʨʥʦʛʦ ʟʚ'ʷʟʫʶʯʦʛʦ, ʩʢʦʨʦʯʫʻʪʴʩʷ. 

ʇʨʠ ʟʘʚʘʥʪʘʞʝʥʥʽ ʤʘʣʠʭ ʤʘʩ ʟʘʛʘʣʴʥʠʡ ʂʂɼ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʢʘʤʝʨʠ ʟʘʣʠ-
ʰʘʻʪʴʩʷ ʥʠʟʴʢʠʤ, ʙʽʣʴʰʘ ʯʘʩʪʠʥʘ ʝʥʝʨʛʽʾ ʨʦʟʩʽʶʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʦʤʽʯʥʠʭ ʚʪʨʘʪ ʫ 
ʩʘʤʠʭ ʩʪʽʥʢʘʭ ʢʘʤʝʨʠ ʪʘ ʯʘʩʪʢʦʚʦ ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦ ʤʘʛʥʝʪʨʦʥʘ, ʟʥʠʞʫʶʯʠ ʡʦʛʦ 
ʨʝʩʫʨʩ. ɿʙʽʣʴʰʝʥʥʷ ʤʘʩʠ ʟʘʚʘʥʪʘʞʝʥʥʷ ʦʧʪʠʤʽʟʫʻ ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʝ ʫʟʛʦʜʞʝʥʥʷ, 
ʟʨʘʟʦʢ ʧʦʯʠʥʘʻ ʚʩʝ ʙʽʣʴʰ ʚʽʜʽʛʨʘʚʘʪʠ ʨʦʣʴ ʝʬʝʢʪʠʚʥʦʛʦ ʧʦʛʣʠʥʘʯʘ, ʤʽʥʽʤʽʟʫʶʯʠ 
ʚʽʜʙʠʪʪʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʭʚʠʣʴ ʥʘʟʘʜ ʜʦ ʛʝʥʝʨʘʪʦʨʘ. ɼʣʷ ʤʘʩʠ 300 ʛ ʩʧʦʩʪʝʨʽ-
ʛʘʻʪʴʩʷ ʥʘʡʚʠʱʠʡ ʧʦʢʘʟʥʠʢ ʂʂɼ ʢʘʤʝʨʠ, ʷʢʠʡ ʩʪʘʨʪʫʻ ʟ 21 % ʥʘ ʧʦʯʘʪʢʫ ʧʨʦʮʝʩʫ 
ʪʘ ʟʨʦʩʪʘʻ ʜʦ 81% ʥʘ ʬʽʥʘʣʴʥʠʭ ʩʪʘʜʽʷʭ. ɿʙʽʣʴʰʝʥʥʷ ʤʘʩʠ ʧʨʦʧʦʨʮʽʡʥʦ ʟʙʽʣʴʰʫʻ 
ʦʙ'ʻʤ ʤʘʪʝʨʽʘʣʫ, ʷʢʠʡ ʟʜʘʪʥʠʡ ʧʦʛʣʠʥʘʪʠ ʤʽʢʨʦʭʚʠʣʴʦʚʫ ʝʥʝʨʛʽʶ ʪʘ ʟʤʝʥʰʫʻ 
ʪʝʤʧ ʥʘʛʨʽʚʘʥʥʷ ʟʨʘʟʢʘ. 

ɿʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʫ ʚʽʜ 3 ʜʦ 10 ʤʤ ʟʘʛʘʣʦʤ ʧʽʜʚʠʱʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ 
ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʘʥʥʷ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʪʦʚʩʪʽʰʠʡ ʰʘʨ ʤʘʻ ʤʝʥʰʫ 
ʧʠʪʦʤʫ ʧʦʚʝʨʭʥʶ ʪʝʧʣʦʚʽʜʜʘʯʽ, ʢʨʘʱʝ ʫʪʨʠʤʫʻ ʪʝʧʣʦ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰʠʡ ʘʢ-
ʪʠʚʥʠʡ ʦʙôʻʤ, ʫ ʷʢʦʤʫ ʧʦʛʣʠʥʘʻʪʴʩʷ ʤʽʢʨʦʭʚʠʣʴʦʚʘ ʝʥʝʨʛʽʷ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚ-
ʱʠʥʠ ʰʘʨʫ ʚʽʜ 3 ʜʦ 10 ʤʤ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʨʦʩʪʘʻ ʧʨʠʙʣʠʟʥʦ ʚʽʜ 0.29 ʜʦ 0.34 
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(ʨʠʩ.1), ʪʦʙʪʦ ʥʘ 16% ʚʽʜʥʦʩʥʦ ʥʘʡʪʦʥʰʦʛʦ ʰʘʨʫ. ʈʘʟʦʤ ʟ ʪʠʤ ʥʘʜʤʽʨʥʝ ʟʙʽʣʴ-
ʰʝʥʥʷ ʪʦʚʱʠʥʠ ʩʪʚʦʨʶʻ ʽʥʰʫ ʧʨʦʙʣʝʤʫ ï ʟʨʦʩʪʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʘ 
ʧʦ ʪʦʚʱʠʥʽ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ, ʭʦʯʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʱʘ, ʨʠʟʠʢ ʥʝʨʽʚʥʦʤʽʨ-
ʥʦʛʦ ʥʘʛʨʽʚʫ, ʣʦʢʘʣʴʥʦʛʦ ʧʝʨʝʛʨʽʚʫ ʚʥʫʪʨʽʰʥʽʭ ʟʦʥ ʽ ʪʝʨʤʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘʢʦʞ 
ʟʙʽʣʴʰʫʻʪʴʩʷ.  

ɿ ʪʦʯʢʠ ʟʦʨʫ ʤʘʢʩʠʤʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʦʛʣʠʥʘʥʥʷ ʝʥʝʨʛʽʾ ʥʘʡʢʨʘʱʠʤ ʩʝ-
ʨʝʜ ʨʦʟʛʣʷʥʫʪʠʭ ʚʘʨʽʘʥʪʽʚ ʻ ʰʘʨ 10 ʤʤ. ʆʜʥʘʢ ʟ ʪʦʯʢʠ ʟʦʨʫ ʢʦʤʧʨʦʤʽʩʫ ʤʽʞ ʝʥʝ-
ʨʛʦʝʬʝʢʪʠʚʥʽʩʪʶ ʪʘ ʨʽʚʥʦʤʽʨʥʽʩʪʶ ʥʘʛʨʽʚʫ ʙʽʣʴʰ ʜʦʮʽʣʴʥʠʤ ʚʠʛʣʷʜʘʻ ʰʘʨ 8 ʤʤ, 
ʦʩʢʽʣʴʢʠ ʚʽʥ ʜʘʻ ʤʘʡʞʝ ʪʘʢʫ ʞ ʚʠʩʦʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ, ʷʢ 10 ʤʤ, ʘʣʝ ʧʨʠ ʤʝʥʰʦʤʫ 
ʨʠʟʠʢʫ ʥʘʜʤʽʨʥʠʭ ʚʥʫʪʨʽʰʥʽʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ. 

 
ʈʝʟʫʣʴʪʘʪʠ ʪʘ ʦʙʛʦʚʦʨʝʥʥʷ. ʇʨʦʚʝʜʝʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠ-

ʷʚʣʷʻ ʥʠʟʢʫ ʢʨʠʪʠʯʥʠʭ ʚʨʘʟʣʠʚʦʩʪʝʡ ʪʝʭʥʦʣʦʛʽʾ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʢʝʨʘ-
ʤʽʢʠ ʚ ʥʝʦʧʪʠʤʽʟʦʚʘʥʠʭ ʫʤʦʚʘʭ. ɼʝʪʘʣʴʥʦ ʘʥʘʣʽʟʫʶʯʠ ʧʦʚʝʜʽʥʢʫ ʜʽʝʣʝʢʪʨʠʯʥʠʭ 
ʧʘʨʘʤʝʪʨʽʚ, ʦʪʨʠʤʘʥʠʭ ʟ ʚʠʭʽʜʥʠʭ ʝʤʧʽʨʠʯʥʠʭ ʜʘʥʠʭ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ 
ʩʪʘʙʽʣʴʥʝ ʟʨʦʩʪʘʥʥʷ ʜʽʡʩʥʦʾ ʯʘʩʪʠʥʠ ʜʽʝʣʝʢʪʨʠʯʥʦʾ ʧʨʦʥʠʢʥʦʩʪʽ e¡ ʚʽʜ 9.8 ʧʨʠ 
25 ʦʉ ʜʦ 12.2 ʧʨʠ 1360 ʦʉ [13] ʥʝ ʻ ʪʠʤ ʯʠʥʥʠʢʦʤ, ʱʦ ʚʠʟʥʘʯʘʻ ʬʽʟʠʢʫ ʧʨʦʮʝʩʫ. 
ʂʣʶʯʦʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ ʬʘʢʪʦʨ ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʪʨʘʪ e¡¡, ʷʢʠʡ ʻ ʧʨʷʤʠʤ ʤʽʨʠʣʦʤ 
ʢʦʥʚʝʨʩʽʾ ʝʥʝʨʛʽʾ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʧʦʣʷ ʚ ʪʝʧʣʦʚʫ ʝʥʝʨʛʽʶ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ. 
ɿʙʽʣʴʰʝʥʥʷ ʮʴʦʛʦ ʧʦʢʘʟʥʠʢʘ ʥʘ ʜʚʘ ʧʦʨʷʜʢʠ (ʚʽʜ 0,026 ʜʦ 0,632) ʧʽʜʪʚʝʨʜʞʫʻ ʧʨʠ-
ʨʦʜʫ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ: ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʤʘʪʝʨʽʘʣ ʟʜʘʪʥʠʡ ʧʦʛʣʠʥʫʪʠ 
ʣʠʰʝ ʙʣʠʟʴʢʦ 4% ʪʽʻʾ ʧʠʪʦʤʦʾ ʝʥʝʨʛʽʾ, ʷʢʫ ʚʽʥ ʧʦʛʣʠʥʘʻ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʧʦʥʘʜ 
1300 ÁC.  

ʉʘʤʝ ʪʦʤʫ ʢʽʥʝʪʠʢʘ ʧʦʯʘʪʢʦʚʦʛʦ ʥʘʛʨʽʚʫ ʮʽʣʢʦʤ ʽ ʧʦʚʥʽʩʪʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʦ-
ʧʦʤʽʞʥʠʭ ʧʦʣʷʨʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ï ʚʦʜʠ ʪʘ ʧʦʣʽʚʽʥʽʣʦʚʦʛʦ ʩʧʠʨʪʫ. ɺʽʣʴʥʘ ʽ ʟʚ'ʷ-
ʟʘʥʘ ʚʦʜʘ ʚʠʧʘʨʦʚʫʻʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 100ï180 ÁC, ʘ ʩʪʨʫʢʪʫʨʘ ʇɺʉ ʟʘʟʥʘʻ ʧʦʚʥʦʾ 
ʪʝʨʤʽʯʥʦʾ ʜʝʩʪʨʫʢʮʽʾ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 450 ÁC, ʱʦ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ ʚ ʝʢʩʧʝʨʠʤʝ-

 
ʈʠʩ. 1. ɿʘʣʝʞʥʽʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʦʛʣʠʥʘʥʥʷ ʝʥʝʨʛʽʾ ʤʽʢ-

ʨʦʭʚʠʣʴʦʚʦʛʦ ʧʦʣʷ ʚʽʜ ʪʦʚʱʠʥʠ ʰʘʨʫ 
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ʥʪʘʭ. ʊʝʧʣʦʬʽʟʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʱʝ ʙʽʣʴʰʝ ʫʩʢʣʘʜʥʶʶʪʴ ʟʘʚʜʘʥʥʷ ʪʝʭʥʦʣʦʛʽ-
ʯʥʦʛʦ ʢʦʥʪʨʦʣʶ. ʆʩʢʽʣʴʢʠ ʧʠʪʦʤʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʥʝʚʧʠʥʥʦ ʟʨʦʩʪʘʻ ʟ 775 ʜʦ 1165 
ɼʞ/(ʢʛÖʂ) ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʽʥʪʝʨʚʘʣʫ, ʚ ʷʢʦʤʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʩʫʰʽʥʥʷ, ʜʣʷ ʧʽʜ-
ʪʨʠʤʢʠ ʪʝʤʧʫ ʥʘʛʨʽʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦ ʢʦʥʪʨʦʣʶʚʘʪʠ ʧʦʛʣʠʥʫʪʫ ʧʦʪʫʞʥʽʩʪʴ. ʇʨʦʪʝ 
ʦʜʥʦʯʘʩʥʝ, ʨʽʟʢʝ ʧʘʜʽʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʟ 33 ʜʦ 11,4 ɺʪ/(ʤÖʂ) ʧʨʠ-
ʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʪʝʧʣʦ, ʟʛʝʥʝʨʦʚʘʥʝ ʚ ʛʣʠʙʦʢʠʭ ʰʘʨʘʭ ʤʘʪʝʨʽʘʣʫ (ʦʩʦʙʣʠʚʦ ʥʘ 
ʜʥʽ ʪʘ ʚ ʛʝʦʤʝʪʨʠʯʥʦʤʫ ʮʝʥʪʨʽ ʟʨʘʟʢʘ), ʬʽʟʠʯʥʦ ʥʝ ʤʦʞʝ ʝʬʝʢʪʠʚʥʦ ʪʨʘʥʩʧʦʨʪʫ-
ʚʘʪʠʩʷ ʜʦ ʧʦʚʝʨʭʥʽ. ʇʦʚʝʨʭʥʷ ʧʨʦʜʦʚʞʫʻ ʽʥʪʝʥʩʠʚʥʦ ʦʭʦʣʦʜʞʫʚʘʪʠʩʷ ʰʣʷʭʦʤ 
ʢʦʥʚʝʢʮʽʾ ʪʘ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʗʢ ʨʝʟʫʣʴʪʘʪ, ʨʽʟʥʠʮʷ ʪʝʤʧʝʨʘʪʫʨ ʤʽʞ ʟʦʚʥʽʰʥʦʶ 
ʧʦʚʝʨʭʥʝʶ ʪʘ ʜʥʦʤ ʟʨʘʟʢʘ ʥʘ ʬʽʥʘʣʴʥʠʭ ʝʪʘʧʘʭ ʧʨʦʮʝʩʫ ʟʘʚʞʜʠ ʟʙʽʣʴʰʫʻʪʴʩʷ. ʈʽ-
ʟʥʠʮʷ ʻ ʛʦʣʦʚʥʠʤ ʬʘʢʪʦʨʦʤ ʨʠʟʠʢʫ ʽʥʽʮʽʘʮʽʾ ʤʽʢʨʦʪʨʽʱʠʥ ʪʘ ʨʫʡʥʫʚʘʥʥʷ ʢʝʨʘ-
ʤʽʢʠ. 

ʂʦʝʬʽʮʽʻʥʪ ʢʦʨʠʩʥʦʾ ʜʽʾ ʤʽʢʨʦʭʚʠʣʴʦʚʦʾ ʢʘʤʝʨʠ, ʷʢʠʡ ʧʨʠ ʤʘʩʽ 50 ʛ ʥʝ ʧʝʨʝ-
ʚʠʱʫʚʘʚ 28 %, ʜʣʷ ʤʘʩʠ 300 ʛ ʜʦʩʷʛʘʚ 81 %. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻ ʪʝ, ʱʦ ʩʠʩʪʝʤʘ ʤʽʢ-
ʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʩʪʘʻ ʝʢʦʥʦʤʽʯʥʦ ʪʘ ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʧʨʘʚʜʘʥʦʶ ʚʠʢʣʶʯʥʦ 
ʟʘ ʫʤʦʚʠ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʘʚʘʥʪʘʞʝʥʥʷ ʦʙ'ʻʤʫ ʨʝʟʦʥʘʪʦʨʘ. ʄʘʣʝ ʟʘʚʘʥʪʘʞʝʥʥʷ 
(50ï100 ʛ) ʥʝ ʣʠʰʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʤʘʨʥʦʪʨʘʪʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʝʥʝʨʛʽʾ, ʘʣʝ ʡ ʩʪʚʦ-
ʨʶʻ ʨʠʟʠʢʠ ʧʨʦʙʦʶ ʧʦʚʽʪʨʷʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʘʙʦ ʧʦʰʢʦʜʞʝʥʥʷ ʩʘʤʦʛʦ ʤʘʛʥʝʪ-
ʨʦʥʘ ʚʽʜʙʠʪʦʶ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʶ ʭʚʠʣʝʶ ʚʠʩʦʢʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ. 

ɿ ʦʛʣʷʜʫ ʥʘ ʚʩʽ ʚʠʱʝʚʠʢʣʘʜʝʥʽ ʪʝʧʣʦʬʽʟʠʯʥʽ ʪʘ ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʽ ʘʩʧʝʢʪʠ, 
ʫʩʧʽʰʥʝ ʧʨʘʢʪʠʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʩʧʽʢʘʥʥʷ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ ʚʠ-
ʤʘʛʘʻ ʧʝʨʝʭʦʜʫ ʜʦ ʩʠʩʪʝʤ ʛʽʙʨʠʜʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ. ɺ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʤʽʢʨʦʭʚʠʣʴʦ-
ʚʠʡ ʦʙ'ʻʤʥʠʡ ʥʘʛʨʽʚ ʜʦʧʦʚʥʶʻʪʴʩʷ ʪʨʘʜʠʮʽʡʥʠʤ ʢʦʥʚʝʢʮʽʡʥʠʤ ʘʙʦ ʨʘʜʽʘʮʽʡʥʠʤ 
ʧʽʜʽʛʨʽʚʦʤ ʧʦʚʝʨʭʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʚʥʽʰʥʽʭ ʨʝʟʠʩʪʠʚʥʠʭ ʥʘʛʨʽʚʘʣʴʥʠʭ ʝʣʝʤʝʥ-
ʪʽʚ. ɻʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʰʪʫʯʥʦ ʧʽʜʪʨʠʤʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʚʝʨʭʥʽ ʥʘ 
ʨʽʚʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʜʥʘ, ʣʽʢʚʽʜʫʶʯʠ ʟʚʦʨʦʪʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʛʨʘʜʽʻʥʪ. ɯʥʰʠʤ 
ʝʬʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʧʦʜʦʣʘʥʥʷ ʚʠʷʚʣʝʥʠʭ ʧʨʦʙʣʝʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʦʧʦʤʽʞʥʠʭ 
ʨʘʜʽʦʧʦʛʣʠʥʘʶʯʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʩʫʩʮʝʧʪʦʨʽʚ), ʪʘʢʠʭ ʷʢ ʢʘʨʙʽʜ ʢʨʝʤʥʽʶ (SiC), ʷʢʽ 
ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʥʘʚʢʦʣʦ ʢʝʨʘʤʽʯʥʦʛʦ ʟʨʘʟʢʘ. ʉʫʩʮʝʧʪʦʨʠ ʘʢʪʠʚʥʦ ʧʦʛʣʠʥʘʶʪʴ 
ʤʽʢʨʦʭʚʠʣʽ ʟʘ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʜʦ 800 ÁC), ʚʠʧʨʦʤʽʥʶʶʯʠ ʪʝʧʣʦ ʥʘ ʧʦʚʝʨʭʥʶ 
ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ ʽ ʜʦʧʦʤʘʛʘʶʯʠ ʡʦʤʫ ʧʦʜʦʣʘʪʠ çʤʝʨʪʚʫ ʟʦʥʫè ʜʽʝʣʝʢʪʨʠʯʥʠʭ 
ʚʪʨʘʪ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʯʠʥʘʻ ʥʘʛʨʽʚʘʪʠʩʷ ʩʘʤʦʩʪʽʡʥʦ ʟʘʚʜʷʢʠ ʤʝʭʘʥʽʟʤʫ ʪʝʧʣʦʚʦʛʦ 
ʨʦʟʛʦʥʝʥʥʷ.  

 
ɺʠʩʥʦʚʢʠ. ɿʘʚʘʥʪʘʞʝʥʥʷ ʚʽʜ 200 ʜʦ 300 ʛ ʜʝʤʦʥʩʪʨʫʶʪʴ ʥʘʡʚʠʱʫ ʝʥʝʨʛʝʪʠ-

ʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʥʘʡʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʡ, ʟʙʘʣʘʥʩʦʚʘʥʠʡ ʪʝʤʧ ʟʨʦʩʪʘʥʥʷ ʪʝʤʧʝ-
ʨʘʪʫʨʠ, ʱʦ ʨʦʙʠʪʴ ʾʭ ʧʨʽʦʨʠʪʝʪʥʠʤʠ ʜʣʷ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʧʨʦʮʝʩʫ ʤʽʢʨʦʭʚʠʣʴʦ-
ʚʦʛʦ ʩʧʽʢʘʥʥʷ ʚ ʧʨʦʤʠʩʣʦʚʠʭ ʫʤʦʚʘʭ. 

ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʪʫʞʥʦʩʪʽ ʤʘʛʥʝʪʨʦʥʘ ʟʨʦʩʪʘʻ ʰʚʠʜʢʽʩʪʴ ʧʽʜʚʠʱʝʥʥʷ ʪʝʤ-
ʧʝʨʘʪʫʨʠ ʟʨʘʟʢʘ ʪʘ ʩʢʦʨʦʯʫʻʪʴʩʷ ʪʨʠʚʘʣʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʮʠʢʣʫ. ʈʘʟʦʤ ʟ ʪʠʤ 
ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʝ ʩʪʽʣʴʢʠ ʥʦʤʽʥʘ-
ʣʴʥʦʶ ʧʦʪʫʞʥʽʩʪʶ ʜʞʝʨʝʣʘ, ʩʢʽʣʴʢʠ ʪʽʻʶ ʯʘʩʪʠʥʦʶ ʝʥʝʨʛʽʾ, ʷʢʘ ʬʘʢʪʠʯʥʦ ʧʦʛʣʠ-
ʥʘʻʪʴʩʷ ʥʘʚʘʥʪʘʞʝʥʥʷʤ.  

ʅʘ ʚʝʣʠʯʠʥʫ ʧʦʛʣʠʥʫʪʦʾ ʧʦʪʫʞʥʦʩʪʽ ʚʧʣʠʚʘʶʪʴ ʜʽʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 
ʤʘʪʝʨʽʘʣʫ, ʡʦʛʦ ʦʙôʻʤ, ʬʦʨʤʘ ʪʘ ʧʦʣʦʞʝʥʥʷ ʚ ʢʘʤʝʨʽ.  
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тн 

ʇʽʜʚʠʱʝʥʥʷ ʧʦʪʫʞʥʦʩʪʽ ʤʽʢʨʦʭʚʠʣʴʦʚʦʛʦ ʧʦʣʷ ʻ ʝʬʝʢʪʠʚʥʠʤ ʣʠʰʝ ʟʘ 
ʫʤʦʚʠ, ʱʦ ʩʠʩʪʝʤʘ ʤʘʻ ʜʦʩʪʘʪʥʻ ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʝ ʫʟʛʦʜʞʝʥʥʷ ʽ ʤʘʪʝʨʽʘʣ ʟʜʘʪ-
ʥʠʡ ʽʥʪʝʥʩʠʚʥʦ ʧʦʛʣʠʥʘʪʠ ʄʍ ʝʥʝʨʛʽʶ.  

ʇʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʤʽʢʨʦʭʚʠʣʴʦʚʠʭ ʫʩʪʘʥʦʚʦʢ ʧʦʪʫʞʥʽʩʪʴ ʤʘʛʥʝʪʨʦʥʘ ʩʣʽʜ 
ʨʦʟʛʣʷʜʘʪʠ ʨʘʟʦʤ ʽʟ ʛʝʦʤʝʪʨʽʻʶ ʢʘʤʝʨʠ, ʨʦʟʤʽʨʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʜʽʝʣʝʢʪʨʠʯ-
ʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʘʪʝʨʽʘʣʫ. 
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Determination of optimal microwave heating parameters for the drying  

stage of alumina powder summary 
 

Summary
The issues of improving energy efficiency and heating uniformity at the initial stages of

ceramic sintering are considered, as conventional convective methods are characterized by
long processing times, high energy consumption, and non-uniform temperature fields. The fea-
tures of microwave heating of aluminum oxide (Al O ) powders at the drying stage, as a critical
step prior to high-temperature sintering of technical ceramics, are investigated. An experi-
mental analysis of the influence of magnetron power (240ï1000 W), load mass (50ï300 g), and
layer thickness (3ï10 mm) on the energy efficiency of the process, heating rate, and tempera-
ture distribution uniformity has been carried out. It is established that at the initial stages of
heating, dielectric losses of water and polyvinyl alcohol play a decisive role, whereas Al O
itself is characterized by a low ability to absorb microwave energy. It is shown that insufficient
power (240 W) does not ensure effective progression through the energy-intensive stages of
evaporation and binder burnout. Increasing the load mass to 200ï300 g improves electromag-
netic matching in the cavity and raises the efficiency up to 81%, providing more stable and
controlled heating. It is found that increasing the layer thickness to 8 mm represents an optimal
compromise between energy efficiency and temperature uniformity. The influence of thermo-
physical and dielectric properties of the material on the formation of temperature gradients,
which may lead to thermal stresses and defects, is analyzed. The necessity of applying hybrid
heating and the use of SiC susceptors to enhance process efficiency at low-temperature stages
is substantiated. The obtained results can be used to optimize technological regimes of micro-
wave drying of alumina powder.

Keywords: microwave energy, experiment, drying, polyvinyl alcohol, energy efficiency,
temperature gradient, susceptor. 
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ʄʦʣʝʢʫʣʷʨʥʠʡ ʤʝʭʘʥʽʟʤ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʦʜʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ,  

ʱʦ ʧʽʜʜʘʚʘʚʩʷ ʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 
 

ɼʦʩʣʽʜʞʫʻʪʴʩʷ ʤʦʣʝʢʫʣʷʨʥʠʡ ʤʝʭʘʥʽʟʤ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʢʦʥʮʝʥʪʨʦʚʘʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶ-
ʢʦʟʠ, ʱʦ ʧʽʜʜʘʚʘʚʩʷ ʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʨʦʟʛʣʷʜʘʪʠ ʢʦʥʮʝʥʪʨʦʚʘʥʠʡ ʚʦ-
ʜʥʠʡ ʨʦʟʯʠʥ ʛʣʶʢʦʟʠ  ʷʢ  ʧʦʨʠʩʪʫ ʩʠʩʪʝʤʫ. ʊʘʢʘ ʩʠʩʪʝʤʘ ʤʽʩʪʠʪʴ ʧʦʨʠ, ʱʦ ʟʘʧʦʚʥʝʥʽ
ʤʦʣʝʢʫʣʘʤʠ ʨʦʟʯʠʥʥʠʢʘ, ʪʘ ʢʘʨʢʘʩ, ʫʪʚʦʨʝʥʠʡ ʢʣʘʩʪʝʨʘʤʠ ʤʦʣʝʢʫʣ ʛʣʶʢʦʟʠ ʟʚô̫ ʟʘʥʠ-
ʤʠʤʽʞ ʩʦʙʦʶ ʚʦʜʥʝʚʠʤʠ ʟʚô̫ ʟʢʘʤʠ. ɼʦʩʣʽʜʞʫʚʘʣʠʩʴ ʚʦʜʥʽ ʨʦʟʯʠʥʠ ʛʣʶʢʦʟʠ ʚʠʨʦʙʥʠ-
ʮʪʚʘ ʟʢʦʥʮʝʥʪʨʘʮʽʻʶ 40%. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʘʣʠʩʴ ʯʘʩʦʚʽ ʟʘʣʝʞʥʦʩʪʽ 
ʚʽʜʥʦʩʥʦʾʟʤʽʥʠ ʨʦʟʤʽʨʫ ʥʘʤʘʛʥʽʯʝʥʦʾ ‗ ὸ, ʥʝʤʘʛʥʽʯʝʥʦʾ  ʢʨʘʧʣʠʥʠ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ‗
ὸ ʪʘ  ʢʨʘʧʣʠʥʠ ʜʠʩʪʠʣʷʪʫ ‗ ὸ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʊ = 20 Áʉ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚ ʧʦʨʽ-
ʚʥʷʥʥʷʤ ʽʟ ʟʘʣʝʞʥʽʩʪʶ ‗ ὸ, ʷʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʜʠʩʪʠʣʴʦʚʘʥʦʾ ʚʦʜʠ, ʜʣʷ 
ʷʢʦʾ ʟʤʽʥʘ ʨʦʟʤʽʨʫʢʨʘʧʣʠʥʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʣʽʥʽʡʥʦ, ʜʣʷ ʨʽʜʠʥʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʤʽʩʪʷʪʴ 
ʤʦʣʝʢʫʣʠ ʛʣʶʢʦʟʠ, ʟʘʣʝʞʥʽʩʪʴ ‗ ὸ ʪʘ ‗ ὸ ʤʘʻ ʜʽʣʷʥʢʠ ʟ ʚʽʜʩʫʪʥʽʩʪʶ ʚʠ-
ʧʘʨʦʚʫʚʘʥʥʷ ‗ ὸ ὧέὲίὸ ‗̔ ὸ ὧέὲίὸ. ʅʘ ʮʠʭ ʜʽʣʷʥʢʘʭ ʚ ʩʠʩʪʝʤʘʭ çʚʦʜʘ-ʛʣʶ-
ʢʦʟʘè ʚʽʜʙʫʚʘʶʪʴʩʷʤʦʣʝʢʫʣʷʨʥʽʧʝʨʝʙʫʜʦʚʠ ʚʧʨʦʜʦʚʞ ʷʢʠʭ ʟʤʽʥʶʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ 
ʨʦʟʯʠʥʫ (ʫʪʚʦʨʝʥʥʷʪʘ ʟʤʽʥʘ ʬʦʨʤʘʛʨʝʛʘʪʽʚ ʟʘ ʨʘʭʫʥʦʢ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʚʦʜʥʝʚʠʭ 
ʟʚô̫ ʟʢʽʚ ʤʽʞ ʥʠʤʠ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʚʠʤʽʨʶʚʘʯʘ ʛʫʩʪʠʥʠ ʪʘ ʚô̫ ʟʢʦʩʪʽ DMA 4500 M (Anton 
Paar) ʚʠʟʥʘʯʘʣʘʩʴʛʫʩʪʠʥʘ ʪʘ ʚô̫ ʟʢʽʩʪʴ ʥʝʥʘʤʘʛʥʽʯʝʥʦʛʦ ʚʦʜʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ,
ʥʘʤʘʛʥʽʯʝʥʦʛʦʚʦʜʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʪʘ ʜʠʩʪʠʣʴʦʚʘʥʦʾ ʚʦʜʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʊ
= 20 Áʉ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʚʠʟʥʘʯʝʥʦ ʚʽʣʴʥʠʡ ʦʙô̒ ʤ ὠ, ʱʦ
ʚʽʜʧʦʚʽʜʘʻʦʙô̒ ʤʫ ʧʦʨ ʚ ʩʠʩʪʝʤʽ, ʜʣʷ ʥʝʥʘʤʘʛʥʽʯʝʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʪʘ ʨʦʟʯʠʥʫ, ʱʦ
ʧʽʜʜʘʚʘʚʩʷʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. ɼʣʷ ʢʦʥʮʝʥʪʨʦʚʘʥʦʾ ʨʽʜʠʥʥʦʾ ʩʠʩʪʝʤʠ çʚʦʜʘ-ʛʣʶʢʦʟʘè,
ʷʢʘ ʧʽʜʜʘʚʘʣʘʩʴ ʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʦʣʝʢʫʣʷʨʥʠʡ ʤʝʭʘʥʽʟʤ ʚʠ-
ʧʘʨʦʚʫʚʘʥʥʷ.ʎʝʡ ʤʝʭʘʥʽʟʤ ʧʦʚô̫ ʟʘʥʠʡ ʟ ʪʠʤ, ʱʦ ʧʽʩʣʷ ʦʙʨʦʙʢʠ ʧʦʩʪʽʡʥʠʤ  ʤʘʛʥʽʪʥʠʤ
ʧʦʣʝʤ ʚ ʨʽʜʠʥʥʽʡ ʩʠʩʪʝʤʽ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ, ʚʠʥʠʢʘʶʪʴ ʩʪʘʙʽʣʴʥʽ ʢʦʤʧʣʝʢʩʠ,
ʫʪʚʦʨʝʥʽ  ʟʘ ʨʘʭʫʥʦʢʨʦʟʛʘʣʫʞʝʥʥʷʤʠ ʚʦʜʥʝʚʠʭ ʟʚô̫ ʟʢʽʚ ʥʘʚʢʦʣʦ ɓ-ʘʥʦʤʝʨʽʚ. ɯʩʥʫʚʘʥʥʷ
ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʭʦʜʫ ʤʽʞ Ŭ ʪʘ ɓ ʢʦʥʬʦʨʤʘʮʽʷʤʠ
ʤʦʣʝʢʫʣ ʛʣʶʢʦʟʠ, ʱʦʧʨʠʚʦʜʠʪʴ ʜʦ ʧʝʨʽʦʜʠʯʥʦʾ ʟʤʽʥʠ ʩʪʘʥʽʚ ʟ ʥʘʷʚʥʽʩʪʶ ʪʘ ʚʽʜʩʫʪ-
ʥʽʩʪʶ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚʥʘʤʘʛʥʽʯʝʥʠʡ ʨʽʜʠʥʥʽʡ ʩʠʩʪʝʤʽ, ʷʢʘ ʜʦʩʣʽʜʞʫʻʪʴʩʷ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʚʦʜʥʠʡ ʨʦʟʯʠʥ ʛʣʶʢʦʟʠ, ʤʘʛʥʽʪʥʝ ʧʦʣʝ, ʧʦʨʠʩʪʽʩʪʴ,
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ʮʠʥʠ. ʊʘʢ, ʥʘʧʨʠʢʣʘʜ, ʨʦʟʯʠʥʠ 
ʛʣʶʢʦʟʠ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʦʥʢʦʣʦ-
ʛʽʾ ʜʣʷ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʣʽʢʽʚ [1], 
ʚʚʝʜʝʥʥʷ ʮʠʭ ʨʦʟʯʠʥʽʚ ʻ ʦʜʥʠʤ ʽʟ 
ʤʝʪʦʜʽʚ ʣʽʢʫʚʘʥʥʷ ʧʦʰʢʦʜʞʝʥʴ 
ʭʨʷʱʦʚʦʾ ʪʢʘʥʠʥʠ [2], ʚʘʞʣʠʚʠʤ 
ʪʘʢʦʞ ʻ ʧʠʪʘʥʥʷ ʱʦʜʦ ʩʪʚʦʨʝʥʥʷ 
ʩʝʥʩʦʨʽʚ  ʜʣʷ  ʚʠʟʥʘʯʝʥʥʷ ʨʽʚʥʷ 
ʛʣʶʢʦʟʠ ʚ ʢʨʦʚʽ ʧʨʠ ʟʘʭʚʦʨʶʚʘʥʥʽ 
ʥʘ ʮʫʢʨʦʚʠʡ ʜʽʘʙʝʪ [3] ʪʘ ʽʥ. ʅʘ ʜʘ-
ʥʠʡ ʯʘʩ ʚ ʣʽʪʝʨʘʪʫʨʽ ʟʘʟʥʘʯʘʻʪʴʩʷ, 
ʱʦ ʜʽʷ ʥʘ ʙʽʦʣʦʛʽʯʥʽ ʦʙ'ʻʢʪʠ ʩʧʦʩʪʝ-
ʨʽʛʘʻʪʴʩʷ ʧʨʠ ʩʣʘʙʢʠʭ ʤʘʛʥʽʪʥʠʭ 
ʧʦʣʷʭ ʟ ʚʝʣʠʯʠʥʦʶ 1-10ʤʊ [3, 4]. 
ɼʣʷ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʘʛʥʽʪʥʦʛʦ 
ʧʦʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʦ 
ʤʦʣʝʢʫʣʷʨʥʠʡ ʤʝʭʘʥʽʟʤ, ʷʢʠʡ ʧʨʠ-
ʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʩʪʨʫʢʪʫʨʠ ʨʽʜʠʥʥʦʾ ʩʠʩʪʝʤʠ çʚʦʜʘ-ʛʣʶʢʦʟʘè [5]. ʆʜʥʘʢ, ʷʢ ʚʽ-
ʜʦʤʦ ʘʚʪʦʨʘʤ, ʤʦʣʝʢʫʣʷʨʥʠʡ ʤʝʭʘʥʽʟʤ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʥʘʤʘʛʥʽ-
ʯʝʥʠʭ ʨʦʟʯʠʥʽʚ ʛʣʶʢʦʟʠ ʥʘ ʜʘʥʠʡ ʯʘʩ ʥʝ ʚʠʟʥʘʯʝʥʠʡ. ʊʘʢʠʤ ʯʠʥʦʤ ʤʝʪʦʶ ʜʘʥʦʾ 
ʨʦʙʦʪʠ ʻ ʚʩʪʘʥʦʚʣʝʥʥʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʚʠʧʘʨʦʚʫʚʘʥʥʷ  ʨʦʟʯʠʥʫ ʛʣʶ-
ʢʦʟʠ, ʦʙʨʦʙʣʝʥʦʛʦ ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ. 

 
ʄʘʪʝʨʽʘʣʠ, ʤʝʪʦʜʠ ʪʘ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʫ. ɼʦʩʣʽʜʞʫʚʘʣʠʩʴ ʚʦʜʥʽ 

ʨʦʟʯʠʥʠ ʛʣʶʢʦʟʠ ʚʠʨʦʙʥʠʮʪʚʘ ʇʈɸʊ ʬʘʨʤ. ʬʽʨʤʘ çɼʘʨʥʠʮʷè ʟ  ʢʦʥʮʝʥʪʨʘʮʽʻʶ 
40% (1 ʤʣ ʨʦʟʯʠʥʫ ʤʽʩʪʠʪʴ ʛʣʶʢʦʟʠ ʤʦʥʦʛʽʜʨʘʪʫ 400 ʤʛ). ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠ-
ʟʥʘʯʘʣʠʩʴ ʟʤʽʥʠ ʨʦʟʤʽʨʽʚ ʥʘʤʘʛʥʽʯʝʥʦʾ ʢʨʘʧʣʠʥʠ ʨʦʟʯʠʥʫ ʪʘ  ʢʨʘʧʣʠʥʠ ʨʦʟʯʠʥʫ, 
ʷʢʘ ʥʝ ʧʽʜʜʘʚʘʣʘʩʴ ʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟʘ ʤʝʪʦʜʠʢʦʶ, ʦʧʠʩʘʥʦʶ ʚ ʨʦʙʦʪʽ [6]. ʏʘʩ 
ʚʠʪʨʠʤʢʘ ʚ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ ʩʢʣʘʜʘʚ 30 ʭʚʠʣʠʥ ʧʨʠ ʽʥʜʫʢʮʽʾ 1ʤʊ. ʅʘ ʨʠʩ.1 ʥʘʚʝ-
ʜʝʥʽ ʯʘʩʦʚʽ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜʥʦʩʥʦʾ ʟʤʽʥʠ ʨʦʟʤʽʨʫ ʥʘʤʘʛʥʽʯʝʥʦʾ ʇ ὸ ʪʘ ʥʝʤʘʛʥʽʯʝ-
ʥʦʾ  ʢʨʘʧʣʠʥʠ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʇ ὸ, ʷʢʘ ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʴ ʷʢ ʚʽʜʥʦʰʝʥʥʷ ʜʽʘʤʝ-
ʪʨʫ ʢʨʘʧʣʠʥʠ ʫ ʚʠʟʥʘʯʝʥʠʡ ʯʘʩ Ὠ ʜʦ ʜʽʘʤʝʪʨʫ ʢʨʘʧʣʠʥʠ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ 
ʯʘʩʫ Ὠ. ɼʣʷ ʧʦʨʽʚʥʷʥʥʷ ʥʘ ʮʴʦʤʫ ʨʠʩʫʥʢʫ ʟʦʙʨʘʞʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʦʚʦʾ ʟʘʣʝʞ-
ʥʦʩʪʽ ʟʤʽʥʠ ʨʦʟʤʽʨʠ ʢʨʘʧʣʠʥʠ ʜʠʩʪʠʣʷʪʫ ʇ ὸ. ɺʠʧʘʨʦʚʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʴ ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʽ ʊ=20Áʉ. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʚʠʤʽʨʶʚʘʯʘ ʛʫʩʪʠʥʠ ʪʘ ʚ'ʷʟʢʦʩʪʽ  DMA 4500 M (Anton Paar) 
ʚʠʟʥʘʯʘʣʘʩʴ ʛʫʩʪʠʥʘ ʪʘ ʚ'ʷʟʢʽʩʪʴ ʥʝʥʘʤʘʛʥʽʯʝʥʦʛʦ ʚʦʜʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ, 
ʥʘʤʘʛʥʽʯʝʥʦʛʦ ʚʦʜʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʪʘ ʜʠʩʪʠʣʴʦʚʘʥʦʾ ʚʦʜʠ ʧʨʠ ʪʝʤʧʝ-
ʨʘʪʫʨʽ ʊ=20Áʉ.  ʅʘ ʨʠʩ.2ʘ ʥʘʚʝʜʝʥʦ ʛʽʩʪʦʛʨʘʤʫ  ʨʦʟʧʦʜʽʣʫ ʛʫʩʪʠʥ ʧʨʠ ʩʪʘʣʦʤʫ 
ʚʽʜʥʦʩʥʦʤʫ ʦʙ'ʻʤʫ ɡ = const ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʠʩʪʝʤʠ, ʱʦ ʜʦʨʽʚʥʶʻ ʨʦʟʤʽʨʫ ʢʦʤʽ-
ʨʢʠ ʚʠʤʽʨʶʚʘʯʘ ʛʫʩʪʠʥʠ  DMA 4500 M (Anton Paar)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʊ=20Áʉ. ʅʘ 
ʨʠʩ.2.ʙ ʥʘʚʝʜʝʥʦ ʛʽʩʪʦʛʨʘʤʫ ʛʫʩʪʠʥ ʜʣʷ ʥʘʥʘʤʘʛʥʽʯʝʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ 
ʪʘ ʥʘʤʘʛʥʽʯʝʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʫ ʟʙʽʣʴʰʝʥʦʤʫ ʤʘʩʰʪʘʙʽ. 

 
ʈʠʩ.1.ʏʘʩʦʚʽ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜʥʦʩʥʦʾ ʟʤʽʥʠ 
ʨʦʟʤʽʨʫ ʥʘʤʘʛʥʽʯʝʥʦʾ ‗ ὸ (¶), ʥʝʥʘʤʘʛʥʽ-
ʯʝʥʦʾ ʢʨʘʧʣʠʥʠ ‗ ὸ(¶) ʪʘ ʜʠʩʪʠʣʴʦʚʘʥʦʾ 
ʚʦʜʠ ‗ ὸ(ʾ)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʊ=20Áʉ 
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ʅʘ ʨʠʩ.3 ʥʘʚʝʜʝʥʦ ʛʽʩʪʦʛʨʘʤʫ ʨʦʟʧʦʜʽʣʫ ʜʠʥʘʤʽʯʥʦʾ ʚ'ʷʟʢʦʩʪʽ ʧʨʠ ʩʪʘʣʦʤʫ 
ʚʽʜʥʦʩʥʦʤʫ ʦʙ'ʻʤʫ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʠʩʪʝʤʠ ɡ = const, ʱʦ ʜʦʨʽʚʥʶʻ ʨʦʟʤʽʨʫ ʢʘʧʽ-
ʣʷʨʘ  ʢʘʧʽʣʷʨʥʦʛʦ ʚʽʩʢʦʟʠʤʝʪʨʘ  DMA 4500 M (Anton Paar)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 
ʊ=20Áʉ. ʅʘ ʨʠʩ.3.ʙ ʥʘʚʝʜʝʥʦ ʛʽʩʪʦʛʨʘʤʫ ʨʦʟʧʦʜʽʣʫ ʜʠʥʘʤʽʯʥʠʭ ʚ'ʷʟʢʦʩʪʝʡ ʜʣʷ 
ʥʘʥʘʤʘʛʥʽʯʝʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʪʘ ʥʘʤʘʛʥʽʯʝʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʫ 
ʟʙʽʣʴʰʝʥʦʤʫ ʤʘʩʰʪʘʙʽ. 

 
ʆʙʛʦʚʦʨʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ.1 ʜʣʷ ʜʦʩʣʽʜʞʝʥʦʛʦ 40% ʨʦʟʯʠʥʫ 

ʛʣʶʢʦʟʠ, ʧʽʜʜʘʥʦʛʦ ʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟʘʣʝʞʥʽʩʪʴ ‗ ὸ ʤʘʻ ʚʽʜʤʽʥʥʦʩʪʽ ʚʽʜ ʟʘ-
ʣʝʞʥʦʩʪʽ ‗ ὸ, ʱʦ ʦʧʠʩʫʻ ʧʦʚʝʜʽʥʢʫ ʥʝʥʘʤʘʛʥʽʯʝʥʦʛʦ ʨʦʟʯʠʥʫ. ʎʽ ʚʽʜʤʽʥʥʦʩʪʽ 
ʧʦʯʠʥʘʶʪʴ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟ ʤʦʤʝʥʪʫ ʯʘʩʫ ὸ ρυ  ʭʚʠʣʠʥ ʚʽʜ ʧʦʯʘʪʢʫ ʚʠʤʽʨʶ-
ʚʘʥʴ.  ɺ ʧʦʨʽʚʥʷʥʥʷʤ ʽʟ ʟʘʣʝʞʥʽʩʪʶ ‗ ὸ, ʱʦ  ʭʘʨʘʢʪʝʨʠʟʫʻ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʜʠʩ-
ʪʠʣʴʦʚʘʥʦʾ ʚʦʜʠ, ʜʣʷ ʷʢʦʾ ʟʤʽʥʘ ʨʦʟʤʽʨʫ ʢʨʘʧʣʠʥʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʣʽʥʽʡʥʦ, ʜʣʷ ʨʽ-
ʜʠʥʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʤʽʩʪʷʪʴ ʤʦʣʝʢʫʣʠ ʛʣʶʢʦʟʠ, ʟʘʣʝʞʥʽʩʪʴ ‗ ὸ ʪʘ ‗ ὸ ʤʘʻ ʜʽ-
ʣʷʥʢʠ ʟ ʚʽʜʩʫʪʥʽʩʪʶ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ‗ ὸ ὧέὲίὸ ʽ ‗ ὸ ὧέὲίὸ. ʅʘ ʮʠʭ ʜʽʣʷ-
ʥʢʘʭ ʚ ʩʠʩʪʝʤʘʭ çʚʦʜʘ-ʛʣʶʢʦʟʘè ʚʽʜʙʫʚʘʶʪʴʩʷ ʤʦʣʝʢʫʣʷʨʥʽ  ʧʝʨʝʙʫʜʦʚʠ ʚʧʨʦ-
ʜʦʚʞ ʷʢʠʭ ʟʤʽʥʶʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ ʨʦʟʯʠʥʫ (ʫʪʚʦʨʝʥʥʷ ʪʘ ʟʤʽʥʘ ʬʦʨʤ ʘʛʨʝʛʘʪʽʚ ʟʘ 
ʨʘʭʫʥʦʢ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʚʦʜʥʝʚʠʭ ʟʚôʷʟʢʽʚ ʤʽʞ ʥʠʤʠ [8].  

 
 ʈʠʩ. 2. ɻʽʩʪʦʛʨʘʤʘ ʨʦʟʧʦʜʽʣʫ ʛʫʩʪʠʥ ʧʨʠ ʩʪʘʣʦʤʫ ʚʽʜʥʦʩʥʦʤʫ ʦʙ'ʻʤʫ ɡ = const ʜʣʷ 
ʥʝʥʝʤʘʛʥʽʯʝʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ (¶), ʥʝʥʘʤʘʛʥʽʯʝʥʦʛʦ ʨʦʟʯʠʥʫ (¶) ʪʘ ʜʠʩʪʠ-
ʣʴʦʚʘʥʦʾ ʚʦʜʠ (ƺ)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʊ=20Áʉ (ʘ) ʫ ʟʙʽʣʴʰʝʥʦʤʫ ʤʘʩʰʪʘʙʽ ʜʣʷ ʨʦʟʯʠʥʫ 
(¶) ʪʘ ʨʦʟʯʠʥʫ (ƺ)  (ʙ) 

 
 ʈʠʩ. 3. ɻʽʩʪʦʛʨʘʤʘ ʨʦʟʧʦʜʽʣʫ ʜʠʥʘʤʽʯʥʠʭ ʚ'ʷʟʢʦʩʪʝʡ  ʧʨʠ ʩʪʘʣʦʤʫ ʚʽʜʥʦʩʥʦʤʫ ʦʙ'ʻʤʫ 
ɡ = const ʜʣʷ ʥʝʥʝʤʘʛʥʽʯʝʥʦʛʦ 40% ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ (¶), ʥʝʥʘʤʘʛʥʽʯʝʥʦʛʦ ʨʦʟʯʠʥʫ 
(¶) ʪʘ ʜʠʩʪʠʣʴʦʚʘʥʦʾ ʚʦʜʠ (ƺ)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʊ=20Áʉ- (ʘ); ʫ ʟʙʽʣʴʰʝʥʦʤʫ ʤʘʩʰʪʘʙʽ 
ʜʣʷ ʨʦʟʯʠʥʫ (¶) ʪʘ ʨʦʟʯʠʥʫ (ƺ) -  (ʙ) 
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ʇʨʠ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʚ ʦʢʦʣʽ 40% ʨʦʟʯʠʥʠ ʤʦʥʦʩʘʭʘʨʠʜʽʚ ʥʘʙʫʚʘʶʪʴ ʧʦʣʽʤʝʨ-
ʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʊʘʢʽ ʨʦʟʯʠʥʠ ʤʦʞʫʪʴ ʨʦʟʛʣʷʜʘʪʠʩʴ ʷʢ ʧʦʨʠʩʪʽ ʩʪʨʫʢʪʫʨʠ, ʱʦ 
ʤʽʩʪʷʪʴ ʧʦʨʠ, ʷʢʽ ʟʘʧʦʚʥʝʥʽ ʚʦʜʦʶ ʪʘ ʟʚ'ʷʟʘʥʽ ʤʽʞ ʩʦʙʦʶ ʚʦʜʥʝʚʠʤʠ ʟʚ'ʷʟʢʘʤʠ ʢʣʘ-
ʩʪʝʨʠ ʤʦʣʝʢʫʣ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ [8-9]. ɼʣʷ ʧʦʨʠʩʪʠʭ ʩʠʩʪʝʤ ʚ ʨʦʙʦʪʽ [9] ʙʫʣʦ 
ʚʚʝʜʝʥʦ ʧʦʥʷʪʪʷ ʧʦʨʠʩʪʦʩʪʽ. ʎʝ ʧʦʥʷʪʪʷ ʧʦʚ'ʷʟʘʥʝ ʽʟ ʟʤʽʥʦʶ ʨʦʟʤʽʨʫ, ʬʦʨʤ ʪʘ ʚʟʘ-
ʻʤʥʦʛʦ ʨʦʟʪʘʰʫʚʘʥʥʷ ʦʙʣʘʩʪʝʡ ʨʽʜʠʥʥʦʾ ʩʠʩʪʝʤʠ, ʱʦ ʟʘʧʦʚʥʝʥʘ ʚʠʢʣʶʯʥʦ ʤʦʣʝ-
ʢʫʣʘʤʠ ʨʦʟʯʠʥʥʠʢʘ. ɺ  ʤʦʜʝʣʽ ʨʽʜʠʥʥʦʾ ʧʦʨʠʩʪʦʾ ʩʠʩʪʝʤʠ ʾʾ ʦʙ'ʻʤ ʚʠʟʥʘʯʘʚʩʷ ʟʘ 
ʬʦʨʤʫʣʦʶ 

ὠ ὠ ὠ,                                                   (1) 
ʜʝ ὠ ï ʦʙ'ʻʤ, ʟʘʡʥʷʪʠʡ ʯʘʩʪʠʥʢʘʤʠ, ὠ- ʦʙ'ʻʤ, ʜʝ ʯʘʩʪʠʥʢʠ ʚʽʜʩʫʪʥʽ ( ʚʽʣʴʥʠʡ 
ʦʙ'ʻʤ). 

ʇʦʨʠʩʪʽʩʪʴ ʟʛʘʜʘʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʚʠʟʥʘʯʘʣʘʩʴ ʬʦʨʤʫʣʦʶ 

x
ὠ ὠ
ὠ
 Ȣ                                                               ς 

ʊʘʢʦʞ ʚ ʨʦʙʦʪʽ [9] ʙʫʣʘ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʬʦʨʤʫʣʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʧʦʨʠʩʪʦʩʪʽ 
ʧʦ ʟʥʘʯʝʥʥʷʤ ʛʫʩʪʠʥʠ, ʷʢʽ ʚʠʟʥʘʯʘʣʠʩʴ ʟ ʝʢʩʧʝʨʠʤʝʥʪʫ 

x
r r
r

 Ȣ                                                               σ 

ʜʝ ʍ ï ʛʫʩʪʠʥʘ ʤʘʪʨʠʮʽ, ʘ r ï ʛʫʩʪʠʥʘ ʤʘʪʨʠʮʽ ʨʘʟʦʤ ʟ ʧʦʨʘʤʠ. 
ʇʦʨʽʚʥʶʶʯʠ ʚʠʨʘʟʠ (1-3) ʜʣʷ ʚʽʣʴʥʦʛʦ  ʦʙ'ʻʤʫ ὠ  ʦʪʨʠʤʫʻʤʦ ʬʦʨʤʫʣʫ 

ὠ
ὠr r
r

Ȣ                                                              τ 

ɿʘʧʦʟʠʯʠʚʰʠ ʽʟ ʝʣʝʢʪʨʦʥʥʦʛʦ ʨʝʩʫʨʩʫ [10] ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʢʨʠʩʪʘʣʽʯʥʦʾ 
ʛʣʶʢʦʟʠ, ʨʽʚʥʝ 1.54 ʛ/ʩʤ3 ʪʘ ʧʨʠʡʤʘʶʯʠ, ʨʦʟʤʽʨ ʢʦʤʽʨʢʠ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʛʫʩ-
ʪʠʥʠ 1.5 ʤʣ (1.5 ʩʤ3) ʚʠʟʥʘʯʠʤʦ  ʟʘ ʬʦʨʤʫʣʦʶ (4) ʦʙ'ʻʤ, ʟʘʡʥʷʪʠʡ ʧʦʨʘʤʠ  ὠ ʜʣʷ 
ʥʝʥʘʤʘʛʥʽʯʝʛʦʛʦ ʚʦʜʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ 40% ʪʘ ʥʘʤʘʛʥʽʯʝ-
ʥʦʛʦ ʚʦʜʥʦʛʦ ʨʦʟʯʠʥʫ ʛʣʶʢʦʟʠ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ 40%. ɺ ʪʘʙʣʠʮʽ 1 ʥʘʚʝʜʝʥʦ ʨʝ-
ʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ 

ʗʢ ʚʠʜʥʦ ʟ ʪʘʙʣ. 1 ʧʨʠ ʊ = 20Áʉ ʚ ʨʽʜʠʥʥʽʡ ʩʠʩʪʝʤʽ çʚʦʜʘ-ʛʣʶʢʦʟʘè ʟ ʢʦʥʮʝ-
ʥʪʨʘʮʽʻʶ 40% ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ ʚ ʧʦʩʪʽʡʥʦʤʫ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ ʟʙʽʣʴʰʫʻʪʴʩʷ ʦʙ-
ʣʘʩʪʴ, ʟʘʡʥʷʪʘ ʨʽʜʠʥʥʦʶ ʢʦʤʧʦʥʝʥʪʦʶ. ʈʦʟʛʣʷʥʝʤʦ ʤʦʞʣʠʚʠʡ ʤʝʭʘʥʽʟʤ ʮʴʦʛʦ 
ʧʨʦʮʝʩʫ.  

ɺʽʜʦʤʦ, ʱʦ ʨʦʟʯʠʥʘʭ ʛʣʶʢʦʟʠ  ʤʦʣʝʢʫʣʘ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʧʝʨʝʭʦʜʠʪʴ ʽʟ  
Ŭ- ʢʦʥʬʦʨʤʘʮʽʾ ʚ  ɓ-ʢʦʥʬʦʨʤʘʮʽʶ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʢʨʠʪʪʷ ʧʽʨʘʥʦʟʥʦʛʦ ʢʽʣʴʮʷ ʟ ʧʝ-
ʨʝʭʦʜʦʤ ʚ ʣʽʥʽʡʥʫ ʬʦʨʤʫ ʪʘ ʧʦʜʘʣʴʰʦʤʫ ʟʘʢʨʠʪʪʶ ʟ ʫʪʚʦʨʝʥʥʷʤ ʽʥʰʦʾ ʮʠʢʣʽʯʥʦʾ 

ʊʘʙʣʠʮʷ 1 
ʊʠʧ ʨʦʟʯʠʥʫ ʅʝʥʘʤʘʛʥʽʯʝʥʠʡ ʚʦʜ-

ʥʠʡ ʨʦʟʯʠʥ ʛʣʶʢʦʟʠ ʟ 
ʢʦʥʮʝʥʪʨʘʮʽʻʶ 40% 

ʅʘʤʘʛʥʽʯʝʥʠʡ ʚʦʜʥʠʡ 
ʨʦʟʯʠʥ ʛʣʶʢʦʟʠ ʟ ʢʦʥ-
ʮʝʥʪʨʘʮʽʻʶ 40% 

ʆʙ'ʻʤ, ʟʘʡʥʷʪʠʡ   
ʧʦʨʘʤʠ, ʩʤ3 

      0.3848 0.3851 
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ʬʦʨʤʠ [11].  ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚ ʮʽʡ ʨʦʙʦʪʠ ʚʢʘʟʘʣʠ ʥʘ ʪʝ, ʱʦ ʧʽʜ ʯʘʩ ʤʦʣʝʢʫ-
ʣʷʨʥʦʾ ʘʛʨʝʛʘʮʽʾ ʢʦʤʧʣʝʢʩʠ, ʱʦ ʤʘʶʪʴ  ɓ-ʢʦʥʬʦʨʤʘʮʽʶ  (ɓ-ʘʥʦʤʝʨʠ) ʻ ʙʽʣʴʰ ʩʪʘ-
ʙʽʣʴʥʽʰʽ ʟʘ Ŭ-ʘʥʦʤʝʨʠ ʟʘ ʨʘʭʫʥʦʢ ʫʪʚʦʨʝʥʥʷ ʨʦʟʛʘʣʫʞʝʥʴ ʚʦʜʥʝʚʠʭ ʟʚ'ʷʟʢʽʚ. ɺ ʨʦ-
ʙʦʪʽ [5] ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜ ʜʽʻʶ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʚ ʨʦʟʯʠʥʘʭ ʛʣʶʢʦʟʠ ʚʠ-
ʥʠʢʘʻ ʪʫʨʙʫʣʝʥʪʥʠʭ ʨʫʭ, ʷʢʠʡ ʛʝʥʝʨʫʻʪʴʩʷ ʨʫʭʦʤ ʨʽʟʥʠʭ ʢʣʘʩʪʝʨʽʚ ʟʘ ʨʘʭʫʥʦʢ ʛʽ-
ʜʨʦʜʠʥʘʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ [5]. ɿ ʪʦʯʢʠ ʟʦʨʫ ʫʷʚʣʝʥʥʷ ʧʨʦ 40% ʚʦʜʥʠʡ ʨʦʟʯʠʥ ʛʣʶ-
ʢʦʟʠ ʷʢ ʧʦʨʠʩʪʫ ʩʪʨʫʢʪʫʨʫ, ʱʦ ʤʽʩʪʠʪʴ ʢʘʨʢʘʩ ʪʘ ʧʦʨʦʞʥʠʥʠ [8-9], ʙʫʜʝʤʦ ʚʚʘ-
ʞʘʪʠ, ʱʦ ʧʽʜ ʜʽʻʶ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ  ʦʙʣʘʩʪʴ ʧʦʨʠ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʫʪʚʦ-
ʨʝʥʴ ʨʦʟʛʘʣʫʞʝʥʴ ʚʦʜʥʝʚʠʭ ʟʚ'ʷʟʢʽʚ ʥʘʚʢʦʣʦ ɓ-ʘʥʦʤʝʨʽʚ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʛʽʩʪʦʛʨʘ-
ʤʘʤ, ʥʘʚʝʜʝʥʠʤ ʥʘ ʨʠʩ.2 ʪʘ ʨʠʩ.3. [12] ɺ ʧʦʜʘʣʴʰʦʤʫ ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ 
ʬʦʨʤʠ ʢʘʨʢʘʩʫ. ʅʘʜʘʣʽ ʩʪʘʙʽʣʴʥʽʩʪʴ ɓ-ʘʥʦʤʝʨʽʚ ʟʤʝʥʰʫʻʪʴʩʷ ʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝ-
ʭʽʜ ʮʠʭ ʘʥʦʤʝʨʽʚ ʚ Ŭ-ʬʦʨʤʫ. ʊʘʢʘ ʧʝʨʽʦʜʠʯʥʽʩʪʴ ʟʤʽʥʠ ʩʪʘʙʽʣʴʥʦʩʪʽ ʘʥʦʤʝʨʽʚ 
ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʘʚʪʦʢʦʣʠʚʘʣʴʥʦʛʦ ʨʫʭʫ ʢʘʨʢʘʩʫ [13]. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʛʽʧʦʪʝʟʘ ʜʦʙʨʝ ʫʟʛʦʜʞʫʻʪʴʩʷ ʽʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ, 
ʧʨʝʜʩʪʘʚʣʝʥʠʤʠ ʥʘ ʨʠʩ.1. ʗʢ ʚʠʜʥʦ ʟ ʮʴʦʛʦ ʨʠʩʫʥʢʘ ʨʦʟʤʽʨ ʢʨʘʧʣʠʥʠ, ʧʦʧʝʨʝʜʥʴʦ 
ʦʙʨʦʙʣʝʥʦʛʦ ʧʦʩʪʽʡʥʠʤ ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ, ʧʽʜ ʯʘʩ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʟʤʝʥʰʫʻʪʴʩʷ 
ʧʝʨʽʦʜʠʯʥʦ. ʇʽʜʪʚʝʨʜʞʝʥʥʷʤ ʟʘʟʥʘʯʝʥʦʛʦ ʬʘʢʪʫ ʻ ʜʽʣʷʥʢʠ  ‗ ὸ ὧέὲίὸ  ʚ ʯʘ-
ʩʦʚʠʭ ʽʥʪʝʨʚʘʣʘʭ 16-20 ʭʚʠʣʠʥ, 21-25 ʭʚʠʣʠʥ, 26-30 ʭʚʠʣʠʥ. 

 
ɺʠʩʥʦʚʢʠ. ɺ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʨʦʟʛʣʷʜʘʪʠ ʢʦʥʮʝʥʪʨʦʚʘʥʠʡ ʚʦʜʥʠʡ ʨʦ-

ʟʯʠʥ ʛʣʶʢʦʟʠ  ʷʢ  ʧʦʨʠʩʪʫ ʩʠʩʪʝʤʫ. ʊʘʢʘ ʩʠʩʪʝʤʘ ʤʽʩʪʠʪʴ ʧʦʨʠ, ʱʦ ʟʘʧʦʚʥʝʥʽ ʤʦ-
ʣʝʢʫʣʘʤʠ ʨʦʟʯʠʥʥʠʢʘ, ʪʘ ʢʘʨʢʘʩ, ʫʪʚʦʨʝʥʠʡ ʢʣʘʩʪʝʨʘʤʠ ʤʦʣʝʢʫʣ ʛʣʶʢʦʟʠ ʟʚ'ʷʟʘ-
ʥʠʤʠ ʤʽʞ ʩʦʙʦʶ ʚʦʜʥʝʚʠʤʠ ʟʚ'ʷʟʢʘʤʠ. ɼʣʷ ʢʦʥʮʝʥʪʨʦʚʘʥʦʾ ʨʽʜʠʥʥʦʾ ʩʠʩʪʝʤʠ 
çʚʦʜʘ-ʛʣʶʢʦʟʘè, ʷʢʘ ʧʽʜʜʘʚʘʣʘʩʴ ʜʽʾ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʦʣʝʢʫʣʷ-
ʨʥʠʡ ʤʝʭʘʥʽʟʤ ʚʠʧʘʨʦʚʫʚʘʥʥʷ. ʎʝʡ ʤʝʭʘʥʽʟʤ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʪʠʤ, ʱʦ ʧʽʩʣʷ ʦʙʨʦʙʢʠ 
ʧʦʩʪʽʡʥʠʤ  ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ ʚ ʨʽʜʠʥʥʽʡ ʩʠʩʪʝʤʽ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ, ʚʠʥʠʢʘʶʪʴ 
ʩʪʘʙʽʣʴʥʽ ʢʦʤʧʣʝʢʩʠ, ʫʪʚʦʨʝʥʽ  ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʛʘʣʫʞʝʥʥʷʤʠ ʚʦʜʥʝʚʠʭ ʟʚ'ʷʟʢʽʚ ʥʘ-
ʚʢʦʣʦ ɓ-ʘʥʦʤʝʨʽʚ. ɯʩʥʫʚʘʥʥʷ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʰʚʠʜʢʦʩʪʽ 
ʧʝʨʝʭʦʜʫ ʤʽʞ Ŭ ʪʘ ɓ ʢʦʥʬʦʨʤʘʮʽʷʤʠ  ʤʦʣʝʢʫʣ ʛʣʶʢʦʟʠ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ ʧʝʨʽʦ-
ʜʠʯʥʦʾ ʟʤʽʥʠ ʩʪʘʥʽʚ ʟ ʥʘʷʚʥʽʩʪʶ ʪʘ ʚʽʜʩʫʪʥʽʩʪʶ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚ ʥʘʤʘʛʥʽʯʝʥʠʡ 
ʨʽʜʠʥʥʽʡ ʩʠʩʪʝʤʽ, ʷʢʘ ʜʦʩʣʽʜʞʫʻʪʴʩʷ.  
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Molecular mechanism of evaporation of aqueous glucose solution 
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Summary

The molecular mechanism of evaporation of a concentrated glucose solution exposed to a
magnetic field is studied. It is proposed to consider a concentrated aqueous glucose solution as
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a porous system. Such a system contains pores filled with solvent molecules and a framework
formed by clusters of glucose molecules bound together by hydrogen bonds. Aqueous glucose
solutions of production with a concentration of 40% were studied. The time dependences of the
relative change in the size of the magnetized ‗ ὸ, non-magnetized drop of glucose solution
‗ ὸ and the distillate drop ‗ ὸ at a temperature T = 20ÁC were experimentally determined.
It is shown that in comparison with the dependence ‗ ὸ, which characterizes the evaporation
of distilled water, for which the change in droplet size occurs linearly, for liquid systems con-
taining glucose molecules, the dependence ‗ ὸ and ‗ ὸ has areas with no evaporation
‗ ὸ  = const and ‗ ὸ  = const. In these areas in the “water-glucose” systems, molecular 
rearrangements occur, during which the solution structure changes (formation and change 
in theshapes of aggregates due to the redistribution of hydrogen bonds between them). 
Using theDMA 4500 M density and viscosity meter (Anton Paar), the density and 
viscosity of a non-magnetized aqueous 40% glucose solution, a magnetized aqueous 40% 
glucose solution, anddistilled water were determined at a temperature of T = 20 ÁC. Using 
the results of the experiments, the free volume ὠ was determined, which corresponds to 
the volume of pores in thesystem, for a non-magnetized glucose solution and a solution 
exposed to a magnetic field. Amolecular mechanism of evaporation was proposed for a 
concentrated liquid “water-glucose”system exposed to a magnetic field. This mechanism is 
due to the fact that after treatment witha constant magnetic field in the liquid system under 
study, stable complexes arise, formed bybranching hydrogen bonds around ɓ-anomers. 
The existence of such complexes leads to achange in the rate of transition between Ŭ and 
ɓ conformations of glucose molecules, whichleads to a periodic change of states with the 
presence and absence of evaporation in the mag-netized liquid system under study.
Keywords: evaporation, aqueous glucose solution, magnetic field, porosity, density.
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ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʩʠʩʪʝʤ ʦʪʨʠʤʘʥʥʷ  
ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ 

 
ʅʘʡʙʣʠʞʯʦʶ ʛʦʜʠʥʦʶ ʥʘʡʮʽʥʥʽʰʠʤ ʨʝʩʫʨʩʦʤ ʥʘ ʧʣʘʥʝʪʽ ʩʪʘʥʝ ʚʦʜʘ ʽ ʮʷ ʪʝʥʜʝʥʮʽʷ

ʙʫʜʝ ʪʽʣʴʢʠ ʟʨʦʩʪʘʪʠ ʚ ʤʘʡʙʫʪʥʴʦʤʫ. ʎʷ ʩʠʪʫʘʮʽʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʢʘʪʘʩʪʨʦʬʽʯʥʠʭ ʥʘ-
ʩʣʽʜʢʽʚ ʽ ʚ ʥʘʡʙʣʠʞʯʫ ʛʦʜʠʥʫ ʤʦʞʝ ʤʘʪʠ ʤʽʩʮʝ ʽ ʚ ʋʢʨʘʾʥʽ. ɸʪʤʦʩʬʝʨʥʝ ʧʦʚʽʪʨʷ ʧʦʩʪʘʻ
ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʡ, ʚʽʜʥʦʚʣʶʚʘʥʠʡ ʪʘ ʧʦʰʠʨʝʥʠʡ ʜʞʝʨʝʣʦ ʚʦʣʦʛʠ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʫ ʟʝ-
ʤʥʽʡ ʘʪʤʦʩʬʝʨʽ ʦʜʥʦʯʘʩʥʦ ʤʽʩʪʠʪʴʩʷ ʙʣʠʟʴʢʦ 12,9Ā103 ʢʤį ʚʦʜʠ. ʉʠʩʪʝʤʠ ʦʪʨʠʤʘʥʥʷ
ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʥʠʞʯʝ ʟʘ ʪʦʯʢʫ ʨʦʩʠ ʤʦ-
ʞʫʪʴ ʯʘʩʪʢʦʚʦ ʚʠʨʽʰʠʪʠ ʧʨʦʙʣʝʤʠ ʚʦʜʦʟʘʙʝʟʧʝʯʝʥʥʷ. ʇʝʚʥʽ ʧʝʨʩʧʝʢʪʠʚʠ ʫ ʪʘʢʠʭ ʩʠʩ-
ʪʝʤʘʭ ʤʘʶʪʴ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʤʦʜʫʣʽ, ʷʢʽ ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʭʦʣʦʜʠʣʴʥʠʭ ʘʛʝʥʪʽʚ ʪʘ ʝʢʦ-
ʣʦʛʽʯʥʦ ʙʝʟʧʝʯʥʽ. ʄʝʪʘ ʨʦʙʦʪʠ — ʚʠʚʯʝʥʥʷ ʧʝʨʩʧʝʢʪʠʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʨʤʦʝʣʝʢʪʨʠ-
ʯʥʠʭʤʦʜʫʣʽʚ ʫ ʩʠʩʪʝʤʘʭ ʦʜʝʨʞʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ. ʄʝʪʦʜʠʢʘ ʚʠʚʯʝʥʥʷ
— ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ. ʅʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽ-
ʜʞʝʥʥʷʧʨʦʮʝʩʽʚ ʢʦʥʜʝʥʩʘʮʽʾ ʚʦʣʦʛʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʨʤʦ-
ʝʣʝʢʪʨʠʯʥʠʭʤʦʜʫʣʽʚ (ʝʣʝʤʝʥʪʽʚ ʇʝʣʴʪʴʻ). ɺ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʥʘ ʙʘʟʽ ʤʦʜʫʣʽʚ TEC1-
12706 ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ ʥʘʧʨʫʛʠ ʞʠʚʣʝʥʥʷ, ʰʚʠʜʢʦʩʪʽ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ ʽ ʚʽʜ-
ʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽʩʝʨʝʜʦʚʠʱʘ ʥʘ ʚʠʭʽʜ ʢʦʥʜʝʥʩʘʪʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʡʙʽʣʴʰ
ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʤ ʻ ʨʝʞʠʤʨʦʙʦʪʠ ʧʨʠ ʥʘʧʨʫʟʽ 9ï10 ɺ ʪʘ ʩʠʣʽ ʩʪʨʫʤʫ 3,8ï4,2 ɸ, ʱʦ
ʜʦʟʚʦʣʷʻ ʫʥʠʢʘʪʠ ʧʝʨʝʛʨʽʚʫ ʤʦʜʫʣʷ. ɺʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʫ ʰʚʠʜʢʽʩʪʴ ʦʙʜʫʚʘʥʥʷ
ʨʘʜʽʘʪʦʨʽʚ (2,5ï3,0 ʤ/ʩ), ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʢʨʘʱʠʡ ʪʝʧʣʦʦʙʤʽʥ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥ-
ʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʠʪʦʤʽ ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʚ ʦʧʪʠʤʽʟʦʚʘʥʦʤʫ ʨʝʞʠʤʽ ʩʪʘʥʦʚʣʷʪʴ 0,9ï1,1
ʢɺʪĀʛʦʜ/ʣ. ɺʠʷʚʣʝʥʦ çʢʨʠʪʠʯʥʫʪʦʯʢʫè ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ (40%), ʥʠʞʯʝ ʟʘ ʷʢʫ ʧʨʦʮʝʩ
ʢʦʥʜʝʥʩʘʮʽʾ ʩʪʘʻ ʝʥʝʨʛʝʪʠʯʥʦʥʝʜʦʮʽʣʴʥʠʤ. ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠ-
ʚʥʽʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʛʝʥʝʨʘʪʦʨʽʚ ʚʦʜʠ ʟ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʤʠ ʧʘʥʝʣʷʤʠ
ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʦʚʥʽʩʪʶ ʘʚʪʦʥʦʤʥʠʭ ʩʠʩʪʝʤ ʚʦʜʦʧʦʩʪʘʯʘʥʥʷ ʚ ʧʦʩʫʰʣʠʚʠʭ ʨʝʛʽʦʥʘʭ.
ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʧʨʦʚʝʜʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʚô̫ ʟʘʥʘ ʟ ʚʠʟʥʘʯʝʥʥʷʤ
ʦʙʣʘʩʪʽ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚʝʢʩʧʣʫʘʪʘʮʽʾ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʤʦʜʫʣʽʚ, ʫ ʷʢʽʡ
ʟʘʙʝʟʧʝʯʫʶʪʴʩʷ ʤʽʥʽʤʘʣʴʥʽ ʝʥʝʨʛʝʪʠʯʥʽʚʠʪʨʘʪʠ ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʚʦʜʠ ʟ ʧʦʚʽʪʨʷ.
ʇʨʘʢʪʠʯʥʘ ʮʽʥʥʽʩʪʴ ʧʦʣʷʛʘʻ ʫ ʤʦʞʣʠʚʦʩʪʽʩʪʚʦʨʝʥʥʷ ʢʦʤʧʘʢʪʥʠʭ ʧʨʠʣʘʜʽʚ ʜʣʷ ʨʦʙʦ-
ʪʠ ʷʢ ʟʘ ʫʤʦʚ ʩʪʘʙʽʣʴʥʦʛʦ ʝʣʝʢʪʨʦʧʦʩʪʘʯʘʥʥʷ,ʪʘʢ ʽ ʚʽʜ ʩʦʥʷʯʥʠʭ ʙʘʪʘʨʝʡ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʤʦʜʫʣʽ, ʘʪʤʦʩʬʝʨʥʘ ʛʝʥʝʨʘʮʽʷ ʚʦʜʠ, ʝʥʝʨʛʦʝʬʝʢʪʠ-

ʚʥʽʩʪʴ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʪʦʯʢʘ ʨʦʩʠ, ʩʠʩʪʝʤʠ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩ-
ʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ
 
 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ. ʉʴʦʛʦʜʥʽ ʛʣʦʙʘʣʴʥʠʡ ʜʝʬʽʮʠʪ ʧʨʽʩʥʦʾ ʚʦʜʠ ʻ ʦʜʥʠʤ 
ʽʟ ʥʘʡʙʽʣʴʰ ʢʨʠʪʠʯʥʠʭ ʚʠʢʣʠʢʽʚ ʜʣʷ ʣʶʜʩʪʚʘ. ɿʛʽʜʥʦ ʟ ʜʘʥʠʤʠ ʤʽʞʥʘʨʦʜʥʠʭ ʦʨ-
ʛʘʥʽʟʘʮʽʡ, ʧʦʥʘʜ ʪʨʝʪʠʥʘ ʥʘʩʝʣʝʥʥʷ ʧʣʘʥʝʪʠ ʧʨʦʞʠʚʘʻ ʚ ʨʝʛʽʦʥʘʭ ʟ ʦʙʤʝʞʝʥʠʤ 

ʋɼʂ 628.112.9:621.577:620.92 
https://doi.org/10.18524/0367-1631.2026.64.361466 

 

É ʂ. ʆ. ɻʦʜʠʢ, 2026
ʎʝ ʩʪʘʪʪʷ ʚʽʜʢʨʠʪʦʛʦ ʜʦʩʪʫʧʫ ʟʘ ʣʽʮʝʥʟʽʻʶ CC-BY 4.0

ум

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 81ï90.                    ISSN 0367-1631 (Print)

https://creativecommons.org/licenses/by/4.0/deed
https://creativecommons.org/licenses/by/4.0/deed


ун 

ʜʦʩʪʫʧʦʤ ʜʦ ʙʝʟʧʝʯʥʠʭ ʜʞʝʨʝʣ ʚʦʜʦʧʦʩʪʘʯʘʥʥʷ [1-3]. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ (ʚʠʢʦ-
ʨʠʩʪʘʥʥʷ ʧʽʜʟʝʤʥʠʭ ʚʦʜ, ʦʧʨʽʩʥʝʥʥʷ ʤʦʨʩʴʢʦʾ ʚʦʜʠ) ʯʘʩʪʦ ʧʦʪʨʝʙʫʶʪʴ ʟʥʘʯʥʠʭ 
ʢʘʧʽʪʘʣʦʚʢʣʘʜʝʥʴ ʪʘ ʩʢʣʘʜʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ. 

ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʘʪʤʦʩʬʝʨʥʝ ʧʦʚʽʪʨʷ ʧʦʩʪʘʻ ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʝ, ʚʽʜʥʦʚʣʶ-
ʚʘʥʝ ʪʘ ʧʦʚʩʶʜʥʝ ʜʞʝʨʝʣʦ ʚʦʣʦʛʠ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʚ ʟʝʤʥʽʡ ʘʪʤʦʩʬʝʨʽ ʦʜʥʦʯʘʩʥʦ 
ʤʽʩʪʠʪʴʩʷ ʙʣʠʟʴʢʦ ρςȢωϽρπ ʢʤį ʚʦʜʠ [4].  

ʊʝʭʥʦʣʦʛʽʾ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʟ ʧʦʚʽʪʨʷ (Atmospheric Water Generation ï AWG 
[5]) ʜʦʟʚʦʣʷʶʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʧʠʪʥʫ ʚʦʜʫ ʥʘʚʽʪʴ ʫ ʧʦʩʫʰʣʠʚʠʭ ʪʘ ʚʽʜʜʘʣʝʥʠʭ ʨʝ-
ʛʽʦʥʘʭ, ʜʝ ʚʽʜʩʫʪʥʽ ʥʘʟʝʤʥʽ ʛʽʜʨʦʨʝʩʫʨʩʠ [6-7]. 

ʇʝʨʝʚʘʞʥʘ ʢʽʣʴʢʽʩʪʴ ʪʝʭʥʦʣʦʛʽʡ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʧʦ-
ʚ'ʷʟʘʥʝ ʟ ʦʭʦʣʦʜʞʝʥʥʷʤ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ ʥʠʞʯʝ ʪʦʯʢʠ ʨʦʩʠ ʟ ʥʘʩʪʫʧʥʠʤ ʚʽʜ-
ʚʝʜʝʥʥʷʤ ʪʘ ʟʙʠʨʘʥʥʷ ʢʦʥʜʝʥʩʘʪʫ . 

 
ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʫʙʣʽʢʘʮʽʡ. ʉʫʯʘʩʥʽ ʩʠʩʪʝʤʠ AWG ʚ ʦʩʥʦʚ-

ʥʦʤʫ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʘʨʦʢʦʤʧʨʝʩʽʡʥʦʤʫ ʮʠʢʣʽ ʦʭʦʣʦʜʞʝʥʥʷ [8]. ɺʦʥʠ ʤʘʶʪʴ ʚʠ-
ʩʦʢʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʥʦ ʪʘʢʦʞ ʤʘʶʪʴ ʽ ʟʥʘʯʥʽ ʥʝʜʦʣʽʢʠ: ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ ʰʫʤʫ, 
ʟʥʘʯʥʽ ʛʘʙʘʨʠʪʠ, ʥʘʷʚʥʽʩʪʴ ʨʫʭʦʤʠʭ ʤʝʭʘʥʽʯʥʠʭ ʯʘʩʪʠʥ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʭʦʣʦʜʦ-
ʘʛʝʥʪʽʚ, ʱʦ ʤʦʞʫʪʴ ʰʢʦʜʠʪʠ ʜʦʚʢʽʣʣʶ. 

ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʚ ʫʤʦʚʘʭ ʧʝʨʝʭʦʜʫ ʥʘ ʝʢʦʣʦʛʽʯʥʦ ʙʝʟʧʝʯʥʽ ʨʦʙʦʯʽ ʪʽʣʘ ʧʦʯʘʣʠ 
ʰʠʨʦʢʦ ʧʦʰʠʨʶʚʘʪʠʩʷ ʪʝʧʣʦʚʠʢʦʨʠʩʪʦʚʫʶʯʽ ʭʦʣʦʜʠʣʴʥʽ ʩʠʩʪʝʤʠ ʥʘ ʧʨʠʨʦʜʥʠʭ 
ʨʦʙʦʯʠʭ ʪʽʣʘʭ. ʎʝ ʽ ʘʙʩʦʨʙʮʽʡʥʽ, ʽ ʘʜʩʦʨʙʮʽʡʥʽ, ʽ ʧʘʨʦʝʞʝʢʪʦʨʥʽ ʭʦʣʦʜʠʣʴʥʽ ʘʛʨʝ-
ʛʘʪʠ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ʩʠʩʪʝʤ ʦʜʝʨʞʘʥʥʷ ʚʦʜʠ ʽʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ [2; 
3; 9-11]. 

ʂʨʽʤ ʝʢʦʣʦʛʽʯʥʦʾ ʙʝʟʧʝʢʠ ʨʦʙʦʯʦʛʦ ʪʽʣʘ, ʪʝʧʣʦʚʠʢʦʨʠʩʪʦʚʫʶʯʽ ʩʠʩʪʝʤʠ ʤʦ-
ʞʫʪʴ ʧʨʘʮʶʚʘʪʠ ʽ ʥʘ ʥʝʝʣʝʢʪʨʠʯʥʠʭ ʜʞʝʨʝʣʘʭ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ [12]. 

ʎʝʡ ʘʩʧʝʢʪ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʢʨʘʾʥ ʝʢʚʘʪʦʨʽʘʣʴʥʦʛʦ ʧʦʷʩʫ, ʜʝ ʚʠʩʦʢʘ ʩʦʥʷʯʥʘ 
ʽʥʩʦʣʷʮʽʷ ʽ, ʷʢ ʧʨʘʚʠʣʦ, ʻ ʜʝʬʽʮʠʪ ʚʦʜʥʠʭ ʨʝʩʫʨʩʽʚ [13]. 

ɺʦʜʥʦʯʘʩ ʫʩʽ ʪʠʧʠ ʪʝʧʣʦʚʠʢʦʨʠʩʪʦʚʫʚʘʣʴʥʠʭ ʤʘʰʠʥ ʜʦʩʠʪʴ ʛʨʦʤʽʟʜʢʽ, ʧʨʠ-
ʚ'ʷʟʘʥʽ ʜʦ ʜʞʝʨʝʣ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ ʪʘ ʤʘʶʪʴ ʟʥʘʯʥʦ ʥʠʞʯʫ, ʧʦʨʽʚʥʷʥʦ ʟ ʢʦʤʧʨʝ-
ʩʽʡʥʠʤʠ ʘʥʘʣʦʛʘʤʠ, ʝʥʝʨʛʝʪʠʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ [14]. ʋ ʨʘʟʽ ʨʦʙʦʪʠ ʽʟ ʩʦʥʷʯʥʠʤʠ 
ʢʦʣʝʢʪʦʨʘʤʠ ʚʦʥʠ ʚʠʤʘʛʘʶʪʴ ʜʦʜʘʪʢʦʚʠʭ ʘʢʫʤʫʣʷʪʦʨʽʚ ʪʝʧʣʘ ʪʘ ʭʦʣʦʜʫ ʜʣʷ ʮʽ-
ʣʦʜʦʙʦʚʦʾ ʨʦʙʦʪʠ [15]. 

ɿʽ ʚʩʽʭ ʪʠʧʽʚ ʧʨʠʣʘʜʽʚ ʰʪʫʯʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʦʢʨʝʤʦ ʩʪʦʷʪʴ ʪʝʨʤʦʝʣʝʢʪʨʠ-
ʯʥʽ ʤʦʜʫʣʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʭ ʤʦʜʫʣʽʚ (ʊɽʄ), ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ 
ʦʩʥʦʚʽ ʝʬʝʢʪʫ ʇʝʣʴʪʴʻ, ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʢʦʤʧʘʢʪʥʠʭ 
ʧʨʠʩʪʨʦʾʚ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ [16].  

ɻʦʣʦʚʥʠʤʠ ʧʝʨʝʚʘʛʘʤʠ ʊɽʄ ʻ: 
ʘ) ʥʘʜʽʡʥʽʩʪʴ: ʧʦʚʥʘ ʚʽʜʩʫʪʥʽʩʪʴ ʨʫʭʦʤʠʭ ʜʝʪʘʣʝʡ (ʦʢʨʽʤ ʩʠʩʪʝʤʠ ʦʙʜʫʚʘʥʥʷ) 

ʪʘ ʚʽʙʨʘʮʽʡ; 
ʙ) ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ ï ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʷʢ ʤʽʢʨʦʫʩʪʘʥʦʚʦʢ, ʪʘʢ ʽ ʧʦʪʫ-

ʞʥʠʭ ʤʦʜʫʣʴʥʠʭ ʩʠʩʪʝʤ;  
ʚ) ʛʥʫʯʢʽʩʪʴ ʢʝʨʫʚʘʥʥʷ ï ʪʦʯʥʝ ʨʝʛʫʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʦʭʦʣʦʜʞʝʥʥʷ ʰʣʷ-

ʭʦʤ ʟʤʽʥʠ ʩʠʣʠ ʩʪʨʫʤʫ; 
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уо 

ʛ) ʝʢʦʣʦʛʽʯʥʽʩʪʴ ï ʚʽʜʩʫʪʥʽʩʪʴ ʭʽʤʽʯʥʠʭ ʭʦʣʦʜʦʘʛʝʥʪʽʚ ʪʘ ʣʝʛʢʘ ʽʥʪʝʛʨʘʮʽʷ ʟ 
ʩʠʩʪʝʤʘʤʠ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ, ʟʦʢʨʝʤʘ ʟ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʤʠ ʧʘʥʝʣʷʤʠ ʪʘ ʚʽʪʨʦ-
ʛʝʥʝʨʘʪʦʨʘʤʠ. 

ʊɽʄ ʤʦʞʫʪʴ ʟʥʘʡʪʠ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʚ ʫʤʦʚʘʭ ʩʪʘʙʽʣʽʟʦʚʘʥʠʭ ʜʞʝ-
ʨʝʣ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ, ʪʘʢ ʽ ʧʨʠ ʨʦʙʦʪʽ ʟ ʩʦʥʷʯʥʠʤʠ ʙʘʪʘʨʝʷʤʠ, ʥʘʧʨʠʢʣʘʜ, ʫ 
ʧʦʣʴʦʚʠʭ ʫʤʦʚʘʭ ʪʘ ʚʽʜʜʘʣʝʥʠʭ ʤʽʩʮʝʚʦʩʪʷʭ. 

ʅʘ ʨʠʥʢʫ ʢʣʽʤʘʪʠʯʥʦʾ ʪʝʭʥʽʢʠ ʩʠʩʪʝʤʠ ʦʜʝʨʞʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ 
ʧʦʚʽʪʨʷ ʥʘ ʙʘʟʽ ʊɽʄ ʚʽʜʩʫʪʥʽ ʽ ʫ ʟʚ'ʷʟʢʫ ʟ ʮʠʤ ʘʢʪʫʘʣʴʥʠʤʠ ʩʪʘʶʪʴ ʜʦʩʣʽʜʞʝʥʥʷ, 
ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʚʠʚʯʝʥʥʷ ʧʝʨʩʧʝʢʪʠʚ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ, ʥʘʩʘʤʧʝʨʝʜ ʫ ʯʘʩʪʠʥʽ 
ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽʚ. 

ʆʯʝʚʠʜʥʦ, ʱʦ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʢʣʘʜʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʫ ʧʨʠ ʢʦʥ-
ʜʝʥʩʘʮʽʾ ʧʘʨʠ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʨʦʟʨʦʙʦʢ ʩʠʩʪʝʤ 
ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʩʣʽʜ ʧʨʦʚʝʩʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽ-
ʜʞʝʥʥʷ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢ-
ʪʠʚʥʦʩʪʽ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʦʛʦ ʤʦʜʫʣʷ ʜʣʷ ʢʦʥʜʝʥʩʘʮʽʾ ʚʦʜʽ ʽʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽ-
ʪʨʷ.  

ʆʙ'ʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʡ ʤʦʜʫʣʴ ʫ ʩʢʣʘʜʽ ʩʠʩʪʝʤʠ ʦʪʨʠ-
ʤʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ. 

ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʝʥʝʨʛʝʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʆʯʝʚʠʜʥʦ, ʱʦ ʟ ʫʨʘ-
ʭʫʚʘʥʥʷʤ ʩʢʣʘʜʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʫ ʧʨʠ ʢʦʥʜʝʥʩʘʮʽʾ ʧʘʨʠ ʚʦʜʠ ʟ ʘʪ-
ʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʨʦʟʨʦʙʦʢ ʩʠʩʪʝʤ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩ-
ʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʩʣʽʜ ʧʨʦʚʝʩʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ. 

 
ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʙʫʣʦ ʩʧʨʦʝʢʪʦʚʘʥʦ ʪʘ ʟʽʙʨʘʥʦ ʫʩʪʘʥʦʚʢʘ, ʱʦ ʽʤʽʪʫʻ ʨʦʙʦʪʫ ʩʠʩʪʝʤʠ ʦʪʨʠʤʘʥʥʷ 
ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ (ʨʠʩ.1). ʆʩʥʦʚʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʫʩʪʘʥʦʚʢʠ ʻ: 

ʘ) ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽ: ʚʠʢʦʨʠʩʪʘʥʦ ʤʦʜʫʣʽ ʇʝʣʴʪʴʻ ʪʠʧʫ TEC1-
12706 [17], ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʫ ʨʽʟʥʠʮʶ ʪʝʤʧʝʨʘʪʫʨ ʤʽʞ çʛʘʨʷʯʦʶè ʪʘ 
çʭʦʣʦʜʥʦʶè ʩʪʦʨʦʥʘʤʠ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʧʦʩʪʽʡʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ; 

ʙ) ʩʠʩʪʝʤʘ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʢʦʥʜʝʥʩʘʮʽʾ: ʥʘ çʭʦʣʦʜʥʽʡè ʩʪʦʨʦʥʽ ʚʩʪʘʥʦʚʣʝʥʦ 
ʘʣʶʤʽʥʽʻʚʠʡ ʨʘʜʽʘʪʦʨ ʽʟ ʨʦʟʚʠʥʝʥʦʶ ʧʣʦʱʝʶ ʧʦʚʝʨʭʥʽ, ʥʘ ʷʢʽʡ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦ-
ʮʝʩ ʜʝʩʫʙʣʽʤʘʮʽʾ ʪʘ ʢʦʥʜʝʥʩʘʮʽʾ ʚʦʣʦʛʠ; 

ʚ) ʜʣʷ ʚʽʜʚʝʜʝʥʥʷ ʥʘʜʣʠʰʢʦʚʦʛʦ ʪʝʧʣʘ ʟ çʛʘʨʷʯʦʾè ʩʪʦʨʦʥʠ ʚʠʢʦʨʠʩʪʘʥʦ 
ʢʦʤʙʽʥʦʚʘʥʫ ʩʠʩʪʝʤʫ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʘʣʶʤʽʥʽʻʚʦʛʦ  ʨʘʜʽʘʪʦʨʘ ʪʘ ʚʝʥʪʠʣʷʪʦʨʘ 
ʧʨʠʤʫʩʦʚʦʛʦ ʦʙʜʫʚʫ Delta PFC1212DE (12V, 4.8A 12cm) 4 pin (ʘʢʪʠʚʥʝ ʧʦʚʽʪʨʷʥʝ 
ʦʭʦʣʦʜʞʝʥʥʷ); 

ʛ) ʩʠʩʪʝʤʘ ʞʠʚʣʝʥʥʷ. 
ʆʩʢʽʣʴʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ ʨʦʙʦʪʽ ʚʽʜ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ 

ʝʥʝʨʛʽʾ, ʨʝʘʣʴʥʫ ʩʦʥʷʯʥʫ ʧʘʥʝʣʴ ʙʫʣʦ ʟʤʦʜʝʣʴʦʚʘʥʝ ʟʘ ʜʦʧʦʤʦʛʦʶ ʣʘʙʦʨʘʪʦʨʥʦʛʦ 
ʙʣʦʢʫ ʞʠʚʣʝʥʥʷ ʟ ʤʦʞʣʠʚʽʩʪʶ ʪʦʯʥʦʛʦ ʨʝʛʫʣʶʚʘʥʥʷ ʚʠʭʽʜʥʦʾ ʥʘʧʨʫʛʠ (U) ʪʘ 
ʩʪʨʫʤʫ (I). ʎʝ ʜʦʟʚʦʣʠʣʦ ʽʤʽʪʫʚʘʪʠ ʟʤʽʥʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶ-
ʚʘʥʥʷ ʧʨʦʪʷʛʦʤ ʩʚʽʪʣʦʚʦʛʦ ʜʥʷ. 

ɼʣʷ ʤʦʥʽʪʦʨʠʥʛʫ ʧʘʨʘʤʝʪʨʽʚ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʨʦʙʦʯʠʭ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʘʥʦ ʪʘʢʠʡ ʢʦʤʧʣʝʢʩ ʧʨʠʣʘʜʽʚ: 
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уп 

 
ʘ) ʜʘʪʯʠʢʠ ʪʝʤʧʝʨʘʪʫʨʠ (T) ʪʘ ʚʽʜʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽ (RH) ï ʮʠʬʨʦʚʽ ʩʝʥʩʦʨʠ 

ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ HTU21 ʜʣʷ ʬʽʢʩʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʧʦʚʽʪʨʷ ʥʘ ʚʭʦʜʽ ʜʦ ʫʩʪʘʥʦʚʢʠ 
ʪʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʧʦʚʝʨʭʥʽ ʢʦʥʜʝʥʩʘʮʽʾ; 

ʙ) ʮʠʬʨʦʚʠʡ ʘʥʝʤʦʤʝʪʨ Benetech 0,1-30 ʤ/ʩ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʦ-
ʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ, ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʚʝʥʪʠʣʷʪʦʨʘʤʠ ʦʙʜʫʚʫ; 

ʚ) ʮʠʬʨʦʚʠʡ ʚʘʪʤʝʪʨ Walcom PMB05 ʜʣʷ ʢʦʥʪʨʦʣʶ ʩʧʦʞʠʚʘʥʦʾ ʧʦʪʫʞʥʦʩʪʽ 
(P) ʪʘ ʘʥʘʣʽʟʫ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ; 

ʛ) ʝʣʝʢʪʨʦʥʥʽ ʚʘʛʠ Dneproves ɺʊɼ-ʊ3ɽ ʪʘ ʤʽʨʥʠʡ ʧʦʩʫʜ ʜʣʷ ʪʦʯʥʦʛʦ ʚʠʟʥʘ-
ʯʝʥʥʷ ʤʘʩʠ ʪʘ ʦʙôʻʤʫ ʦʪʨʠʤʘʥʦʛʦ ʢʦʥʜʝʥʩʘʪʫ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʰʣʷʭʦʤ ʚʘʨʽʶʚʘʥʥʷ ʢʣʶʯʦ-
ʚʠʭ ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʫ ʜʣʷ ʧʦʰʫʢʫ ʪʦʯʢʠ ʤʘʢʩʠʤʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ. 

ʄʝʪʦʜʠʢʘ ʧʝʨʝʜʙʘʯʘʣʘ ʥʘʩʪʫʧʥʽ ʢʨʦʢʠ: 
ʘ) ʚʘʨʽʶʚʘʥʥʷ ʥʘʧʨʫʛʠ: ʥʘ ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʤʦʜʫʣʽ ʧʦʜʘʚʘʣʘʩʷ ʥʘʧʨʫʛʘ ʚ 

ʜʽʘʧʘʟʦʥʽ ʚʽʜ 6ɺ ʜʦ 12ɺ ʟ ʢʨʦʢʦʤ 2ɺ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ 
ʩʧʦʞʠʚʘʥʦʶ ʧʦʪʫʞʥʽʩʪʶ ʪʘ ʰʚʠʜʢʽʩʪʶ ʜʦʩʷʛʥʝʥʥʷ ʪʦʯʢʠ ʨʦʩʠ; 

ʙ) ʨʝʛʫʣʶʚʘʥʥʷ ʦʙʜʫʚʫ: ʰʚʠʜʢʽʩʪʴ ʧʦʚʽʪʨʷʥʦʛʦ ʧʦʪʦʢʫ ʟʤʽʥʶʚʘʣʘʩʷ ʚ ʤʝ-
ʞʘʭ ʚʽʜ 1 ʜʦ 5 ʤ/ʩ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʙʘʣʘʥʩʫ ʤʽʞ ʰʚʠʜʢʽʩʪʶ ʧʦʜʘʯʽ 
ʚʦʣʦʛʦʛʦ ʧʦʚʽʪʨʷ ʪʘ ʯʘʩʦʤ ʡʦʛʦ ʢʦʥʪʘʢʪʫ ʟ ʦʭʦʣʦʜʞʝʥʦʶ ʧʦʚʝʨʭʥʝʶ; 

 
 

ʈʠʩ. 1. ʉʭʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ: 
1 ï çʭʦʣʦʜʥʘè ʩʪʦʨʦʥʘ; 2 ï çʛʘʨʷʯʘè ʩʪʦʨʦʥʘ; 3 ï ʦʨʝʙʨʝʥʘ ʧʦʚʝʨʭʥʷ; 4 ï ʤʽʨʥʘ ʻʤ-
ʥʽʩʪʴ; 5 ï ʚʘʛʠ; 6 ï ʚʘʪʤʝʪʨ; 7 ï ʩʠʩʪʝʤʘ ʧʽʜʚʝʜʝʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ; 8 

ï ʥʘʛʥʽʪʘʣʴʥʠʡ ʚʝʥʪʠʣʷʪʦʨ; 9 ï ʘʨʝʦʤʝʪʨ; 10 ï ʩʠʩʪʝʤʘ ʚʽʜʚʝʜʝʥʥʷ ʪʝʧʣʘ 
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ур 

ʚ) ʬʽʢʩʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ: ʢʦʞʥʽ 30 ʭʚʠʣʠʥ ʧʨʦʚʦʜʠʚʩʷ ʟʘʤʽʨ ʦʙôʻʤʫ ʥʘʢʦʧʠ-
ʯʝʥʦʾ ʚʦʜʠ ʪʘ ʧʘʨʘʣʝʣʴʥʦ ʨʝʻʩʪʨʫʚʘʣʠʩʷ ʧʦʢʘʟʥʠʢʠ ʪʝʤʧʝʨʘʪʫʨʠ ʨʘʜʽʘʪʦʨʘ ʪʘ ʩʧʦ-
ʞʠʚʘʥʦʾ ʝʥʝʨʛʽʾ; 

ʛ) ʨʦʟʨʘʭʫʥʦʢ ʂʂɼ: ʥʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʨʦʟʨʘʭʦʚʫʚʘʚʩʷ ʧʦʢʘʟʥʠʢ 
ʧʠʪʦʤʠʭ ʝʥʝʨʛʦʚʠʪʨʘʪ (ʢɺʪĀ ʛʦʜ/ʣ) ʜʣʷ ʢʦʞʥʦʛʦ ʨʝʞʠʤʫ ʨʦʙʦʪʠ. 

ɼʣʷ ʝʬʝʢʪʠʚʥʦʛʦ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ çʭʦʣʦʜʥʦʛʦè ʨʘʜʽʘ-
ʪʦʨʘ (Ὕ) ʧʦʚʠʥʥʘ ʙʫʪʠ ʥʠʞʯʦʶ ʟʘ ʪʦʯʢʫ ʨʦʩʠ (Ὕ) ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʧʦʚʽʪʨʷ. ʈʦʟ-
ʨʘʭʫʥʦʢ ʪʦʯʢʠ ʨʦʩʠ ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʚʽʜʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽ RH ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ T 
ʧʨʦʚʦʜʠʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʣʠ ʄʘʛʥʫʩʘ-ʊʝʪʝʥʩʘ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦ-
ʯʥʽʩʪʴ ʫ ʨʦʙʦʯʠʭ ʜʽʘʧʘʟʦʥʘʭ ʪʝʤʧʝʨʘʪʫʨ (ʚʽʜ 0 ʜʦ 50 ÁC) [18]: 

Ὕ Ͻ ȟ
ȟ
                                              (1) 

ʜʝ ʢʦʝʬʽʮʽʻʥʪ ‎ὝȟὙὌ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 
‎ὝȟὙὌ ÌÎ Ͻ.                                             (2) 

ʇʨʠʡʥʷʪʽ ʩʪʘʣʽ ʟʥʘʯʝʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ: b = 17.27; c = 237.7 ÁC. 
ɺʠʢʦʨʠʩʪʘʣʘʩʴ ʥʘʩʪʫʧʥʘ ʤʝʪʦʜʠʢʘ ʤʦʥʽʪʦʨʠʥʛʫ ʢʦʥʜʝʥʩʘʮʽʾ: 
ʘ) ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ ʢʦʞʥʦʛʦ ʮʠʢʣʫ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʘ ʧʦʢʘʟʥʠʢʘʤʠ ʜʘʪʯʠʢʽʚ 

ʬʽʢʩʫʚʘʣʠʩʷ ʧʦʪʦʯʥʽ T ʪʘ RH, ʧʽʩʣʷ ʯʦʛʦ ʧʨʦʛʨʘʤʥʦ ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʷ ʮʽʣʴʦʚʘ Ὕ; 
ʙ) ʥʘʧʨʫʛʘ ʥʘ ʤʦʜʫʣʷʭ ʇʝʣʴʪʴʻ ʨʝʛʫʣʶʚʘʣʘʩʷ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ 

ʩʪʘʙʽʣʴʥʝ ʧʽʜʪʨʠʤʘʥʥʷ Ὕ < Ὕ  ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʧʣʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʽʜ ʧʦʚʽ-
ʪʨʷʥʦʛʦ ʧʦʪʦʢʫ; 

ʚ) ʦʢʨʝʤʦ ʬʽʢʩʫʚʘʚʩʷ çʯʘʩ ʚʠʭʦʜʫ ʥʘ ʨʝʞʠʤè ð ʽʥʪʝʨʚʘʣ ʚʽʜ ʤʦʤʝʥʪʫ ʚʚʽʤ-
ʢʥʝʥʥʷ ʊɽʄ ʜʦ ʧʦʷʚʠ ʧʝʨʰʠʭ ʢʨʘʧʝʣʴ ʢʦʥʜʝʥʩʘʪʫ ʥʘ ʨʝʙʨʘʭ ʨʘʜʽʘʪʦʨʘ. 

ʋ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ çʭʦ-
ʣʦʜʥʽʡè ʩʪʦʨʦʥʽ ʊɽʄ ʤʘʻ ʥʝʣʽʥʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʧʦʜʘʥʦʾ ʥʘʧʨʫʛʠ ʪʘ ʩʠʣʠ 
ʩʪʨʫʤʫ. 

ʇʨʠ ʤʘʣʠʭ ʟʥʘʯʝʥʥʷʭ ʥʘʧʨʫʛʠ (6ï8 ɺ) ʨʽʟʥʠʮʷ ʪʝʤʧʝʨʘʪʫʨ ʙʫʣʘ ʥʝʜʦʩʪʘʪ-
ʥʴʦʶ ʜʣʷ ʩʪʘʙʽʣʴʥʦʾ ʢʦʥʜʝʥʩʘʮʽʾ ʧʨʠ ʚʦʣʦʛʦʩʪʽ ʥʠʞʯʝ 60 %. 

ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʥʘʧʨʫʛʠ ʜʦ 12 ɺ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʽʥʪʝʥʩʠʚʥʝ ʦʭʦʣʦʜʞʝʥʥʷ, 
ʧʨʦʪʝ ʯʝʨʝʟ ʧʝʚʥʠʡ ʯʘʩ ʚʠʥʠʢʘʚ ʝʬʝʢʪ çʩʘʤʦʨʦʟʽʛʨʽʚʫè. ʎʝ ʷʚʠʱʝ ʟʫʤʦʚʣʝʥʝ ʥʘʜ-
ʤʽʨʥʠʤ ʚʠʜʽʣʝʥʥʷʤ ʜʞʦʫʣʝʚʦʛʦ ʪʝʧʣʘ ʥʘ ʛʘʨʷʯʽʡ ʩʪʦʨʦʥʽ ʤʦʜʫʣʷ, ʷʢʝ ʯʝʨʝʟ ʦʙʤʝ-
ʞʝʥʫ ʧʨʦʧʫʩʢʥʫ ʟʜʘʪʥʽʩʪʴ ʨʘʜʽʘʪʦʨʘ ʧʦʯʠʥʘʣʦ ʜʠʬʫʥʜʫʚʘʪʠ ʥʘ ʭʦʣʦʜʥʫ ʩʪʦʨʦʥʫ. 

ʆʧʪʠʤʘʣʴʥʠʡ ʩʪʨʫʤ ʜʣʷ ʤʦʜʫʣʷ TEC1-12706 ʫ ʜʘʥʽʡ ʢʦʥʬʽʛʫʨʘʮʽʾ ʩʪʘʥʦʚʠʚ 
3,8ï4,2 ɸ. [6] ʋ ʮʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟʘʙʝʟʧʝʯʫʚʘʚʩʷ ʩʪʘʙʽʣʴʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʛʨʘ-
ʜʽʻʥʪ ʙʝʟ ʨʠʟʠʢʫ ʪʝʧʣʦʚʦʛʦ ʧʨʦʙʦʶ. 

ʐʚʠʜʢʽʩʪʴ ʦʙʜʫʚʫ ʨʘʜʽʘʪʦʨʽʚ ʚʠʷʚʠʣʘʩʷ ʢʨʠʪʠʯʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʝʬʝʢʪʠ-
ʚʥʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʫ. 

ʅʠʟʴʢʘ ʰʚʠʜʢʽʩʪʴ (ʤʝʥʰʝ 2 ʤ/ʩ) ʧʨʠʟʚʦʜʠʣʘ ʜʦ ʰʚʠʜʢʦʛʦ ʦʙʤʝʨʟʘʥʥʷ ʨʝʙʝʨ 
ʨʘʜʽʘʪʦʨʘ ʘʙʦ ʫʪʚʦʨʝʥʥʷ çʰʫʙʠè, ʱʦ ʧʦʛʽʨʰʫʚʘʣʦ ʢʦʥʪʘʢʪ ʚʦʣʦʛʦʛʦ ʧʦʚʽʪʨʷ ʟ 
ʦʭʦʣʦʜʞʝʥʦʶ ʧʦʚʝʨʭʥʝʶ. 

ɺʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ (ʧʦʥʘʜ 4 ʤ/ʩ): ʧʦʚʽʪʨʷʥʠʡ ʧʦʪʽʢ ʧʨʦʭʦʜʠʚ ʯʝʨʝʟ ʨʘʜʽʘʪʦʨ 
ʟʘʥʘʜʪʦ ʰʚʠʜʢʦ, ʥʝ ʚʩʪʠʛʘʶʯʠ ʦʭʦʣʦʜʠʪʠʩʷ ʜʦ ʪʦʯʢʠ ʨʦʩʠ, ʱʦ ʟʥʠʞʫʚʘʣʦ ʝʬʝʢ-
ʪʠʚʥʽʩʪʴ ʢʦʥʜʝʥʩʘʮʽʾ. 
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ус 

ʊʘʢʠʤ ʯʠʥʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʫʣʦ ʧʽʜʪʚʝʨʜʞʝʥʦ, ʱʦ ʰʚʠʜʢʽʩʪʴ ʧʦʪʦʢʫ ʚ 
ʤʝʞʘʭ 2.5ï3.0 ʤ/ʩ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʤʘʣʴʥʠʡ ʙʘʣʘʥʩ ʤʽʞ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʚʽʜʚʝʜʝʥʥʷ 
ʪʝʧʣʘ ʚʽʜ ʛʘʨʷʯʦʾ ʩʪʦʨʦʥʠ ʪʘ ʰʚʠʜʢʽʩʪʶ ʜʦʩʷʛʥʝʥʥʷ ʪʦʯʢʠ ʨʦʩʠ ʥʘ ʭʦʣʦʜʥʽʡ ʩʪʦ-
ʨʦʥʽ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʤʽʨʶʚʘʥʴ ʙʫʣʦ ʧʦʙʫʜʦʚʘʥʦ ʟʘʣʝʞʥʦʩʪʽ ʦʙôʻʤʫ ʦʪʨʠʤʘ-
ʥʦʛʦ ʢʦʥʜʝʥʩʘʪʫ ʚʽʜ ʚʽʜʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ (RH). 

ɹʫʣʦ ʚʠʷʚʣʝʥʦ çʧʦʨʽʛ ʝʬʝʢʪʠʚʥʦʩʪʽè: ʧʨʠ RH < 40% ʚʠʭʽʜ ʚʦʜʠ ʩʪʘʻ ʤʽʥʽʤʘ-
ʣʴʥʠʤ, ʱʦ ʨʦʙʠʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʊɽʄ ʫ ʜʫʞʝ ʩʫʭʠʭ ʫʤʦʚʘʭ ʝʥʝʨʛʝʪʠʯʥʦ ʥʝʜʦʮʽ-
ʣʴʥʠʤ. 

ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʚʦʣʦʛʦʩʪʽ ʚʽʜ 60 % ʜʦ 85 % ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʨʦʩʪʘʥʥʷ ʦʙôʻʤʫ 
ʢʦʥʜʝʥʩʘʪʫ ʟʘ ʝʢʩʧʦʥʝʥʮʽʡʥʦʶ ʟʘʣʝʞʥʽʩʪʶ. ʄʘʢʩʠʤʘʣʴʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʫʩʪʘ-
ʥʦʚʢʠ ʙʫʣʘ ʟʘʬʽʢʩʦʚʘʥʘ ʧʨʠ ʚʠʩʦʢʽʡ ʚʦʣʦʛʦʩʪʽ ʪʘ ʪʝʤʧʝʨʘʪʫʨʽ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝ-
ʨʝʜʦʚʠʱʘ ʙʣʠʟʴʢʦ 25ï28 ÁC. 

ɼʣʷ ʦʮʽʥʢʠ ʝʢʦʥʦʤʽʯʥʦʾ ʜʦʮʽʣʴʥʦʩʪʽ ʙʫʣʦ ʨʦʟʨʘʭʦʚʘʥʦ ʧʠʪʦʤʽ ʚʠʪʨʘʪʠ ʝʥʝʨ-
ʛʽʾ (ὡ ) ʟʘ ʬʦʨʤʫʣʦʶ: 

ὡ Ͻ,                                                  (3) 
ʜʝ P ï ʩʧʦʞʠʚʘʥʘ ʧʦʪʫʞʥʽʩʪʴ (ʢɺʪ), t ï ʯʘʩ ʨʦʙʦʪʠ (ʛʦʜ), V ï ʦʙôʻʤ ʦʪʨʠʤʘʥʦʾ ʚʦʜʠ 
(ʣ). 

ʆʪʨʠʤʘʥʽ ʥʘʩʪʫʧʥʽ ʨʝʟʫʣʴʪʘʪʠ (ʨʠʩ.2): 
ʘ) ʚ ʨʝʞʠʤʽ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ (12 ɺ) ʚʠʪʨʘʪʠ ʩʢʣʘʣʠ ʙʣʠʟʴʢʦ 1.5ï1.8 
ʢɺʪĿʛʦʜ/ʣ; 
ʙ) ʚ ʦʧʪʠʤʘʣʴʥʦʤʫ ʨʝʞʠʤʽ (ʧʨʠ ʟʥʘʡʜʝʥʦʤʫ ʙʘʣʘʥʩʽ ʩʪʨʫʤʫ ʪʘ ʦʙʜʫʚʫ) ʧʠʪʦʤʽ 
ʚʠʪʨʘʪʠ ʚʜʘʣʦʩʷ ʟʥʠʟʠʪʠ ʜʦ 0.9ï1.1 ʢɺʪĿʛʦʜ/ʣ. 
ʎʽ ʧʦʢʘʟʥʠʢʠ ʜʝʤʦʥʩʪʨʫʶʪʴ, ʱʦ ʧʨʠ ʞʠʚʣʝʥʥʽ ʚʽʜ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ 

ʝʥʝʨʛʽʾ (ʥʘʧʨʠʢʣʘʜ, ʩʦʥʷʯʥʠʭ ʧʘʥʝʣʝʡ ʧʦʪʫʞʥʽʩʪʶ 250ï300 ɺʪ) ʩʠʩʪʝʤʘ ʟʜʘʪʥʘ 
ʛʝʥʝʨʫʚʘʪʠ ʜʦʩʪʘʪʥʶ ʢʽʣʴʢʽʩʪʴ ʪʝʭʥʽʯʥʦʾ ʘʙʦ ʧʠʪʥʦʾ ʚʦʜʠ ʜʣʷ ʘʚʪʦʥʦʤʥʠʭ ʧʦʪʨʝʙ 
ʧʨʦʪʷʛʦʤ ʩʚʽʪʣʦʚʦʛʦ ʜʥʷ.  

 
ʈʠʩ. 2. ɿʘʣʝʞʥʽʩʪʴ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʊɽʄ ʚʽʜ ʥʘʧʨʫʛʠ ʞʠʚ-
ʣʝʥʥʷ 
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ут 

ɸʥʘʣʽʟ ʛʨʘʬʽʯʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʧʦʢʘʟʫʻ: 
ʘ) ʢʽʣʴʢʽʩʪʴ ʚʦʜʠ ʟʨʦʩʪʘʻ ʨʘʟʦʤ ʽʟ ʥʘʧʨʫʛʦʶ (ʩʠʥʷ ʣʽʥʽʷ); 
ʙ) ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʩʧʦʯʘʪʢʫ ʧʘʜʘʶʪʴ (ʙʦ ʩʠʩʪʝʤʘ ʚʠʭʦʜʠʪʴ ʥʘ ʨʦʙʦʯʠʡ ʪʝʤ-

ʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ), ʘʣʝ ʧʽʩʣʷ 9ï10 ɺ ʟʥʦʚʫ ʨʽʟʢʦ ʡʜʫʪʴ ʚʛʦʨʫ (ʯʝʨʚʦʥʘ ʣʽʥʽʷ); 
ʚ) ʦʧʪʠʤʘʣʴʥʠʡ ʨʝʞʠʤ  ð ʪʫʪ ʤʠ ʦʪʨʠʤʫʻʤʦ ʜʦʩʪʘʪʥʴʦ ʚʦʜʠ, ʥʝ ʧʝʨʝʧʣʘ-

ʯʫʶʯʠ ʟʘ ʟʘʡʚʫ ʝʣʝʢʪʨʦʝʥʝʨʛʽʶ (ʟʝʣʝʥʘ ʟʦʥʘ). 
 
ʆʙʛʦʚʦʨʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʍʦʯʘ ʭʦʣʦʜʠʣʴʥʽ ʢʦʤʧʨʝʩʦʨʥʽ ʮʠ-

ʢʣʠ ʤʘʶʪʴ ʙʽʣʴʰʠʡ ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʠʩʥʦʾ ʜʽʾ ʪʘ ʥʠʞʯʽ ʧʠʪʦʤʽ ʝʥʝʨʛʦʚʠʪʨʘʪʠ (ʙʣʠ-
ʟʴʢʦ лΣоπлΣр ʢɺʪĿʛʦʜ/ʣ), ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʠʡ ʤʝʪʦʜ ʚʠʷʚʣʷʻʪʴʩʷ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦ-
ʤʦʞʥʠʤ ʫ ʩʧʝʮʠʬʽʯʥʠʭ ʫʤʦʚʘʭ. 

ɻʦʣʦʚʥʠʤ ʬʘʢʪʦʨʦʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ (ɺɯɽ). ʋ 
ʩʠʩʪʝʤʘʭ, ʱʦ ʞʠʚʣʷʪʴʩʷ ʚʽʜ ʩʦʥʷʯʥʠʭ ʧʘʥʝʣʝʡ, ʥʘ ʧʝʨʰʠʡ ʧʣʘʥ ʚʠʭʦʜʠʪʴ ʥʝ ʘʙ-
ʩʦʣʶʪʥʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʘ: 

ʘ) ʚʘʨʪʽʩʪʴ ʚʦʣʦʜʽʥʥʷ (CAPEX/OPEX) ï ʊɽʄ ʥʝ ʧʦʪʨʝʙʫʶʪʴ ʜʦʨʦʛʦʛʦ ʦʙ-
ʩʣʫʛʦʚʫʚʘʥʥʷ ʢʦʤʧʨʝʩʦʨʽʚ, ʟʘʧʨʘʚʢʠ ʭʦʣʦʜʦʘʛʝʥʪʦʤ ʪʘ ʤʘʶʪʴ ʟʥʘʯʥʦ ʜʦʚʰʠʡ 
ʪʝʨʤʽʥ ʩʣʫʞʙʠ; 

ʙ) ʧʨʷʤʝ ʞʠʚʣʝʥʥʷ ï ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʪʨʝʙʠ ʚ ʽʥʚʝʨʪʦʨʘʭ (ʧʝʨʝʪʚʦʨʝʥʥʷ 
DC/AC) ʟʥʠʞʫʻ ʚʪʨʘʪʠ ʝʥʝʨʛʽʾ ʪʘ ʩʧʨʦʱʫʻ ʢʦʥʩʪʨʫʢʮʽʶ. 

ɿʘ ʫʤʦʚʠ çʙʝʟʢʦʰʪʦʚʥʦʾè ʩʦʥʷʯʥʦʾ ʝʥʝʨʛʽʾ, ʪʝʨʤʦʝʣʝʢʪʨʠʯʥʽ ʩʠʩʪʝʤʠ ʻ ʽʜʝʘ-
ʣʴʥʠʤ ʨʽʰʝʥʥʷʤ ʜʣʷ ʘʚʪʦʥʦʤʥʠʭ ʪʦʯʦʢ ʚʦʜʦʩʧʦʞʠʚʘʥʥʷ. 

ʅʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʤʝʞʽ, ʟʘ ʷʢʠʭ ʝʢʩʧʣʫʘʪʘʮʽʷ ʩʠʩʪʝʤʠ 
ʻ ʜʦʮʽʣʴʥʦʶ. ʂʨʠʪʠʯʥʦʶ ʪʦʯʢʦʶ ʜʣʷ ʜʘʥʦʾ ʫʩʪʘʥʦʚʢʠ ʻ ʧʦʻʜʥʘʥʥʷ ʚʽʜʥʦʩʥʦʾ ʚʦ-
ʣʦʛʦʩʪʽ 40 % ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʚʽʪʨʷ  20 ÁC. 

ɺʘʞʣʠʚʦ, ʷʢʱʦ ʚʦʣʦʛʽʩʪʴ ʧʘʜʘʻ ʥʠʞʯʝ 40 %, ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʥʘ ʦʪʨʠʤʘʥʥʷ 
ʦʜʥʦʛʦ ʣʽʪʨʘ ʚʦʜʠ ʟʨʦʩʪʘʶʪʴ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʝ (ʧʦʥʘʜ 2,5 ʢɺʪĿʛʦʜ/ʣ), ʦʩʢʽʣʴʢʠ ʨʽ-
ʟʥʠʮʷ ʤʽʞ ʪʝʤʧʝʨʘʪʫʨʦʶ ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʪʦʯʢʦʶ ʨʦʩʠ ʩʪʘʻ ʟʘʥʘʜʪʦ ʚʝʣʠʢʦʶ ʜʣʷ 
ʝʬʝʢʪʠʚʥʦʾ ʨʦʙʦʪʠ ʝʣʝʤʝʥʪʘ ʇʝʣʴʪʴʻ. 

ʅʘʡʚʠʱʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤʘ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʘ ʚ ʫʤʦʚʘʭ çʥʽʯʥʦʛʦ ʪʘ ʨʘ-
ʥʢʦʚʦʛʦ ʟʙʦʨʫè, ʢʦʣʠ ʚʦʣʦʛʽʩʪʴ ʧʦʚʽʪʨʷ ʧʨʠʨʦʜʥʠʤ ʯʠʥʦʤ ʟʨʦʩʪʘʻ, ʱʦ ʜʦʟʚʦʣʷʻ 
ʦʪʨʠʤʫʚʘʪʠ ʚʦʜʫ ʟ ʤʽʥʽʤʘʣʴʥʠʤ ʪʝʤʧʝʨʘʪʫʨʥʠʤ ʛʨʘʜʽʻʥʪʦʤ. 

ɼʣʷ ʧʝʨʝʭʦʜʫ ʚʽʜ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʧʨʦʪʦʪʠʧʫ ʜʦ ʧʦʙʫʪʦʚʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 
ʧʨʦʧʦʥʫʻʪʴʩʷ ʥʘʩʪʫʧʥʝ. 
1. ʄʦʜʫʣʴʥʠʡ ʧʽʜʭʽʜ ï ʟʘʤʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʜʥʦʛʦ ʧʦʪʫʞʥʦʛʦ ʝʣʝʤʝʥʪʘ 
ʢʨʘʱʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʢʘʩʢʘʜ ʘʙʦ ʤʘʩʠʚ ʟ ʜʝʢʽʣʴʢʦʭ ʊɽʄ (ʥʘʧʨʠʢʣʘʜ, 4-8 ʦʜʠ-
ʥʠʮʴ), ʟôʻʜʥʘʥʠʭ ʧʘʨʘʣʝʣʴʥʦ-ʧʦʩʣʽʜʦʚʥʦ. ʎʝ ʜʦʟʚʦʣʷʻ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽ-
ʣʠʪʠ ʪʝʧʣʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʘʜʽʘʪʦʨ. 

2. ɯʥʪʝʣʝʢʪʫʘʣʴʥʝ ʢʝʨʫʚʘʥʥʷ ï ʚʧʨʦʚʘʜʞʝʥʥʷ ʢʦʥʪʨʦʣʝʨʘ ʟ ʜʘʪʯʠʢʦʤ ʪʦʯʢʠ 
ʨʦʩʠ. ʉʠʩʪʝʤʘ ʤʘʻ ʘʚʪʦʤʘʪʠʯʥʦ ʟʥʠʞʫʚʘʪʠ ʧʦʪʫʞʥʽʩʪʴ ʘʙʦ ʚʠʤʠʢʘʪʠʩʷ, ʢʦʣʠ 
ʫʤʦʚʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʩʪʘʶʪʴ ʝʥʝʨʛʝʪʠʯʥʦ ʥʝʚʠʛʽʜʥʠʤʠ. 

3. ɻʽʙʨʠʜʥʝ ʦʭʦʣʦʜʞʝʥʥʷ ï ʜʣʷ ʤʘʩʰʪʘʙʦʚʘʥʠʭ ʩʠʩʪʝʤ ʜʦʮʽʣʴʥʦ ʨʦʟʛʣʷʥʫʪʠ 
ʚʦʜʷʥʝ ʦʭʦʣʦʜʞʝʥʥʷ ʛʘʨʷʯʦʾ ʩʪʦʨʦʥʠ ʊɽʄ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʱʝ ʙʽʣʴʰʝ ʟʥʠʟʠʪʠ 
ʪʝʤʧʝʨʘʪʫʨʫ ʥʘ ʭʦʣʦʜʥʽʡ ʩʪʦʨʦʥʽ ʪʘ ʧʽʜʚʠʱʠʪʠ ʚʠʭʽʜ ʢʦʥʜʝʥʩʘʪʫ ʥʘ 15-20 
%. 
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4. ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʘʢʦʧʠʯʫʚʘʯʽʚ: ɯʥʪʝʛʨʘʮʽʷ ʙʫʬʝʨʥʦʛʦ ʘʢʫʤʫʣʷʪʦʨʘ ʜʦʟʚʦʣʷʻ 
ʩʠʩʪʝʤʽ ʧʨʦʜʦʚʞʫʚʘʪʠ ʨʦʙʦʪʫ ʫ ʚʝʯʽʨʥʽ ʛʦʜʠʥʠ, ʢʦʣʠ ʚʦʣʦʛʽʩʪʴ ʧʦʚʽʪʨʷ ʤʘʢ-
ʩʠʤʘʣʴʥʘ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʝʥʝʨʛʽʶ, ʥʘʢʦʧʠʯʝʥʫ ʩʦʥʷʯʥʠʤʠ ʧʘʥʝʣʷʤʠ 
ʚʜʝʥʴ. 

 
ɺʠʩʥʦʚʢʠ. ʅʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʨʤʦ-

ʝʣʝʢʪʨʠʯʥʦʾ ʩʠʩʪʝʤʠ ʦʪʨʠʤʘʥʥʷ ʚʦʜʠ ʟ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʦʚʽʪʨʷ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʥʘ-
ʩʪʫʧʥʽ ʚʠʩʥʦʚʢʠ: 

ʘ) ʚʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʨʦʙʦʯʽ ʧʘʨʘʤʝʪʨʠ: ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʩʪʘʥʦʚʣʝʥʦ, 
ʱʦ ʜʣʷ ʤʦʜʫʣʷ ʪʠʧʫ TEC1-12706 ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʤ ʻ ʨʝʞʠʤ ʨʦʙʦʪʠ 
ʧʨʠ ʥʘʧʨʫʟʽ 9ï10 ɺ ʪʘ ʩʠʣʽ ʩʪʨʫʤʫ 3.8ï4.2 ɸ. ɿʘ ʪʘʢʠʭ ʫʤʦʚ ʚʜʘʻʪʴʩʷ ʫʥʠʢʥʫʪʠ 
ʝʬʝʢʪʫ çʩʘʤʦʨʦʟʽʛʨʽʚʫè ʤʦʜʫʣʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʩʠʩʪʝʤʠ. ʆʧʪʠ-
ʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʦʙʜʫʚʫ ʨʘʜʽʘʪʦʨʽʚ ʩʪʘʥʦʚʠʪʴ 2.5ï3.0 ʤ/ʩ, ʱʦ ʛʘʨʘʥʪʫʻ ʝʬʝʢʪʠ-
ʚʥʝ ʚʽʜʚʝʜʝʥʥʷ ʪʝʧʣʘ ʙʝʟ ʥʘʜʤʽʨʥʦʛʦ ʦʙʜʫʚʘʥʥʷ çʭʦʣʦʜʥʦʾè ʟʦʥʠ. 

ʙ) ʝʥʝʨʛʝʪʠʯʥʘ ʜʦʮʽʣʴʥʽʩʪʴ: ʇʠʪʦʤʽ ʝʥʝʨʛʦʚʠʪʨʘʪʠ ʚ ʦʧʪʠʤʽʟʦʚʘʥʦʤʫ ʨʝʞʠʤʽ 
ʩʪʘʥʦʚʣʷʪʴ ʙʣʠʟʴʢʦ 0.9ï1.1 ʢɺʪĿʛʦʜ/ʣ. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻ ʛʽʧʦʪʝʟʫ ʧʨʦ ʚʠʩʦʢʫ ʝʬʝʢ-
ʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ (ʟʦʢʨʝʤʘ ʬʦʪʦʝʣʝʢʪʨʠʯʥʠʭ 
ʧʘʥʝʣʝʡ) ʜʣʷ ʞʠʚʣʝʥʥʷ ʧʦʜʽʙʥʠʭ ʫʩʪʘʥʦʚʦʢ [7]. ʇʨʷʤʝ ʞʠʚʣʝʥʥʷ ʚʽʜ ʧʦʩʪʽʡʥʦʛʦ 
ʩʪʨʫʤʫ (DC) ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʚʪʨʘʪ ʥʘ ʽʥʚʝʨʪʘʮʽʶ, ʱʦ ʨʦʙʠʪʴ ʩʠʩʪʝʤʫ ʽʜʝʘʣʴ-
ʥʠʤ ʨʽʰʝʥʥʷʤ ʜʣʷ ʘʚʪʦʥʦʤʥʦʛʦ ʚʦʜʦʟʘʙʝʟʧʝʯʝʥʥʷ ʫ ʚʽʜʜʘʣʝʥʠʭ ʨʝʛʽʦʥʘʭ; 

ʚ) ʚʧʣʠʚ ʩʝʨʝʜʦʚʠʱʘ: ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʦʙʦʪʘ ʩʠʩʪʝʤʠ ʩʪʘʻ ʝʢʦʥʦʤʽʯʥʦ ʚʠ-
ʧʨʘʚʜʘʥʦʶ ʧʨʠ ʚʽʜʥʦʩʥʽʡ ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ ʙʽʣʴʰ 40 %. ʇʨʠ ʚʠʱʠʭ ʧʦʢʘʟʥʠʢʘʭ 
ʚʦʣʦʛʦʩʪʽ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʟʨʦʩʪʘʻ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʝ, ʱʦ ʚʢʘʟʫʻ ʥʘ ʧʝʨʩʧʝʢʪʠʚ-
ʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʩʪʨʦʾʚ ʫ ʧʨʠʙʝʨʝʞʥʠʭ ʪʘ ʪʨʦʧʽʯʥʠʭ ʟʦʥʘʭ. 
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K. Hodyk 
Experimental study of thermoelectric systems for obtaining water from  

atmospheric air 
 

Summary
In the near future, water will become the most valuable resource on the planet, and this

trend will only increase in the future. This situation leads to catastrophic consequences and
may also occur in Ukraine in the near future. Atmospheric air appears as a promising, renew-
able and widespread source of moisture. It is believed that the Earth's atmosphere simultane-
ously contains about 12.9Ā103 kmį of water. Systems for obtaining water from atmospheric air
that provide a temperature below the dew point can partially solve the problems of water sup-
ply. Thermoelectric modules that do not require refrigerants and are environmentally friendly
have certain prospects in such systems. The purpose of the work is to study the prospects for
using thermoelectric modules in systems for obtaining water from atmospheric air. The study
methodology is experimental research. The results of an experimental study of the processes of
condensation of moisture from atmospheric air using thermoelectric modules (Peltier elements)
are presented. During experiments based on TEC1-12706 modules, the influence of supply volt-
age, air flow velocity and relative humidity of the environment on the condensate output was
analyzed. It was established that the most energy-efficient mode is the operation mode at a
voltage of 9ï10 V and a current of 3.8ï4.2 A, which allows avoiding module overheating. The
optimal speed of radiators blowing (2.5ï3.0 m/s) was determined, which ensures the best heat
transfer. The results of the study showed that the specific energy consumption in the optimized
mode is 0.9ï1.1 kWh/l. A “critical point” of air humidity (40%) was identified, below which 
thecondensation process becomes energetically inexpedient. The obtained data confirm the 
effectiveness of integrating thermoelectric water generators with photovoltaic panels to
create fullyautonomous water supply systems in arid regions. The scientific novelty of the
conducted experimental studies is associated with the determination of the area of optimal
parameters ofoperation of thermoelectric modules, in which minimal energy costs are
ensured when obtaining water from the air. The practical value lies in the possibility of
creating compact devicesfor operation both under conditions of stable power supply and
from solar panels.
Keywords: thermoelectric modules, atmospheric water generation, energy efficiency, exper-

imental studies, dew point, systems for obtaining water from atmospheric air 
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Thermal regimes of high-temperature oxidation of tungsten wires

 
Research on tungsten oxidation is essential for creating functional oxide materials, devel-

oping next-generation photocatalysts, and constructing modern models of high-temperature
heat and mass transfer and phase formation. Heat and mass transfer processes during tungsten
oxidation significantly influence the properties of tungsten oxides at virtually all levels ð from
phase composition to electrophysical characteristics. It is heat and mass transfer that deter-
mines the morphology of oxides and surface self-organization.
This work is dedicated to a detailed analysis of the influence of various heat and mass trans-

fer mechanisms and phase transitions on the low- and high-temperature steady-state and criti-
cal regimes of tungsten oxidation. Physical and mathematical modeling was carried out to study
the heat and mass transfer processes and the oxidation kinetics of tungsten wires heated by an
electric current in air.
The conducted studies showed that in steady-state low-temperature oxidation regimes, as

well as near the critical current value corresponding to the ignition of the tungsten wire, heat
losses due to the evaporation of the oxide layer are negligible and can be omitted. However, at
wire temperatures exceeding 1500 K, oxide evaporation processes become crucial and signifi-
cantly affect the formation of dendritic branched structures of tungsten trioxide on the conduc-
tor surface.
The role of radiative heat loss from the surface of the heated wire to the walls of the reaction

chamber was investigated in steady-state and critical regimes corresponding to wire ignition
and extinction. It was established that for wires with a diameter of less than 100 ɛm, thermal
radiation to the apparatus walls can be neglected. For wires with a diameter exceeding 100
ɛm, accounting for radiative heat losses in the physical and mathematical model leads to an
increase in the critical current value at which high-temperature oxidation regimes occur.
It is demonstrated that natural convection substantially influences the stable and critical

oxidation regimes of tungsten wires. It was found that the intensification of heat transfer due to
natural convection causes an increase in the critical current value by approximately 20%.
Keywords: heat and mass transfer, oxidation, tungsten, tungsten oxides, evaporation, radi-

ation, convection.
 

Introduction. The relevance of researching tungsten oxidation processes has sig-
nificantly grown in recent years due to the development of thermonuclear energy, nan-
otechnology,  photocatalytic systems, and functional oxide materials [1-3]. Tungsten 
is characterized by an extremely high melting point, high thermal conductivity, and 
excellent erosion resistance, which leads to its widespread use in high-temperature 
technologies, particularly as a material for plasma-facing components in thermonuclear 
reactors [4]. Tungsten trioxide (WO3), with its sensitivity to visible light, reliable sta-
bility, adaptive morphology, and tunable electronic structure, has become a primary 
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material for the photocatalytic production of hydrogen and hydrogen peroxide [5]. At 
the same time, when interacting with oxygen-containing environments, tungsten oxi-
dizes intensively, forming multiphase oxide layers and volatile WO3 oxides, which can 
lead to surface degradation, loss of material mass, and the formation of oxide dust. 

Significant attention is also paid to the photoelectrochemical properties of tung-
sten oxides. Due to its relatively narrow bandgap and high chemical stability, WO3 is 
considered one of the promising materials for photocatalytic water splitting processes 
[6], hydrogen generation, and environmental remediation. Current research is aimed at 
modifying the oxide structure through doping, creating heterostructures, and managing 
oxygen vacancies to increase charge transfer efficiency and photocatalytic activity [7]. 

A distinct modern direction is the study of the morphology of tungsten oxide 
structures. The formation of dendritic, porous, needle-like, and nanocrystalline struc-
tures during thermal oxidation is of considerable interest for surface physics and the 
theory of self-organization [8ï10]. Analyzing such structures using fractal geometry 
methods and electron microscopy allows for establishing the relationship between ox-
idation conditions, oxide growth mechanisms, and surface evolution. 

One of the methods for obtaining tungsten oxides is the controlled high-tempera-
ture oxidation of a metallic conductor heated by an electric current in a regulated gas-
eous medium (electrothermal heating) [8ï12]. The advantages of this method lie in its 
cost-effectiveness, simplicity of implementation, and the possibility of simultaneous 
measurement of electrical and temperature parameters, as well as the study of oxide 
structures on the metal surface. 

High-temperature tungsten oxidation is accompanied by phase transformations on 
the metal surface: melting and evaporation of the oxide film. These processes occur 
with the absorption of heat. Therefore, phase transitions can affect the quantitative 
characteristics of high-temperature oxidation. 

The aim of this work is to investigate, through physical and mathematical model-
ing, the influence of various heat and mass transfer mechanisms and phase transitions 
on the steady-state and critical regimes of heat and mass transfer and oxidation of a 
tungsten wire. 

 
Physical and Mathematical Modeling. Let us consider the heat and mass trans-

fer and the oxidation kinetics of a tungsten wire heated by an electric current in air. An 
increase in the wire temperature leads to the activation of the chemical oxidation reac-
tion on its surface. Let us assume that an oxide film consisting predominantly of tung-
sten trioxide WO3 is formed on the wire surface according to the equation 
W+O3­WO3. Utilizing the physical and mathematical model [10], we determine the 
heat fluxes that describe the thermal balance of the wire. 

Since the oxidation reaction proceeds according to a parabolic law, its rate is lim-
ited by the thickness of the oxide film [11], and the chemical heat release density on 
the conductor surface qch is defined by the expression: 

                                          
2ch O S

Dq Q ʉ
h

= ,                                                   (1) 
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where Q is the thermal effect of the reaction, J/kgʆ2; h is the oxide film thickness, m; 
ʉO2s ï is the oxygen concentration at the metal surface, kg/m3; D is the diffusion coef-
ficient of oxygen through the oxide layer to the metal surface, m2/s. 

The diffusion coefficient depends on temperature according to the Arrhenius law: 

0exp ,ED D
RT

å õ= -æ öç ÷ 
where E is the activation energy, J/mol; and T is the wire temper-

ature, K. 
The oxygen concentration at the wire surface is determined from the condition 

that the oxygen mass flux to the surface equals the rate of its consumption during oxi-
dation: 

2 2

1

1 ,      gO S O

Sh DDʉ ʉ
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where 
2O

ʉ ¤ is the mass concentration of oxygen in the air, kg/m3;  d is the conductor 
diameter, m; b is the mass transfer coefficient, m/s; Sh is the Sherwood number; and 
Dg is the diffusion coefficient of oxygen in the air, m2/s. 

For the molecular-convective heat transfer of the heated conductor with air, we 
write the expression: 

( )gq T Ta=a - ,  gNu
d
Öl

a= ,        (2) 

where Tg is the gas temperature, ʂ; Ŭ is the heat transfer coefficient, W/(m2ʂ);  ɚg  is 
the thermal conductivity coefficient of the gas (air), W/(mĿʂ) and Nu is the Nusselt 
number. 

It is well known that for thin wires, the condition Nu = Sh=0.5. However, to cal-
culate the heat transfer coefficients under natural convection for wires of small diame-
ter (d=0.2õ1mm), the following empirical formula [12] can be used: 

8/1Pr)Gr(18.1Nu=       (3) 
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where Gr and Pr are the Grashof and Prandtl numbers, respectively; and Õg, cg rg are 
the dynamic viscosity, specific heat capacity, and density of air, respectively (PaĿs, 
J/(kgĿK), kg/m3). 

The radiative heat flux between the conductor and the walls of the reaction appa-
ratus is accounted for by the Stefan-Boltzmann law: 

                                                      ( )4w4
w TTq -es= ,    (4) 

Where Ů  is the emissivity of the oxide film; and TW is the temperature of the reaction 
apparatus walls, K. In our case, TW = Tg = Tr , where Tr is the room temperature of the 
air, K. 

Tungsten oxide is volatile, and upon reaching high temperatures, its sublimation 
and evaporation occur. Intensive evaporation of the WO3  oxide begins after its melting. 
Tungsten trioxide melts at a temperature of 1470ʦʉ, but it sublimates relatively quickly 
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even at lower temperatures [13]. In the thermal balance of the conductor, we account 
for the heat losses due to oxide evaporation: 

                                  

3 3WO WO S
ev ev

ShD M P
q L

d RT
= ,                                                             (5) 

where DWO3 is the diffusion coefficient of WO3 vapor in the air, m2/s; PS is the saturated 
vapor pressure of tungsten trioxide near the wire surface, Pa; and MWO3 is the molar 
mass of WO3. 

At the connection points where the tungsten wire attaches to the terminals, a con-
ductive heat flux arises: 

                                          

( )L g

d

S T T
q

Sl

aÖ Ö -
=

Öq
,                                                          (6) 

where Sd, SL are the cross-sectional area and the lateral surface area of the wire, respec-
tively, m2; and ɗ is a dimensionless parameter that depends on the thermal conductivity 
coefficient of the metal, the conditions of heat transfer with the environment, and the 
geometric dimensions of the conductor. In this case, we assume that the temperature of 
the current-carrying contacts equals the ambient temperature Tg. 

The heat flux density that heats the conductor due to the flow of an electric cur-
rent (according to the JouleïLenz law), taking into account its dependence on the geo-
metric dimensions of the wire and temperature, can be expressed as: 

                            
( )( )

2

m 0 02 3

4 ,       1DL m
Iq T T
d

= r r = r +g -
p

,     (7) 

where I is the electric current, A; ɟm and ɟ0 are the electrical resistivity of tungsten at 
temperatures T and T0, respectively (T0=273 ʂ), OmĿm; and g is the temperature co-
efficient of resistance, ʂ-1. 

Steady-state regimes of high-temperature heat and mass transfer and tungsten 
wire oxidation are realized under the condition: 

                                                  ch DL w ʝvq q q q q qa l+ = + + +,                                             (8)      

Equation (8), along with expressions (1)ï(7), determines the stable high- and low-tem-
perature regimes of heat and mass transfer and wire oxidation, as well as the critical 
conditions for transitioning between these regimes (ignition and extinction) under var-
ious heat and mass transfer mechanisms and heating currents.  

From the steady-state condition (8), we obtain the dependence I2 (T): 

                     [ ]
2 3

2

4 w ev ch
dI q q q q qa l
p= + + + -
r

,                                  (9) 

which allows for the determination of the steady-state temperature regimes of the wire 
at various heating currents. 

Let us analyze the influence of oxide film evaporation and radiative heat transfer 
on the stable and critical oxidation regimes of a tungsten wire by examining the calcu-
lated dependences of the steady-state temperature on the current intensity (Fig. 1). 

The extrema on the T(I) curves characterize the critical regimes of wire ignition 
(point I - maximum) and extinction (point E - minimum) at the corresponding critical 
current intensities II  and  IE. The curve up to point I defines the stable low-temperature 
oxidation regimes, while the curve after point E defines the stable high-temperature 
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oxidation regimes. As the current intensity in the low-temperature regime increases to 
the critical value II (point I), a jump-like transition to the high-temperature state occurs. 
Conversely, a transition from the high-temperature state back to low-temperature oxi-
dation can be achieved by decreasing the current intensity to the value IE. Thus, within 
the range ,III Eɯ >>  hysteretic regimes of heat and mass transfer and wire oxidation 
ar e observed. Within the hysteresis region, a transition to the high-temperature state 
can be induced by increasing the initial wire temperature within the interval TE > T > 
TI. For currents I < IE , wire ignition is impossible regardless of its initial temperature. 

It follows from Figure 1a that the heat losses due to the evaporation of the oxide 
film do not affect the low-temperature oxidation regimes or the critical current intensity 
II at which the wire ignition occurs. A significant effect of evaporation occurs at high 
temperatures, when the wire temperature reaches the melting point of tungsten trioxide 
and exceeds it. This is evident from a comparison of the high-temperature oxidation 
regimes with (curve 2) and without (curve 1) accounting for evaporation. It is the evap-
oration of the WO3 oxide that constitutes one of the key links in the mechanism of oxide 
crystal growth on the surface of the primary oxide layer [9ï10]. 

 Let us consider the influence of radiative heat losses on the steady-state and crit-
ical oxidation regimes of a thin tungsten wire (Fig. 1b). It is apparent that for low-
temperature regimes, this influence is insignificant. For high-temperature oxidation, 
lower temperatures and a lower critical current intensity at which the oxidation reaction 
extinction occurs are observed. Thus, for small wire diameters, radiative heat transfer 
can be neglected when modeling low-temperature oxidation regimes. 

Let us analyze the influence of radiation, natural convection, and the chemical 
oxidation reaction on the steady-state heat and mass transfer regimes of a tungsten wire 
with a diameter of 200 Õm. This is practically three times larger than the diameter of 
the previous conductor (70 Õm). 

 

 
Fig. 1. Dependences T(I) for a tungsten wire with a diameter of d = 70 Õm and a length of  
L = 0.1 m: a) 1 - excluding oxide evaporation, 2 - taking into account; b) 1 - excluding 
radiative heat transfer; 2 - including radiative heat transfer;  circles and asterisks indicate 
experimental data. Tg=Tw=288 K. 
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It can be seen from Figure 2a that without accounting for radiative heat losses, the 
critical current intensity II decreases by approximately 7%, and the critical extinction 
regime is not observed at all. For such diameters, incorporating radiation into the cal-
culations is essential. 

The calculations presented in Figure 2b illustrate the significant influence of nat-
ural convection on the steady-state and critical regimes of heat and mass transfer and 
tungsten wire oxidation. Natural convection was accounted for by introducing the 
semi-empirical Nusselt correlations (3) into the NewtonïRichman law (2). Conse-
quently, the molecular-convective component of the wire's thermal balance increased 
due to the convective heat and mass fluxes from the electrically heated conductor. This 
led to a decrease in the wire temperature and a significant increase in the critical current 
intensity at which the conductor ignites and transitions to high-temperature oxidation. 

 It should be noted that the steady-state high-temperature regimes (the upper 
branches of the T(I) dependences) obtained by calculations are not realized in experi-
mental studies. In the experiment, the following pattern of ignition and transition to 
high-temperature wire oxidation is observed. Upon reaching the critical current inten-
sity, the chemical oxidation reaction on the wire surface becomes rapid according to 
the Arrhenius law. This releases a large amount of heat (described by formula (1)), 
which, together with Joule heating, heats the conductor to high temperatures. Melting 
and evaporation of the oxide layer occur. At this stage, oxide crystals (branched den-
dritic structures) actively grow on the surface of the primary oxide layer [10], and new 
condensation centers arise at the sites of local oxide melting, impurities, and mechani-
cal stresses within the oxide film. Due to the condensation of trioxide molecules onto 
these condensation centers, the oxide crystals grow in both longitudinal and transverse 
directions, frequently coalescing with each other. A further increase in the wire tem-
perature due to chemical heat release leads to the onset of a transient (non-steady-state) 
oxidation regime. The molten oxide film evaporates rapidly, facilitating oxygen access 

 
Fig. 2. Influence of radiative heat transfer (a) and natural convection (b) on the steady-
state regimes of a tungsten wire heated by an electric current in air. d=200 Õm, L=0.115 
m, Tg = Tw = 293ʂ.   a) 1 ï accounting for radiative heat losses; 2 ï without accounting 
for radiative heat losses; b) (in the presence of radiative heat transfer): 1 ï accounting for 
natural convection; 2 ï without accounting for natural convection; Å ï experimental data. 
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to the conductor surface. This, in turn, accelerates the oxidation rate and increases the 
amount of heat released. Due to these chemical and phase processes, the conductor 
rapidly thins at its center. The ends of the conductor heat up insignificantly due to 
thermal conduction to the cold current-carrying contacts. The transient high-tempera-
ture heat and mass transfer terminates with the melting of the metal itself and the de-
struction of the wire at its center [14]. Thus, near the critical current intensity II , one 
can speak of quasi-steady-state conductor oxidation, which over time transforms into 
a transient process. 

Fig. 3 illustrates the fact that it is precisely the presence of the chemical oxidation 
reaction that causes the hysteresis of heat and mass transfer processes. For an inert wire 
(qch=0) monotonic heating (curve 2) is observed due to the electric current power. 

Fig. 4 presents the critical conditions for tungsten conductor ignition in the form 
of the dependence of the critical ignition current intensity on the conductor diameter. 

The calculations were performed for cases accounting for all types of heat losses 
from the conductor: convection, radiation, and thermal conduction to the cold contacts, 
as well as in the absence of radiative heat transfer and natural convection. It is apparent 
that the experimental data fit well with the curve that accounts for all heat transfer 
mechanisms. The analysis shows that for thin conductors d<100 Õm the influences of 
natural convection and radiation can be neglected. For diameters exceeding this value, 
incorporating natural convection is necessary. For conductor diameters greater than 
100 Õm it is also essential to account for radiative heat losses in the physical and math-
ematical model. 

 

 
 

Fig. 3. Dependence T(I) for d=200Õm, 
L=0.115m. 1 - qchÍ0; 2 - qch=0; Å ï experi-
ment. 

Fig. 4. Dependences of the critical current 
intensities at which the wire ignition oc-
curs on its diameter. L = 0.115 m, Tw = Tg 
= 293K. 1 ï accounting for all heat transfer 
mechanisms; 2 ï without accounting for 
radiative heat losses; 3 ï without account-
ing for natural convection; Å ï experiment. 
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Conclusions. Detailed physical and mathematical modeling of heat and mass 
transfer processes and oxidation kinetics of tungsten wires heated by an electric current 
in air has been performed. It is shown that heat losses due to the evaporation of the 
oxide layer can be neglected in steady-state low-temperature states and within the range 
of the critical current intensity that determines the wire ignition. However, at wire tem-
peratures above 1500ʂ oxide evaporation plays a key role in the formation of branched 
dendritic tungsten trioxide structures on the wire surface. 

The influence of radiative heat losses from the heated wire surface to the reaction 
vessel walls on the steady-state and critical states determining the wire ignition and 
extinction has been analyzed. It is proven that for wires with diameters d < 100 Õm 
radiative heat losses to the walls of the experimental setup can be neglected. For d > 
100 Õm incorporating radiative heat losses into the physical and mathematical model 
leads to an increase in the critical current intensity II at which high-temperature oxida-
tion processes occur. 

The significant influence of natural convection on the stable and critical oxidation 
regimes of a tungsten wire has been demonstrated for d > 100 Õm. It has been estab-
lished that the enhancement of heat transfer from the wire due to natural convection 
results in a 20% increase in the critical current intensity II. 

It is shown that the calculations based on the physical and mathematical model 
accounting for heat losses via convection, radiation, and thermal conduction to the con-
tacts agree well with the experimental data regarding the critical current intensities at 
which the tungsten wire ignites and transitions to transient high-temperature oxidation. 
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ɸʥʦʪʘʮʽʷ

ɼʦʩʣʽʜʞʝʥʥʷ ʦʢʠʩʣʝʥʥʷ ʚʦʣʴʬʨʘʤʫ ʤʘʶʪʴ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʬʫʥʢʮʽʦ-
ʥʘʣʴʥʠʭ ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʨʦʟʨʦʙʢʠ ʬʦʪʦʢʘʪʘʣʽʟʘʪʦʨʽʚ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ ʪʘ ʧʦʙʫ-
ʜʦʚʠ ʩʫʯʘʩʥʠʭ ʤʦʜʝʣʝʡ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʪʝʧʣʦʤʘʩʦʧʝʨʝʥʦʩʫ ʡ ʬʘʟʦʫʪʚʦʨʝʥʥʷ.
ʇʨʦʮʝʩʠ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʫ ʧʨʠ ʦʢʠʩʣʝʥʥʽ ʚʦʣʴʬʨʘʤʫ ʜʫʞʝ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʣʘʩ-
ʪʠʚʦʩʪʽ ʦʢʩʠʜʽʚ ʚʦʣʴʬʨʘʤʫ, ʧʨʠʯʦʤʫ ʬʘʢʪʠʯʥʦ ʥʘ ʚʩʽʭ ʨʽʚʥʷʭ ð ʚʽʜ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʜʦ
ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʉʘʤʝ ʪʝʧʣʦʤʘʩʦʦʙʤʽʥ ʚʠʟʥʘʯʘʻ ʤʦʨʬʦʣʦʛʽʶ ʦʢʩʠʜʽʚ
ʪʘ  ʩʘʤʦʦʨʛʘʥʽʟʘʮʽʶ ʧʦʚʝʨʭʥʽ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ.
ɼʘʥʘ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʜʝʪʘʣʴʥʦʤʫ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʨʽʟʥʠʭ ʤʝʭʘʥʽʟʤʽʚ  ʧʝʨʝʥʦʩʫ ʪʝʧʣʘ
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ʨʝʞʠʤʠ ʦʢʠʩʣʝʥʥʷ ʚʦʣʴʬʨʘʤʫ. ʇʨʦʚʦʜʠʣʦʩʴ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ
ʪʝʧʣʦʤʘʩʦʦʙʤʽʥʫ ʪʘ ʢʽʥʝʪʠʢʠ ʦʢʠʩʣʝʥʥʷ ʚʦʣʴʬʨʘʤʦʚʠʭ ʜʨʦʪʠʢʽʚ, ʷʢʽ ʥʘʛʨʽʚʘʣʠʩʴ ʝʣʝʢ-
ʪʨʠʯʥʠʤ ʩʪʨʫʤʦʤ ʚ ʧʦʚʽʪʨʽΦ

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 91ï100.                    ISSN 0367-1631 (Print)

6. Li Wang,  Frank E. Osterloh. Redox Couples Control Band Bending, Photovoltage, 
and Quasi-Fermi Levels in Tungsten Oxide (WO3) Photoanodes. The Journal of 
Physical Chemistry C . 2025. Vol. 129, Issue 29.  DOI: 10.1021/acs.jpcc.5c01622 

7. Linghua Bu, Lingxiao Tan, Sai Zhang, Kun Xu, Chengchu Zeng. Recent Progress 
in WO3-Based Photo(electro)-Catalysis Systems for Green Organic Synthesis and 
Wastewater Remediation: A Review. Catalysts.2025. Vol. 15, No 11. P. 1061. 
https://doi.org/10.3390/catal15111061 

8. Krishna, K. C., Dopico, S. J., Paudel, J., Nichols, J., & et al. A single-step low-cost 
synthesis of tungsten oxide nanostructures by resistive hot wire oxidation. 
CrystEngComm. Vol. 27. Issue 4. https://doi.org/10.1039/D4CE00977K 

9. 9.Orlovska S.G., Shkoropado M.S., Karimova F.F. Kinetics of growth of oxide 
structures on the surface of refractory metals when heated in air. Solid State Physics 
and Chemistry. 2012. Vol.13, No. 3. P. 733-737. (in Ukrainian). 

10. Orlovskaya S. G. Study of Patterns of Formation and Growth of Oxide Crystals on 
the Surface of Tungsten Conductors under Heating. Metallofiz. Noveishie Tekhnol. 
2020. Vol.42, No. 9. P. 1231ï1243. https://doi.org/10.15407/mfint.42.09.1231 

11. Kofstad P. High Temperature Corrosion. Elsevier Applied Science. 1988. P.558. 
12. Zhukauskas A. Convective transfer in heat exchangers. M.: Nauka, 1982. 472 p. 
(in Russian). 

13. Oxidation of Metals. Vol.2 /edited by J. Benard. M.:Metallurgy. 1969. 444 p. (in 
Russian). 

14. Orlovskaya S.G., Shkoropado M.S., Karimova F.F. High Temperature Oxidation 
and Destruction of Metal Filaments in Air // Ukr. J. Phys. 2011. Vol. 56, No12. P. 
1312-1315. 



млл 

ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʚ ʩʪʘʮʽʦʥʘʨʥʠʭ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʘʭ
ʦʢʠʩʣʝʥʥʷ, ʘ ʪʘʢʦʞ ʧʦʙʣʠʟʫ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ ʩʠʣʠ ʩʪʨʫʤʫ, ʷʢʝ ʚʽʜʧʦʚʽʜʘʻ ʟʘʧʘʣʝʥʥʶ
ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʜʨʦʪʠʢʘ, ʚʪʨʘʪʠ ʪʝʧʣʦʪʠ ʥʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʦʢʩʠʜʥʦʛʦ ʰʘʨʫ ʻ ʥʝʟʥʘʯ-
ʥʠʤʠ ʽ ʤʦʞʫʪʴ ʥʝ ʚʨʘʭʦʚʫʚʘʪʠʩʴ. ʈʘʟʦʤ ʟ ʪʠʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʨʦʪʠʢʘ ʧʦʥʘʜ 1500
ʂ ʧʨʦʮʝʩʠ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʦʢʩʠʜʫ ʥʘʙʫʚʘʶʪʴ ʚʠʟʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʪʘ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘ-
ʶʪʴ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʜʝʥʜʨʠʪʥʠʭ ʨʦʟʛʘʣʫʞʝʥʠʭ ʩʪʨʫʢʪʫʨ ʪʨʠʦʢʩʠʜʫ ʚʦʣʴʬʨʘʤʫ ʥʘ ʧʦʚʝ-
ʨʭʥʽ ʧʨʦʚʽʜʥʠʢʘ.
ɼʦʩʣʽʜʞʝʥʦ ʨʦʣʴ ʨʘʜʽʘʮʽʡʥʠʭ ʪʝʧʣʦʚʪʨʘʪ ʚʽʜ ʧʦʚʝʨʭʥʽ ʥʘʛʨʽʪʦʛʦ ʜʨʦʪʠʢʘ ʜʦ ʩʪʽʥʦʢ

ʨʝʘʢʮʽʡʥʦʾ ʢʘʤʝʨʠ ʚ ʩʪʘʮʽʦʥʘʨʥʠʭ ʽ ʢʨʠʪʠʯʥʠʭ ʨʝʞʠʤʘʭ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘʧʘʣʝʥʥʶ ʪʘ
ʟʛʘʩʘʥʥʶ ʜʨʦʪʠʢʘ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ ʜʨʦʪʠʢʽʚ ʜʽʘʤʝʪʨʦʤ ʤʝʥʰʝ 100 ʤʢʤ ʪʝʧʣʦʚʠʤ
ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ ʜʦ ʩʪʽʥʦʢ ʫʩʪʘʥʦʚʢʠ ʤʦʞʥʘ ʟʥʝʭʪʫʚʘʪʠ. ɼʣʷ ʜʨʦʪʠʢʽʚ ʙʽʣʴʰʦʛʦ ʜʽʘ-
ʤʝʪʨʫ ʚʨʘʭʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʪʝʧʣʦʚʪʨʘʪ ʫ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʽʡ ʤʦʜʝʣʽ ʧʨʠʚʦʜʠʪʴ
ʜʦ ʟʨʦʩʪʘʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ ʩʠʣʠ ʩʪʨʫʤʫ, ʟʘ ʷʢʦʛʦ ʨʝʘʣʽʟʫʶʪʴʩʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘ-
ʪʫʨʥʽ ʨʝʞʠʤʠ ʦʢʠʩʣʝʥʥʷ.
ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠʨʦʜʥʘ ʢʦʥʚʝʢʮʽʷ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʥʘ ʩʪʽʡʢʽ ʪʘ ʢʨʠʪʠʯʥʽ ʨʝʞʠʤʠ

ʦʢʠʩʣʝʥʥʷ ʚʦʣʴʬʨʘʤʦʚʠʭ ʜʨʦʪʠʢʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʽʥʪʝʥʩʠʬʽʢʘʮʽʷ ʪʝʧʣʦʚʽʜʜʘʯʽ ʚʥʘ-
ʩʣʽʜʦʢ ʧʨʠʨʦʜʥʦʾ ʢʦʥʚʝʢʮʽʾ ʩʧʨʠʯʠʥʷʻ ʟʙʽʣʴʰʝʥʥʷ ʢʨʠʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ ʩʠʣʠ ʩʪʨʫʤʫ ʧʨʠ-
ʙʣʠʟʥʦ ʥʘ 20%.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʪʝʧʣʦʤʘʩʦʦʙʤʽʥ, ʦʢʠʩʣʝʥʥʷ, ʚʦʣʴʬʨʘʤ, ʦʢʩʠʜʠ ʚʦʣʴʬʨʘʤʫ, ʚʠʧʘʨʦʚʫ-

ʚʘʥʥʷ, ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʢʦʥʚʝʢʮʽʷ.
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Visualization of lightning in dusty atmospheric plasma

 
The visualization of processes in a dust-laden atmospheric plasma during the initiation of

lightning discharges is considered. An analysis of the relaxation times of characteristic kinetic
processes required for the formation of the radiative visual pattern of a lightning discharge is
carried out. An algorithm is developed for the reconstruction of rapidly forming spectral im-
ages of lightning discharges. An attempt is made to develop new instrumental methods for anal-
ysis and control in solving inverse problems of reconstructing geometric images of the physical
objects under study.
Keywords: lightning spectroscopy; reconstruction and visualization of plasma configura-

tions; binary detector; CsPbBr  semiconductors; non-equilibrium thermodynamic plasma with
a condensed dispersed phase.
 
Introduction. High-speed relaxation processes accompany lightning discharges 

in atmospheric plasma. Initially, an undisturbed atmosphere is subjected to a strong 
current discharge. In [1-3], it was theoretically demonstrated that in a strong electric 
field, electron velocities become relativistic and are limited only by the efficiency of 
energy losses in thunderclouds. Let the maximum time for the sequential transfer of a 
current impulse from an accelerated electron to atmospheric molecules and atoms be 
denoted as †. We define †as the ratio of the mean free path ‗to the relativistic ve-
locity ὺrel: † rel

 m
Ȣ  m/s

σ ρπs. For most atmospheric atoms, the de-
excitation time of electron shells at the K-levels after impact by a relativistic electron 
is constrained by the Heisenberg uncertainty principle. For K-shell energies in the 
range of 200ï600 eV, the characteristic time is †ex τ ρπsȢ The only experi-
mental evidence for the relativistic nature of electrons in atmospheric discharges is the 
detection of hard X-ray and soft gamma radiation produced by bremsstrahlung emis-
sion. Lightning channels exhibit cascade-like structuresðlinear segments followed by 
abrupt changes in the trajectory of the current-carrying cylinder. Each cascade can be 
associated with an avalanche-like amplification of the current accompanied by simul-
taneous energy dissipation.  

The observation of hard radiation during such cascades provides information 
about the local parameters of the low-temperature plasma with a condensed dispersed 
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phase (non-equilibrium thermodynamic plasma with a condensed phase, LTP with 
CDP) formed within the lightning current channel. 

 
Sources. The source of seed secondary electrons is the continuous process of pri-

mary ionization caused by cosmic radiation in the upper layers of the atmosphere. At 
sufficiently high concentrations of solid-phase particles, an additional flux of photoe-
lectrons emitted from their surfaces is also present. Once the current is established and 
electrons are accelerated to relativistic velocities, the mechanism of ionization losses 
becomes dominant, exhibiting an unstable and irregular character. As both the energy 
and the number of electrons increase, the current-carrying plasma transitions into a 
relativistic regime. Within the cascade region, an avalanche-like process of electron 
multiplication develops, accompanied by simultaneous ionization of atoms and mole-
cules. 

 
Hard Radiation Spectra. Upon reaching relativistic velocities, radiative losses 

become significant in the form of bremsstrahlung and synchrotron radiation. Under 
lightning conditions, the deceleration of relativistic electrons can transfer energies of 
up to ~200 keV to emitted photons. The detection of high-energy gamma radiation can 
be attributed to interactions involving counter-streaming proton fluxes generated 
through hydrogen ionization. The theoretical upper energy limit of such protons can 
reach hundreds of MeV. As shown in [5], collisions of these protons with atmospheric 
nuclei produce gamma radiation in the energy range of 5ï40 MeV. An important con-
firmation of the proton contribution is the presence of annihilation lines arising from 
electronïpositron pairs, generated by gamma photons with energies exceeding 1.022 
MeV in the nuclear field. The next evolution of the lightning discharge depends on the 
relative contributions of radiative losses and the thermodynamic energy transferred to 
the surrounding medium. 

In plumes, the partial or complete de-excitations of atoms begins with the filling 
of vacancies in the K and L shells, resulting in characteristic fluorescence lines. Sim-
ultaneously, due to the presence of vacancies in higher electronic levels, less probable 
recombination lines are expected, arising from three-body collisions. In the optical and 
infrared spectra, this manifests as plumes (or halos) following an X-ray or gamma-ray 
burst. Such plumes are explained as a consequence of Compton scattering [4,5]. The 
production of gamma photons with energies exceeding ~1.1 MeV in lightning dis-
charges leads to the formation of electronïpositron pairs in the nuclear fields of atmos-
pheric atoms. Positron spectroscopy, analogous to Positron Emission Tomography 
combined with computed tomography (PET/CT) in medical applications, has enabled 
the detection of structural inhomogeneities in irradiated biological media. By analogy, 
the same approach is proposed here for detecting inhomogeneities in localized regions 
of thunderclouds, in terms of the fractional composition of the dispersed phase (solid 
or liquid particles). The following sections will describe the design of high-speed mon-
itoring spectrographs for hard radiation. 

The dynamic spectra is next step to estimate of the formation rate in hard radiation 
dynamic spectra. The study of local processes within lightning discharges is no longer 
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feasible without the registration of hard radiation spectra. The lower limit of the ioni-
zation front propagation time †shockcan be estimated using the average relativistic ve-
locity ὺrel: †shock

casc

rel

 m
Ȣ  m/s

πȢσïρ ρπsȢ Under realistic physical con-
ditions and geometric parameters within the cascade region, the rate of energy dissipa-
tion significantly increases the duration of the ionization shock front †shockby several 
orders of magnitude. Thus, the characteristic time range can be expressed as: ρπs
†shockρπsȢ It follows that the dynamic spectra of lightning contain information 
about the full set of characteristic times associated with the fundamental physical pro-
cesses in the plasma.  

The optical spectra in lust centuries, have been primary sources of information 
about lightning discharges during flashes. The temporal delay between the optical and 
gamma-ray flashes of lightning typically begins at milliseconds and extends to longer 
timescales. The growth of the low-energy tail in the electron energy distribution within 
the current-carrying channel is associated with secondary radiation processes occurring 
inside the channel. In other words, ultraviolet and soft X-ray radiation stimulate further 
optical emission and induce a rapid thermal perturbation. Synchrotron radiation may 
also contribute to this process. In previous studies [5], the absorption properties of the 
atmosphere were analyzed, and spectral transparency windows for radiation escaping 
from the current layer of an atmospheric discharge were identified. These windows 
were found at energies above approximately 80 keV. Most soft X-ray and hard ultra-
violet photons remain effectively confined within the current channel due to photoab-
sorption; their energy is efficiently converted into further ionization and heat, ulti-
mately reaching the observer in the form of lower-energy photons and acoustic shock 
waves. 

 
High-Speed Spectrograph for Hard Radiation. The investigation of the dy-

namic and geometric structure of lightning discharges requires hard radiation detectors 
and acquisition interfaces operating on microsecond time scales, similar to those used 
in computed tomography (CT) [6]. Following the CT paradigm, we adopt analogous 
interfacing principles. However, instead of a planar detector array, we employ a differ-
ent concept of information acquisition. Modern detection of hard X-ray and soft 
gamma quanta is based on semiconductor crystals composed of high atomic number 
(high-Z) elements. The dead time of such detectors typically ranges from nanoseconds 
to microseconds. At present, cost limitations associated with high-speed electronic in-
terfaces have largely been eliminated, and the necessary components are commercially 
available. In works [4,5], codes were developed for interfacing electronic systems op-
erating in photon-counting mode. Thus, instead of a multi-element detector matrix, we 
utilize a single monocrystalline detector of cubic geometry with a side length of ap-
proximately 1 cm. Spectral reconstruction is based on the registration of the current 
pulse generated by each detected photon. Detector calibration is performed using stand-
ard radioactive isotopes, whose emission lines cover the entire relevant spectral range. 
The choice of monocrystalline semiconductor detectors is determined by the presence 
of heavy elements in CsPbBr , which ensures high efficiency in photon-counting mode. 
Incident photons interacting within the CsPbBr  detector generate current pulses in the 
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volume between crystal faces, across which a potential difference of •Ḑρπïρπ Vis 
applied. As a result, instantaneous spectra can be obtained. However, image recon-
struction with such spectrographs cannot be achieved within a single telescope config-
uration. Spatial visualization of lightning discharges requires a sufficiently complete 
set of basis measurements obtained from multiple observational units. A minimal con-
figuration implies the deployment of detectors at more than three spatially separated 
locations. Data acquired within such a distributed basis allow for the reconstruction of 
synchronized, microsecond-scale dynamic images of lightning discharges across dif-
ferent spectral bands. A similar approach is used in meteor tracking systems, such as 
those operated by the Odessa Astronomical Observatory, to reconstruct trajectories of 
extraterrestrial objects entering the Earthôs atmosphere. As in computed tomography, 
one component of the tomographic system is fixed (in this case, the detector array ba-
sis), while the second componentðthe object of study (lightning)ðis dynamically 
evolving. The formation of instantaneous microsecond spectra has been analyzed using 
a binary detector for optical and hard radiation, as presented in Giant4-DNA versus 
[7]. Reconstruction of planar dynamic images of lightning must account for changes in 
the structure of the current-carrying channel. Thus, the problem involves reconstruct-
ing a sequence of images describing the evolution of lightning from its initiation to its 
termination. 

 
Binary DetectorïSpectrograph for Optical and Hard Radiation. The con-

struction of lightning spectra has traditionally been performed in the optical and near-
infrared ranges, i.e., within the atmospheric transparency windows. The parameters of 
such radiation are formed as a result of the radiative relaxation of excited molecules 
and atoms in the atmosphere. However, this information is often insufficient for de-
scribing the conversion of relativistic electron energy into radiation. The integration of 
a hard radiation spectrograph into such an instrument, operating within a unified time-
synchronized electronic interface, was proposed in [4,5] and further elaborated in tab-
ular form below. During a lightning discharge, hard radiation arises from interactions 
of relativistic electrons with atmospheric atoms. The characteristic interaction times 
can be divided into the time between pairwise electronïatom collisions, †coll, and the 
characteristic atomic de-excitation times, †. Numerical estimates show that †Ḻ
†collȟ

collḐρπȢ This implies that the collision frequency ρȾ†collis proportional to the 
photon production rate. In quantum collision theory, the interaction of a relativistic 
electron with an atom is governed by the de Broglie wavelength ‗

rel
ρπï

ρπ  mȟwhere ὴrelis the momentum of the relativistic electron. These processes lead 
to sequential ionization and recombination involving K-shells of atmospheric atoms, 
sustaining a heterogeneous plasma state. Following K-shell ionization, allowed transi-
tions such as ςὴO ρίoccur in C, N, and O atoms. Hydrogen and helium atoms pri-
marily undergo ionization followed by collisional relaxation or recombination. Recom-
bination processes require less probable three-body collisions. In lightning observa-
tions, this radiation manifests as plume-like structures. In [5] using [7], it was shown 
that despite the presence of atmospheric transparency windows, soft X-ray and hard 
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ultraviolet radiation emitted by C, N, and O atoms are almost completely absorbed 
within and in the vicinity of the lightning channel. The characteristic times associated 
with mechanical energy transfer from electrons to atoms and molecules include the 
thermalization time †heat, radiative relaxation time †rad, and shock wave formation time 
†shock. It was also demonstrated that, together with optical radiation, hard X-ray and 
soft gamma radiation with energies Ὁ ṃφπ keV can reach the detectors.  A compre-
hensive coverage and synchronization of processes related to the electrophysics of 
lightning discharges are only possible with a sufficiently large array of binary detectorï
spectrographs for gamma and optical radiation operating in photon-counting mode [4]. 
The photon fluxes incident on the detectors from lightning do not exceed ρπcmȟ 
which allows operation without detector saturation. 

 
Visualization of Atmospheric Plasma Configurations. 
Physical Basis. The initial data are obtained from the detector systems presented 

in this work. Let the array of detector measurements be denoted by ὣ, and the data 
describing the shape and state of the lightning discharge by ὢ. The application of com-
puted tomography methods has proven effective for investigating plasma configura-
tions under both laboratory and field conditions. Reconstruction of three-dimensional 
structures of such configurations requires a basis consisting of more than three fixed 
observation points with radius vectors Ἲ ὼȟώȟᾀ Ȣ Each detector is mounted on a 
telescopic system and is described in angular coordinates ‌ȟ‰ , where Ὥ ρȟςȟσȟȣ. 
Thus, the detector system forms both a spatial and a physical basis. The integration of 
these two bases constitutes the main objective of this section. 

Mathematical Basis. Synchronization of spectrographs and data acquisition. 
To extend lightning diagnostics using a binary detector system, the following condi-
tions must be satisfied: 
¶ The format of the acquired and recorded data must be standardized to enable 
subsequent visualization. In this work, we adopt the DICOM format, widely 
used in tomographic imaging.  

¶ A synchronization unit discretizes the spectrograph data in time with microsec-
ond resolution.  

¶ Data recording in DICOM format must include mandatory metadata fields spec-
ifying the time of measurement and the formation of each spectrum.  

 
Radiative Transfer Equation for Intensity. The geometric configuration of a 

lightning discharge is formed by radiation emitted from a current-carrying cylindrical 
channel within a given region of space. For monochromatic X-ray radiation with ener-
gies Ὁ σπkeV (typical for computed tomography), the radiative transfer equation in 
integro-differential form is given by: 

Ἲȟ ‘ ὉȟἺὍἺȟɱ ᷿ ‘ ὉȟἺὴ ɱO ɱὍἺȟɱὨɱ   (1) 
Where 
¶ ‘ ‘ ‘ï ʧʦʣʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ, 
¶ ‘ï ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ ʣʠʙʦ ʈʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ, 
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¶ ὴ ɱO ɱï ʠʥʜʠʢʘʪʨʠʩʘ ʨʘʩʩʝʷʥʠʷ ʂʣʝʡʥʘïʅʠʰʠʥʳ, ʥʦʨʤʠʨʦʚʘʥʥʘʷ 
ʧʦ τ“. 

Here we have: 
¶ ‘ ‘ ‘is the total attenuation coefficient,  
¶ ‘is the scattering coefficient (Compton or Rayleigh),  
¶ ὴ ɱO ɱis the KleinïNishina scattering phase function, normalized over 
τ“.  
Ὅ ɱ ὍὩ ᷿Ὅ ɱὩ ‘ Ἲὴ —Ὡ    (2) 

Here: 
¶ ίis the path from the source to the scattering point,  
¶ ίis the path from the scattering point to the detector,  
¶ —is the scattering angle,  
¶ Ὠὠis the volume element (within the hypoxic region).  
In lightning discharges, the first exponential term Ὡ can be approximated as 

unity, since the origin of scattering coincides with the current-carrying channel. If the 
lightning illuminates fragments of the surrounding atmosphere, the factor Ὡ de-
scribes the attenuation of its radiation. 

 
KleinïNishina Compton Scattering Phase Function. For photon energy Ὁ

ρσπkeV (å πȢςυτάὧ), the KleinïNishina differential cross-section at scattering an-
gle —is given by: 

ὴ — ÓÉÎ— ȟ  Ὁ
 
  (3) 

Here, „  is the total (integrated) KleinïNishina cross-section for electrons. For 
detectors positioned at a scattering angle — ωπʐ, the energy ratio is given by: 
᷄ ᶼ ȟ‌ πȢςυτȟ which yields πȢχωχȢ In [1-6], it was shown 

that in thundercloud aerosols, the contributions of scattering and photoabsorption to 
the structure of the detected spectra are significant for photons with energies above 
approximately 30 keV. Characteristic X-ray emission lines of atmospheric atoms are 
absent at any distance from the lightning channel, as they remain effectively ñtrappedò 
within the current-carrying cylinder due to strong photoabsorption. 

In the energy range from 30 keV to 90 keV, scattered radiation dominates, analo-
gous to continuous optical spectra. X-ray spectra depend primarily on the electron den-
sity along the photon path, i.e., on the matter density or variations in chemical compo-
sition along the line of sight. Differences between the densities of atmospheric gas and 
aerosols along the propagation path enable the measurement of the relative mass frac-
tion of the condensed phase. 

The detection of gamma quanta during lightning discharges by satellites and later 
by gamma detectors at the Fukushima nuclear facility, as well as by the Compton 
Gamma Ray Observatory and INTEGRAL satellites, indicates that the energy distri-
bution of hard radiation shifts toward higher energies at sufficiently high discharge 
power. Therefore, local plasma characteristics generated by lightning can be recorded 
by sensitive detectors. The binary detector proposed in [4] is particularly effective for 
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lightning diagnostics. Uncertainty in the position, geometry, and boundary parameters 
of lightning leads to a large number of unknown variables. Therefore, it is essential to 
choose reconstruction and visualization methods that minimize the number of param-
eters. We aim to reconstruct quantities such as the integral luminosity of hard radiation 
within the atmospheric transparency window, coupled with the temporal dynamics of 
the growth and decay of energy-related parameters. 

 
Main Reconstruction Approach. The lightning channel is discretized into a set 

of small elementary segments Ἲ ὸ. Each event corresponds to a short segment of the 
channel emitting an electromagnetic pulse at time ὸ. Detector Ὥregisters this signal at 
time: ὸȟ ὸ Ἲ᷄ Ἲ᷄ȟ where ὧis the speed of light. The differences in arrival times 
between detectors are given by: 

ɝὸȟ ὸȟ ὸȟ
Ἲ᷄ Ἲ᷄ Ἲ᷄ Ἲ᷄

Ȣ     (4) 
 

This fundamental equation is referred to as the Time Difference of Arrival 
(TDOA) formulation and is presented in Table 1 of this work. For two-dimensional 
(2D) reconstruction, a minimum of three detectors can be used. For full three-dimen-
sional (3D) reconstruction, at least four detectors are required, since the following 
quantities are unknown: ὼȟώȟᾀȟὸ, i.e., four parameters ï three spatial coordinates 
and the emission time. In practice, it is preferable to use ὔ υ or φȟ since lightning 
has a complex structure, involves noise, reflections, non-simultaneous emission, and 
multiple branching channels.  

 
Geometric Reconstruction from Emitting Points. For each short pulse, the co-

ordinates Ἲare determined by minimizing the functional: … Ἲȟὸ

ὸȟ
obsὸ Ἲ᷄ Ἲ᷄ ȟ or, in the TDOA formulation: 

  The minimum of this functional yields the position of the elementary emission 
source. 

… Ἲ ɝὸȟ
obs Ἲ᷄ Ἲ᷄ Ἲ᷄ Ἲ᷄

     (5) 

Reconstruction of Lightning Geometry. After processing a large number of 
pulses, a cloud of points is obtained: ἺȟἺȟȣȟἺ set. This is no longer a single point, 
but a spatio-temporal structure of the lightning channel: Ἲ Ἲὸ ȢThe following steps 
are then performed: 
¶ filtering of noise points;  
¶ clustering in time and space;  
¶ extraction of the main branch;  
¶ identification of secondary branches;  
¶ construction of a 3D lightning curve;  
¶ smoothing using splines or a graph-based model.  

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 101ï114.                    ISSN 0367-1631 (Print)



млу 

As a result, lightning is represented as an irregular graph: Ὃ ὠȟὉ ȟ where ver-
tices ὠcorrespond to reconstructed emission points, and edges Ὁrepresent connections 
between consecutive segments of the channel. The operation of visualizing physical 
processes together with their geometric structure is referred to as reconstruction. Re-
construction itself constitutes the fundamental inverse problem of recovering spatial 
objects, or their cross-sections, from data acquired by the detectors described above. 

For lightning studies, it is essential to select spectral data that encode physical 
information about local properties of the medium. Detector measurements enable the 
reconstruction of integral energy parameters and the localization of emission regions. 
In particular, one can estimate the total energy released during atmospheric discharges 
and its partition into plasma formation, radiative bursts, and acoustic shock waves. 

 
Matrix Formulation of the Inverse Problem. Using the notation introduced in 

Section I, we construct a matrix equation to recover the distribution of an unknown 
quantity. In the present case, this corresponds to the emission activity of lightning ra-
diation. Let: 
¶ ὼ ὼ voxbe the unknown parameters (voxelized emission intensities),  
¶ ώ ώ measbe the measured data.  

They are related through a discretized forward model of the radiative transfer equation: 

ώḐὊ ὃ ὼ     (6) 

Here: 
¶ ὃis the system matrix encoding both the geometry and physics of the lightning 
discharge and the detector configuration,  

¶ Ὂis the statistical measurement model (likelihood function).  
Using MLEM reconstruction for solving the problems with a large number of 

contributing stochastic parameters, an iterative scheme known as Maximum Likeli-
hood Expectation Maximization (MLEM) is used. The likelihood function is given by: 
Maximization of ÌÎ ὒὼleads to the MLEM iterative update rule: 

ὒὼ
 

Ȧ
Ȣ    (7) 

ὼὯρ ὼ ẗ Ȣ     (8) 

After specific features of the Lightning Reconstruction Problem, we proposed us-
ing of the conventional computed tomography. In contrast with this in present work we 
approach employs a relatively small number of detectors (Ὥ σïτ), supplemented by 
a time series of measurements. The limited number of detectors necessitates the use of 
a Poisson statistical model during data processing. The binary detector design incorpo-
rates a short-focus mirror for recording the optical spectrum. The hard radiation detec-
tor is positioned as close as possible to the entrance aperture, along the direct optical 
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axis of the telescope system. This configuration ensures maximal coverage of the spa-
tial region occupied by the thundercloud.  

 
Dynamic Reconstruction. Lightning evolves over time; therefore, its three-di-

mensional structure is reconstructed using a sequence of components of the form 
ἺὸȟἺὸȟȣȟἺὸ ȟ which allows recovery of the leader velocity, propagation direc-
tion, branching events, return strokes, repeated discharges, and the temporal evolution 
of brightness/power. The velocity of the local front is given by: ὺ Ἲ᷄ Ἲ᷄Ȣ  

In case of the dynamic spectrum estimation, each detector records a time-domain 
signal ίὸ. From this signal, a spectrogram is constructed: ὛὪȟὸ ᷄ί᷿†ύ†
ὸὩ Ὠ†᷄ȟ where ύ† ὸis a short-time window function. Here we consider 
using of corresponds to the Short-Time Fourier Transform (STFT). In practice, this 
yields a two-dimensional map of frequencytimeȟi.e., the dynamic spectrum of light-
ning. 

 
Spatially Dependent Dynamic Spectrum. Rather than considering only the 

spectrum at each detector, we associate the spectrum with reconstructed points along 
the lightning channel: ὛἺȟὪȟὸȢ Thus, for each segment of the lightning channel, it 
becomes possible to determine: 

¶ the spatial location of the channel,  
¶ the emission time,  
¶ the frequency range,  
¶ the emitted power,  
¶ the temporal and spatial evolution of the spectrum.  

This corresponds to a four-dimensional reconstruction: ὼȟώȟᾀȟὸ Ὢȟ or, equiva-
lently: ὛὼȟώȟᾀȟὸȟὪ Ȣ A practical implementation of the reconstruction algorithm is 
described below in the form of Table 1. 
 
Discussion. The results presented in Tables 1ï7, obtained from testing reconstruc-

tion methods for fast-evolving physical processes, have for the first time enabled new 
possibilities for determining the fractional mass of the solid phase in thundercloud aer-
osols. Conventional approachesðsuch as estimating the integral energy of a discharge 
using radiometers, magnetic field sensors, and optical and infrared spectrographsð
have long demonstrated limited capability in resolving the local characteristics of 
plasma within lightning discharges. The high-speed hard-radiation spectrograph design 
proposed by Mark Doikov [4] has made it possible to identify the compact spatial re-
gion of hard radiation formation in atmospheric lightning. The inhomogeneities re-
vealed through X-ray and gamma-ray mapping of lightning are associated with the 
presence of impurities in liquid or solid phases [4,5]. Electron density is linearly de-
pendent on matter density and contributes additively to the Compton scattering coeffi-
cient ‘ Ἲ. Beyond lightning diagnostics, the discussed instrumentation has broad ap-
plications, particularly in the design of monitoring and control systems for fast pro-
cesses in non-equilibrium thermodynamic plasma with a condensed dispersed phase 
(LTP with CDP).  
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Table 1. Structure and Description of the Lightning Reconstruction Algorithm 

Step No. Name Description 

1 Geometry 
Define detector coordinates: ἺȟἺȟἺȟἺ. It is preferable that they are 
not collinear or confined to a small region. A good configuration is a 
triangle/polygon on the ground plus a fourth detector located at height 
Ὤabove the plane formed by the first three detectors. 

2 Synchronization 

Detectors must have precise timing: GPS PPS; atomic clocks; PTP 
synchronization; common clock generator. Spatial accuracy is related 
to timing by ɝὶ ὧɝὸ. For lightning shape reconstruction, synchroni-
zation on the order of tens of nanoseconds is desirable. In practice, 
timing accuracy typically exceeds the interface response time and does 
not significantly affect the physical reconstruction at the characteristic 
timescales of lightning processes. 

3 Pulse Detection 
Peaks are identified in each signal: ὸȟȟὸȟȟȣȟὸȟ. Methods include 
amplitude thresholding, matched filtering, wavelet detection, cross-
correlation, and peak clustering. 

4 Pulse Matching 
Across Detectors 

Determine which peaks correspond to the same lightning segment. Cri-
terion: 

5 TDOA Reconstruc-
tion 

For each matched group of peaks, solve: 

ÍÉÎ 
Ἲȟ

ὸ ὸ Ἲ᷄ Ἲ᷄ ȟyielding Ἲ ὼȟώȟᾀ ȟ ὸ. | 
6 Channel Construction Construct a graph of the lightning channel: Ὃ ὠȟὉ. Methods 

include nearest-neighbor linking, minimum spanning tree, time-
ordered graph, DBSCAN/HDBSCAN for branch detection, and 
Kalman or particle filtering for leader dynamics 

7 Dynamic Spectra. For each detector, compute: ὛὪȟὸȢ  After correcting for prop-
agation delay: ίcorrὸ ί ὸ Ἲ᷄ Ἲ᷄ ȟ the local source spec-
trum can be obtained: Ὓ ὪȟὸȢ 

8 Spatially Dependent 
Dynamic Spectrum 

Instead of considering only detector-based spectra, associate 
spectra with reconstructed channel points: ὛἺȟὪȟὸȢ Thus, 
for each lightning segment, one can determine: 
¶ spatial location of the channel  
¶ emission time  
¶ frequency range  
¶ emitted power  
¶ spectral evolution along the channel  

This corresponds to a 4D reconstruction: ὼȟώȟᾀȟὸ Ὢȟ or 
equivalently: ὛὼȟώȟᾀȟὸȟὪȢ 

Step No. Name Description 
9 Timing accuracy  Distance error 
 1 ɛs ~300 m 
 100 ns ~30 m 
 10 ns ~3 m 
 1 ns ~0.3 m 
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Table 2. Final Data Structure for a Reconstructed Lightning Element 
No. Parameter Description 

1 ὼȟώȟᾀ Spatial coordinates of the 
channel segment 

2 ὸ Emission time 
3 ὃ Signal amplitude 
4 Ὢpeak Dominant frequency 
5 ὛὪ Local spectrum 
6 ὺ Propagation velocity 
7 branch_id Branch identifier 
8 uncertainty Reconstruction error 

 
 

Table 3. Determination of the 3D Shape of Lightning 
No Name Description 
 
 
1 

Source Signal 
Model 

Lightning is modeled as a distributed current ὐἺȟὸalong the channel. 
Detector Ὥrecords: 

ίὸ Ὃ᷿ Ἲ
ЋὐἺȟὸ Ἲ᷄ Ἲ᷄Ⱦὧ

Ћὸ
ὨἺ ὲ ὸ ȟ 

where Ὃ Ἲis the detector directivity/sensitivity, the time derivative re-
flects radiation generated by rapid current variations, and ὲ ὸis noise. 
In practice, the signal is approximated by discrete ñradiation eventsò 
(impulse sources)  

 
2 Event picking 

Instead of simple peak detection, use multi-band detection (VLF, LF, 
VHF), cross-correlation between detectors, and wavelet-based detectors 
for short bursts. The result is a set of timestamps ὸȟ for each detector.  

 
3 

Event Association 
and Uncertainty 

Signals from the same channel segment are detected by all sensors, but 
may include reflections, multiple branches, and overlapping pulses. 
Methods include time-window matching ὸ᷄ ὸ᷄ Ὀ Ⱦὧ, Hungar-
ian or greedy matching (HGM), and probabilistic data association 
(PDA). | 

 
4 

3D Localization 
(TDOA / TOA) 

Solve the minimization problem: ÍÉÎ 
Ἲȟ

ὸȟ ὸ
Ἲ᷄ Ἲ᷄ Ȣ Enhance-

ments include robust loss functions (Huber / soft-L1), weighting by 
timing variance „, and spatial regularization. The result is: Ἲȟὸȟɫ ȟ 
where ɫis the covariance matrix (uncertainty estimate).  

5 Point Cloud Ÿ 
Lightning Channel 

After localization, a point cloud Ἲȟὸis obtained and transformed into 
a structured representation of the lightning channel. | 

6 Temporal Ordering 
and Linking 

Sort points by ὸ. Connect points if: ὸ᷄ ὸ᷄ ɝὸ ȟ᷄Ἲ Ἲ᷄
ὺ ẗɝὸȟ where ὺ Ḑρπm/s (typical leader velocity). | 

7 | Graph Model 
Construction 

Construct a graph: Ὃ ὠȟὉȟ where ὠare nodes (points Ἲ), and Ὁare 
edges defined by temporal and spatial proximity.  

8 
Branch Extraction 

Apply clustering and graph-based methods: DBSCAN/HDBSCAN (in 
ὼȟώȟᾀȟὸ), minimum spanning tree (MST) with pruning, or directed graph 
approaches (time-oriented). | 

9 Result Identification of the main channel, side branches, and branching regions. 
10 

Anti-aliasing and 
final geometry 

Apply smoothing techniques such as B-splines, Kalman smoothing, or 
Gaussian process regression. Final representation:Ἲ Ἲίȟὸȟ where ίis 
the parameter along the channe 
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Table 4. Dynamics of Lightning Channel Development 

No. Name Description 
1 Leader velocity ( v_k = \frac{ 
2 Lightning phases Stepped leader; branching; return stroke; subsequent strokes 

3 Temporal topology 
Ὃ Ὃὸ; branching times; channel length ὒὸ; growth rate 
 

4 Energetics ὖᶿὃ; power distribution along the channel; regions of 
maximum discharge 

 
 

Table 5. Dynamic Spectra of Individual Lightning Segments 
No. Name Description 

1 Spectrogram (STFT) For each detector: ὛὪȟὸ; this represents a mixed signal from the 
entire lightning channel 

2 Back-projection to source For point Ἲ: ( \tau_{i,k} = \frac{ 

3 Local signal formation Sum over detectors: ί ὸ Вύ ί ὸ, where ύare weights 
(SNR, geometry); analogous to beamforming 

4 Local spectrum Ὓ Ὢȟὸ 34&4ί ὸ; alternatively wavelet transform: 
ὡ Ὢȟὸ 

No. Segment Spectral Characteristics 
1 Leader VHF, broadband emission 
2 Return stroke LF/VLF, high-power emission 
3 Branching Noise-like spectrum 
4 Channel interruptions High-frequency peaks 
3 Leader VHF, broadband 

 
 
 

Table 7. Unified Model and Constraints 
No. Name Description 
1 Unified model Discrete representation: ἺȟὸȟὛ ὪȟὺȟὋὸ; continuous form: 

ὛὼȟώȟᾀȟὸȟὪ 
2  

Key practical constraints 
 

(1) Timing accuracy ð dominant factor; nanosecond synchroni-
zation required. (2) Detector geometry ð wider baseline improves 
reconstruction; 3D configuration preferred. (3) Multipath effects 
ð reflections from ground/clouds; require consistency filtering. (4) 
Event density ð too sparse leads to poor reconstruction; too dense 
complicates event association. 

3 Analogy with tomography CT vs Lightning: rays Ÿ signals; detectors Ÿ detectors + antennas; 
attenuation Ÿ time delay; reconstruction Ÿ TDOA inversion; 3D 
image Ÿ lightning channel [8] 

 

 
 
 
Table 6. Physical Interpretation of Lightning Spectra 
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Conclusion. The visualization and diagnostics of local processes in lightning 
plasma using high-speed hard-radiation detectors open new opportunities for: 
1. Development of advanced instrumentation for monitoring and control of fast-
evolving physical processes.  

2. Adaptation of new testing methodologies and mathematical approaches for solv-
ing inverse problems in aerosol physics.  

3. Control and suppression of unstable modes in non-equilibrium thermodynamic 
plasma with a condensed dispersed phase using AI and neural network methods.  

4. Simultaneous reconstruction of instantaneous spectra and spatial images of the 
investigated object, demonstrated in this work using lightning as an example.  
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ɺʽʟʫʘʣʽʟʘʮʽʷ ʙʣʠʩʢʘʚʢʠ ʚ ʟʘʧʠʣʝʥʽʡ ʘʪʤʦʩʬʝʨʥʽʡ ʧʣʘʟʤʽ
 

 ɸʥʦʪʘʮʽʷ
ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʝʪʦʜʠ ʚʽʟʫʘʣʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʚ ʘʪʤʦʩʬʝʨʥʽʡ ʟʘʧʠʣʝʥʽʡ ʧʣʘ-

ʟʤʽ ʧʽʜ ʯʘʩ ʚʠʥʠʢʥʝʥʥʷ ʛʨʦʟʦʚʠʭ ʨʦʟʨʷʜʽʚ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʭʘʨʘʢʪʝʨʥʠʭ ʯʘʩʽʚ ʨʝʣʘʢʩʘʮʽʾ
ʦʩʥʦʚʥʠʭ ʢʽʥʝʪʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʬʦʨʤʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦʾ ʪʘ ʚʽʟʫʘʣʴʥʦʾ ʢʘ-
ʨʪʠʥʠ ʨʦʟʚʠʪʢʫ ʙʣʠʩʢʘʚʢʠ ʚ ʥʝʦʜʥʦʨʽʜʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʘʣʛʦʨʠʪʤ ʨʝʢʦ-
ʥʩʪʨʫʢʮʽʾ ʰʚʠʜʢʦʧʣʠʥʥʠʭ ʩʧʝʢʪʨʘʣʴʥʠʭ ʟʦʙʨʘʞʝʥʴ ʛʨʦʟʦʚʠʭ ʨʦʟʨʷʜʽʚ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ
ʧʦʻʜʥʘʥʥʽ ʯʘʩʦʚʦ-ʨʦʟʜʽʣʴʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ ʪʘ ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ ʩʠʛʥʘʣʽʚ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ
ʧʨʠʜʽʣʝʥʦ ʟʘʜʘʯʘʤ ʚʽʜʥʦʚʣʝʥʥʷ ʧʨʦʩʪʦʨʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʧʣʘʟʤʦʚʠʭ ʢʘʥʘʣʽʚ ʫ ʟʘʧʠʣʝʥʽʡ
ʘʪʤʦʩʬʝʨʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʦʟʩʽʷʥʥʷ, ʧʦʛʣʠʥʘʥʥʷ ʪʘ ʩʧʝʢʪʨʘʣʴʥʦʾ ʩʝʣʝʢʪʠʚʥʦʩʪʽ ʚʠʧʨʦ-
ʤʽʥʶʚʘʥʥʷ. ɿʜʽʡʩʥʝʥʦ ʩʧʨʦʙʫ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʘʥʘʣʽʟʫ ʪʘ ʢʝ-
ʨʫʚʘʥʥʷ ʧʨʦʮʝʩʘʤʠ ʨʝʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠ ʨʦʟʚôʷʟʘʥʥʽ ʦʙʝʨʥʝʥʠʭ ʟʘʜʘʯ ʚʽʜʥʦʚʣʝʥʥʷ ʛʝʦʤʝʪ-
ʨʠʯʥʠʭ ʟʦʙʨʘʞʝʥʴ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʬʽʟʠʯʥʠʭ ʦʙôʻʢʪʽʚ. ʇʦʢʘʟʘʥʦ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦ-
ʨʠʩʪʘʥʥʷ ʙʽʥʘʨʥʠʭ ʜʝʪʝʢʪʦʨʽʚ ʥʘ ʦʩʥʦʚʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʠʧʫ CsPbBr
ʜʣʷ ʨʝʻʩʪʨʘʮʽʾ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʙʣʠʩʢʘʚʦʢ, ʘ ʪʘʢʦʞ ʤʦʞʣʠʚʽʩʪʴ ʾʭ ʟʘ-
ʩʪʦʩʫʚʘʥʥʷ ʚ ʫʤʦʚʘʭ ʥʝʨʽʚʥʦʚʘʞʥʦʾ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʧʣʘʟʤʠ ʟ ʢʦʥʜʝʥʩʦʚʘʥʦʶ ʜʠʩʧʝʨʩ-
ʥʦʶ ʬʘʟʦʶ. ʇʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʷʭ ʨʝʟʫʣʴʪʘʪʠ ʪʝʩʪʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʨʝʢʦʥʩʪʨʫʢʮʽʾ
ʰʚʠʜʢʦʧʣʠʥʥʠʭ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ ʫʧʝʨʰʝ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʚʠʟʥʘ-
ʯʝʥʥʷ ʯʘʩʪʢʦʚʦʾ ʤʘʩʠ ʪʚʝʨʜʦʾ ʬʘʟʠ ʘʝʨʦʟʦʣʽʚ ʫ ʛʨʦʟʦʚʠʭ ʭʤʘʨʘʭ. ʆʪʨʠʤʘʥʽ ʜʘʥʽ ʩʚʽʜʯʘʪʴ
ʧʨʦ ʧʽʜʚʠʱʝʥʥʷ ʯʫʪʣʠʚʦʩʪʽ ʜʦ ʣʦʢʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʣʘʟʤʠ, ʱʦ ʬʦʨʤʫʶʪʴʩʷ ʧʽʜ ʯʘʩ
ʨʦʟʚʠʪʢʫ ʛʨʦʟʦʚʦʛʦ ʨʦʟʨʷʜʫ. ʊʨʘʜʠʮʽʡʥʽ ʧʽʜʭʦʜʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʚʠʤʽʨʶʚʘʥʥʽ ʽʥʪʝʛʨʘʣʴʥʦʾ
ʝʥʝʨʛʽʾ ʨʦʟʨʷʜʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʘʜʽʦʤʝʪʨʽʚ, ʜʘʪʯʠʢʽʚ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʘ ʪʘʢʦʞ ʦʧʪʠʯ-
ʥʠʭ ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʠʭ ʩʧʝʢʪʨʦʛʨʘʬʽʚ, ʧʨʦʪʷʛʦʤ ʪʨʠʚʘʣʦʛʦ ʯʘʩʫ ʜʝʤʦʥʩʪʨʫʚʘʣʠ ʦʙʤʝ-
ʞʝʥʫ ʟʜʘʪʥʽʩʪʴ ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʘʟʤʠ. ɿʦʢʨʝʤʘ, ʮʽ ʤʝʪʦʜʠ
ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʝʨʝʚʘʞʥʦ ʽʥʪʝʛʨʘʣʴʥʽ ʘʙʦ ʫʩʝʨʝʜʥʝʥʽ ʦʮʽʥʢʠ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʫʩʢʣʘʜʥʶʻ
ʚʠʟʥʘʯʝʥʥʷ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʧʣʘʟʤʦʚʠʭ ʢʘʥʘʣʽʚ ʽ ʨʦʟʧʦʜʽʣʫ ʘʝʨʦʟʦʣʴʥʦʾ
ʢʦʤʧʦʥʝʥʪʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʽ ʤʝʪʦʜʠ ʨʝʢʦʥʩʪʨʫʢʮʽʾ ʜʦʟʚʦʣʷʶʪʴ ʧʦʜʦʣʘʪʠ ʟʘʟʥʘʯʝʥʽ ʦʙ-
ʤʝʞʝʥʥʷ ʰʣʷʭʦʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʢʪʨʘʣʴʥʦ-ʯʘʩʦʚʦʾ ʽʥʬʦʨʤʘʮʽʾ ʪʘ ʨʦʟʚôʷʟʘʥʥʷ ʦʙʝʨʥʝ-
ʥʠʭ ʟʘʜʘʯ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʥʦʚʣʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʬʽʟʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝʨʝʜʦʚʠʱʘ ʟ
ʧʽʜʚʠʱʝʥʦʶ ʧʨʦʩʪʦʨʦʚʦʶ ʪʘ ʯʘʩʦʚʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʙʣʠʩʢʘʚʦʢ, ʨʝʢʦʥʩʪʨʫʢʮʽʷ ʪʘ ʚʽʟʫʘʣʽʟʘʮʽʷ ʧʣʘʟʤʦʚʠʭ

ʢʦʥʬʽʛʫʨʘʮʽʡ, ʙʽʥʘʨʥʽ ʜʝʪʝʢʪʦʨʠ, CsPbBr  ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ, ʥʝʨʽʚʥʦʚʘʞʥʘ ʪʝʨʤʦʜʠʥʘ-
ʤʽʯʥʘ ʧʣʘʟʤʘ ʟ ʢʦʥʜʝʥʩʦʚʘʥʦʶ ʜʠʩʧʝʨʩʥʦʶ ʬʘʟʦʶ.
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ɺʧʣʠʚ ʧʦʚʝʨʭʥʝʚʠʭ ʷʚʠʱ ʥʘ ʨʫʭ ʜʠʩʧʝʨʩʥʠʭ ʯʘʩʪʠʥʦʢ 

 
ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʚʠʚʯʝʥʥʶ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʫʭʫ ʜʨʽʙʥʠʭ ʯʘʩʪʠʥʦʢ ʥʘ ʧʦʚʝʨʭʥʽ ʨʽʜʠʥ.

ɼʦʩʣʽʜʞʝʥʦ ʤʝʭʘʥʽʟʤʠ ʧʝʨʝʤʽʱʝʥʥʷ ʯʘʩʪʠʥʦʢ ʧʦʨʦʰʢʫ ʣʽʢʦʧʦʜʽʶ ʥʘ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʚʛʦʨʫ
ʟʘ ʪʝʯʽʻʶ, ʧʨʦʚʝʜʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʽ ʟʘʢʦʥʦʤʽʨʥʦ-
ʩʪʽ ʧʦʚʝʜʽʥʢʠ ʯʘʩʪʠʥʦʢ ʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʫʤʦʚ ʩʝʨʝʜʦʚʠʱʘ.
ʅʘ ʧʦʚʝʨʭʥʽ ʪʝʯʽʾ ʟʩʫʚʥʘ ʪʝʯʽʷ ʟ ʥʝʨʽʚʥʦʤʽʨʥʦʶ ʰʚʠʜʢʽʩʪʶ: ʙʣʠʞʯʝ ʜʦ ʩʪʽʥʦʢ ʰʚʠʜ-

ʢʽʩʪʴ ʨʽʜʠʥʠ ʤʝʥʰʘ, ʥʽʞ ʙʽʣʷ ʮʝʥʪʨʫ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʯʘʩʪʠʥʢʠ çʟʘʣʠʧʘʶʪʴè ʫ ʣʦʢʘʣʴʥʠʡ
ʪʦʨʦʧʦʜʽʙʥʠʡ ʚʠʭʦʨ ʘʙʦ ʧʨʠʧʦʚʝʨʭʥʝʚʠʡ ʧʦʚʽʣʴʥʠʡ ʰʘʨ — ʽ ʤʦʞʫʪʴ ʧʽʜʥʽʤʘʪʠʩʷ ʚʠʱʝ
ʟʘʪʝʯʽʻʶ ʧʨʦʪʠ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʫ. ɺʧʣʠʚʘʶʪʴ ʦʜʥʦʯʘʩʥʦ ʜʚʘ ʝʬʝʢʪʠ. ɽʬʝʢʪ
ʄʘʨʘʥʛʦʥʽ(ʣʦʢʘʣʴʥʝ ʟʤʝʥʰʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʙʽʣʷ ʯʘʩʪʠʥʦʢ), ʷʢʠʡ ʩʪʚʦʨʶʻ ʣʦ-
ʢʘʣʴʥʽ ʧʦʚʝʨʭʥʝʚʽ ʪʝʯʽʾ ʫ ʪʦʥʢʦʤʫ ʟʘʣʠʰʢʦʚʦʤʫ ʰʘʨʽ. ɸ ʩʪʽʥʢʠ/ʤʝʥʽʩʢ ʜʘʶʪʴ ʩʧʨʷ-
ʤʦʚʘʥʫ ʢʘʧʽʣʷʨʥʫʩʠʣʦʚʫ ʢʦʤʧʦʥʝʥʪʫ, ʷʢʘ ʚʠʟʥʘʯʘʻ ʥʘʧʨʷʤʦʢ (ʜʦ ʞʦʣʦʙʘ/ʩʪʽʥʢʠ).
ɼʘʣʴʥʽʩʪʴ ʧʽʜʡʦʤʫ ʯʘʩʪʠʥʦʢ ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʚʠʜʢʽʩʪʶ ʪʝʯʽʾ (ʧʨʷʤʘ ʟʘʣʝʞʥʽʩʪʴ: ʯʠʤ

ʚʦʥʘ ʙʽʣʴʰʘ, ʪʠʤ ʜʘʣʴʥʽʩʪʴ ʧʽʜʡʦʤʫ ʙʽʣʴʰʘ) ʽ ʨʽʟʥʠʮʝʶ ʚʠʩʦʪ ʚ ʚʝʨʭʥʽʡ ʽ ʥʠʞʥʽʡ ʧʦʩʫ-
ʜʠʥʽ: (ʦʙʝʨʥʝʥʘ ʟʘʣʝʞʥʽʩʪʴ: ʯʠʤ ʚʦʥʘ ʤʝʥʰʘ, ʪʠʤ ʜʘʣʴʥʽʩʪʴ ʙʽʣʴʰʘ).
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʧʦʚʝʨʭʥʝʚʽ ʷʚʠʱʘ, ʨʫʭ ʯʘʩʪʠʥʦʢ, ʜʦʤʽʰʢʠ, ʢʦʣʦʾʜʥʽ ʩʠʩʪʝʤʠ.
 

ɺʩʪʫʧ. ʌʽʟʠʢʘ ʧʦʚʝʨʭʥʝʚʠʭ ʷʚʠʱ ʟʘʡʤʘʻ ʚʘʞʣʠʚʝ ʤʽʩʮʝ ʩʝʨʝʜ ʩʫʯʘʩʥʠʭ ʥʘ-
ʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʘʜʞʝ ʚʦʥʠ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʙʘʛʘʪʴʦʭ ʧʨʠʨʦʜʥʠʭ ʪʘ 
ʪʝʭʥʽʯʥʠʭ ʧʨʦʮʝʩʘʭ. ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʩʪʘʥʦʚʠʪʴ ʧʦʚʝʜʽʥʢʘ ʜʨʽʙʥʠʭ ʯʘʩʪʠʥʦʢ 
ʥʘ ʤʝʞʽ ʧʦʜʽʣʫ ʨʽʜʠʥ. ʇʨʠʢʣʘʜʦʤ ʻ ʟʜʘʪʥʽʩʪʴ ʧʦʨʦʰʢʫ ʣʽʢʦʧʦʜʽʶ ʟʤʽʥʶʚʘʪʠ ʥʘ-
ʧʨʷʤʦʢ ʨʫʭʫ ʥʘ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʟʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ ʩʝʨʝʜʦʚʠʱʘ. ʎʝ ʷʚʠʱʝ ʚʠʛʣʷʜʘʻ 
ʧʘʨʘʜʦʢʩʘʣʴʥʠʤ, ʧʨʦʪʝ ʚʦʥʦ ʧʦʚôʷʟʘʥʝ ʟ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʚʟʘʻʤʦʜʽʾ ʯʘʩʪʠʥʦʢ ʽʟ ʨʽ-
ʜʠʥʦʶ. 

ɺ ʨʦʙʦʪʽ [1] ʦʧʠʩʘʥʦ ʮʽʢʘʚʝ ʷʚʠʱʝ. ʇʽʜ ʯʘʩ ʧʨʠʛʦʪʫʚʘʥʥʷ ʯʘʶ ʤʘʪʝ, ʢʦʣʠ 
ʛʘʨʷʯʫ ʚʦʜʫ ʥʘʣʠʚʘʣʠ ʟ ʢʘʩʪʨʫʣʽ ʚ ʯʘʰʢʫ ʟ ʯʘʡʥʠʤ ʣʠʩʪʷʤ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ 
ʢʦʣʠ ʥʦʩʠʢ ʟʥʘʭʦʜʠʚʩʷ ʥʘ ʚʽʜʩʪʘʥʽ 1 ʩʤ ʥʘʜ ʣʠʩʪʷʤ, ʧʣʘʚʘʶʯʝ ʣʠʩʪʷ ʧʦʪʨʘʧʣʷʣʦ 
ʟ ʯʘʰʢʠ ʚ ʯʘʡʥʠʢ. ʋ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʧʨʠ ʥʘʷʚʥʦʩʪʽ ʜʽʣʷʥʦʢ 
ʽʟ ʨʽʟʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʧʦʨʦʰʦʢ ʧʦʯʠʥʘʻ ʨʫʭʘʪʠʩʷ ʚʽʜ ʦʙʣʘ-
ʩʪʝʡ ʽʟ ʤʝʥʰʠʤ ʥʘʪʷʛʦʤ ʫ ʙʽʢ ʦʙʣʘʩʪʝʡ, ʜʝ ʚʽʥ ʙʽʣʴʰʠʡ. ʎʝ ʩʪʚʦʨʶʻ ʝʬʝʢʪ çʧʽʜʽʡ-
ʤʘʥʥʷè ʯʘʩʪʠʥʦʢ ʧʨʦʪʠ ʪʝʯʽʾ ʘʙʦ ʨʫʭʫ ʨʽʜʠʥʠ. 
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ммс 

ɹʫʣʦ ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʧʣʘʚʘʶʯʽ ʯʘʩʪʠʥʢʠ ʤʦʞʫʪʴ ʨʫʭʘʪʠʩʷ ʚʛʦʨʫ ʟʘ 
ʪʝʯʽʻʶ ʥʘ ʚʽʜʩʪʘʥʴ ʜʦ 1 ʩʤ ʚʛʦʨʫ ʧʦ ʚʦʜʦʩʧʘʜʫ ʪʘ ʥʘ ʢʽʣʴʢʘ ʤʝʪʨʽʚ ʚʛʦʨʫ ʧʦ ʢʘʥʘʣʫ 
ʧʨʦʪʠ ʧʦʪʦʢʫ ʨʽʜʠʥʠ ʥʠʞʯʝ ʟʘ ʪʝʯʽʻʶ. ɸʚʪʦʨʠ [1] ʧʦʤʽʪʠʣʠ, ʱʦ ʮʝʡ ʝʬʝʢʪ ʟʙʝʨʽ-
ʛʘʻʪʴʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʠʧʣʷʯʦʾ ʘʙʦ ʭʦʣʦʜʥʦʾ ʚʦʜʠ, ʘ ʪʘʢʦʞ ʟ 
ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʨʦʰʢʫ ʬʣʫʦʨʝʩʮʝʾʥʫ. ɹʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ, ʱʦ ʧʦʪʽʢ ʟʘʙʨʫʜʥʶ-
ʶʯʠʭ ʯʘʩʪʠʥʦʢ ʚʠʱʝ ʟʘ ʪʝʯʽʻʶ ʤʦʞʝ ʙʫʪʠ ʟʛʝʥʝʨʦʚʘʥʠʡ ʛʨʘʜʽʻʥʪʘʤʠ ʧʦʚʝʨʭʥʝ-
ʚʦʛʦ ʥʘʪʷʛʫ, ʱʦ ʚʩʪʘʥʦʚʣʶʶʪʴʩʷ ʧʦʪʦʢʦʤ ʯʠʩʪʦʾ ʚʦʜʠ ʥʠʞʯʝ ʟʘ ʪʝʯʽʻʶ ʚ ʟʘʙʨʫʜ-
ʥʝʥʠʡ ʚʦʜʦʡʤ. 

ɽʬʝʢʪ ʄʘʨʘʥʛʦʥʽ (ʘʙʦ ʷʢ ʡʦʛʦ ʱʝ ʥʘʟʠʚʘʶʪʴ ʄʘʨʘʥʛʦʥʽ - ɻʽʙʙʩʘ) [2, 3] ʷʚʣʷʻ 
ʩʦʙʦʶ ʷʚʠʱʝ ʧʝʨʝʥʦʩʫ ʨʝʯʦʚʠʥʠ ʚʟʜʦʚʞ ʢʦʨʜʦʥʫ ʨʦʟʜʽʣʫ ʜʚʦʭ ʩʝʨʝʜʦʚʠʱ, ʱʦ 
ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ ʥʘʷʚʥʦʩʪʽ ʛʨʘʜʽʻʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. ɺʠʥʠʢʥʝʥʥʷ ʛʨʘʜʽʻ-
ʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʤʦʞʝ ʙʫʪʠ ʚʠʢʣʠʢʘʥʦ ʛʨʘʜʽʻʥʪʦʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʙʦ ʛʨʘ-
ʜʽʻʥʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʏʠʤ ʙʽʣʴʰ ʫ ʨʽʜʠʥʠ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ, ʪʠʤ ʟ ʙʽʣʴʰʦʶ ʩʠ-
ʣʦʶ ʚʦʥʘ ʩʪʷʛʫʻʪʴʩʷ. ʆʪʞʝ, ʟʘ ʥʘʷʚʥʦʩʪʽ ʛʨʘʜʽʻʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʨʽʜʠʥʘ 
ʙʫʜʝ ʧʝʨʝʤʽʱʘʪʠʩʷ ʚ ʦʙʣʘʩʪʴ ʟ ʚʝʣʠʢʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. 

ɿʘ ʜʘʥʠʤʠ ɹʴʷʥʯʽʥʽ [1], ʯʘʩʪʠʥʢʠ ʟʤʝʥʰʫʶʪʴ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʧʦʙʣʠʟʫ 
ʩʝʙʝ. ɺʠʥʠʢʘʻ ʩʠʣʘ, ʱʦ ʟʤʫʰʫʻ ʾʭ ʧʝʨʝʤʽʱʘʪʠʩʷ ʚ ʥʘʧʨʷʤʢʫ ʜʽʣʷʥʢʠ ʟ ʯʠʩʪʦʶ 
ʚʦʜʦʶ, ʜʝ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʙʽʣʴʰʠʡ. 

ɺ ʜʦʩʣʽʜʞʝʥʥʽ [2] ʘʥʘʣʽʟʫʻʪʴʩʷ ʙʝʟʧʝʨʝʨʚʥʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʧʽʜʡʦʤ ʯʘʩʪʠʥʦʢ 
ʫ ʚʠʭʦʨʘʭ. ʂʦʣʠ ʯʘʩʪʠʥʢʘ ʧʽʜʥʽʤʘʻʪʴʩʷ ʧʨʦʪʠ ʨʽʜʠʥʠ, ʚʦʥʘ ʩʪʚʦʨʶʻ ʟʙʫʨʝʥʥʷ ʚ 
ʧʦʪʦʮʽ ʨʽʜʠʥʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʚʠʭʨʦʚʦʾ ʜʦʨʽʞʢʠ ʂʘʨʤʘʥʘ. ɺʦʥʘ 
ʟʤʝʥʰʫʻ ʦʧʽʨ, ʟ ʷʢʠʤ ʩʪʠʢʘʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʯʘʩʪʠʥʢʠ, ʧʦʣʝʛʰʫʶʯʠ ʾʭ ʧʽʜʡʦʤ. ʇʽ-
ʜʪʨʠʤʫʶʯʠ ʮʶ ʛʽʧʦʪʝʟʫ, ʙʫʣʦ ʧʦʤʽʯʝʥʦ, ʱʦ ʢʦʣʠ ʯʘʩʪʠʥʢʘ ʧʽʜʥʽʤʘʣʘʩʷ ʩʪʨʫʤʝ-
ʥʝʤ, ʽʥʰʽ ʯʘʩʪʠʥʢʠ ʤʘʡʞʝ ʤʠʪʪʻʚʦ ʡʰʣʠ ʧʦ ʪʦʤʫ ʞ ʰʣʷʭʫ, ʧʦʚʦʜʷʯʠʩʴ ʪʘʢ, ʥʽʙʠ 
ʟ'ʻʜʥʘʥʽ ʣʘʥʮʶʛʦʧʦʜʽʙʥʠʤ ʯʠʥʦʤ. 

ʄʝʭʘʥʽʟʤ ʧʽʜʡʦʤʫ ʯʘʩʪʠʥʦʢ ʤʦʞʝ ʙʫʪʠ ʨʝʣʝʚʘʥʪʥʠʤ ʜʣʷ ʥʝʦʯʽʢʫʚʘʥʦʛʦ ʧʝ-
ʨʝʥʦʩʫ ʜʦʤʽʰʦʢ ʫ ʪʝʭʥʦʣʦʛʽʯʥʦ ʚʘʞʣʠʚʠʭ ʩʠʩʪʝʤʘʭ (ʥʘʧʨʠʢʣʘʜ, ʙʽʦʨʝʘʢʪʦʨʘʭ, 
ʩʪʝʨʠʣʴʥʠʭ ʨʦʟʯʠʥʘʭ, ʬʘʨʤʘʮʝʚʪʠʯʥʠʭ ʧʨʦʮʝʩʘʭ), ʱʦ ʤʦʞʝ ʧʦʨʫʰʫʚʘʪʠ ʙʝʟʧʝʢʫ 
ʡ ʷʢʽʩʪʴ ʧʨʦʜʫʢʪʽʚ ʯʠ ʩʝʨʝʜʦʚʠʱ. ʎʝ ʜʦʟʚʦʣʷʻ ʘʨʛʫʤʝʥʪʫʚʘʪʠ, ʱʦ ʨʦʟʫʤʽʥʥʷ ʤʝ-
ʭʘʥʽʟʤʫ ʡ ʢʦʥʪʨʦʣʶ ʪʘʢʦʛʦ ʨʫʭʫ ʯʘʩʪʠʥʦʢ ʤʦʞʝ ʤʘʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʢʦʥʪʨʦʣʽ 
ʟʘʙʨʫʜʥʝʥʥʷ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʪʘ ʣʘʙʦʨʘʪʦʨʥʽʡ ʧʨʘʢʪʠʮʽ. 

ʍʦʯʘ ʧʨʷʤʘ ʧʨʘʢʪʠʯʥʘ ʨʝʘʣʽʟʘʮʽʷ ʝʬʝʢʪʫ ʧʽʜʡʦʤʫ ʯʘʩʪʠʥʦʢ ʱʝ ʨʽʜʢʽʩʥʘ, ʽʩ-
ʥʫʶʪʴ ʚ ʣʽʪʝʨʘʪʫʨʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʚ ʷʢʠʭ ʧʝʨʝʤʽʱʝʥʥʷ ʯʘʩʪʠʥʦʢ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ 
ʜʽʻʶ ʝʬʝʢʪʫ ʄʘʨʘʥʛʦʥʽ [4, 5]. ɺʽʪʤʘʥ [4] ʪʝʦʨʝʪʠʯʥʦ ʡ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘ-
ʟʘʚ, ʱʦ ʯʘʩʪʠʥʢʠ, ʷʢʽ ʟʤʽʥʶʶʪʴ ʣʦʢʘʣʴʥʠʡ ʩʢʣʘʜ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ (ʥʘʧʨʠʢʣʘʜ 
ʚʠʜʽʣʷʶʪʴ ʘʙʦ ʘʜʩʦʨʙʫʶʪʴ ʧʦʚʝʨʭʥʝʚʦ-ʘʢʪʠʚʥʽ ʨʝʯʦʚʠʥʠ), ʩʪʚʦʨʶʶʪʴ ʣʦʢʘʣʴʥʽ 
ʛʨʘʜʽʻʥʪʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ, ʱʦ ʧʨʠʚʦʜʷʪʴ ʜʦ ʧʦʪʦʢʫ ʯʘʩʪʠʥʦʢ ʧʦ ʧʦʚʝʨʭʥʽ. 
ʎʷ ʨʦʙʦʪʘ ʜʦʙʨʝ ʽʣʶʩʪʨʫʻ ʤʝʭʘʥʽʟʤ çʯʘʩʪʠʥʢʘ Ÿ ʣʦʢʘʣʴʥʝ ʟʥʠʞʝʥʥʷ/ʟʤʽʥʘ ʧʦʚʝ-
ʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ Ÿ ʧʦʚʝʨʭʥʝʚʠʡ ʧʦʪʽʢ ʯʘʩʪʠʥʦʢè. 

ɹʝʥʫʘʛʝʬ [5] ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʡ ʘʥʘʣʽʪʠʯʥʦ ʜʦʩʣʽʜʠʚ ʫʪʚʦʨʝʥʥʷ ʧʦʪʦʢʫ ʯʘ-
ʩʪʠʥʦʢ ʧʽʜ ʜʽʻʶ ʝʬʝʢʪʫ ʄʘʨʘʛʥʦʥʽ ʚʽʜ ʣʦʢʘʣʴʥʦʛʦ ʜʞʝʨʝʣʘ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ. 
ʎʝ ʧʨʠʢʣʘʜ ʪʦʛʦ, ʱʦ ʥʘʚʽʪʴ ʨʦʟʯʠʥʝʥʽ/ʘʜʩʦʨʙʦʚʘʥʽ ʤʦʣʝʢʫʣʠ ʥʘʚʢʦʣʦ ʣʦʢʘʣʴʥʦʛʦ 
ʜʞʝʨʝʣʘ ʩʪʚʦʨʶʶʪʴ ʚʠʤʽʨʶʚʘʥʽ ʛʨʘʜʽʻʥʪʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʽ ʚʽʜʧʦʚʽʜʥʽ ʪʝʯʽʾ.  
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ммт 

ɺʞʝ ʻ ʧʨʦʻʢʪʠ Marangoni-ʘʢʪʠʚʥʠʭ ʯʘʩʪʠʥʦʢ, ʷʢʽ ʩʘʤʽ ʨʫʭʘʶʪʴʩʷ ʧʦ ʧʦʚʝʨ-
ʭʥʽ ʨʽʜʠʥʠ, ʩʣʫʞʘʪʴ ʤʦʜʝʣʷʤʠ ʜʣʷ ʤʘʡʙʫʪʥʽʭ ʤʽʢʨʦʩʚʦʨʤʽʚ, ʤʽʢʨʦʨʦʙʦʪʽʚ ʪʘ ʤʽʢ-
ʨʦʥʘʩʦʩʽʚ [6, 7]. ʎʽ ʯʘʩʪʠʥʢʠ ʧʝʨʝʪʚʦʨʶʶʪʴ ʣʦʢʘʣʴʥʽ ʛʨʘʜʽʻʥʪʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘ-
ʪʷʛʫ ʥʘ ʨʫʭ ʘʙʦ ʪʨʘʥʩʧʦʨʪ ʽʥʰʦʛʦ ʚʘʥʪʘʞʫ. 

ʊʦʤʫ ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʨʦʙʦʪʠ ʟ ʝʬʝʢʪʫ ʧʽʜʡʦʤʫ ʯʘʩʪʠʥʦʢ ʧʨʦʪʠ ʧʦʪʦʢʫ 
ʥʝ ʜʘʶʪʴ ʢʦʥʢʨʝʪʥʠʭ ʧʨʠʢʣʘʜʽʚ ʧʨʠʢʣʘʜʥʦʾ ʢʦʨʠʩʪʽ, ʚʠʥʠʢʘʻ ʚʩʝ ʙʽʣʴʰʝ ʜʦʢʘʟʽʚ 
ʪʦʛʦ, ʱʦ ʧʦʜʽʙʥʽ ʷʚʠʱʘ ʚʽʜʽʛʨʘʶʪʴ ʨʦʣʴ ʫ ʧʨʦʮʝʩʘʭ ʥʝʦʯʽʢʫʚʘʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ 
ʜʦʤʽʰʦʢ ʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʪʘ ʤʦʞʫʪʴ ʚʧʣʠʚʘʪʠ ʥʘ ʙʝʟʧʝʢʫ ʪʘ ʷʢʽʩʪʴ 
ʚʠʨʦʙʥʠʮʪʚʘ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʚʠʚʯʝʥʥʷ ʬʽʟʠʯʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʨʫʭʫ ʯʘʩʪʠʥʦʢ ʣʽʢʦʧʦʜʽʶ ʥʘ 
ʧʦʚʝʨʭʥʽ ʨʽʜʠʥ ʪʘ ʧʦʷʩʥʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʾʭ ʧʦʚʝʜʽʥʢʠ ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ.  
 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʉʭʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʩʪʚʦ-
ʨʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʛʦ ʧʦʪʦʢʫ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1ʘ. ɿ ʥʠʞʥʴʦʾ ʻʤʥʦʩʪʽ ʚʦʜʷʥʠʡ ʥʘʩʦʩ 
ʢʘʯʘʻ ʚʦʜʫ ʚ ʚʝʨʭʥʶ ʻʤʥʽʩʪʴ. ʏʝʨʝʟ ʪʨʫʙʢʫ ʚ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ ʚ ʜʦʚʛʠʡ ʛʦ-
ʨʠʟʦʥʪʘʣʴʥʠʡ ʧʨʷʤʦʢʫʪʥʠʡ ʞʦʣʦʙ ʚʠʪʽʢʘʻ ʪʘʢʘ ʞ ʢʽʣʴʢʽʩʪʴ ʚʦʜʠ, ʱʦ ʽ ʚʠʢʘʯʫʻ 
ʥʘʩʦʩ ʟ ʥʠʞʥʴʦʾ ʧʦʩʫʜʠʥʠ. ʊʦʤʫ ʚʠʩʦʪʘ ʨʽʜʠʥʠ ʚ ʥʠʞʥʽʡ ʻʤʥʦʩʪʽ ʩʪʘʣʘ. ʇʦʩʝʨʝ-
ʜʠʥʽ ʞʦʣʦʙʘ (ʰʠʨʠʥʘ 27 ʤʤ) ʧʦʩʪʘʚʣʝʥʘ ʤʝʪʘʣʝʚʘ ʩʽʪʢʘ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚ ʞʦʣʦʙʽ ʚ 
ʾʾ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʫʪʚʦʨʶʻʪʴʩʷ ʣʘʤʽʥʘʨʥʘ ʪʝʯʽʷ ʧʦ ʚʩʽʡ ʾʾ ʰʠʨʠʥʽ. 

ɺʠʩʦʪʘ ʞʦʣʦʙʘ ʥʘʜ ʨʽʚʥʝʤ ʚʦʜʠ ʚ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ ʚʩʪʘʥʦʚʣʶʚʘʚʩʷ ʥʘ ʨʽʚʥʽ 
ʙʣʠʟʴʢʦ 1 ʩʤ. ʎʝ ʜʦʩʷʛʘʣʦʩʴ ʰʣʷʭʦʤ ʜʦʜʘʚʘʥʥʷ ʯʠ ʚʽʜʥʽʤʘʥʥʷʤ ʧʝʚʥʦʾ ʢʽʣʴʢʦʩʪʽ 
ʚʦʜʠ ʚ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ.  

ʅʘ ʧʦʚʝʨʭʥʶ ʚʦʜʠ ʚ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ ʧʦʩʠʧʘʣʘʩʷ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʧʦʨʦ-
ʰʢʫ ʣʽʢʦʧʦʜʽʶ. ʎʽ ʯʘʩʪʠʥʢʠ ʤʘʶʪʴ ʦʜʥʘʢʦʚʠʡ ʨʦʟʤʽʨ 30 ʤʢʤ ʽ ʜʦʙʨʝ ʧʣʘʚʘʶʪʴ ʥʘ 
ʾʾ ʧʦʚʝʨʭʥʽ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ, ʱʦ ʯʘʩʪʠʥʢʠ ʤʦʞʫʪʴ ʟôʷʚʠʪʠʩʷ ʚ ʞʦ-
ʣʦʙʽ, ʧʽʜʥʷʚʰʠʩʴ ʧʦ ʪʝʯʽʾ ʚʛʦʨʫ. ʎʝ ʽʥʦʜʽ ʥʘʟʠʚʘʶʪʴ çʟʘʙʨʫʜʥʝʥʥʷ ʚʛʦʨʫ ʟʘ ʪʝ-
ʯʽʻʶè. ʐʚʠʜʢʽʩʪʴ ʚʠʪʽʢʘʥʥʷ ʚʦʜʠ ʨʝʛʫʣʶʚʘʣʘʩʷ ʘʙʦ ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʢʘʯʫʚʘʥʥʷ 
ʥʘʩʦʩʫ, ʘʙʦ ʢʫʪʦʤ ʥʘʭʠʣʫ ʞʦʣʦʙʘ. 

ʅʘ ʨʠʩ.1b ʟʦʙʨʘʞʝʥʦ ʬʦʪʦ (ʩʪʦʧ-ʢʘʜʨ) ʟʥʘʭʦʜʞʝʥʥʷ ʯʘʩʪʠʥʦʢ ʚ ʜʘʥʽʡ ʩʠʩ-
ʪʝʤʽ. ʅʘ ʞʦʣʦʙʽ ʫʪʚʦʨʶʶʪʴʩʷ ʜʚʘ ʚʠʭʦʨʠ (ʞʦʚʪʽ ʩʪʨʽʣʢʠ). ɺ ʢʦʞʥʦʤʫ ʟ ʥʠʭ ʯʘʩ-
ʪʠʥʢʠ ʨʫʭʘʶʪʴʩʷ ʚʽʜ ʚʦʜʦʩʧʘʜʫ çʚʛʦʨʫ ʟʘ ʪʝʯʽʻʶè ʧʦʙʣʠʟʫ ʩʪʽʥʢʠ, ʘ ʜʦ ʚʦʜʦʩʧʘʜʫ 
ï ʙʣʠʞʯʝ ʜʦ ʩʝʨʝʜʠʥʠ ʧʦʪʦʢʫ ʚ ʞʦʣʦʙʽ. ɹʽʣʷ ʪʦʯʢʠ ʧʘʜʽʥʥʷ ʚʦʜʠ ʟ ʚʦʜʦʩʧʘʜʫ ʪʝʞ 
ʫʪʚʦʨʶʶʪʴʩʷ ʜʚʘ ʚʠʭʦʨʠ (ʯʝʨʚʦʥʽ ʩʪʨʽʣʢʠ). ʇʦʙʣʠʟʫ ʮʝʥʪʨʫ ʪʝʯʽʾ ʚʦʜʘ ʪʝʯʝ ʚʽʜ 
ʞʦʣʦʙʘ. ʊʦʤʫ ʥʘ ʧʦʚʝʨʭʥʽ ʚʦʜʠ ʚ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ ʟʛʽʜʥʦ ʨʽʚʥʷʥʥʷ ɹʝʨʥʫʣʣʽ (ʨ 

  
ʈʠʩ. 1. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ ʽ ʨʫʭ ʯʘʩʪʠʥʦʢ ʣʽʢʦʧʦʜʽʶ 
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мму 

+”‡= const) ʚ ʮʴʦʤʫ ʤʽʩʮʽ ʚʠʥʠʢʘʻ ʦʙʣʘʩʪʴ ʟʥʠʞʝʥʦʛʦ ʪʠʩʢʫ, ʢʫʜʠ ʽ ʥʘʤʘʛʘʻʪʴʩʷ 
ʨʫʭʘʪʠʩʷ ʚʦʜʘ ʟ ʩʫʩʽʜʥʽʭ ʦʙʣʘʩʪʝʡ (ʧʦʤʘʨʘʥʯʝʚʽ ʽ ʯʝʨʚʦʥʽ ʩʪʨʽʣʢʠ ʥʘ ʨʠʩ 2.2). ɺ 
ʨʝʟʫʣʴʪʘʪʽ ʽ ʫʪʚʦʨʶʶʪʴʩʷ ʜʚʘ ʚʠʭʦʨʠ (ʯʝʨʚʦʥʽ ʩʪʨʽʣʢʠ). ɺʠʩʦʪʘ ʧʽʜʡʦʤʫ ʯʘʩʪʠʥʦʢ 
ʜʣʷ ʜʘʥʦʛʦ ʚʠʧʘʜʢʫ ʙʣʠʟʴʢʦ ʜʦ 10 ʤʤ.  

ɼʘʣʴʥʽʩʪʴ, ʥʘ ʷʢʫ ʤʦʞʫʪʴ ʟʘʡʪʠ ʯʘʩʪʠʥʢʠ ʚʛʦʨʫ ʟʘ ʪʝʯʽʻʶ ʟʘʣʝʞʘʪʴ ʚʽʜ ʨʽʟ-
ʥʠʮʽ ʨʽʚʥʽʚ ʚ ʚʝʨʭʥʽʡ ʪʝʯʽʾ ʪʘ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʦ ʨʦʟʤʽʨʠ ʚʠʭʦ-
ʨʽʚ ʧʨʠ ʨʽʟʥʠʭ ʨʽʚʥʷʭ. ɺʠʜʥʦ, ʱʦ ʯʠʤ ʤʝʥʰʘ ʨʽʟʥʠʮʷ ʨʽʚʥʽʚ ʪʠʤ ʙʽʣʴʰʽ ʨʦʟʤʽʨʠ 
ʚʠʭʦʨʽʚ, ʷʢ ʚ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ (ʯʝʨʚʦʥʽ ʩʪʨʽʣʢʠ), ʪʘʢ ʽ ʚ ʞʦʣʦʙʽ (ʞʦʚʪʽ ʩʪʨʽʣʢʠ). 
ʎʝ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʪʠʤ, ʱʦ ʯʠʤ ʙʽʣʴʰʘ ʚʠʩʦʪʘ ʨʽʚʥʽʚ, ʪʠʤ ʤʝʥʰʘ ʛʦʨʠʟʦʥʪʘʣʴʥʘ 
ʩʢʣʘʜʦʚʘ ʰʚʠʜʢʦʩʪʽ ʨʽʜʠʥʠ. ɯ ʪʦʤʫ ʥʝ ʚʠʥʠʢʘʻ ʩʫʪʪʻʚʘ ʨʽʟʥʠʮʷ ʪʠʩʢʽʚ ʜʣʷ ʚʠʥʠʢ-
ʥʝʥʥʷ ʚʠʭʦʨʫ. 

ʈʠʩ. 2. ʈʦʟʤʽʨʠ ʚʠʭʦʨʽʚ ʥʘ ʚʝʨʭʥʽʡ ʪʝʯʽʾ (ʚʠʜ ʟʛʦʨʠ). 
 

 
ʈʠʩ. 3. ɺʧʣʠʚ ʥʘʭʠʣʫ ʞʦʣʦʙʘ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʪʝʯʽʾ ʥʘ ʨʦʟʤʽʨʠ ʚʠʭʦʨʽʚ ʚʛʦʨʫ 

ʟʘ ʪʝʯʽʻʶ 
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ммф 

ʇʦʤʘʨʘʥʯʝʚʠʤʠ ʩʪʨʽʣʢʘʤʠ ʧʦʢʘʟʘʥʦ ʰʣʷʭʠ, ʚʟʜʦʚʞ ʷʢʠʭ ʨʫʭʘʶʪʴʩʷ ʯʘʩʪʠ-
ʥʢʠ ʚʛʦʨʫ ʽ ʚʥʠʟ ʟʘ ʪʝʯʽʻʶ. ʊʨʝʙʘ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʯʘʩʪʠʥʢʠ ʥʝ ʦʙʦʚôʷʟʢʦʚʦ ʩʧʫʩʢʘ-
ʶʪʴʩʷ ʚʥʠʟ, ʚʦʥʠ ʤʦʞʫʪʴ ʧʨʦʜʦʚʞʫʚʘʪʠ ʨʫʭʘʪʠʩʷ ʚ ʚʠʭʦʨʽ.  

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʦ ʚʧʣʠʚ ʚʠʩʦʪʘ ʨʽʚʥʽʚ ʽ ʢʫʪ ʥʘʭʠʣʫ ʞʦʣʦʙʘ (ʨʠʩʫʥʦʢ ʟʣʽʚʘ) 
ʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʜʠ (ʨʠʩʫʥʦʢ ʩʧʨʘʚʘ) ʥʘ ʜʘʣʴʥʽʩʪʴ çʟʘʙʨʫʜʞʝʥʥʷè. ʆʪʞʝ, ʯʠʤ 
ʙʽʣʴʰʝ ʢʫʪ, ʪʠʤ ʥʘ ʤʝʥʰʫ ʜʦʚʞʠʥʫ ʧʝʨʝʩʫʚʘʶʪʴʩʷ ʯʘʩʪʠʥʢʠ ʚʛʦʨʫ ʟʘ ʪʝʯʽʻʶ. ʇʨʠ 
ʦʜʥʽʡ ʽ ʪʽʡ ʞʝ ʩʘʤʽʡ ʨʽʟʥʠʮʽ ʨʽʚʥʽʚ ʯʘʩʪʠʥʢʘʤ ʚʘʞʯʝ ʨʫʭʘʪʠʩʷ. ʅʘʛʨʽʚʘʥʥʷ ʚʦʜʠ 
ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʣʝʛʰʝʥʥʷ ʨʫʭʫ ʯʘʩʪʠʥʦʢ ʽʟ-ʟʘ ʟʤʝʥʰʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. 

ʅʘ ʨʫʭ ʯʘʩʪʠʥʦʢ ʚʧʣʠʚʘʻ ʰʚʠʜʢʽʩʪʴ ʪʝʯʽʾ. ɾʦʣʦʙ (ʜʦʩʪʘʪʥʴʦ ʜʦʚʛʠʡ) ʧʽʜʽʡ-
ʤʘʚʩʷ ʟʘ ʜʘʣʴʥʽʡ ʢʽʥʝʮʴ, ʱʦ ʧʨʠʟʚʦʜʠʣʦ ʜʦ ʧʨʠʰʚʠʜʰʝʥʥʷ ʚʠʪʽʢʘʥʥʷ ʚʦʜʠ. ʇʨʠ 
ʰʚʠʜʢʽʡ ʪʝʯʽʾ ʯʘʩʪʠʥʢʠ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʚ ʞʦʣʦʙʽ. ʇʽʩʣʷ ʧʦʚʝʨʥʝʥʥʷ ʞʦʣʦʙʘ ʚ 
ʧʦʯʘʪʢʦʚʠʡ ʩʪʘʥ (ʰʚʠʜʢʽʩʪʴ ʪʝʯʽʾ ʧʘʜʘʻ ʧʨʘʢʪʠʯʥʦ ʜʦ ʥʫʣʷ) ʯʘʩʪʠʥʢʠ ʰʚʠʜʢʦ ʟʘ-
ʭʦʜʷʪʴ ʚ ʞʦʣʦʙ.  

ʇʽʩʣʷ ʧʝʨʝʢʨʠʪʪʷ (ʟʫʧʠʥʢʠ) ʧʦʪʦʢʫ ʯʘʩʪʠʥʢʠ, ʱʦ ʟʥʘʭʦʜʠʣʠʩʷ ʚ ʦʩʥʦʚʥʽʡ 
ʻʤʥʦʩʪʽ ʥʠʞʯʝ ʞʦʣʦʙʘ ʧʨʠʙʣʠʟʥʦ ʥʘ ʚʽʜʩʪʘʥʽ 5 ʤʤ, ʧʦʯʠʥʘʶʪʴ ʦʜʨʘʟʫ ʧʽʜʽʡʤʘ-
ʪʠʩʷ ʚʛʦʨʫ. ʍʦʯʘ ʪʝʯʽʾ ʚʞʝ ʥʝʤʘʻ. ʄʦʞʣʠʚʠʤ ʧʦʷʩʥʝʥʥʷʤ ʻ ʚʧʣʠʚ ʩʪʽʥʦʢ. ʊʦʙʪʦ 
ʚʧʣʠʚʘʻ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ (ʨʽʚʝʥʴ ʚʦʜʠ ʙʽʣʷ ʩʪʽʥʦʢ ʟʘ ʨʘʭʫʥʦʢ ʟʤʦʯʫʚʘʥʥʷ ʙʽʣʴ-
ʰʠʡ), ʷʢʠʡ ʟʤʫʰʫʻ ʥʘʙʣʠʞʘʪʠʩʷ ʤ'ʷʯʠʢ ʜʦ ʩʪʽʥʢʠ. ʋ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ ʥʘʜ ʦʩʥʦʚ-
ʥʦʶ ʻʤʥʽʩʪʶ ʻ ʞʦʣʦʙ, ʚ ʷʢʦʤʫ ʟʘʣʠʰʘʻʪʴʩʷ 2-3 ʤʤ ʚʦʜʷʥʦʛʦ ʰʘʨʫ. ʊʦʤʫ ʟʙʽʣʴ-
ʰʝʥʥʷ ʨʽʚʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ "ʧʨʠʪʠʩʥʝʥʥʷ" ʯʘʩʪʠʥʦʢ ʜʦ ʦʙʣʘʩʪʽ ʟ ʙʽʣʴʰ ʚʠʩʦʢʠʤ 
ʨʽʚʥʝʤ ʚʦʜʠ. 

ɿʘʚʜʷʢʠ ʚôʷʟʢʦʩʪʽ ʧʨʦʬʽʣʴ ʰʚʠʜʢʦʩʪʽ ʣʘʤʽʥʘʨʥʦʾ ʪʝʯʽʾ ʚ ʞʦʣʦʙʽ ʻ ʧʘʨʘʙʦʣʽʯ-
ʥʠʡ (ʨʠʩ. 4ʘ): 

2

0( ) 1
s

ru r u
r

å õå õ
æ ö= -æ öæ öç ÷ç ÷

. 

ɺʽʜʦʤʦ, ʱʦ ʧʨʠ ʪʝʯʽʾ ʚôʷʟʢʦʾ ʨʽʜʠʥʠ ʾʾ ʰʚʠʜʢʽʩʪʴ ʧʦʙʣʠʟʫ ʧʝʨʝʰʢʦʜ ʤʘʣʘ (ʥʘ 
ʩʪʽʥʢʘʭ ʽ ʚʟʘʛʘʣʽ ʜʦʨʽʚʥʶʻ ʥʫʣʶ). ʄʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʚʩʝʨʝʜʠʥʽ ʪʝʯʽʾ. ɿʘ ʜʦ-
ʧʦʤʦʛʦʶ ʘʚʪʦʪʨʝʢʝʨʘ ʤʦʞʥʘ ʦʮʽʥʠʪʠ ʰʚʠʜʢʽʩʪʴ ʪʝʯʽʾ ʚʦʜʠ ʚ ʮʝʥʪʨʽ ʞʦʣʦʙʘ. ɼʣʷ 
ʮʴʦʛʦ ʥʘ ʧʦʚʝʨʭʥʶ ʚʦʜʠ ʧʦʤʽʰʫʚʘʚʩʷ ʢʨʠʭʽʪʥʠʡ ʢʣʘʧʪʠʢ ʧʘʧʝʨʫ, ʟʘ ʨʫʭʦʤ ʷʢʦʛʦ 
ʽ ʩʧʦʩʪʝʨʽʛʘʣʠ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʘʻʤʦ ʜʣʷ ʢʫʪʘ ʥʘʭʠʣʫ 0Ü ʦʨʽʻʥʪʦʚʥʫ ʰʚʠʜʢʽʩʪʴ ʚʦʜʠ 
10 ʩʤ/ʩ ʚ ʦʙʣʘʩʪʽ (ʨʠʩ. 4b) ʜʝ ʥʝʤʘʻ ʯʘʩʪʠʥʦʢ (ʪʦʯʢʘ 1) ʽ 4.5 ʩʤ/ʩ ʜʝ ʚʦʥʠ ʻ (ʪʦʯʢʘ 
2).  

   
ʈʠʩ. 4 ʉʪʨʫʢʪʫʨʘ ʪʝʯʽʾ ʽ ʧʦʷʩʥʝʥʥʷ ʨʫʭʫ ʯʘʩʪʠʥʦʢ 
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ɸʚʪʦʪʨʝʢʝʨʦʤ ʚʠʤʽʨʷʻʤʦ ʽ ʨʫʭ ʯʘʩʪʠʥʦʢ ʚ ʚʠʭʦʨʽ, ʱʦ ʚ ʞʦʣʦʙʽ. ɺʦʥʘ ʩʢʣʘʣʘ 
4.5 ʩʤ/ʩ ʧʦʙʣʠʟʫ ʩʪʽʥʢʠ, 1.1 ʩʤ/ʩ ʚ ʮʝʥʪʨʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʯʘʩʪʠʥʢʠ ʧʨʠʡʤʘʶʪʴ ʫʯʘʩʪʴ ʚ ʜʚʦʭ ʨʫʭʘʭ. ɺʦʥʠ ʨʫʭʘʶʪʴʩʷ ʟʘ 
ʪʝʯʽʻʶ. ʊʽʣʴʢʠ ʯʘʩʪʠʥʢʠ ʧʦʙʣʠʟʫ ʩʪʽʥʦʢ ʨʫʭʘʶʪʴʩʷ ʟ ʤʝʥʰʦʶ ʰʚʠʜʢʽʩʪʶ ʽʟ-ʟʘ 
ʚôʷʟʢʦʩʪʽ. ɸ ʪʘʢʦʞ ʥʘ ʥʠʭ ʜʽʻ ʷʢʘʩʴ ʜʦʜʘʪʢʦʚʘ ʩʠʣʘ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʾʭ ʧʦʣʦʞʝʥʥʷ ʚ 
ʪʝʯʽʾ. ʊʦʤʫ ʯʘʩʪʠʥʢʠ ʟʘ ʨʘʭʫʥʦʢ ʮʽʻʾ ʩʠʣʠ ʤʦʞʫʪʴ ʨʫʭʘʪʠʩʷ ʚʛʦʨʫ ʟʘ ʪʝʯʽʻʶ, ʘ 
ʯʘʩʪʠʥʢʠ ʙʣʠʞʯʝ ʜʦ ʮʝʥʪʨʫ ʪʝʯʽʾ ï ʚʥʠʟ ʟʘ ʪʝʯʽʻʶ. 

ɹʴʷʥʯʽʥʽ ʪʘ ʽʥ. [1] ʚʢʘʟʫʶʪʴ, ʱʦ ʯʘʩʪʠʥʢʠ ʟʤʝʥʰʫʶʪʴ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʧʦ-
ʙʣʠʟʫ ʥʠʭ. ʊʦʜʽ, ʷʢʱʦ ʧʨʠʡʥʷʪʠ ʮʝ ʪʚʝʨʜʞʝʥʥʷ, ʩʠʣʘ, ʱʦ ʟʤʫʰʫʻ ʾʭ ʨʫʭʘʪʠʩʷ ʚ 
ʥʘʧʨʷʤʢʫ ʯʠʩʪʦʾ ʚʦʜʠ, ʜʽʻ ʥʘ ʚʩʽ ʯʘʩʪʠʥʢʠ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʤʽʩʮʷ, ʜʝ ʚʦʥʠ ʟʥʘʭʦ-
ʜʷʪʴʩʷ. ʎʷ ʩʠʣʘ, ʥʘʧʝʚʥʦ, ʧʨʦʧʦʨʮʽʡʥʘ ʢʦʝʬʽʮʽʻʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. 

ʇʨʦʪʠʜʽʻ ʮʽʡ ʩʠʣʽ ʩʠʣʘ ʚôʷʟʢʦʛʦ ʪʝʨʪʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʙʽʣʴʰ-
ʤʝʥʰ ʩʪʘʣʘ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ. ʇʦʟʥʘʯʠʤʦ ʾʾ ʟʘ vx. ʊʦʜʽ ʜʣʷ ʯʘʩʪʠʥʢʠ ˉ1 (ʧʦʙʣʠʟʫ 
ʩʪʽʥʢʠ) ʤʘʻʤʦ ʰʚʠʜʢʽʩʪʴ v1 = vx + 0 = vx ʽ ʥʘʧʨʷʤ ʚʣʽʚʦ (ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʠʩ. 4b) 

ɼʣʷ ʯʘʩʪʠʥʢʠ ˉ2  ʤʘʻʤʦ v2 = ur ï vx ʽ ʥʘʧʨʷʤ ʚʧʨʘʚʦ, ʙʦ ʚ ʮʽʡ ʪʦʯʮʽ ur > vx. 
ɺʩʝʨʝʜʠʥʽ ʚʠʭʦʨʫ ʻ ʯʘʩʪʠʥʢʠ, ʷʢʽ ʚʽʜʥʦʩʥʦ ʩʧʦʩʪʝʨʽʛʘʯʘ ʧʨʘʢʪʠʯʥʦ ʥʝʨʫ-

ʭʦʤʽ. ʊʫʪ ur å vx. ɺ ʮʝʥʪʨʽ ʞʦʣʦʙʘ ʟʘʟʚʠʯʘʡ ʯʘʩʪʠʥʦʢ ʥʝʤʘʻ. ʊʘʤ ur >  vx.  ʊʦʤʫ 
ʟʘʚʜʷʢʠ ʩʪʽʥʢʘʤ (ʚôʷʟʢʽʩʪʴ) ʽ ʟʤʽʥʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʤʦʞʣʠʚʠʡ ʨʫʭ ʯʘʩʪʠʥʦʢ 
ʚʛʦʨʫ ʟʘ ʪʝʯʽʻʶ. 

ʆʪʞʝ, ʟʙʽʣʴʰʠʚʰʠ ʢʫʪ ʥʘʭʠʣʫ ʞʦʣʦʙʘ, ʤʠ ʟʙʽʣʴʰʫʻʤʦ ʰʚʠʜʢʽʩʪʴ ʪʝʯʽʾ. ʊʦʤʫ 
ʚʽʜʩʪʘʥʴ, ʥʘ ʷʢʫ ʟʘʭʦʜʷʪʴ ʯʘʩʪʠʥʢʠ ʟʤʝʥʰʫʻʪʴʩʷ.  
 

ɸʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʪʞʝ, ʤʘʻʤʦ ʥʘʩʪʫʧʥʫ ʩʠʪʫʘʮʽʶ. ʇʦ ʞʦʣʦʙʫ ʪʝʯʝ ʰʠ-
ʨʦʢʘ, ʘʣʝ ʥʝʚʠʩʦʢʘ ʣʘʤʽʥʘʨʥʘ (ʧʦ ʰʠʨʠʥʽ) ʪʝʯʽʷ. ɿʘ ʨʘʭʫʥʦʢ ʚ'ʷʟʢʦʩʪʽ ʚʦʜʠ ʤʘʻʤʦ 
ʧʦʙʣʠʟʫ ʩʪʽʥʦʢ ʤʘʣʫ ʰʚʠʜʢʽʩʪʴ ʪʝʯʽʾ, ʚ ʮʝʥʪʨʽ- ʤʘʢʩʠʤʘʣʴʥʫ. ɿʘ ʨʘʭʫʥʦʢ ʛʨʘʜʽʻ-
ʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʯʘʩʪʠʥʢʠ ʤʦʞʫʪʴ ʨʫʭʘʪʠʩʷ ʚ ʙʽʢ ʯʠʩʪʦʾ ʨʽʜʠʥʠ. ʊʦʙʪʦ 
ʽʩʥʫʻ ʰʚʠʜʢʽʩʪʴ ʪʘʢʦʛʦ ʜʨʝʡʬʫ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʯʘʩʪʠʥʦʢ ʽ ʾʭ ʪʠʧʫ. 
ʇʦʙʣʠʟʫ ʩʪʽʥʦʢ ʰʚʠʜʢʽʩʪʴ ʜʨʝʡʬʫ ʧʝʨʝʚʘʞʘʻ ʰʚʠʜʢʽʩʪʴ ʪʝʯʽʾ ʽ ʪʦʤʫ ʯʘʩʪʠʥʢʠ ʨʫ-
ʭʘʶʪʴʩʷ ʧʦʙʣʠʟʫ ʞʦʣʦʙʘ ʚʛʦʨʫ ʟʘ ʪʝʯʽʻʶ. ɺ ʮʝʥʪʨʽ ʥʘʚʧʘʢʠ. ʐʚʠʜʢʽʩʪʴ ʪʝʯʽʾ ʧʝ-
ʨʝʚʘʞʘʻ ʽ ʯʘʩʪʠʥʢʠ ʧʦʚʝʨʪʘʶʪʴʩʷ ʚʥʠʟ. ʋʪʚʦʨʶʻʪʴʩʷ ʮʠʨʢʫʣʷʮʽʷ ʯʘʩʪʠʥʦʢ ʥʘ ʧʦ-
ʚʝʨʭʥʽ ʣʘʤʽʥʘʨʥʦʛʦ ʩʪʨʫʤʝʥʷ. 

ʆʪʞʝ ʽʩʥʫʻ ʰʚʠʜʢʽʩʪʴ ʜʨʝʡʬʫ ʯʘʩʪʠʥʦʢ ʫʟʜʦʚʞ ʧʦʚʝʨʭʥʽ vx, ʟʫʤʦʚʣʝʥʠʡ 
ʛʨʘʜʽʻʥʪʦʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. ʗʢʱʦ vx > u(r) ï ʯʘʩʪʠʥʢʘ ʨʫʭʘʻʪʴʩʷ ʚʛʦʨʫ; ʷʢʱʦ 
vx < u(r) ï ʚʥʠʟ. ʋʤʦʚʦʶ ʽʩʥʫʚʘʥʥʷ ʮʠʨʢʫʣʷʮʽʾ ʻ ʽʩʥʫʚʘʥʥʷ ʪʘʢʦʾ ʢʦʦʨʜʠʥʘʪʠ rc, 
ʜʝ u(rc) = vx. ʊʦʜʽ ʧʨʠ r > rc ʤʘʻʤʦ ʨʫʭ ʚʛʦʨʫ, ʧʨʠ r < rc ï ʨʫʭ ʚʥʠʟ. ʊʦʙʪʦ ʮʠʨʢʫ-
ʣʷʮʽʷ ʽʩʥʫʻ, ʷʢʱʦ 0 < vx < u0.  

ʗʢʱʦ: vx > u0 Ÿ ʚʩʽ ʯʘʩʪʠʥʢʠ ʡʜʫʪʴ ʚʛʦʨʫ, vx =0 ï ʚʩʽ ʚʥʠʟ, vx å u0 Ÿ ʟʦʥʘ 
ʮʠʨʢʫʣʷʮʽʾ ʩʪʠʩʢʘʻʪʴʩʷ ʜʦ ʮʝʥʪʨʫ. 

ʊʝ, ʱʦ ʧʽʩʣʷ ʟʫʧʠʥʢʠ ʧʦʪʦʢʫ ʯʘʩʪʠʥʢʠ ʧʨʦʜʦʚʞʫʶʪʴ ʨʫʭ ï ʮʝ ʦʟʥʘʯʘʻ: vx Í0 
ʥʘʚʽʪʴ, ʢʦʣʠ u = 0.  

ɼʣʷ ʦʮʽʥʢʠ ʰʚʠʜʢʦʩʪʽ ʜʨʝʡʬʫ ʯʘʩʪʠʥʦʢ ʧʦʪʨʽʙʥʦ ʚʚʝʩʪʠ ʤʘʩʰʪʘʙ ʰʚʠʜʢʦ-

ʩʪʽ, ʘʣʝ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʛʨʘʜʽʻʥʪ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ x
b dv
dx
s

h
- . ɺ ʨʦʙʦʪʽ [8] 

ʰʚʠʜʢʽʩʪʴ ʄʘʨʘʥʛʦʥʽ ʚ ʪʦʥʢʽʡ ʧʣʽʚʮʽ ʤʘʩʰʪʘʙʫʻʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʷʢ  
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ὺ ẗ
ẗ
 , 

ʜʝ ȹů ï ʨʽʟʥʠʮʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ, b ï ʪʦʚʱʠʥʘ ʰʘʨʫ, ʜʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʘʢʠʡ 
ʨʫʭ, ɖ ï ʜʠʥʘʤʽʯʥʘ ʚôʷʟʢʽʩʪʴ ʚʦʜʠ, h ï ʭʘʨʘʢʪʝʨʥʘ ʜʦʚʞʠʥʘ ʛʨʘʜʽʻʥʪʘ.  

ʊʫʪ ʚôʷʟʢʽʩʪʴ ʩʧʦʚʽʣʴʥʶʻ ʨʫʭ ʯʘʩʪʠʥʦʢ ï ʪʦʤʫ ʚʦʥʘ ʚ ʟʥʘʤʝʥʥʠʢʫ, ʛʨʘʜʽʻʥʪ 
ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ï çʨʫʰʽʡʥʠʡè ʬʘʢʪʦʨ. ʎʝʡ ʤʘʩʰʪʘʙ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟ çʨʽ-

ʚʥʦʩʪʽè ʩʠʣʠ ʚôʷʟʢʦʛʦ ʪʝʨʪʷ ʽ ʩʠʣʠ çʛʨʘʜʽʻʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫè xv d
b dx

sh - . 

ʆʮʽʥʠʪʠ ʨʝʘʣʴʥʠʡ ʛʨʘʜʽʻʥʪ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʚʢʨʘʡ ʚʘʞʢʦ. ɸʣʝ ʩʧʨʦʙʫ-
ʻʤʦ ʟʨʦʙʠʪʠ ʪʘʢʫ ʦʮʽʥʢʫ ʟ ʧʨʠʧʫʱʝʥʥʷ, ʱʦ ʯʘʩʪʠʥʢʠ ʣʽʢʦʧʦʜʽʶ ʧʨʦʩʪʦ ʤʝʭʘʥʽʯʥʦ 
ʣʝʞʠʪʴ ʥʘ ʧʦʚʝʨʭʥʽ ʽ ʥʝ ʟʤʽʥʶʶʪʴ ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʦʜʠ. ɯ ʟʤʝʥʰʝʥʥʷ ʧʦʚʝʨ-
ʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ ʧʦʚʝʨʭʥʽ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʧʦʚʝ-
ʨʭʥʝʚʦʾ ʝʥʝʨʛʽʾ:  

ůeff = ů0(1 ī ◖), 
ʜʝ ◖ ï ʯʘʩʪʢʘ ʧʣʦʱʽ, ʷʢʘ ʧʦʢʨʠʪʘ ʯʘʩʪʠʥʢʘʤʠ. 

ʈʝʘʣʴʥʘ (ʽʩʪʠʥʥʘ) ʛʫʩʪʠʥʘ ʣʽʢʦʧʦʜʽʶ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 1100-1200 ʢʛ/ʤį. 
ʊʘʢʽ ʯʘʩʪʠʥʢʠ ʧʦʚʠʥʥʽ ʪʦʥʫʪʠ, ʘʣʝ ʟʘ ʨʘʭʫʥʦʢ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʥʫ ʚʦʥʠ ʟʘʣʠ-
ʰʘʶʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ ʚʦʜʠ. ʅʘʤ ʧʦʪʨʽʙʥʘ ʥʘʩʠʧʥʘ ʛʫʩʪʠʥʘ ʧʦʨʦʰʢʫ ʣʽʢʦʧʦʜʽʶ 
(ʧʨʠʙʣʠʟʥʦ ɟ = 400 - 500 ʢʛ/ʤį). ɿʘʚʜʷʢʠ ʜʨʽʙʥʽʡ ʬʨʘʢʮʽʾ (ʚʩʽ ʯʘʩʪʠʥʢʠ ʤʘʶʪʴ ʜʽ-
ʘʤʝʪʨ ʙʣʠʟʴʢʠʡ ʜʦ d = 30 ʤʢʤ) ʪʘ ʚʠʩʦʢʦʤʫ ʚʤʽʩʪʫ ʞʠʨʽʚ ʩʧʦʨʠ ʣʽʢʦʧʦʜʽʶ ʜʫʞʝ 
ʧʫʭʢʽ ʡ ʣʝʛʢʦ ʨʦʟʧʦʨʦʰʫʶʪʴʩʷ. 

ʋ ʥʘʩ ʻ ʯʘʰʢʘ ʇʝʪʨʽ ʜʽʘʤʝʪʨʦʤ D = 90 ʤʤ. ɺ Vʧʨʦʙ = 20 ʤʤ3 ʧʦʨʦʰʢʫ, ʷʢʠʡ 
ʤʘʻ ʤʘʩʫ ʙʣʠʟʴʢʦ 0.01 ʛ ʟʥʘʭʦʜʠʪʴʩʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʯʘʩʪʠʥʦʢ. ɼʣʷ ʥʘʩʠʧʫ ʤʦ-
ʞʥʘ ʚʚʘʞʘʪʠ, ʱʦ ʥʘ ʦʜʥʫ ʯʘʩʪʠʥʢʫ ʚʠʜʽʣʝʥʦ ʜʝʷʢʠʡ ʢʫʙʽʯʥʠʡ ʧʨʦʩʪʽʨ ʟ ʨʝʙʨʦʤ 
ʢʫʙʘ, ʱʦ ʜʦʨʽʚʥʶʻ ʜʽʘʤʝʪʨʫ. ʊʦʜʽ ʧʣʦʱʘ ʧʦʢʨʠʪʪʷ ʯʘʩʪʠʥʦʢ ʻ ʚʽʜʥʦʰʝʥʥʷ ʦʙôʻʤʫ 
ʧʨʦʙʠ Vʧʨʦʙ ʽ ʜʽʘʤʝʪʨʫ ʯʘʩʪʠʥʢʠ, ʘ ʯʘʩʪʢʘ ʧʣʦʱʽ, ʷʢʘ ʧʦʢʨʠʪʘ ʯʘʩʪʠʥʢʘʤʠ: 

2

4ʧʨʦʙV
d D

fº
Ö
 = 10%. 

ʆʪʞʝ, ůeff å 0.9 ů0. 
ʄʝʪʦʜʦʤ ʚʽʜʨʠʚʫ ʢʽʣʴʮʷ ʦʪʨʠʤʘʥʦ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘ-

ʪʷʛʫ ʜʣʷ ʚʦʜʠ ů = 0.070 ʅ/ʤ, ʜʣʷ ʚʦʜʠ ʟ ʣʽʢʦʧʦʜʽʻʤ ů = 0.055 ʅ/ʤ. ʊʦʞ ʨʽʟʥʠʮʷ  
21%.  

ʃʝʛʢʽ ʯʘʩʪʠʥʢʠ, ʪʘʢʽ ʷʢ ʧʠʣ, ʤʦʞʫʪʴ ʧʣʘʚʘʪʠ ʥʘ ʚʦʜʽ, ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʥʝ ʧʦʨʫ-
ʰʫʶʪʴ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʚʦʜʠ, ʱʦ ʻ ʨʝʟʫʣʴʪʘʪʦʤ ʩʠʣʴʥʦʛʦ ʧʨʠʪʷʛʘʥʥʷ ʤʦʣʝʢʫʣ 
ʚʦʜʠ ʦʜʥʘ ʜʦ ʦʜʥʦʾ. ʆʜʥʘʢ, ʜʝʷʢʽ ʧʠʣʠʥʢʠ ʟʜʘʪʥʽ ʨʦʟʯʠʥʷʪʠʩʷ ʚ ʚʦʜʽ. ɯ ʪʦʜʽ ʨʝʯʦ-
ʚʠʥʠ, ʪʘʢʽ ʷʢ ʣʫʞʥʽ ʤʝʪʘʣʠ, ʤʦʞʫʪʴ ʟʙʽʣʴʰʠʪʠ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʚʦʜʠ, ʟʤʽʥʶ-
ʶʯʠ ʧʦʚʝʜʽʥʢʫ ʢʨʘʧʝʣʴ. ɸ ʚʩʽ ʥʝʦʨʛʘʥʽʯʥʽ ʝʣʝʢʪʨʦʣʽʪʠ (ʢʠʩʣʦʪʠ, ʣʫʛʠ, ʩʦʣʽ) ʟʙʽ-
ʣʴʰʫʶʪʴ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʚʦʜʠ, ʷʢ ʨʦʟʯʠʥʥʠʢʘ. 

ʗʢʱʦ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ 0d
dx h
s s fº , b å 0.03 ʤʤ(ʜʽʘʤʝʪʨ ʯʘʩʪʠʥʦʢ), h = 10 ʤʤ, 

ɖ = 10ï3 ʇʘĿʩ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʦʪʨʠʤʘʻʤʦ: x
b d bv
dx h
s sfº

h h
-  = 2.2 cʤ/ʩ. 
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мнн 

ʎʝ ʧʦʢʘʟʫʻ, ʱʦ ʥʘʚʽʪʴ ʥʝʚʝʣʠʢʘ ʟʤʽʥʘ ů ʜʘʻ ʧʦʤʽʪʥʽ ʰʚʠʜʢʦʩʪʽ ʚ ʪʦʥʢʦʤʫ 
ʰʘʨʽ ï ʪʦʤʫ ʝʬʝʢʪ ʄʘʨʘʥʛʦʥʽ ʤʦʞʝ ʧʽʜʥʽʤʘʪʠ ʡ ʧʝʨʝʤʽʱʫʚʘʪʠ ʯʘʩʪʠʥʢʠ ʰʚʠʜʢʦ 
ʧʽʩʣʷ ʟʫʧʠʥʢʠ ʧʦʪʦʢʫ.  

ʅʘʷʚʥʽʩʪʴ ʞʦʣʦʙʘ ʽ ʩʪʽʥʢʠ ʩʪʚʦʨʶʻ ʥʝʨʽʚʥʦʤʽʨʥʠʡ ʤʝʥʽʩʢ (ʨʽʟʥʠʡ ʨʽʚʝʥʴ ʨʽ-
ʜʠʥʠ ʙʽʣʷ ʩʪʽʥʢʠ ʯʝʨʝʟ ʟʤʦʯʫʚʘʥʥʷ). ʏʘʩʪʠʥʢʠ, ʧʨʠʪʠʩʥʝʥʽ ʜʦ ʤʝʥʽʩʢʘ, ʤʦʞʫʪʴ 
ʙʫʪʠ çʚʪʷʛʥʫʪʽè ʫ ʙʽʢ ʙʽʣʴʰ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ ï ʽ ʧʽʜʥʷʪʽ ʫʟʜʦʚʞ ʤʝʥʽʩʢʘ ʥʘʚʽʪʴ ʙʝʟ 
ʚʠʜʠʤʦʾ ʪʝʯʽʾ. ʎʝ ʝʬʝʢʪ çCheeriosè [9].  

ɺ ʥʘʰʽʡ ʩʠʩʪʝʤʽ ʦʙʠʜʚʘ ʤʝʭʘʥʽʟʤʠ ʧʨʘʮʶʶʪʴ ʦʜʥʦʯʘʩʥʦ: ʄʘʨʘʥʛʦʥʽ ʩʪʚʦ-
ʨʶʻ ʣʦʢʘʣʴʥʽ ʧʦʚʝʨʭʥʝʚʽ ʪʝʯʽʾ ʫ ʪʦʥʢʦʤʫ ʟʘʣʠʰʢʦʚʦʤʫ ʰʘʨʽ, ʘ ʩʪʽʥʢʠ/ʤʝʥʽʩʢ ʜʘ-
ʶʪʴ ʩʧʨʷʤʦʚʘʥʫ ʢʘʧʽʣʷʨʥʫ ʩʠʣʦʚʫ ʢʦʤʧʦʥʝʥʪʫ, ʷʢʘ ʚʠʟʥʘʯʘʻ ʥʘʧʨʷʤʦʢ (ʜʦ ʞʦ-
ʣʦʙʘ/ʩʪʽʥʢʠ). 
 

ɺʠʩʥʦʚʢʠ. ɽʬʝʢʪ ɹôʷʥʯʽʥʽ ï ʮʝ ʮʽʢʘʚʝ ʡ ʥʝ ʜʫʞʝ ʽʥʪʫʾʪʠʚʥʝ ʛʽʜʨʦʜʠʥʘʤʽʯʥʝ 
ʷʚʠʱʝ, ʢʦʣʠ ʜʨʽʙʥʽ ʪʚʝʨʜʽ ʯʘʩʪʠʥʢʠ, ʱʦ ʨʫʭʘʶʪʴʩʷ ʨʘʟʦʤ ʽʟ ʧʦʪʦʢʦʤ ʨʽʜʠʥʠ 
ʚʟʜʦʚʞ ʚʝʨʪʠʢʘʣʴʥʦʾ ʧʦʚʝʨʭʥʽ ʥʝʩʧʦʜʽʚʘʥʦ ʧʦʯʠʥʘʶʪʴ ʨʫʭʘʪʠʩʷ ʚʛʦʨʫ ʧʨʦʪʠ ʪʝ-
ʯʽʾ. ʅʘ ʧʦʚʝʨʭʥʽ ʽʩʥʫʻ ʟʩʫʚʥʘ ʪʝʯʽʷ ʟ ʥʝʨʽʚʥʦʤʽʨʥʦʶ ʰʚʠʜʢʽʩʪʶ: ʙʣʠʞʯʝ ʜʦ ʪʚʝʨ-
ʜʦʾ ʧʦʚʝʨʭʥʽ ʰʚʠʜʢʽʩʪʴ ʨʽʜʠʥʠ ʤʝʥʰʘ, ʥʽʞ ʥʘ ʟʦʚʥʽʰʥʴʦʤʫ ʙʦʮʽ ʧʣʽʚʢʠ. ʋ ʨʝʟʫʣʴ-
ʪʘʪʽ ʯʘʩʪʠʥʢʠ çʟʘʣʠʧʘʶʪʴè ʫ ʣʦʢʘʣʴʥʠʡ ʪʦʨʦʧʦʜʽʙʥʠʡ ʚʠʭʦʨ ʘʙʦ ʧʨʠʧʦʚʝʨʭʥʝʚʠʡ 
ʧʦʚʽʣʴʥʠʡ ʰʘʨ ï ʽ ʤʦʞʫʪʴ ʧʽʜʥʽʤʘʪʠʩʷ ʚʠʱʝ ʟʘ ʪʝʯʽʻʶ ʧʨʦʪʠ ʦʩʥʦʚʥʦʛʦ ʧʦʪʦʢʫ. 

ɺ ʮʽʡ ʩʠʩʪʝʤʽ ʧʨʘʮʶʶʪʴ ʦʜʥʦʯʘʩʥʦ ʝʬʝʢʪ ʄʘʨʘʥʛʦʥʽ ʪʘ ʚʧʣʠʚ ʩʪʽʥʢʠ ʞʦ-
ʣʦʙʘ: ʝʬʝʢʪ ʄʘʨʘʥʛʦʥʽ ʩʪʚʦʨʶʻ ʣʦʢʘʣʴʥʽ ʧʦʚʝʨʭʥʝʚʽ ʪʝʯʽʾ ʫ ʪʦʥʢʦʤʫ ʟʘʣʠʰʢʦ-
ʚʦʤʫ ʰʘʨʽ, ʘ ʩʪʽʥʢʠ/ʤʝʥʽʩʢ ʜʘʶʪʴ ʩʧʨʷʤʦʚʘʥʫ ʢʘʧʽʣʷʨʥʫ ʩʠʣʦʚʫ ʢʦʤʧʦʥʝʥʪʫ, ʷʢʘ 
ʚʠʟʥʘʯʘʻ ʥʘʧʨʷʤʦʢ (ʜʦ ʞʦʣʦʙʘ/ʩʪʽʥʢʠ). 

ɼʘʣʴʥʽʩʪʴ ʧʽʜʡʦʤʫ ʯʘʩʪʠʥʦʢ ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʚʠʜʢʽʩʪʶ ʪʝʯʽʾ (ʧʨʷʤʘ ʟʘʣʝʞ-
ʥʽʩʪʴ: ʯʠʤ ʚʦʥʘ ʙʽʣʴʰʘ, ʪʠʤ ʜʘʣʴʥʽʩʪʴ ʧʽʜʡʦʤʫ ʙʽʣʴʰʘ) ʽ ʨʽʟʥʠʮʝʶ ʚʠʩʦʪ ʚ ʚʝʨʭʥʽʡ 
ʽ ʥʠʞʥʽʡ ʧʦʩʫʜʠʥʽ: (ʦʙʝʨʥʝʥʘ ʟʘʣʝʞʥʽʩʪʴ: ʯʠʤ ʚʦʥʘ ʤʝʥʰʘ, ʪʠʤ ʜʘʣʴʥʽʩʪʴ ʙʽʣʴʰʘ).  
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Influence of surface phenomena on the motion of dispersed particles
 

Summary
The work is devoted to the study of the motion of fine particles on liquid surfaces. The mech-

anisms governing the upstream transport of lycopodium powder particles on the water surface
were investigated through experimental observations, and the characteristic patterns of parti-
cle behavior under different environmental conditions were analyzed.
At the liquid surface, the flow represents a shear flow with a non-uniform velocity distribu-

tion: the liquid velocity near the walls is lower than that in the central region. As a result,
particles become trapped within a local toroidal vortex or a near-surface slow-moving layer
and can therefore move upstream against the main flow direction. Two effects simultaneously
contribute to this behavior. The Marangoni effect, associated with a local decrease in surface
tension near the particles, generates localized surface flows within the thin residual layer. In
addition, the walls and meniscus create a directed capillary force component that determines
the preferential direction of motion toward the channel or wall.
The distance of particle transport upstream is determined by the flow velocity (direct rela-

tionship: the higher the velocity, the greater the transport distance) and by the height difference
between the upper and lower vessels (inverse relationship: the smaller the height difference,
the greater the transport distance).
Keywords: surface phenomena, particle motion, impurities, colloidal systems.
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ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʠʬʫʟʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ 
ʚ ʧʦʨʘʭ ʪʘ ʢʦʥʚʝʢʮʽʾ ʧʽʜ ʯʘʩ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ 

 
ɿ ʦʛʣʷʜʫ ʥʘ ʚʠʩʦʢʫ ʤʦʙʽʣʴʥʽʩʪʴ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʧʨʠʨʦʜʥʠʭ ʣʘʥʮʶʛʘʭ ʪʘ ʾʭ ʟʜʘʪʥʽʩʪʴ

ʥʘʢʦʧʠʯʫʚʘʪʠʩʷ ʚ ʭʘʨʯʦʚʽʡ ʧʨʦʜʫʢʮʽʾ, ʧʠʪʘʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʯʠʱʝʥʥʷ
ʧʨʦʜʫʢʪʽʚ ʭʘʨʯʫʚʘʥʥʷ ʥʘʙʫʚʘʶʪʴ ʦʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ.
ʇʨʦʜʫʢʪʠ ʭʘʨʯʫʚʘʥʥʷ ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʽʻʨʘʨʭʽʻʶ ʜʠʩʧʝʨʩʥʠʭ ʛʘʟʦʧʦʜʽʙʥʠʭ, ʨʽʜʢʠʭ ʽ

ʪʚʝʨʜʠʭ ʬʘʟ, ʜʠʩʧʝʨʩʥʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʙʽʣʴʰʽʩʪʴ ʷʢʠʭ  ʤʘʶʪʴ ʧʦʨʠʩʪʫ ʪʘ ʚʦʣʦʢʥʠʩʪʫ
ʩʪʨʫʢʪʫʨʫ, ʥʘʙʫʚʘʶʪʴ ʚʠʛʣʷʜ ʧʽʥʠ, ʷʢ ʪʦ ʭʣʽʙʥʦ-ʙʫʣʦʯʥʽ ʚʠʨʦʙʠ.
ɺʤʽʩʪ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʚ ʮʠʭ ʩʪʨʫʢʪʫʨʘʭ ʤʦʞʥʘ ʟʤʽʥʶʚʘʪʠ, ʟʘʩʪʦʩʦʚʫʶʯʠ ʬʽʟʠʯʥʽ ʧʨʦ-

ʮʝʩʠ ʤʘʩʦʦʙʤʽʥʫ, ʷʢʽ ʣʝʞʘʪʴ ʚ ʦʩʥʦʚʽ ʪʝʭʥʦʣʦʛʽʡ ʾʭ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ ʚʠʤʦʯʫʚʘʥʥʷʤ,
ʚʘʨʽʥʥʷʤ, ʩʦʣʽʥʥʷʤ ʪʘ ʽʥ. ʈʘʮʽʦʥʘʣʽʟʘʮʽʷ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʢʠ ʢʫʣʽʥʘʨʥʦʾ ʧʨʦʜʫʢʮʽʾ
ʤʦʞʝ ʜʦʟʚʦʣʠʪʠ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʾʾ ʨʘʜʽʦʘʢʪʠʚʥʽʩʪʴ ʪʘ ʧʽʜʚʠʱʠʪʠ ʨʽʚʝʥʴ ʭʘʨʯʦʚʦʾ
ʙʝʟʧʝʢʠ.
 ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʧʽʜ ʯʘʩ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʪʘ

ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ʜʣʷ ʟʥʠʞʝʥʥʷ ʚ ʥʽʡ ʚʤʽʩʪʫ ʨʘʜʽʦʥʫʢʣʽʜʽʚ.
ʈʘʜʽʘʮʽʡʥʽ ʟʘʙʨʫʜʥʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʨʦʟʯʠʥʝʥʠʤʠ ʫ ʚʦʜʽ, ʽ  ʧʨʦʮʝʩʠ ʾʭ ʟʥʝʰʢʦʜʞʝʥʥʷ

ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚôʷʟʘʥʽ ʽʟ ʰʚʠʜʢʽʩʪʶ ʚʠʚʝʜʝʥʥʷ ʾʭ ʯʝʨʝʟ ʧʦʨʠ ʫ ʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʘʭ.
ɺ ʨʘʤʢʘʭ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʨʦʟʛʣʷʥʫʪʽ ʤʝʭʘʥʽʟʤʠ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʶʪʴ

ʚʠʚʝʜʝʥʥʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʟ ʧʨʦʜʫʢʪʽʚ ʭʘʨʯʫʚʘʥʥʷ. ʎʝ ʧʨʦʮʝʩʠ ʚʥʫʪʨʽʰʥʴʦʾ ʜʠʬʫʟʽʾ ʩʦʣʴʦ-
ʚʦʛʦ ʨʦʟʯʠʥʫ ʨʘʜʽʦʥʫʢʣʽʜʫ ʚ ʦʢʨʝʤʠʭ ʧʦʨʘʭ, ʱʦ ʚʠʭʦʜʷʪʴ ʥʘ ʟʦʚʥʽʰʥʶ ʧʦʚʝʨʭʥʶ ʭʘʨʯʦʚʦʛʦ
ʧʨʦʜʫʢʪʫ, ʘ ʪʘʢʦʞ ʢʦʥʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʽ ʤʝʭʘʥʽʟʤʠ, ʚʢʣʶʯʘʶʯʠ ʩʪʝʬʘʥʽʚʩʴʢʽ ʧʦʪʦʢʠ.
ɺʠʢʦʥʘʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʧʨʠ ʚʠʚʝʜʝʥʥʽ ʨʘʜʽʦʽʟʦʪʦʧʽʚ ʟ ʧʨʦʜʫʢʪʽʚ

ʭʘʨʯʫʚʘʥʥʷ ʫ ʚʦʜʥʠʡ ʨʦʟʯʠʥ ʚ ʪʝʭʥʦʣʦʛʽʷʭ ʾʭ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ. ʈʦʟʛʣʷʥʫʪʽ ʧʨʦʮʝʩʠ
ʚʥʫʪʨʠʧʦʨʠʩʪʦʾ ʜʠʬʫʟʽʾ ʨʦʟʯʠʥʫ ʢʨʽʟʴ ʢʘʧʽʣʷʨʥʽ ʧʦʨʠ, ʱʦ ʚʠʭʦʜʷʪʴ ʥʘ ʟʦʚʥʽʰʥʶ ʧʦʚʝʨ-
ʭʥʶ ʭʘʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ. ɿʥʘʡʜʝʥʠʡ ʤʘʪʝʤʘʪʠʯʥʠʡ ʚʠʨʘʟ ʜʣʷ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʢʨʽʟʴ
ʮʽ ʧʦʨʠ.
ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʨʝʞʠʤʘʭ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʝʤʧʝʨʘʪʫʨʥʽʡ ʦʙʨʦʙʮʽ ʭʘʨʯʦʚʠʭ ʧʨʦ-

ʜʫʢʪʽʚ ʚ ʧʨʦʮʝʩʘʭ ʢʠʧôʷʪʽʥʥʷ, ʚʽʜʚʘʨʶʚʘʥʥʷ ʙʽʣʴʰ ʩʣʫʰʥʦ ʦʧʠʩʫʻ ʜʠʥʘʤʽʢʫ ʨʘʜʽʦʘʢʪʠʚ-
ʥʠʭ ʜʦʤʽʰʦʢ ʫ ʚʦʜʥʦʤʫ ʨʦʟʯʠʥʽ ʢʦʥʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʘ ʤʦʜʝʣʴ. ʇʦʢʘʟʘʥʘ ʩʫʪʪʻʚʘ ʨʦʣʴ
ʩʪʝʬʘʥʽʚʩʴʢʠʭ ʧʦʪʦʢʽʚ ʫ ʧʨʦʮʝʩʽ ʜʠʬʫʟʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʽ ʧʦʪʨʝʙʘ ʚʨʘʭʫʚʘʥʥʷ ʡʦʛʦ ʧʨʠ
ʤʦʜʝʣʶʚʘʥʥʽ ʜʠʥʘʤʽʢʠ ʧʨʦʮʝʩʫ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʘʜʽʘʮʽʡʥʝ ʟʘʙʨʫʜʥʝʥʥʷ, ʜʠʩʧʝʨʩʥʘ ʬʘʟʘ, ʜʠʬʫʟʽʷ, ʤʦʜʝʣʶʚʘʥʥʷ.

 
 

ɺʩʪʫʧ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʟʙʽʣʴʰʝʥʥʷ ʩʬʝʨʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʨʝʯʦʚʠʥ 
ʫ ʛʦʩʧʦʜʘʨʯʽʡ ʜʽʷʣʴʥʦʩʪʽ ʢʨʘʾʥʠ, ʜʽʶʯʠʭ ʱʝ ʜʦʚʛʠʡ ʯʘʩ ʥʘʩʣʽʜʢʽʚ ʘʚʘʨʽʾ ʥʘ ʏɸɽʉ, 
ʚʝʜʝʥʥʷ ʚʦʻʥʥʠʭ ʜʽʡ ʪʘ ʽʥ. ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʙʝʟʧʝʯʥʠʤ ʨʘʜʽʘʮʽʡʥʝ ʟʘʙʨʫʜʥʝʥʥʷ ʥʘ-
ʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʙʨʫʜʥʝʥʥʷ ʩʠʨʦʚʠʥʠ ʜʣʷ 
ʭʘʨʯʦʚʦʾ ʧʨʦʤʠʩʣʦʚʦʩʪʽ.  

ʈʘʜʽʦʥʫʢʣʽʜʠ, ʱʦ ʧʦʪʨʘʧʣʷʶʪʴ ʫ ʭʘʨʯʦʚʽ ʧʨʦʜʫʢʪʠ, ʤʦʞʫʪʴ ʤʘʪʠ ʷʢ ʧʨʠʨʦʜʥʝ 
 

É ɺ. ɺ. ʂʫʨʷʪʥʠʢʦʚ, 2026
ʎʝ ʩʪʘʪʪʷ ʚʽʜʢʨʠʪʦʛʦ ʜʦʩʪʫʧʫ ʟʘ ʣʽʮʝʥʟʽʻʶ CC-BY 4.0

 мн4

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 124ï133.                    ISSN 0367-1631 (Print)

https://creativecommons.org/licenses/by/4.0/deed
https://creativecommons.org/licenses/by/4.0/deed


мнр 

ʧʦʭʦʜʞʝʥʥʷ (ʨʘʜʽʡ-226, ʢʘʣʽʡ-40, ʪʦʨʽʡ-232), ʪʘʢ ʽ ʪʝʭʥʦʛʝʥʥʝ (ʮʝʟʽʡ-137, ʩʪʨʦʥ-
ʮʽʡ-90, ʧʣʫʪʦʥʽʡ-239). ʆʩʥʦʚʥʠʤʠ ʜʞʝʨʝʣʘʤʠ ʨʘʜʽʦʘʢʪʠʚʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʭʘʨʯʦ-
ʚʦʾ ʧʨʦʜʫʢʮʽʾ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʙʨʫʜʥʝʥʽ ˇʨʫʥʪʠ ʘʙʦ ʚʦʜʥʽ ʨʝʩʫʨʩʠ.  ʏʝʨʝʟ ʘʛʨʦʙʽʦʮʝ-
ʥʦʟʠ ʨʘʜʽʦʥʫʢʣʽʜʠ ʥʘʢʦʧʠʯʫʶʪʴʩʷ ʫ ʨʦʩʣʠʥʥʽʡ ʪʘ ʪʚʘʨʠʥʥʽʡ ʧʨʦʜʫʢʮʽʾ, ʘ ʚ ʧʦʜʘʣʴ-
ʰʦʤʫ ð ʫ ʣʶʜʩʴʢʦʤʫ ʦʨʛʘʥʽʟʤʽ. 

ɺʠʚʯʝʥʥʷ ʧʨʦʮʝʩʽʚ ʟʥʝʰʢʦʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫ-
ʢʮʽʾ ʚ ʧʨʦʮʝʩʘʭ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʪʘ ʢʫʣʽʥʘʨʥʦʾ ʾʭ ʦʙʨʦʙʢʠ ʚʭʦʜʠʪʴ ʜʦ ʟʘʜʘʯ ʨʘʜʽʘʮʽʡ-
ʥʦʛʦ ʫʙʝʟʧʝʯʝʥʥʷ ʪʘ ʦʭʦʨʦʥʠ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ɼʦ ʮʠʭ ʟʘʜʘʯ ʥʘʣʝʞʘʪʴ 
ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʬʫʟʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʚʠʚʝʜʝʥʥʷ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʟʘʙʨʫʜʥʝʥʴ ʟ ʭʘʨʯʦ-
ʚʦʾ ʧʨʦʜʫʢʮʽʾ ʽ ʦʮʽʥʢʠ ʨʠʟʠʢʽʚ ʨʘʜʽʘʮʽʡʥʦʛʦ ʟʘʨʘʞʝʥʥʷ ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢʪʽʚ. 

ʄʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʤʦʜʝʣʶʚʘʥʥʽ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʧʽʜ ʯʘʩ ʪʝʭʥʦʣʦʛʽ-
ʯʥʦʾ ʪʘ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ʜʣʷ ʟʥʠʞʝʥʥʷ ʚ ʥʽʡ ʚʤʽʩʪʫ ʨʘʜʽʦʥʫ-
ʢʣʽʜʽʚ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʶʪʴ ʪʝʦʨʝʪʠʯʥʝ ʟʥʘʯʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʨʦʟʨʦʙʢʘ ʘʣʛʦ-
ʨʠʪʤʫ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʚʠʚʝʜʝʥʥʷ ʨʘʜʽʦʥʫʢʣʽʜʥʠʭ ʟʘʙʨʫʜʥʝʥʴ ʜʦʧʦʤʘʛʘʻ ʨʦʟʰʠ-
ʨʠʪʠ ʟʥʘʥʥʷ ʧʨʦ ʤʝʭʘʥʽʟʤʠ ʜʠʬʫʟʽʾ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʨʝʯʦʚʠʥ, ʨʦʟʰʠʨʠʪʠ ʩʬʝʨʫ ʚʠ-
ʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ.  

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʧʦʣʷʛʘʻ ʚ ʨʦʟʨʦʙʮʽ ʤʦʜʝʣʝʡ ʜʠʬʫʟʽʾ ʪʘ ʚ ʧʨʦ-
ʛʥʦʟʫʚʘʥʥʽ ʥʘ ʦʩʥʦʚʽ ʾʭ ʢʨʠʪʠʯʥʠʭ ʨʝʞʠʤʽʚ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʷʢʽ ʧʦʚ'ʷʟʘʥʽ ʟ ʨʘ-
ʜʽʦʘʢʪʠʚʥʠʤʠ ʟʘʙʨʫʜʥʝʥʥʷʤʠ. ʎʝ ʤʘʻ ʧʦʢʨʘʱʠʪʠ ʥʘʰʝ ʨʦʟʫʤʽʥʥʷ ʤʝʭʘʥʽʟʤʽʚ ʧʦ-
ʰʠʨʝʥʥʷ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʨʝʯʦʚʠʥ ʫ ʜʦʚʢʽʣʣʽ ʪʘ ʥʘʜʘʪʠ ʽʥʩʪʨʫʤʝʥʪ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ 
ʨʠʟʠʢʘʤʠ, ʧʦʚ'ʷʟʘʥʠʤʠ ʟ ʨʘʜʽʦʘʢʪʠʚʥʠʤ ʟʘʙʨʫʜʥʝʥʥʷʤ.  

 
ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ ʪʘ ʤʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ. ɿʛʽʜʥʦ ʟ ʤʽʞʥʘʨʦʜʥʠʤʠ ʩʪʘʥ-

ʜʘʨʪʘʤʠ ʪʘ ʜʽʶʯʠʤʠ ʚ ʋʢʨʘʾʥʽ ʥʦʨʤʘʪʠʚʘʤʠ [1-4] ʚʩʪʘʥʦʚʣʝʥʽ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫ-
ʩʪʠʤʽ ʨʽʚʥʽ ʨʘʜʽʘʮʽʡʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʛʨʫʧ ʧʨʦʜʫʢʪʽʚ. ʇʝʨʝʚʠʱʝʥʥʷ ʮʠʭ 
ʨʽʚʥʽʚ ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʙʝʟʧʝʯʥʠʡ ʨʘʜʽʘʮʽʡʥʠʡ ʩʪʘʥ ʧʨʦʜʫʢʮʽʾ ʪʘ ʧʦʪʨʝʙʫʻ ʾʭ ʚʠʣʫ-
ʯʝʥʥʷ. ʂʦʥʪʨʦʣʴ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʨʘʜʽʦʤʝʪʨʽʾ ʪʘ ʩʧʝʢʪʨʦʤʝʪʨʽʾ 
ð ʧʝʨʝʚʽʨʷʻʪʴʩʷ ʥʘʷʚʥʽʩʪʴ ʽʟʦʪʦʧʽʚ ʮʝʟʽʶ-137, ʩʪʨʦʥʮʽʶ-90.  

ʇʨʦʮʝʩʠ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ï ʮʝ ʩʢʣʘʜʥʽ ʬʽʟʠʯʥʽ ʪʘ ʭʽʤʽ-
ʯʥʽ ʧʨʦʮʝʩʠ. ʈʘʜʽʘʮʽʡʥʠʡ ʢʦʥʪʨʦʣʴ ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʻ ʩʢʣʘʜʦʚʦʶ ʟʘʛʘʣʴʥʦʛʦ 
ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ ʪʘ ʙʝʟʧʝʯʥʦʩʪʽ ʧʨʦʜʫʢʮʽʾ ʭʘʨʯʦʚʦʾ ʛʘʣʫʟʽ [5].  

ɺ ʧʨʦʮʝʩʘʭ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ʚ ʥʠʭ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ 
ʦʩʦʙʣʠʚʽ ʷʚʠʱʘ ʪʘ ʧʨʦʮʝʩʠ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ [5].  

ʉʘʤʝ ʚ ʮʝʡ ʧʽʜ ʯʘʩ ʪʝʨʤʽʯʥʦʾ ʘʙʦ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ 
ʧʨʦʭʦʜʷʪʴ ʥʝʣʽʥʽʡʥʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʧʨʦʮʝʩʠ, ʷʢʽ ʟʤʽʥʶʶʪʴ ʥʝ ʣʠʰʝ ʭʽʤʽʯʥʠʡ 
ʩʢʣʘʜ, ʘ ʡ ʪʝʢʩʪʫʨʫ, ʩʤʘʢ, ʟʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʽ ʥʘʚʽʪʴ ʧʦʞʠʚʥʫ ʮʽʥʥʽʩʪʴ ʧʨʦʜʫʢʪʫ 
[5]. ʅʘʧʨʠʢʣʘʜ,  ʧʨʠ ʚʘʨʽʥʥʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʝʧʣʦʦʙʤʽʥ ʽ ʤʘʩʦʦʙʤʽʥ, ʧʨʠ ʩʦʣʽʥʥʽ ð 
ʜʠʬʫʟʽʷ ʩʦʣʝʡ ʫ ʪʢʘʥʠʥʠ ʧʨʦʜʫʢʪʫ, ʧʨʠ ʚʠʧʽʢʘʥʥʽ ʪʽʩʪʘ ð ʨʦʟʧʫʰʫʚʘʥʥʷ, ʩʪʚʦ-
ʨʝʥʥʷ ʧʦʨʠʩʪʦʾ ʩʪʨʫʢʪʫʨʠ. ʂʫʣʽʥʘʨʥʽ ʧʨʦʜʫʢʪʠ, ʧʨʦʜʫʢʪʠ ʾʞʽ ʚ ʧʨʦʮʝʩʘʭ ʾʭ ʧʨʠʛʦ-
ʪʫʚʘʥʥʷ ʯʘʩʪʦ ʻ ʥʝʨʽʚʥʦʚʘʞʥʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʜʝ ʧʨʦʪʽʢʘʶʪʴ ʭʽʤʽʯʥʽ ʨʝʘʢʮʽʾ.  

ʌʽʟʠʯʥʽ ʪʘ ʭʽʤʽʯʥʽ ʧʨʦʮʝʩʠ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʠ ʮʴʦʤʫ ʤʘʶʪʴ ʩʢʣʘʜʥʠʡ ʭʘ-
ʨʘʢʪʝʨ. ɺʦʥʠ ʦʧʠʩʫʶʪʴʩʷ ʥʝʣʽʥʽʡʥʠʤʠ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʤʠ ʨʽʚʥʷʥʥʷʤʠ. ʉʢʣʘʜʥʽ 
ʪʨʠʚʠʤʽʨʥʽ ʩʪʨʫʢʪʫʨʠ ʫʪʚʦʨʶʶʪʴ ʤʦʣʝʢʫʣʠ, ʷʢʽ ʤʘʶʪʴ ʟʜʘʪʥʽʩʪʴ ʟ'ʻʜʥʫʚʘʪʠʩʷ ʤʽʞ 
ʩʦʙʦʶ, ʫʪʚʦʨʶʶʯʠ ʙʽʣʢʠ.  ɹʽʣʢʠ, ʷʢ ʦʩʥʦʚʥʽ ʦʜʠʥʠʮʽ ʞʠʚʠʭ ʦʨʛʘʥʽʟʤʽʚ ʚʠʢʦʥʫʶʪʴ 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 124ï133.                    ISSN 0367-1631 (Print)



мнс 

ʯʠʩʣʝʥʥʽ ʬʫʥʢʮʽʾ ʚ ʢʣʽʪʠʥʘʭ, ʷʢʽ ʦʙ'ʻʜʥʫʶʪʴʩʷ ʚ ʙʽʣʴʰ ʩʢʣʘʜʥʽ ʫʪʚʦʨʝʥʥʷ .  
ʅʝʣʽʥʽʡʥʽʩʪʴ ʮʠʭ ʧʨʦʮʝʩʽʚ ʦʟʥʘʯʘʻ, ʱʦ ʥʘʚʽʪʴ ʥʝʟʥʘʯʥʘ ʟʤʽʥʘ ʪʝʤʧʝʨʘʪʫʨʠ, 

ʚʦʣʦʛʦʩʪʽ ʯʠ ʩʢʣʘʜʫ ʧʨʦʜʫʢʪʫ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʦʚʩʽʤ ʽʥʰʦʛʦ ʨʝʟʫʣʴʪʘʪʫ. ɯ ʥʘ-
ʚʧʘʢʠ,  ʧʨʠ ʜʦʪʨʠʤʘʥʥʽ ʦʧʪʠʤʘʣʴʥʠʭ ʫʤʦʚ ʚʽʜʙʫʚʘʶʪʴʩʷ ʩʠʥʝʨʛʝʪʠʯʥʽ ʝʬʝʢʪʠ, 
ʢʦʣʠ ʧʨʦʜʫʢʪ ʩʪʨʫʢʪʫʨʫʻʪʴʩʷ, ʪʦʙʪʦ ʦʨʛʘʥʽʟʦʚʫʻʪʴʩʷ ʫ ʩʪʽʡʢʽ ʫʪʚʦʨʝʥʥʷ [6]. ʉʪʨʫ-
ʢʪʫʨʠ, ʟʦʢʨʝʤʘ ʢʦʤʽʨʢʠ ɹʝʥʘʨʘ, ʫʪʚʦʨʶʶʪʴʩʷ ʩʘʤʦʯʠʥʥʦ ʟʘʚʜʷʢʠ ʦʜʥʦʯʘʩʥʽʡ ʜʽʾ 
ʪʝʧʣʦ-ʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʚʽʜʢʨʠʪʠʭ ʜʠʩʠʧʘʪʠʚʥʠʭ ʩʠʩʪʝʤʘʭ. 

ɺʠʚʯʘʶʯʠ [6-8] ʥʝʣʽʥʽʡʥʽ, ʥʝʨʽʚʥʦʚʘʞʥʽ ʧʨʦʮʝʩʠ ʚ ʨʘʤʢʘʭ ʥʝʣʽʥʽʡʥʦʾ ʜʠʥʘ-
ʤʽʢʠ ʪʘ ʘʥʘʣʽʟʫ ʩʠʩʪʝʤ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʬʽʟʠʢʠ ʩʢʣʘʜʥʠʭ, ʥʝʣʽʥʽʡʥʠʭ 
ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʩʠʩʪʝʤ ʜʦʚʢʽʣʣʷ, ʷʢʽ ʦʧʠʩʫʶʪʴʩʷ ʧʦʥʷʪʪʷʤʠ- ʥʝʚʨʽʚʥʦʚʘʞʝʥʽʩʪʴ, 
ʛʽʜʨʦʜʠʥʘʤʽʯʥʽ ʥʝʩʪʽʡʢʦʩʪʽ, ʜʠʩʠʧʘʮʽʷ, ʙʽʬʫʨʢʘʮʽʾ, ʤʦʞʥʘ ʧʨʠʧʫʩʢʘʪʠ, ʱʦ ʩʢʣʘʜʥʽ 
ʩʪʨʫʢʪʫʨʠ ʨʝʯʦʚʠʥʠ, ʷʢʠʤʠ ʻ ʩʪʨʫʢʪʫʨʘ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ, ʤʦʞʫʪʴ 
ʫʪʚʦʨʶʚʘʪʠʩʷ ʽ ʟʘʣʝʞʘʪʠ ʚʽʜ ʪʝʨʤʦʜʠʥʘʤʽʢʠ ʾʾ ʧʨʠʛʦʪʫʚʘʥʥʷ.    

ʊʝʨʤʦʜʠʥʘʤʽʯʥʝ ʩʧʨʷʞʝʥʥʷ ʧʨʦʮʝʩʽʚ, ʟʤʽʥʘ ʝʥʪʨʦʧʽʾ ʚʽʜʢʨʠʪʦʾ ʩʠʩʪʝʤʠ, 
ʫʤʦʚʠ ʢʽʥʝʪʠʯʥʦʾ ʥʝʦʙʝʨʥʝʥʦʩʪʽ, ï ʦʩʴ ʧʦʥʷʪʪʷ, ʷʢʽ ʤʘʶʪʴ ʦʧʠʩʘʪʠ ʧʨʦʮʝʩʠ ʪʝʭʥʦ-
ʣʦʛʽʯʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ ʚʢʣʶʯʘʻ ʨʦʟʛʣʷʜ ʟʥʝʰʢʦʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ 
ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ʰʣʷʭʦʤ ʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʽʚ ʧʽʜ ʯʘʩ ʾʾ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʪʘ ʢʫ-
ʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ. ʈʘʜʽʘʮʽʡʥʽ ʟʘʙʨʫʜʥʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʨʦʟʯʠʥʝʥʠʤʠ ʫ ʚʦʜʽ, ʘ  ʧʨʦ-
ʮʝʩʠ ʾʭ ʟʥʝʰʢʦʜʞʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʚôʷʟʘʥʽ ʽʟ ʰʚʠʜʢʽʩʪʶ ʚʠʚʝʜʝʥʥʷ ʾʭ ʯʝʨʝʟ 
ʧʦʨʠ ʫ ʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʘʭ. 

ʋ ʨʦʙʦʪʽ ʦʙʨʘʥʦ ʟʘ ʤʝʪʫ ʜʦʩʣʽʜʠʪʠ ʜʠʬʫʟʽʶ ʨʦʟʯʠʥʫ ʩʦʣʽ ʨʘʜʽʦʘʢʪʠʚʥʦʾ ʨʝʯʦ-
ʚʠʥʠ ʫ ʜʝʷʢʽ ʧʨʦʜʫʢʪʠ ʭʘʨʯʫʚʘʥʥʷ ʟ ʧʦʨʠʩʪʦʶ ʩʪʨʫʢʪʫʨʦʶ ʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦ-
ʮʝʩʘʭ ʩʦʣʽʥʥʷ, ʚʠʤʦʯʫʚʘʥʥʷ, ʚʘʨʽʥʥʷ ʪʘ ʽʥ. ʊʝʦʨʝʪʠʯʥʠʤ ʤʝʪʦʜʦʤ ʜʦʩʣʽʜʞʝʥʴ ʻ ʤʝ-
ʪʦʜ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʧʨʠ ʜʠʬʫʟʽʾ ʩʦʣʴʦʚʦʛʦ ʨʦʟʯʠʥʫ ʧʦ ʚʥʫʪʨʽ-
ʰʥʽʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʧʦʨʘʭ ʧʨʠ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʘ ʧʨʦʮʝʩʽʚ ʢʦʥʚʝʢʪʠʚʥʦʾ ʜʠ-
ʬʫʟʽʾ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʩʪʝʬʘʥʽʚʩʴʢʠʭ ʧʦʪʦʢʽʚ ʚ ʧʨʦʮʝʩʘʭ ʚʠʧʘʨʦʚʫʚʘʥʥʷ. 

ʂʽʥʝʪʠʢʫ ʧʨʦʮʝʩʽʚ ʤʦʞʥʘ ʜʦʩʣʽʜʞʫʚʘʪʠ, ʚʠʟʥʘʯʘʶʯʠ ʨʘʜʽʦʘʢʪʠʚʥʽʩʪʴ  ʭʘʨʯʦ-
ʚʦʛʦ ʧʨʦʜʫʢʪʫ ʥʘ ʧʨʦʪʷʟʽ ʤʘʩʦʦʙʤʽʥʥʦʛʦ ʧʨʦʮʝʩʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʘʜʽʦ-ʜʦʟʠʤʝʪʨʠ-
ʯʥʦʛʦ ʪʘ ʩʧʝʢʪʨʦʤʝʪʨʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

 
ʄʦʜʝʣʶʚʘʥʥʷ ʜʠʬʫʟʽʾ ʧʦ ʚʥʫʪʨʽʰʥʽʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʧʦʨʘʭ. ʄʦʜʝʣʶʻʪʴʩʷ 

ʧʨʦʮʝʩ ʚʥʫʪʨʽʰʥʴʦʾ ʜʠʬʫʟʽʾ ʩʦʣʴʦʚʦʛʦ ʨʦʟʯʠʥʫ ʧʦ ʮʠʣʽʥʜʨʠʯʥʠʭ ʧʦʨʘʭ ʭʘʨʯʦʚʦʛʦ 
ʧʨʦʜʫʢʪʫ ʫ ʧʨʦʮʝʩʘʭ ʡʦʛʦ ʟʘʩʦʣʶʚʘʥʥʷ ʘʙʦ ʚʠʤʦʯʫʚʘʥʥʷ. ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʭʘ-
ʨʯʦʚʠʡ ʧʨʦʜʫʢʪ ʤʘʻ ʩʪʨʫʢʪʫʨʫ ʫ ʚʠʛʣʷʜʽ ʜʦʚʛʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʧʦʨ, ʷʢʽ ʨʽʚʥʦʤʽʨʥʦ 
ʨʦʟʧʦʜʽʣʝʥʽ ʧʦ ʦʙôʻʤʫ ʧʨʦʜʫʢʪʫ. ɼʠʬʫʟʽʷ ʩʦʣʴʦʚʦʛʦ ʨʦʟʯʠʥʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ 
ʧʦʨʠ, ʱʦ ʚʠʭʦʜʷʪʴ ʥʘ ʟʦʚʥʽʰʥʶ ʧʦʚʝʨʭʥʶ. ʊʘʢʠʤ ʯʠʥʦʤ, ʩʦʣʴʦʚʠʡ ʨʦʟʯʠʥ ʤʦʞʝ 
ʧʨʦʥʠʢʘʪʠ ʫ ʧʨʦʜʫʢʪ ʥʘ ʛʣʠʙʠʥʫ ʧʦʨʷʜʢʫ ʜʦʚʞʠʥʠ ʧʦʨʠ. 

ɺ ʦʙôʻʤʽ ʭʘʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ ʚʽʜʙʫʚʘʶʪʴʩʷ ʩʦʨʙʮʽʡʥʽ ʧʨʦʮʝʩʠ, ʚ ʪʝʭʥʦʣʦʛʽʷʭ 
ʟʘʩʦʣʶʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʘʜʩʦʨʙʮʽʷ, ʘ ʧʨʠ ʚʠʤʦʯʫʚʘʥʥʽ ʭʘʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ ï ʜʝ-
ʩʦʨʙʮʽʷ.  

ɺʚʘʞʘʻʤʦ, ʱʦ ʫʩʽ ʮʠʣʽʥʜʨʠʯʥʽ ʧʦʨʠ ʤʘʶʪʴ ʦʜʥʘʢʦʚʽ ʜʦʚʞʠʥʫ ʽ ʜʽʘʤʝʪʨ.  ʇʦʨʠ 
ʱʦ ʚʠʭʦʜʷʪʴ ʥʘ ʟʦʚʥʽʰʥʶ ʧʦʚʝʨʭʥʶ ʭʘʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ, ʤʘʶʪʴ ʟʘʜʘʥʠʡ ʨʦʟʧʦʜʽʣ. 

ɼʦʨʝʯʥʦ ʚʚʘʞʘʪʠ, ʱʦ ʢʽʣʴʢʽʩʪʴ ʧʦʨ, ʱʦ ʚʠʭʦʜʷʪʴ ʥʘ ʟʦʚʥʽʰʥʶ ʧʦʚʝʨʭʥʶ ʭʘ-
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мнт 

ʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ, ʟʤʽʥʶʻʪʴʩʷ ʚʜʦʚʞ ʢʦʦʨʜʠʥʘʪʠ ʭ ʚ ʦʜʥʦʤʽʨʥʽʡ ʟʘʜʘʯʽ ʟʘ ʝʢʩʧʦ-
ʥʝʥʮʽʘʣʴʥʠʤ ʟʘʢʦʥʦʤ, ʪʦʙʪʦ ʧʨʦʧʦʨʮʽʡʥʦ Ὡ , ʜʝ b ï ʧʘʨʘʤʝʪʨ ʨʦʟʧʦʜʽʣʫ ʧʦʨ, x ï 
ʢʦʦʨʜʠʥʘʪʘ ʽʟ ʥʘʧʨʷʤʦʤ ʫʩʝʨʝʜʠʥʫ ʭʘʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ. 

ʊʦʜʽ ʨʽʚʥʷʥʥʷ ʚʥʫʪʨʽʰʥʴʦʾ ʜʠʬʫʟʽʾ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦʛʦ ʨʦʟʧʦ-
ʜʽʣʫ ʧʦʨ, ʱʦ ʚʠʭʦʜʷʪʴ ʥʘ ʟʦʚʥʽʰʥʶ ʧʦʚʝʨʭʥʶ, ʤʘʻ ʚʠʛʣʷʜ 

  ὥὩ  = 0,                                                        (1) 
ʜʝ ʩ ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʩʦʣʴʦʚʦʛʦ ʨʦʟʯʠʥʫ ʚʩʝʨʝʜʠʥʽ ʧʦʨʠ, a ï ʢʦʥʩʪʘʥʪʘ ʤʘʩʦʦʙʤʽʥʫ.  

ʈʽʚʥʷʥʥʷ  (1) ʧʽʜʩʪʘʥʦʚʢʦʶ ʩ(x)=ɖ(‚), ɝ = ʝïbx    ʥʘʚʦʜʠʪʴʩʷ ʜʦ ʥʘʩʪʫʧʥʦʛʦ ʚʠʜʫ  
‚–  –  – π.                                                    (2) 

ʈʦʟʚôʷʟʢʦʤ ʨʽʚʥʷʥʥʷ (2) ʻ ʮʠʣʽʥʜʨʠʯʥʘ ʬʫʥʢʮʽʷ ɹʝʩʩʝʣʷ ʥʫʣʴʦʚʦʛʦ ʧʦʨʷʜʢʫ 
Z0(z) 

ʩ(ʭ)=ɖ(‚)= Z0(z),                                                    (3) 

ὤ ᾀ ὃὧέίᾀ ὄίὭὲᾀ ,                          (4) 

ʜʝ                                                z =2‚ = ЍὥὩ  

ɻʨʘʥʠʯʥʽ ʫʤʦʚʠ:   ʭ=0,     ʩ=ʩ0;              ʭ= R,    dc/dx=0. 
ɿ ʥʠʭ ʦʪʨʠʤʘʻʤʦ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ɸ ʽ ɺ: 

ὃίὭὲᾀ
“
τ

ὄὧέίᾀ
“
τ

πȟ 

ς
“ᾀ

ὃὧέίᾀ
“
τ

ὄίὭὲᾀ
“
τ

ὧȟ 

ʟʚʽʜʢʠ ʟʥʘʭʦʜʠʤʦ ʢʦʝʬʽʮʽʻʥʪʠ ɸ ʽ ɺ: 

ˍ ˏȟ     ὄ  . 

ʊʫʪ            ᾀ Ѝὥȟ        ᾀ ЍὥὩ . 
ʇʦʪʽʢ ʨʦʟʯʠʥʫ ʚʩʝʨʝʜʠʥʫ ʧʨʦʜʫʢʪʫ Gi ʜʦʨʽʚʥʶʻ 

Ὃ Ὀ
ȿ
‗ὈὸὬȿᾀȿ ȿᾀȿ ‗ὈὸὬ‗Ὑ.                            (5) 

ʇʨʠ ʚʝʣʠʢʠʭ ʟʥʘʯʝʥʥʷʭ z ʚʝʣʠʯʠʥʘ ὸὬ ȿᾀȿ ȿᾀȿᴼρ. ʊʦʜʽ ʤʦʣʝʢʫʣʷʨʥʠʡ 
ʧʦʪʽʢ ʩʦʣʴʦʚʦʛʦ ʨʦʟʯʠʥʫ ʜʦʨʽʚʥʶʻ G i = ɚDi, ʜʝ Di ï ʢʦʝʬʽʮʽʻʥʪ ʚʥʫʪʨʽʰʥʴʦʾ ʜʠʬʫʟʽʾ, 

ɚ ï ʧʘʨʘʤʝʪʨ, ʱʦ ʜʦʨʽʚʥʶʻ 
0i

a
bDc

l= Φ 

 
3. ʄʦʜʝʣʶʚʘʥʥʷ ʢʦʥʚʝʢʪʠʚʥʦʾ ʜʠʬʫʟʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʚʦʜʥʦʤʫ ʩʝʨʝʜʦ-

ʚʠʱʽ. ʄʝʭʘʥʽʟʤʠ ʧʝʨʝʥʝʩʝʥʥʷ ʤʘʩʠ ʩʝʨʝʜʦʚʠʱʘ, ʷʢ ʮʽʣʦʛʦ ʽʟ ʰʚʠʜʢʽʩʪʶ v, ʷʢʘ ʷʚ-
ʣʷʻ ʩʦʙʦʶ ʰʚʠʜʢʽʩʪʴ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʦʪʦʢʫ, ʻ ʤʦʣʷʨʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ. ɼʣʷ ʤʦ-
ʣʷʨʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʭʘʨʘʢʪʝʨʥʽ ʙʽʣʴʰʽ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʽʚ ʤʘʩ. ʂʦʣʠ ʤʦʣʝʢʫʣʷʨʥʠʤʠ 
ʤʝʭʘʥʽʟʤʘʤʠ ʜʠʬʫʟʽʾ ʤʦʞʥʘ ʥʝʭʪʫʚʘʪʠ, ʨʽʚʥʷʥʥʷ ʧʝʨʝʥʦʩʫ ʤʘʩʠ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ 
ʚʠʛʣʷʜʽ [9] 
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мну 

˞  ὺgradC = - div + I ,                                            (6) 
ʜʝ ʉ ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ; I ï ʬʫʥʢʮʽʷ ʜʞʝʨʝʣʘ;  ï ʛʫʩʪʠʥʘ ʧʦʪʦʢʫ ʨʘʜʽʦ-
ʥʫʢʣʽʜʫ, ʚʥʘʩʣʽʜʦʢ ʷʢʦʛʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʙʘʚʣʝʥʥʷ ʩʫʤʽʰʽ. 

ʂʨʘʡʦʚʽ ʫʤʦʚʠ: ʥʘ ʧʦʚʝʨʭʥʽ ʪʨʫʙʢʠ ʪʦʢʫ ʤʝʭʘʥʽʟʤ ʤʘʩʦʦʙʤʽʥʫ ʚʚʘʞʘʻʤʦ ʤʦ-
ʣʷʨʥʠʤ ʽ ʛʫʩʪʠʥʘ ʧʦʪʦʢʫ ʨʘʜʽʦʥʫʢʣʽʜʫ                

j|r0=ɓC, 
ʜʝ ɓ=  -ʜʠʬʫʟʽʡʥʠʡ ʢʨʠʪʝʨʽʡ ʅʫʩʩʝʣʴʪʘ, D ïʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ 

ɺʥʘʩʣʽʜʦʢ ʩʪʘʮʽʦʥʘʨʥʦʩʪʽ ʫʩʪʘʣʝʥʦʛʦ ʧʨʦʮʝʩʫ    ˞ 
 
  = 0 . 

 ʌʫʥʢʮʽʷ ʩʪʦʢʫ ʟʥʘʭʦʜʠʪʴʩʷ ʽʟ ʟʘʢʦʥʫ ʨʘʜʽʦʘʢʪʠʚʥʦʛʦ ʨʦʟʧʘʜʫ, ʦʩʢʽʣʴʢʠ ʮʝ 
ʢʽʣʴʢʽʩʪʴ ʨʘʜʽʦʥʫʢʣʽʜʘ, ʷʢʘ ʨʦʟʧʘʜʘʻʪʴʩʷ ʟʘ ʦʜʠʥʠʮʶ ʯʘʩʫ ʚ ʦʜʠʥʠʮʽ ʦʙôʻʤʫ ʨʝʯʦ-
ʚʠʥʠ: 

Ὅ  
ρ
ὠ
Ὠὔ
Ὠὸ

Ὠὅ
Ὠὸ

‗ὅȟ 

ʜʝ ɚ=  ï ʢʦʥʩʪʘʥʪʘ ʨʦʟʧʘʜʫ (˟ - ʧʝʨʽʦʜ ʥʘʧʽʚʨʦʟʧʘʜʫ ʨʘʜʽʦʥʫʢʣʽʜʘ). 

ʅʘʧʨʘʚʠʤʦ ʚʽʩʴ ʍ ʚʟʜʦʚʞ ʧʦʪʦʢʫ ʚʦʜʠ. ʊʦʜʽ ʚ ʮʠʣʽʥʜʨʠʯʥʠʭ ʢʦʦʨʜʠʥʘʪʘʭ ʟ 
ʚʽʩʩʶ ʍ ʫ ʷʢʦʩʪʽ ʮʠʣʽʥʜʨʠʯʥʦʾ ʦʩʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʨʘʜʽʘʣʴʥʦʾ ʩʠʤʝʪʨʽʾ: 

ὫὶὥὨὅ
‬ὅ
‬ὶ
Ὡᴆ

‬ὅ
‬ὼ
Ὡᴆ 

ὨὭὺ
ρ
ὶ
‬
‬ὶ
ὶ

‬
‬ὼ
   

ɼʣʷ  ʤʦʣʷʨʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʜʠʬʫʟʽʾ  
j=ɓC,    div  =  +ɓȚ. 

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʥʘʚʝʜʝʥʠʭ ʚʠʨʘʟʽʚ ʨʽʚʥʷʥʥʷ (6) ʧʨʠʜʙʘʻ ʚʠʛʣʷʜ: 
ὺ ‍ ‗ὅ ȟ                                              (7) 

ʘʙʦ 
˞  ὥὅ ȟ                                                         (8) 

ʜʝ                    

 ὥ  
 
                                                  (9) 

ʦʩʢʽʣʴʢʠ ɓ Ḻὺ .     ʈʦʟʚôʷʟʦʢ ʨʽʚʥʷʥʥʷ (8) ʤʘʻ ʚʠʜ 
˞ Ὡ˞   .                                                  (10) 

ʆʪʞʝ, ʟʤʽʥʘ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʦʥʫʢʣʽʜʘ ʫ ʢʦʥʚʝʢʪʠʚʥʦʤʫ ʧʦʪʦʮʽ ʚʽʜʙʫʚʘʻʪʴʩʷ 
ʟʘ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʤ ʟʘʢʦʥʦʤ, ʧʦʢʘʟʥʠʢ ʩʪʝʧʝʥʽ ʷʢʦʛʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʢʦʥʩʪʘʥʪʦʶ 
ʨʦʟʧʘʜʫ ɚ ʽ ʰʚʠʜʢʽʩʪʶ ʤʘʩʦʦʙʤʽʥʫ ɓ. ʂʦʝʬʽʮʽʻʥʪ ʤʘʩʦʦʙʤʽʥʫ ɓ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟ ʢʨʠ-
ʪʝʨʽʘʣʴʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ  

NuD = , ʟʚʽʜʢʠ       ɓ =. 
ʊʦʜʽ ʨʦʟʚôʷʟʦʢ ʨʽʚʥʷʥʥʷ (7) ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ 

                                   C = C0
)( l+Ö-

Ö
b

v
x

e ,                                                   (11) 
ʜʝ b ï ʬʘʢʪʦʨ ʨʦʟʙʘʚʣʝʥʥʷ, 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 124ï133.                    ISSN 0367-1631 (Print)



мнф 

b =ɓ/r =NuDῊD/r2 
ɺʚʘʞʘʻʤʦ, ʱʦ ʨʘʜʽʘʮʽʡʥʘ ʘʢʪʠʚʥʽʩʪʴ ʚʦʜʠ ʧʨʦʧʦʨʮʽʡʥʘ ʢʦʥʮʝʥʪʨʘʮʽʾ ʉ ʨʘʜʽʦ-

ʥʫʢʣʽʜʘ ʫ ʚʦʜʥʦʤʫ ʨʦʟʯʠʥʽ. ʊʦʤʫ ʥʘ ʚʽʜʩʪʘʥʽ  ʍ  ʚʽʜ ʧʦʚʝʨʭʥʽ ʘʢʪʠʚʥʽʩʪʴ ɸ ʨʦʟʯʠʥʫ 
ʜʦʨʽʚʥʶʻ 

( )

0

xb
vA A e
- +l

= Ö , ɹʢ                                             (12) 
ʂʦʥʚʝʢʪʠʚʥʦ ʤʝʭʘʥʽʟʤ ʧʦʰʠʨʝʥʥʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʤʘʻ ʧʦʷʩʥʶʚʘʪʠ ʧʨʦʮʝʩʠ ʧʝ-

ʨʝʤʽʱʝʥʥʷ ʨʘʜʽʦʘʢʪʠʚʥʦʾ ʨʝʯʦʚʠʥʠ ʢʦʥʚʝʢʪʠʚʥʠʤʠ (ʤʦʣʷʨʥʠʤʠ) ʧʦʪʦʢʘʤʠ. ʈʦʣʴ 
ʡʦʛʦ ʤʘʻ ʟʨʦʩʪʘʪʠ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʂʠʧ'ʷʪʽʥʥʷ, ʚʘʨʽʥʥʷ ʚʽʜʙʫʚʘʶʪʴʩʷ, 
ʢʦʣʠ ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ ʧʝʨʝʭʦʜʷʪʴ ʫ ʪʫʨʙʫʣʝʥʪʥʠʡ ʨʝʞʠʤ.  

ɯʥʪʝʥʩʠʚʥʽʩʪʴ ʢʦʥʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʨʦʩʪʦʨʦʚʠʤ ʤʘʩʰʪʘʙʦʤ 
ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ l, ʰʚʠʜʢʽʩʪʶ ʪʫʨʙʫʣʝʥʪʥʠʭ ʧʫʣʴʩʘʮʽʡ, ʷʢʘ ʚ ʩʚʦʶ ʯʝʨʛʫ ʧʦʚôʷʟʘʥʘ 
ʟ ʰʚʠʜʢʽʩʪʶ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʦʪʦʢʫ w. ɿʘ ʬʦʨʤʫʣʦʶ ʇʨʘʥʜʪʣʷ ʢʽʥʝʤʘʪʠʯʥʘ ʚôʷʟ-
ʢʽʩʪʴ  ɜŰ  ʜʦʨʽʚʥʶʻ    ’ ὰ , ʘ ʜʠʥʘʤʽʯʥʘ ʚôʷʟʢʽʩʪʴ ‘ ”̌ύǬ , ʜʝ ύǬ  - ʰʚʠʜʢʽʩʪʴ 

ʪʫʨʙʫʣʝʥʪʥʠʭ ʧʫʣʴʩʘʮʽʡ ύǬ ὰ  , ɟ- ʛʫʩʪʠʥʘ. 
ʇʨʦʩʪʦʨʦʚʠʡ ʤʘʩʰʪʘʙ ʪʫʨʙʫʣʝʥʪʥʦʩʪʽ l ʤʘʻ ʧʦʨʷʜʦʢ ʨʦʟʤʽʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ 

ʩʠʩʪʝʤʫ - ʨʦʟʤʽʨ ʪʽʣ, ʱʦ ʦʙʪʽʢʘʶʪʴʩʷ, ʜʽʘʤʝʪʨ ʘʙʦ ʰʠʨʠʥʘ ʢʘʥʘʣʽʚ, ʜʽʘʤʝʪʨ ʢʦʤʽ-
ʨʦʢ, ʟʦʢʨʝʤʘ ʢʦʤʽʨʦʢ ɹʝʥʘʨʘ ʫ ʩʪʨʫʢʪʫʨʦʚʘʥʽʡ ʩʠʩʪʝʤʽ ʭʘʨʯʦʚʦʛʦ ʧʨʦʜʫʢʪʫ. 

ʗʢʱʦ ʫ ʩʠʩʪʝʤʽ ʧʨʦʪʽʢʘʶʪʴ ʧʨʦʮʝʩʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʽʟ ʟʤʽʥʝʥʥʷʤ 
ʦʙôʻʤʫ ʛʘʟʦʚʦʾ ʬʘʟʠ, ʟ'ʷʚʣʷʻʪʴʩʷ ʜʦʜʘʪʢʦʚʠʡ, ʩʪʝʬʘʥʽʚʩʴʢʠʡ ʤʦʣʷʨʥʠʡ ʧʦʪʽʢ     

Ὃᴆ ˞ ύᴆ ̌ ,                                                 (13) 
ʜʝ wC  ï ʰʚʠʜʢʽʩʪʴ ʩʪʝʬʘʥʽʚʩʴʢʦʛʦ ʧʦʪʦʢʫ, p1 ï ʪʠʩʢ ʥʘʩʠʯʝʥʦʾ ʚʦʜʷʥʦʾ ʧʘʨʠ, p1/RT 
ï ʤʦʣʴʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʚʦʜʷʥʦʾ ʧʘʨʠ. ʉʪʝʬʘʥʽʚʩʴʢʠʡ ʧʦʪʽʢ ʟʙʽʣʴʰʫʻ ʚʠʥʝʩʝʥʥʷ 
ʧʘʨʠ ʚʽʜ ʧʦʚʝʨʭʥʽ. ɿ ʚʨʘʭʫʚʘʥʥʷʤ ʩʪʝʬʘʥʽʚʩʴʢʦʛʦ ʧʦʪʦʢʫ ʧʦʚʥʠʡ ʢʦʥʚʝʢʪʠʚʥʠʡ ʧʦ-
ʪʽʢ ʜʦʨʽʚʥʶʚʘʪʠʤʝ 

Ὃᴆ =ὺᴆȚC + ύᴆ ̌ .                                             (14) 
ʋ ʚʠʧʘʜʢʫ ὴ = 0 (ʥʘ ʚʝʣʠʢʽʡ ʚʽʜʩʪʘʥʽ ʚʽʜ ʧʦʚʝʨʭʥʽ) ʚʚʘʞʘʪʠʤʝʤʦ ʥʝʟʤʽʥʥʠʤ. 
ɺʠʟʥʘʯʠʤʦ ʢʦʥʚʝʢʪʠʚʥʠʡ ʜʠʬʫʟʽʡʥʠʡ ʧʦʪʽʢ (ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʩʪʝʬʘʥʽʚʩʴʢʦʛʦ) 

ʧʨʠ ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʨʽʜʠʥʠ ʟ ʧʣʦʩʢʦʾ ʧʦʚʝʨʭʥʽ ʫ ʛʘʟʦʚʝ ʩʝʨʝʜʦʚʠʱʝ. ɹʫʜʝʤʦ ʚʚʘ-
ʞʘʪʠ, ʱʦ ʢʦʥʚʝʢʪʠʚʥʠʡ ʧʦʪʽʢ ʫ ʨʽʜʠʥʽ ʧʦʨʷʜʢʫ ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ ʧʘʨʠ ʫ ʤʝʞʘʭ 
ʧʨʠʢʦʨʜʦʥʥʦʛʦ ʰʘʨʫ, ʷʢʠʡ ʜʣʷ ʧʘʨʠ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ 

Ὃ ύˇ ,                                          (15) 
ʘ ʧʦʪʽʢ ʧʦʚʽʪʨʷ ʤʘʻ ʜʦʨʽʚʥʶʚʘʪʠ ʥʫʣʶ. 

Ὃ ύˇ π,                                    (16) 
ʜʝ  D12 ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ, ύ ï ʰʚʠʜʢʽʩʪʴ ʩʪʝʬʘʥʽʚʩʴʢʦʛʦ ʧʦʪʦʢʫ, ὴ- ʪʠʩʢ ʧʦʚʽ-
ʪʨʷ. 

ʇʦʪʽʢ G2 ʜʦʨʽʚʥʶʻ ʧʦʪʦʢʫ ʧʘʨʠ ʽ ʩʧʨʷʤʦʚʘʥʠʡ ʥʘʟʫʩʪʨʽʯ ʫ ʙʽʢ ʟʤʝʥʰʝʥʥʷ ʧʘ-
ʨʮʽʘʣʴʥʦʛʦ ʪʠʩʢʫ ʧʦʚʽʪʨʷ p2 . ʊʦʤʫ ʟʘʛʘʣʴʥʠʡ ʪʠʩʢ  ʈ =ʨ1+ ʨ2. 

ɿʚʽʜʩʠ                           
ύ Ὀ                                              (17) 
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мол 

ɿ ʚʨʘʭʫʚʘʥʥʷʤ ʚʠʨʘʟʫ ʜʣʷ ʰʚʠʜʢʦʩʪʽ ʩʪʝʬʘʥʽʚʩʴʢʦʛʦ ʧʦʪʦʢʫ ʧʦʪʽʢ G1 ʜʦʨʽʚ-
ʥʶʻ 

Ὃ  Ὀ Ȣ                                         (18) 

ɯʥʪʝʛʨʫʶʯʠ ʚʠʨʘʟ ʜʣʷ G1 , ʦʪʨʠʤʘʻʤʦ  

Ὃ  ὖὰὲ  
    
̐̏̃Ȣ                                      (19) 

ʆʮʽʥʠʤʦ ʚʧʣʠʚ ʩʪʝʬʘʥʽʚʩʴʢʦʛʦ ʧʦʪʦʢʫ ʧʨʠ ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʨʽʜʠʥʠ. ɺʽʜʥʦ-
ʰʝʥʥʷ ʧʦʚʥʦʛʦ ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ (ʨʘʟʦʤ ʽʟ ʩʪʝʬʘʥʽʚʩʴʢʠʤ ʧʦʪʦʢʦʤ) ʜʦ ʯʠʩʪʦ 
ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ ʫ ʛʘʟʦʚʽʡ ʬʘʟʽ 

Ὧ
  

     

  ̐̏̃

̐̏ ̃     
                                                       (20) 

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʢʦʝʬʽʮʽʻ-
ʥʪʘ k ʚʽʜ ʚʽʜʥʦʰʝʥʥʷ ʪʠʩʢʫ ʧʘʨʠ ʥʘ ʧʦʚʝʨʭʥʽ 
ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʨ1ʧʦʚ ʜʦ ʟʘʛʘʣʴʥʦʛʦ ʪʠʩʢʫ ʈ.  

ɿ ʨʠʩ.1 ʚʠʜʥʦ, ʱʦ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ὴ πȟ 
ʘ ʨ1ʧʦʚ/ʨ = 0.5, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʪʝʤʧʝʨʘʪʫʨʽ 
ʊ=373ʂ, ʚʽʜʥʦʰʝʥʥʷ k = 1.4. ʂʦʣʠ ʨ1ʧʦʚ/ʨ = 0.95, 
ʚʽʜʥʦʰʝʥʥʷ k ʟʨʦʩʪʘʻ ʜʦ 3,2. ɿʘ ʬʦʨʤʫʣʦʶ ʇʨʘ-
ʥʜʪʣʷ, ʤʦʞʥʘ ʦʮʽʥʠʪʠ ʯʠʩʪʦ ʜʠʬʫʟʽʡʥʠʡ ʧʦʪʽʢ 
ʫ ʨʽʜʠʥʽ. ʂʦʨʠʩʪʫʶʯʠʩʴ ʜʦʚʽʜʥʠʢʦʚʠʤʠ ʜʘ-
ʥʠʤʠ, ʟʥʘʭʦʜʠʤʦ, ʱʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʢʠʧʽʥʥʷ 
ʚʦʜʠ ʊ = 373 ʂ ʚʽʜʥʦʰʝʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ ʚôʷʟ-
ʢʦʩʪʝʡ ʚʦʜʠ ʽ ʚʦʜʷʥʦʾ ʧʘʨʠ ʩʢʣʘʜʘʻ 35.7. ʊʦʙʪʦ, 
ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ, ʱʦ ʩʪʝʬʘʥʦʚʩʴʢʽ ʧʦʪʦʢʠ 
ʤʘʡʞʝ ʥʘ ʜʚʘ ʧʦʨʷʜʢʠ ʧʝʨʝʚʠʱʫʶʪʴ ʢʦʥʚʝʢʪʠ-
ʚʥʽ ʜʠʬʫʟʽʡʥʽ ʧʦʪʦʢʠ ʫ ʨʽʜʠʥʽ. 

ʎʝ ʧʦʷʩʥʶʻ, ʯʦʤʫ ʰʚʠʜʢʦʩʪʽ ʪʘʢʠʭ ʪʝʭʥʦ-
ʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʷʢ ʩʦʣʽʥʥʷ, ʚʠʤʦʯʫʚʘʥʥʷ 
ʤʘʣʽ, ʘ ʩʘʤʽ ʮʽ ʧʨʦʮʝʩʠ ʚʠʤʽʨʶʶʪʴʩʷ ʛʦʜʠʥʘʤʠ ʪʘ ʜʦʙʘʤʠ. ɺ ʥʠʭ ʜʽʶʪʴ ʤʦʣʝʢʫʣʷ-
ʨʥʽ ʜʠʬʫʟʽʡʥʽ ʤʝʭʘʥʽʟʤʠ. ʇʨʦʪʝ, ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ, ʱʦ ʧʦʚôʷʟʘʥʽ ʟ ʢʠʧôʷʪʽʥʥʷʤ 
ʪʘ ʚʘʨʽʥʥʷʤ, ʭʘʨʘʢʪʝʨʥʽ ʚʝʣʠʢʠʤʠ ʰʚʠʜʢʦʩʪʷʤʠ ʢʦʥʚʝʢʪʠʚʥʠʭ ʧʦʪʦʢʽʚ. ʇʨʠ ʮʴʦʤʫ 
ʩʫʪʪʻʚʠʤʠ ʻ ʩʪʝʬʘʥʽʚʩʴʢʽ ʧʦʪʦʢʠ, ʱʦ ʦʙʫʤʦʚʣʝʥʽ ʬʘʟʦʚʠʤʠ ʧʝʨʝʪʚʦʨʶʚʘʥʥʷʤʠ ʫ 
ʩʠʩʪʝʤʽ. ʊʨʠʚʘʣʽʩʪʴ ʮʠʭ ʧʨʦʮʝʩʽʚ ʩʢʣʘʜʘʻ ʭʚʠʣʠʥʠ. ɿʨʦʟʫʤʽʣʦ, ʱʦ ʜʣʷ ʚʠʚʝʜʝʥʥʷ 
ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʧʨʦʮʝʩʘʭ ʚʠʤʦʯʫʚʘʥʥʷ ʧʦʪʨʽʙʥʽ ʛʦʜʠʥʠ, ʘ ʚ ʧʨʦʮʝʩʘʭ ʢʠʧôʷʪʽʥʥʷ ï 
ʜʝʢʽʣʴʢʘ ʭʚʠʣʠʥ. 

 
4. ʄʝʪʦʜʠ ʚʠʚʝʜʝʥʥʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʟ ʧʨʦʜʫʢʪʽʚ ʭʘʨʯʫʚʘʥʥʷ. ʎʽ ʤʝʪʦʜʠ ʙʘ-

ʟʫʶʪʴʩʷ ʥʘ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʧʨʦʮʝʩʘʭ ʜʠʬʫʟʽʾ, ʦʩʤʦʪʠʯʥʦʛʦ ʧʝʨʝʥʦʩʫ ʪʘ ʨʦʟʯʠʥʥʦ-
ʩʪʽ ʨʘʜʽʦʥʫʢʣʽʜʽʚ.  

ʇʨʘʚʠʣʴʥʠʡ ʚʠʙʽʨ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʟ ʪʘʢʠʭ, ʷʢ ʚʽʜ-
ʚʘʨʶʚʘʥʥʷ, ʚʠʤʦʯʫʚʘʥʥʷ, ʙʣʘʥʰʫʚʘʥʥʷ, ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʟʥʠʟʠʪʠ ʚʤʽʩʪ ʨʘʜʽʦʥʫʢ-
ʣʽʜʽʚ ʫ ʧʨʦʜʫʢʪʘʭ. ʅʘʡʙʽʣʴʰ ʨʝʟʫʣʴʪʘʪʠʚʥʠʤʠ ʻ ʧʨʦʮʝʩʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʝʨʝʭʽʜ 
ʽʟʦʪʦʧʽʚ ʫ ʚʦʜʫ. ʊʘʢ, ʚʠʤʦʯʫʚʘʥʥʷ ʪʘ ʙʣʘʥʰʫʚʘʥʥʷ ʟʥʠʞʫʶʪʴ ʚʤʽʩʪ Cs-137 ʥʘ 20ï

 
ʈʠʩ.1 ʈʦʣʴ ʩʪʝʬʘʥʽʚʩʴʢʠʭ ʧʦʪʦʢʽʚ 
ʧʨʠ ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʚ ʧʨʦʮʝʩʘʭ 
ʢʠʧôʷʪʽʥʥʷ ʪʘ ʚʘʨʽʥʥʷ 

1 ï ʨ1 = 0;    2 ï ʨ1 = 0,2 ʈ;    3 ï ʨ1 
= 0,4 ʈ 
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мом 

40%, ʩʦʣʽʥʥʷ, ʤʘʨʠʥʫʚʘʥʥʷ ʦʛʽʨʢʽʚ ʟʥʠʞʫʻ ʚʤʽʩʪ ʮʝʟʽʶ-137 ʜʦ 15%, ʢʦʥʩʝʨʚʫʚʘʥʥʷ  
ʰʧʠʥʘʪʫ ʽ ʢʘʧʫʩʪʠ ʜʦ 20%, ʢʠʧôʷʪʽʥʥʷ ï ʜʦ 50%.  

ɺʽʜʚʘʨʶʚʘʥʥʷ ʟʥʠʞʫʻ ʢʦʥʮʝʥʪʨʘʮʽʶ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʛʨʠʙʘʭ, ʤôʷʩʽ ʡ ʦʚʦʯʘʭ 
ʜʦ 50-80%. ʊʫʰʽʥʥʷ ʪʦʤʘʪʽʚ,  ʦʯʠʱʝʥʦʾ ʤʦʨʢʚʠ ʟʥʠʞʫʻ ʚʤʽʩʪ ʚ ʥʠʭ ʮʝʟʽʶ-137 ʥʘ 
50%, ʦʯʠʱʝʥʦʛʦ ʙʫʨʷʢʘ ʜʦ 30%. ʋ ʚʘʨʝʥʦʤʫ ʤôʷʩʽ ʟʘʟʚʠʯʘʡ ʟʘʣʠʰʘʻʪʴʩʷ 40%, ʘ ʚ 
ʙʫʣʴʡʦʥʽ 60% ʚʽʜ ʮʝʟʽʶ-137, ʱʦ ʤʽʩʪʠʪʴʩʷ ʚ ʧʦʯʘʪʢʦʚʦʤʫ ʤôʷʩʽ. ʊʦʤʫ ʙʫʣʴʡʦʥ ʧʦ-
ʪʨʽʙʥʦ ʟʣʠʪʠ ʧʽʩʣʷ 8-10 ʭʚʠʣʠʥ ʢʠʧôʷʪʽʥʥʷ ʤôʷʩʘ.  

ɼʣʷ ʦʮʽʥʢʠ ʟʥʠʞʝʥʥʷ ʘʢʪʠʚʥʦʩʪʽ ʧʨʦʜʫʢʪʽʚ ʧʽʩʣʷ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʽ ʢʫʣʽʥʘʨʥʦʾ 
ʦʙʨʦʙʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ [5] ʢʦʝʬʽʮʽʻʥʪ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʘʙʦ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ, 
ʷʢʠʡ ʨʦʟʨʘʭʦʚʫʶʪʴ ʟʘ ʬʦʨʤʫʣʦʶ: 

K ʪ.ʦ = Aʪ.ʦ / A0            (21) 
ʜʝ Aʪ.ʦ ï ʧʠʪʦʤʘ ʘʢʪʠʚʥʽʩʪʴ ʧʨʦʜʫʢʪʽʚ ʧʽʩʣʷ ʪʝʭʥʦʣʦʛʽʯʥʦʾ (ʢʫʣʽʥʘʨʥʦʾ) ʦʙʨʦʙʢʠ, 
ɹʢ/ʢʛ; A0 ï ʧʠʪʦʤʘ ʘʢʪʠʚʥʽʩʪʴ ʧʨʦʜʫʢʪʽʚ ʜʦ ʦʙʨʦʙʢʠ, ɹʢ/ʢʛ. 

ʉʦʣʽ ʮʝʟʽʶ ʤʘʶʪʴ ʪʝʥʜʝʥʮʽʶ ʟʘʣʠʰʘʪʠʩʷ ʫ ʚʦʜʥʽʡ ʬʘʟʽ. ʊʦʤʫ ʧʝʨʝʨʦʙʢʘ ʤʦ-
ʣʦʢʘ ʫ ʧʨʦʜʫʢʪʠ ʪʨʠʚʘʣʦʛʦ ʟʙʝʨʽʛʘʥʥʷ ʻ ʝʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʟʥʠʞʝʥʥʷ ʚʤʽʩʪʫ 
ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʚ ʢʽʥʮʝʚʠʭ ʤʦʣʦʯʥʠʭ ʧʨʦʜʫʢʪʘʭ. ʇʝʨʝʨʦʙʣʷʶʯʠ ʤʦʣʦʢʦ ʥʘ ʞʠʨʥʽ 
ʤʦʣʦʯʥʽ ʧʨʦʜʫʢʪʠ (ʚʝʨʰʢʠ, ʤʘʩʣʦ), ʤʦʞʥʘ ʽʩʪʦʪʥʦ ʧʦʥʠʟʠʪʠ ʚʤʽʩʪ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʚ 
ʭʘʨʯʦʚʦʤʫ ʣʘʥʮʶʞʢʫ. ɼʣʷ ʮʴʦʛʦ ʧʦʪʨʽʙʥʦ ʢʠʧôʷʪʠʪʠ ʡʦʛʦ ʚʧʨʦʜʦʚʞ  8ï10 ʭʚʠʣʠʥ. 

ʋ ʪʘʙʣ. 2 ʥʘʚʝʜʝʥʽ ʜʘʥʽ ʟ ʩʪʫʧʝʥʷ ʟʥʠʞʝʥʥʷ ʨʘʜʽʦʽʟʦʪʦʧʽʚ ʟ ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢ-
ʪʽʚ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʚ ʨʦʟʨʦʙʮʽ ʘʣʛʦʨʠʪʤʽʚ ʤʦʜʝʣʽ ʚʠʚʝʜʝʥʥʷ 
ʨʘʜʽʦʥʫʢʣʽʜʽʚ, ʧʨʠʜʘʪʥʦʾ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʢʨʠʪʠʯʥʠʭ ʨʝʞʠʤʽʚ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝ-
ʩʽʚ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʪʘ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ ʭʘʨʯʦʚʦʾ ʧʨʦʜʫʢʮʽʾ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 
ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ: ʧʽʜ ʯʘʩ ʦʮʽʥʶʚʘʥʥʷ ʙʝʟʧʝʯʥʦʩʪʽ ʧʨʦʜʫʢʪʽʚ ʭʘʨʯʦʚʠʭ ʧʽʜ-
ʧʨʠʻʤʩʪʚ ʽʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʚʤʽʩʪʫ ʨʘʜʽʦʥʫʢʣʽʜʽʚ, ʘ ʪʘʢʦʞ ʫ ʚʠʧʘʜʢʫ ʨʦʟʨʦʙʢʠ ʨʝ-
ʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʭʘʨʯʫʚʘʥʥʷ ʥʘ ʨʘʜʽʘʮʽʡʥʦ ʟʘʙʨʫʜʥʝʥʠʭ ʪʝʨʠʪʦʨʽʡ. 

ʊʘʙʣʠʮʷ 1. ʉʝʨʝʜʥʽ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʾ (ʢʫʣʽʥʘʨʥʦʾ) ʦʙʨʦʙʢʠ 
ʊʝʭʥʦʣʦʛʽʯʥʘ ʦʧʝʨʘʮʽʷ ʂʦʝʬʽʮʽʻʥʪ K.ʪ.ʦ  
ɺʽʜʚʘʨʶʚʘʥʥʷ ʤôʷʩʘ ʪʘ ʢʠʧôʷʪʽʥʥʷ 10 ʭʚ 0.4 
ɺʽʜʚʘʨʶʚʘʥʥʷ ʨʠʙʠ 0.7 
ʉʝʧʘʨʘʮʽʷ ʤʦʣʦʢʘ ʥʘ ʚʝʨʰʢʠ 0.1 
ʇʝʨʝʨʦʙʢʘ ʤʦʣʦʢʘ ʥʘ ʩʠʨ 0.1 
ʆʯʠʱʝʥʥʷ ʤʠʪʦʾ ʢʘʨʪʦʧʣʽ ʚʽʜ ʰʢʽʨʢʠ 0.5 
ɺʠʤʦʯʫʚʘʥʥʷ ʢʘʨʪʦʧʣʽ ʚʧʨʦʜʦʚʞ 3ð4 ʛʦʜ.  0.6 
ɺʽʜʚʘʨʶʚʘʥʥʷ ʛʨʠʙʽʚ  0.2 

 
ʊʘʙʣʠʮʷ 2. ʉʪʫʧʝʥʷ ʟʥʠʞʝʥʥʷ ʨʘʜʽʦʽʟʦʪʦʧʽʚ ʟ ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢʪʽʚ 

ʇʨʦʜʫʢʪʠ ʉʧʦʩʽʙ ʟʥʠʞʝʥʥʷ ʉʪʫʧʝʥʴ ʟʥʠʞʝʥʥʷ, ʨʘʟʽʚ 
ʊʦʤʘʪʠ, ʦʛʽʨʢʠ ʇʨʦʤʠʚʘʥʥʷ 5ï7 
ʂʘʧʫʩʪʘ ɺʠʜʘʣʝʥʥʷ ʚʝʨʭʥʽʭ ʣʠʩʪʢʽʚ ɼʦ 40 
ɹʫʨʷʢ, ʤʦʨʢʚʘ ɿʨʽʟʘʥʥʷ ʚʝʨʭʽʚʢʠ  8ï12 
ʂʘʨʪʦʧʣʷ ɺʠʤʦʯʫʚʘʥʥʷ ʚʧʨʦʜʦʚʞ 3-4 ʛʦʜ. 5ï20 
ɿʝʨʥʷʪʢʦʚʽ, ʦʚʝʩ  ɼʨʦʙʣʝʥʥʷ 10ï15 
 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 124ï133.                    ISSN 0367-1631 (Print)



мон 

ɺʠʩʥʦʚʢʠ 
ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʨʘʜʽʦʘʢʪʠʚʥʝ ʟʘʙʨʫʜʥʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʭʘʨʯʫʚʘʥʥʷ, ʚʩʪʘ-

ʥʦʚʣʝʥʽ ʦʩʥʦʚʥʽ ʤʝʭʘʥʽʟʤʠ ʟʥʝʰʢʦʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʭʘʨʯʦʚʦʾ ʧʨʦ-
ʜʫʢʮʽʾ ʧʽʜ ʯʘʩ ʾʾ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʪʘ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ, ʚʠʢʦʥʘʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦ-
ʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʧʨʠ ʚʠʚʝʜʝʥʥʽ ʨʘʜʽʦʽʟʦʪʦʧʽʚ ʟ ʧʨʦʜʫʢʪʽʚ ʭʘʨʯʫʚʘʥʥʷ ʫ ʚʦʜʥʠʡ 
ʨʦʟʯʠʥ ʚ ʪʝʭʥʦʣʦʛʽʷʭ ʾʭ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ.  

ʂʦʥʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʘ ʤʦʜʝʣʴ ʧʝʨʝʥʝʩʝʥʥʷ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʫ ʚʦʜʥʦʤʫ ʨʦʟ-
ʯʠʥʽ ʩʣʫʰʥʦ ʦʧʠʩʫʻ ʜʠʥʘʤʽʢʫ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʜʦʤʽʰʦʢ, ʇʦʢʘʟʘʥʘ ʩʫʪʪʻʚʘ ʨʦʣʴ ʩʪʝ-
ʬʘʥʽʚʩʴʢʠʭ ʧʦʪʦʢʽʚ ʫ ʧʨʦʮʝʩʽ ʜʠʬʫʟʽʾ ʨʘʜʽʦʥʫʢʣʽʜʽʚ ʽ ʧʦʪʨʝʙʘ ʚʨʘʭʫʚʘʥʥʷ ʡʦʛʦ ʧʨʠ 
ʤʦʜʝʣʶʚʘʥʥʽ ʜʠʥʘʤʽʢʠ ʧʨʦʮʝʩʫ. ʈʦʟʨʘʭʫʥʢʠ ʟʘ ʢʦʥʚʝʢʪʠʚʥʦ-ʜʠʬʫʟʽʡʥʦʶ ʤʦʜʝʣʣʶ 
ʧʦʷʩʥʶʶʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʩʪʘʥʦʚʣʝʥʽ ʰʚʠʜʢʦʩʪʽ ʚʠʚʝʜʝʥʥʷ ʨʘʜʽʦʽʟʦʪʦʧʽʚ ʟ 
ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʚ ʪʝʭʥʦʣʦʛʽʷʭ ʾʭ ʢʫʣʽʥʘʨʥʦʾ ʦʙʨʦʙʢʠ - ʚʠʤʦʯʫʚʘʥʥʷ, ʙʣʘʥʰʫ-
ʚʘʥʥʷ, ʧʦʜʚʽʡʥʝ ʚʘʨʽʥʥʷ. 

ʅʘʜʘʥʽ ʧʨʠʢʣʘʜʠ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʽʰʝʥʴ ʜʦʚʦʜʷʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʘʢʦʛʦ ʧʽʜ-
ʭʦʜʫ ʫ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʪʘ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʦʪʝʥʮʽʘʣ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʦʧ-
ʪʠʤʽʟʘʮʽʾ ʭʘʨʯʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ.  
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Modeling of mass transfer processes taking into account radionuclide diffusion in 
pores and convection during technological processing of food products 

 
Summary

Given the high mobility of radionuclides in natural chains and their ability to accumulate in food
products, the issue of effective technological purification of food products is becoming particularly
relevant.
Food products can be considered a hierarchy of dispersed gaseous, liquid and solid phases,

dispersed systems, most of which have a porous and fibrous structure, taking the form of foam, such
as bread and bakery products.
The content of radionuclides in these structures can be changed by applying physical processes

of mass transfer, which are the basis of the technologies of their culinary processing by soaking,
boiling, salting, etc. Rationalization of technological processing of culinary products can signifi-
cantly reduce its radioactivity and increase the level of food safety.
The aim of the study is to model mass transfer processes during technological and culinary pro-

cessing of food products to reduce the content of radionuclides in them.
Radiation contaminants can be dissolved in water, and the processes of their neutralization can

be associated with the rate of their removal through pores in mass transfer processes.
Within the framework of this approach, the mechanisms of physical processes accompanying

the removal of radionuclides from food products are considered. These are the processes of internal
diffusion of a salt solution of the radionuclide in individual pores that open onto the outer surface
of the food product, as well as convective-diffusion mechanisms, including Stefan flows.
The modeling of mass transfer processes during the release of radioisotopes from food products

into an aqueous solution in the technologies of their culinary processing has been performed. The
processes of intraporous diffusion of the solution through capillary pores that extend to the outer
surface of the food product have been considered. A mathematical expression for diffusion flows
through these pores has been found.
It is shown that at regimes corresponding to the temperature treatment of food products in the

processes of boiling, boiling, the dynamics of radioactive impurities in an aqueous solution is more
accurately described by the convective-diffusion model. The significant role of Stefan flows in the
diffusion process of radionuclides and the need to take it into account when modeling the dynamics
of the process are shown.
Keywords: radiation contamination, dispersed phase, diffusion, modeling.
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ʇʨʠʩʢʦʨʝʥʥʷ ʟʘʧʫʩʢʫ ʪʚʝʨʜʦʧʘʣʠʚʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʟʘ ʨʘʭʫʥʦʢ  
ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ 

 
ʈʦʙʦʪʫ ʧʨʠʩʚʷʯʝʥʦ ʧʽʜʚʠʱʝʥʥʶ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʪʚʝʨʜʦʛʦ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ (ʊʈʇ) 

ʚ ʢʘʥʘʣʽ ʟʘʨʷʜʫ ʈɼʊʇ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ ʯʘʩʫ. ʎʝ ʦʙʫʤʦʚʣʝʥʦ ʪʠʤ, ʱʦ ʨʘʢʝʪʥʽ ʜʚʠ-
ʛʫʥʠ ʩʪʘʨʪʦʚʠʭ ʧʨʠʩʢʦʨʶʚʘʯʽʚ ʧʦʚʠʥʥʽ ʩʧʦʨʷʜʞʘʪʠʩʷ ʰʚʠʜʢʦʛʦ ʛʦʨʽʥʥʷ ʧʦʨʦʭʘʤʠ. ʆʙ-
ʨʘʥʦ ʚʘʨʽʘʥʪ ʜʚʦʨʝʞʠʤʥʦʛʦ ʈɼʊʇ ʚ ʷʢʦʩʪʽ ʩʪʘʨʪʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ, ʱʦ ʥʝ ʧʦʪʨʝʙʫʻ 
ʟʤʽʥʠ ʬʦʨʤʠ ʢʘʥʘʣʫ ʧʘʣʠʚʥʦʛʦ ʟʘʨʷʜʫ.  ɺ ʷʢʦʩʪʽ ʙʘʟʦʚʦʾ ʦʮʽʥʢʠ ʧʨʠʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʝʥʝ-
ʨʛʽʡ ʥʘʛʨʽʚʘʥʥʷ ʟʘʨʷʜʫ ʪʚʝʨʜʦʛʦ ʨʘʢʝʪʥʦʛʦ ʧʘʣʠʚʘ ʨʽʟʥʠʤʠ ʟʘʩʦʙʘʤʠ: ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ 
ʽ ʟʘʧʦʚʥʝʥʥʷʤ ʢʘʥʘʣʫ ʟʘʨʷʜʫ ʦʢʠʩʣʶʚʘʣʴʥʠʤʠ ʘʙʦ ʛʦʨʶʯʠʤʠ ʛʘʟʘʤʠ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʚʠ-
ʧʨʦʙʫʚʘʥʴ ʟ ʥʘʛʨʽʚʘʥʥʷ ʟʨʘʟʢʽʚ ʪʚʝʨʜʠʭ ʨʘʢʝʪʥʠʭ ʧʘʣʠʚ ʉɺʏ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ. ʇʦ ʨʝ-
ʟʫʣʴʪʘʪʘʭ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʮʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦʢʘʟʘʥʘ ʥʝʜʦʩʪʘʪʥʽʩʪʴ ʪʘʢʦʛʦ 
ʤʝʪʦʜʫ ʥʘʛʨʽʚʘʥʥʷ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ ʟʘʧʫʩʢʫ ʨʘʢʝʪ. ʇʨʦʚʦʜʠʣʠʩʴ ʪʘʢʦʞ ʦʮʽʥʢʠ ʚʧʣʠʚʫ 
ʥʘ ʟʘʧʫʩʢ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʧʦʧʝʨʝʜʥʴʦʛʦ ʟʘʧʦʚʥʝʥʥʷ ʢʘʤʝʨʠ ʟʛʦʨʷʥʥʷ ʥʽʪʨʦʟʥʠʤʠ ʛʘ-
ʟʘʤʠ NOx. ʋ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ ʨʦʟʢʣʘʜʘʥʥʷ NOx  ʚʽʜʙʫʚʘʪʠʤʝʪʴʩʷ ʰʚʠʜʰʝ, ʥʽʞ ʥʘʛʨʽʚ 
ʽ ʨʦʟʢʣʘʜʘʥʥʷ ʥʽʪʨʦʛʣʽʮʝʨʽʥʫ, ʱʦ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʊʈʇ. ʇʨʠ ʟʘʧʨʦʧʦʥʦʚʘʥʽʡ ʩʭʝʤʽ ʩʫʤʽʰ 
ʛʘʟʽʚ ʥʘʛʨʽʚʘʻʪʴʩʷ ʟʘʧʘʣʴʥʠʤ ʧʨʠʩʪʨʦʻʤ ʝʬʝʢʪʠʚʥʽʰʝ, ʥʽʞ ʪʚʝʨʜʝ ʨʘʢʝʪʥʝ ʧʘʣʠʚʦ, ʱʦ 
ʤʘʻ ʥʠʟʴʢʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʚ ʢʘʥʘʣʽ 
ʟʘʨʷʜʫ ʪʚʝʨʜʦʧʘʣʠʚʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʈɼʊʇ. ɺʠʢʦʨʠʩʪʘʥʽ ʤʝʪʦʜʠ ʨʦʟʨʘʭʫʥʢʫ ʚʥʫ-
ʪʨʽʰʥʴʦʙʘʣʽʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ.  
ʈʦʟʛʣʷʥʫʪʦ ʫʷʚʥʫ ʩʠʪʫʘʮʽʶ, ʢʦʣʠ ʚ ʧʨʦʮʝʩʽ ʟʘʧʘʣʝʥʥʷ ʟʘʨʷʜʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʜʥʦʯʘʩʥʦ ʘʙ-
ʩʦʨʙʮʽʷ ʽ ʨʦʟʢʣʘʜʘʥʥʷ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ, ʱʦ ʟʘʧʦʚʥʶʶʪʴ ʢʘʥʘʣ ʟʘʨʷʜʫ. ʈʦʟʨʘʭʦʚʘʥʦ ʧʦʟʠ-
ʪʠʚʥʠʡ ʝʬʝʢʪ ʟʤʽʥʠ ʜʠʥʘʤʽʢʠ ʟʘʧʫʩʢʫ ʚʽʜ ʥʘʧʦʚʥʝʥʥʷ ʢʘʥʘʣʫ ʟʘʨʷʜʫ ʈɼʊʇ ʥʽʪʨʦʟʥʠʤʠ 
ʛʘʟʘʤʠ ʥʘ ʧʨʠʢʣʘʜʽ ʩʪʘʨʪʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ, ʱʦ ʟʘʨʘʟ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ. ɺ ʨʝʟʫʣʴ-
ʪʘʪʽ ʚʠʷʚʣʝʥʦ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʚʠʭʦʜʫ ʥʘ ʨʝʞʠʤ ʩʪʘʣʦʾ ʨʦʙʦʪʠ ʩʪʘʨʪʦʚʦʛʦ ʧʨʠ-
ʩʢʦʨʶʚʘʯʘ ʥʘ ʙʘʣʽʩʪʠʪʥʦʤʫ ʧʘʣʠʚʽ. ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʧʦʣʷʛʘʻ ʫ ʦʜʥʦʯʘʩʥʦʤʫ ʚʠʢʦʨʠʩ-
ʪʘʥʥʽ ʪʠʩʢʫ ʘʙʩʦʨʙʮʽʾ ʽ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʟʢʣʘʜʘʥʥʷ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ ʚ ʨʦʟʨʘʭʫʥʢʫ ʧʨʦʮʝʩʫ 
ʟʘʧʫʩʢʫ  ʩʪʘʨʪʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ ʥʘ ʙʘʣʽʩʪʠʪʥʦʤʫ ʊʈʇ, ʱʦ ʻ ʰʪʫʯʥʠʤ ʤʦʜʝʣʶʚʘʥ-
ʥʷʤ. ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʤʦʞʣʠʚʦʩʪʽ ʙʽʣʴʰ ʰʚʠʜʢʦʛʦ ʟʘʧʫʩʢʫ ʨʘʢʝʪʠ 
ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʪʘʨʪʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ, ʱʦ ʟʘʨʘʟ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ. ʈʝʟʫʣʴʪʘʪʠ ʤʦ-
ʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʰʚʠʜʢʦʛʦ ʛʦʨʽʥʥʷ ʊʈʇ ʨʝʘʢʪʠʚʥʠʭ ʜʚʠʛʫʥʽʚ ʧʨʦ-
ʪʠʪʘʥʢʦʚʠʭ ʛʨʘʥʘʪ ʽ ʤʽʥʦʤʝʪʥʠʭ ʤʽʥ, ʱʦ ʧʦʚʠʥʥʽ ʧʦʢʠʜʘʪʠ ʩʪʚʦʣʠ ʦʟʙʨʦʻʥʴ ʜʫʞʝ ʰʚʠ-
ʜʢʦ. 
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʘʢʝʪʥʠʡ ʜʚʠʛʫʥ, ʪʚʝʨʜʝ ʨʘʢʝʪʥʝ ʧʘʣʠʚʦ, ʩʪʘʨʪʦʚʠʡ ʧʨʠʩʢʦʨʶʚʘʯ, 
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ɺʚʝʜʝʥʥʷ. ʆʜʥʠʤ ̔ʟ ʬʘʢʪʦʨʽʚ, ʷʢʠʡ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ ʟʘʧʫʩʢʘʭ ʨʘ-
ʢʝʪ ʟ ʙʝʨʝʛʘ ʤʦʨʷ, ʻ ʧʽʜʚʠʱʝʥʘ ʚʦʣʦʛʽʩʪʴ ʧʦʚʽʪʨʷ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʚʦʜʠ. ɺʽʜʦʤʦ, 
[1], ʱʦ ʰʚʠʜʢʽʩʪʴ ʟʚʫʢʫ ʚ ʧʦʚʽʪʨʽ ʟ ʚʦʣʦʛʽʩʪʶ ʟʙʽʣʴʰʫʻʪʴʩʷ. ʇʦʜʦʣʘʥʥʷ ʰʘʨʫ ʚʦ-
ʣʦʛʦʛʦ ʧʦʚʽʪʨʷ, ʪʦʚʱʠʥʘ ʷʢʦʛʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʦʪʦʯʫʶʯʦʛʦ ʩʝʨʝʜʦ-
ʚʠʱʘ, ʟ ʟʘʜʘʥʠʤ ʯʠʩʣʦʤ ʄʘʭʘ ʧʦʪʨʝʙʫʻ ʟʙʽʣʴʰʝʥʥʷ ʧʦʯʘʪʢʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʧʦ-
ʣʴʦʪʫ ʨʘʢʝʪʠ. ʏʘʩʪʽʰʝ ʮʝ ʟʘʚʜʘʥʥʷ ʚʠʨʽʰʫʻʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʩʪʘʨʪʦʚʠʭ ʧʨʠʩ-
ʢʦʨʶʚʘʯʽʚ, ʱʦ ʩʢʠʜʘʶʪʴʩʷ, ʨʽʜʰʝ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʜʚʦʨʝʞʠʤʥʠʭ ʈɼʊʇ, ʢʦʣʠ ʦʜʠʥ 
ʟ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʻ ʩʪʘʨʪʦʚʠʤ, ʘ ʜʨʫʛʠʡ ï ʨʝʞʠʤ ʤʘʨʰʦʚʦʛʦ ʜʚʠʛʫʥʘ. ʎʝʡ ʝʬʝʢʪ 
ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʠʡ ʬʦʨʤʫʚʘʥʥʷʤ ʢʘʤʝʨʠ ʟʛʦʨʷʥʥʷ ʫ ʚʠʛʣʷʜʽ ʢʘʥʘʣʽʚ ʜʚʦʭ ʪʠ-
ʧʽʚ, ʷʢ, ʥʘʧʨʠʢʣʘʜ, ʫ ʪʚʝʨʜʦʧʘʣʠʚʥʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ P230  ʨʘʢʝʪʠ çɸʨʽʘʥ 5è [2], 
ʘʙʦ ʟʘʧʦʚʥʝʥʥʷʤ ʦʜʥʘʢʦʚʦʛʦ ʧʦ ʜʦʚʞʠʥʽ ʢʘʥʘʣʫ ʟʘʨʷʜʫ ʦʣʠʩʣʶʚʘʣʴʥʠʤʠ  ʘʙʦ ʛʦ-
ʨʶʯʠʤʠ ʛʘʟʘʤʠ, ʧʽʩʣʷ ʚʠʭʦʜʫ ʷʢʠʭ ʥʘʟʦʚʥʽ ʨʝʞʠʤ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ ʟʤʽʥʠʪʴʩʷ.  

 
ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ. ɺ ʨʦʙʦʪʽ [3] ʧʦʢʘʟʘʥʦ, ʱʦ ʪʝʧʣʦʚʠʜʝʣʝʥʥʷ ʽ 

ʰʚʠʜʢʽʩʪʴ ʛʦʨʽʥʥʷ ʜʚʦʭʦʩʥʦʚʥʠʭ ʪʚʝʨʜʠʭ ʧʘʣʠʚ ʟʘʣʝʞʘʪʴ ʚʽʜ ʤʘʩʦʚʦʛʦ ʚʤʽʩʪʫ 
NO2 ʚ ʧʘʣʠʚʽ. ɸʣʝ, ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ, ʷʢʱʦ 
ʪʚʝʨʜʝ ʧʘʣʠʚʦ (ʊʇ), ʱʝ ʜʦ ʟʘʧʫʩʢʫ ʙʫʜʝ [4,5]  ʥʘʛʨʽʚʘʪʠʩʷ ʨʽʟʥʠʤʠ ʟʘʩʦʙʘʤʠ, ʥʘ-
ʧʨʠʢʣʘʜ - ʨʘʜʽʘʮʽʡʥʠʤ ʪʝʧʣʦʚʠʤ ʧʦʪʦʢʦʤ, ʱʦ ʦʩʮʠʣʶʻ. ʇʨʠ ʮʴʦʤʫ, ʧʦʪʫʞʥʽʩʪʴ 
ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʙʫʜʝ ʧʦʩʠʣʶʚʘʪʠʩʴ ʚʽʜʜʟʝʨʢʘʣʝʥʥʷʤ ʚʽʜ ʩʪʽʥʦʢ ʜʚʠʛʫʥʘ, ʷʢʱʦ 
ʈɼʊʇ ʚʠʢʦʥʘʥʦ ʫ ʤʝʪʘʣʝʚʦʤʫ ʢʦʨʧʫʩʽ. ʊʘʢʠʡ ʩʧʦʩʽʙ, ʢʦʣʠ ʜʚʠʛʫʥ ʧʝʨʝʜ ʩʪʘʨʪʦʤ 
ʧʽʜʽʛʨʽʚʘʻʪʴʩʷ ʨʘʜʽʘʮʽʡʥʠʤ ʪʝʧʣʦʚʠʤ ʧʦʪʦʢʦʤ, ʱʦ ʦʩʮʠʣʶʻ, ʧʨʠʜʘʪʥʠʡ ʣʠʰʝ ʜʣʷ 
ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʩʢʦʨʝʥʥʷ ʨʘʢʝʪʠ. ʊʚʝʨʜʝ ʧʘʣʠʚʦ  ʤʦʞʝ ʙʫʪʠ ʥʘʛʨʽʪʝ ʧʨʦʤʝʥʠʩʪʠʤ 
ʪʝʧʣʦʦʙʤʽʥʦʤ ʪʽʣʴʢʠ ʚ ʧʝʨʰʽ ʤʦʤʝʥʪʠ ʨʦʙʦʪʠ ʜʚʠʛʫʥʘ, ʧʦʢʠ ʧʨʠʪʽʢ ʪʝʧʣʘ ʽʟ ʛʘ-
ʟʦʚʦʾ ʬʘʟʠ ʥʝ ʨʦʟʽʛʨʽʻ ʧʘʣʠʚʦ ʜʦ ʪʽʻʾ ʞ  ʘʙʦ ʙʽʣʴʰʦʾ ʪʝʤʧʝʨʘʪʫʨʠ. ɺ ʨʦʙʦʪʽ [5] ʧʦ 
ʨʝʟʫʣʴʪʘʪʘʭ ʩʧʨʦʙʠ ʧʽʜʧʘʣʝʥʥʷ ʟʨʘʟʢʽʚ ʪʚʝʨʜʠʭ  ʨʘʢʝʪʥʠʭ ʧʘʣʠʚ ʙʘʣʽʩʪʠʪʥʦʛʦ 
ʅɼʇ-5ɸ, ʩʫʤʽʰʝʚʦʛʦ ʇɼï10/20ɽ ʽ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʄɻʊ-2ʇ ʉɺʏ ʚʠʧʨʦʤʽʥʶ-
ʚʘʥʥʷʤ ʧʦʪʫʞʥʽʩʪʶ 1,5 ʢɺʪ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʜʝʷʢʝ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ 
(ʚʽʜ 4 % ʜʦ 9 %) ʅɼʇ-5ɸ ʧʽʩʣʷ ʧʨʠʧʠʥʝʥʥʷ ʉɺʏ ʥʘʛʨʽʚʫ ʽ ʦʭʦʣʦʜʞʝʥʥʷ ʧʘʣʠʚʘ. 
ʈʽʯ ʫ ʪʦʤʫ, ʱʦ ʧʨʠ ʥʘʛʨʽʚʽ ʙʘʣʽʩʪʠʪʥʦʛʦ ʊʇ ʩʧʝʨʰʫ ʡʜʫʪʴ ʧʨʦʮʝʩʠ ʨʦʟʢʣʘʜʘʥʥʷ  
ʽʟ ʚʠʜʽʣʝʥʥʷʤ ἚἛ ʽ ἚἛ, ʧʦʯʘʪʦʢ ʽ ʟʘʢʽʥʯʝʥʥʷ ʛʦʨʽʥʥʷ ʷʢʠʭ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʜʠʤʦ-
ʛʘʟʦʚʽʡ ʟʦʥʽ ʽ ʟʦʥʽ ʧʦʣʫʤ`ʷ. ɺʦʯʝʚʠʜʴ ʉɺʏ ʥʘʛʨʽʚ ʧʨʠʟʚʽʚ ʪʽʣʴʢʠ ʜʦ ʧʨʦʮʝʩʽʚ ʨʦʟ-
ʢʣʘʜʘʥʥʷ. ɿʘʨʷʜʠ ʟʥʘʭʦʜʠʣʠʩʴ ʚ ʟʘʤʢʥʫʪʽʡ ʻʤʥʦʩʪʽ, ʚ ʘʪʤʦʩʬʝʨʽ ʟʚʠʯʘʡʥʦʛʦ ʧʦ-
ʚʽʪʨʷ. ɸʣʝ ʚ [3] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʥʘʡʤʝʥʰʠʡ ʪʠʩʢ ʧʦʯʘʪʢʫ ʛʦʨʽʥʥʷ ʙʘʣʽʩʪʠʪʥʦʛʦ 
ʊʇ ʜʦʨʽʚʥʶʻ 2 ʘʪʤ.  ɺʠʧʨʦʤʽʥʶʚʘʯ ʧʨʘʮʶʚʘʚ ʥʘ ʯʘʩʪʦʪʽ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ‗
 ρρ ʩʤ. ʇʽʜ ʚʧʣʠʚʦʤ ʉɺʏ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ ʟʨʘʟʢʠ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʾʭ ʥʘʛʨʽʚ. ʉʪʫ-
ʧʽʥʴ ʥʘʛʨʽʚʫ ʟʘʣʝʞʘʣʘ ʚʽʜ ʪʨʠʚʘʣʦʩʪʽ ʚʧʣʠʚʫ.  ʅʘʡʙʽʣʴʰʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʥʘʛʨʽʚʫ 
ʩʧʦʩʪʝʨʽʛʘʣʘʩʴ ʫ ʟʨʘʟʢʽʚ ʇɼï10/20ɽ ʩʪʦʚʙʯʘʩʪʦʾ ʬʦʨʤʠ. ɼʘʥʽ ʧʦ ʥʘʛʨʽʚʫ ʟʨʘʟʢʽʚ 
ʜʣʷ ʨʽʟʥʦʾ ʪʨʠʚʘʣʦʩʪʽ ʚʧʣʠʚʫ ʥʘ ʥʠʭ ʉɺʏ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. ʆʩ-
ʪʘʪʦʯʥʽ ʷʚʠʱʘ ʫ ʚʠʛʣʷʜʽ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʙʘʣʽʩʪʠʪʥʦʛʦ ʧʘʣʠʚʘ, ʚʦ-
ʯʝʚʠʜʴ, ʙʫʣʠ ʟʫʤʦʚʣʝʥʽ ʧʦʯʘʪʢʦʤ ʚʠʜʽʣʝʥʥʷ ἚἛ.  ʗʢ ʚʠʜʥʦ ʟ ʪʘʙʣʠʮʽ, ʩʫʤʽʰʝʚʝ 
ʧʘʣʠʚʦ, ʯʝʨʝʟ 6 ʭʚʠʣʠʥ ʦʧʨʦʤʽʥʶʚʘʥʥʷ ʩʧʘʣʘʭʥʫʣʦ ʧʽʜ ʜʽʻʶ ʨʘʜʽʦʭʚʠʣʴ, ʜʦʚʞʠ-
ʥʦʶ 11ʩʤ, ʟʙʽʣʴʰʫʶʯʠʭ ʨʘʜʽʘʮʽʡʥʫ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʘʙʩʦʣʶʪʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʘʣʠʚʘ. 
ɼʣʷ ʪʘʢʠʭ ʭʚʠʣʴ ʩʧʝʢʪʨʘʣʴʥʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʘʙʦ ʱʽʣʴʥʽʩʪʴ ʧʦ-
ʪʦʢʫ ʧʦʪʫʞʥʦʩʪʽ, ʨʝʘʣʴʥʦʛʦ ʪʽʣʘ, ʪʘʢʦʞ ʷʢ ʽ ʘʥʘʣʦʛʽʯʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʘʙʩʦʣʶ-
ʪʥʦ ʯʦʨʥʦʛʦ ʪʽʣʘ, ʨʦʟʨʘʭʦʚʫʶʪʴ ʧʦ ʬʦʨʤʫʣʽ ʈʝʣʝʷ- ɼʞʠʥʩʘ  
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мос 

╘ⱦ = 
╒
╒
 Ŀ╣ⱦ
ⱦ
   ,                                                     (1), 

ʜʝ ⱦ ï ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ; ╣ⱦ ï ʨʘʜʽʘʮʽʡʥʘ ʪʝʤʧʝʨʘʪʫʨʘ; ╒ ï ʧʝʨʰʘ 
ʧʦʩʪʽʡʥʘ ʇʣʘʥʢʘ = 3,74Ŀ  ɺʪĿʤ2 ; ╒ ̅̑̔̄́ ʧʦʩʪʽʡʥʘ ʇʣʘʥʢʘ = 1,44Ŀ 
ʤĿK. ʇʨʠʡʤʝʤʦ, ʱʦ ʚʠʩʦʪʘ ʩʪʦʚʧʯʠʢʘ ʧʘʣʠʚʘ ʇɼï10/20ɽ ʩʪʘʥʦʚʠʪʴ 11 ʩʤ, ʘ ʜʽʘ-
ʤʝʪʨ 1 ʩʤ. ɺʽʜʧʦʚʽʜʥʦ ï ʧʣʦʱʘ ʮʴʦʛʦ ʟʨʘʟʢʘ 34,54 ʩʤ2 , ʘ ʦʙ`ʻʤ ï 8,63 ʩʤ3.  

ɿʚʽʜʩʠ ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʦ ʩʫʤʘʨʥʫ ʧʦʪʫʞʥʽʩʪʴ ʦʧʨʦʤʽʥʶʚʘʥʥʷ ʟʨʘʟʢʘ 
ʧʘʣʠʚʘ ʇɼï10/20ɽ 240 ʩ Ͻ 1.5 ʢɺʪ = 360 ʢɼʞ. ɺʽʜʦʤʦ, [6], ʱʦ ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ 
ʧʝʨʭʣʦʨʘʪʫ ʘʤʦʥʽʶ ʜʦʨʽʚʥʶʻ 307.54 ʢɼʞ/ʤʦʣʴ. ʊʦʤʫ, ʩʧʘʣʘʭ ʩʫʤʽʰʝʚʦʛʦ ʧʘʣʠʚʘ 
ʩʪʘʚʩʷ ʽʟ ʟʘʪʨʠʤʢʦʶ, ʟʫʤʦʚʣʝʥʦʶ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʊʈʇ, ʤʝʥʰʦʶ ʥʽʞ 
ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʩʪʘʣʽ ʚ 100 ʨʘʟʽʚ. ʇʝʨʝʜ ʮʠʤ, ʧʽʩʣʷ 240 ʩ ʥʘʛʨʽʚʫ ʪʝʤʧʝʨʘʪʫʨʘ 
ʣʦʧʘʪʢʠ ʟ  ʇɼï10/20ɽ ʜʦʨʽʚʥʶʚʘʣʘ ʪʝʤʧʝʨʘʪʫʨʽ ʣʦʧʘʪʢʠ ʟ ʅɼʇ-5ɸ ʽ ʩʪʦʚʧʯʠʢʘ ʟ 
ʄɻʊ-2ʇ. ɺʩʽ ʮʽ ʧʘʣʠʚʘ ʨʦʟʽʛʨʽʚʘʣʠʩʷ ʉɺʏ ʝʥʝʨʛʽʻʶ ʦʜʥʘʢʦʚʦ. ɹʘʣʽʩʪʠʪʥʝ ʧʘʣʠʚʦ 
ʥʝ ʜʦʩʷʛʣʦ ʧʦʪʨʽʙʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 50Á ʉ ʜʣʷ ʩʪʽʡʢʦʛʦ ʟʘʧʫʩʢʫ ʽ ʚʠʭʦʜʫ ʜʚʠʛʫʥʘ 
ʥʘ ʨʝʞʠʤ. 
ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʚ ʢʘʥʘʣʽ ʟʘʨʷʜʫ ʪʚʝʨʜʦ-

ʧʘʣʠʚʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʫ ʧʦʯʘʪʢʦʚʠʡ ʧʝʨʽʦʜ ʯʘʩʫ, ʷʢʱʦ ʩʪʘʨʪʦʚʠʡ ʧʨʠʩʢʦ-
ʨʶʚʘʯ ʦʩʥʘʱʝʥʠʡ ʈɼʊʇ ʥʘ ʙʘʣʽʩʪʠʪʥʦʤʫ ʧʘʣʠʚʽ. 

 
ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ. ɿʘʣʝʞʥʽʩʪʴ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʜʚʦʭʦʩʥʦʚʥʠʭ ʪʚʝʨ-

ʜʠʭ ʧʘʣʠʚ ʚʽʜ ʤʘʩʦʚʦʛʦ ʚʤʽʩʪʫ NO2 ʚʠʟʥʘʯʘʻʪʴʩʷ ʬʦʨʤʫʣʦʶ  
Ὗὖ ὥϽÅØÐ ὦϽὫ  Ͻ 0 ,                             (2) 

ʜʝ  ὥ  ï ʢʦʝʬʽʮʽʻʥʪ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʧʘʣʠʚʘ;  ὦ =10,0 ʜʣʷ 
ʙʽʣʴʰʦʩʪʽ ʧʘʣʠʚ;  Ὣ   ʤʘʩʦʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʦʢʠʩʫ ʘʟʦʪʫ ʚ ʙʘʣʽʩʪʠʪʥʦʤʫ ʧʘ-
ʣʠʚʽ, ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ. ɯʟ ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ NO2  ̔ ʢʘʣʦʨʽʡʥʦʩʪʽ ʧʘʣʠʚʘ ʟʨʦʩʪʘʻ 
ʰʚʠʜʢʽʩʪʴ ʛʦʨʽʥʥʷ [3].  

ɺ ʩʢʣʘʜʽ ʙʘʣʽʩʪʠʪʥʦʛʦ ʧʘʣʠʚʘ ʨʝʯʦʚʠʥʘʤʠ, ʷʢʽ ʚʠʜʽʣʷʶʪʴ NO2 ̒ ʥʽʪʨʦʛʣʽʮʝʨʽʥ 
ʽ ʥʽʪʨʦʢʣʝʪʯʘʪʢʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʩʧʘʣʘʭʫ ʥʽʪʨʦʛʣʽʮʝʨʽʥʘ ʪʘʢʦʞ 200ʦ ʉ, ʯʠʤ ʧʦʷʩʥʶ-
ʻʪʴʩʷ ʧʦʷʚʘ ʤʦʜʽʬʽʢʦʚʘʥʠʭ ʙʘʣʽʩʪʠʪʥʠʭ ʪʚʝʨʜʠʭ ʨʘʢʝʪʥʠʭ ʧʘʣʠʚ, ʚ ʷʢʠʭ ʦʢʠʩʣʶ-
ʚʘʯʝʤ ʻ ʧʝʨʭʣʦʨʘʪ ʘʤʦʥʽʶ. ʆʜʥʘʢ ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʟʘʧʘʣʝʥʥʷ ʭʽʤʽʯʥʠʭ ʨʝʯʦʚʠʥ 
ʩʪʘʥʦʚʠʪʴ ʙʽʣʴʰʫ ʚʝʣʠʯʠʥʫ. ʇʨʦ ʮʝ ʩʚʽʜʯʘʪʴ ʚʝʣʠʢʽ ʮʠʬʨʠ ʧʦʪʫʞʥʦʩʪʽ ʚʠʧʨʦʤʽ-
ʥʶʚʘʥʥʷ ï ʧʦʨʷʜʢʫ ʤʝʛʘʚʘʪʘ ʥʘ ʢʚʘʜʨʘʪʥʠʡ ʤʝʪʨ, ʚ ʩʪʘʪʪʽ [7].  ʇʨʠ ʮʴʦʤʫ, ʚ ʟʘʣʝ-

˟̗̠́̂̌̉Ȣ ˟̆̍̐̆̑́̓̔̑́ ̨̈̑́̈̋̃ ˟˜ ̨̠̐̒̌ ̨̟̠̏̐̑̏̍̎̃́̎̎ ˞ˏˤ ɍυɎȢ 
ʊʠʧ ʊʇ ɿʨʘʟʦʢ ʊʝʤʧʝʨʘʪʫʨʘ ʟʨʘʟʢʽʚ ʊʇ, Áʉ, ʧʽʜ ʯʘʩ ʚʧʣʠʚʫ ʉɺʏ  
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мот 

ʞʥʦʩʪʽ ʚʽʜ ʪʠʩʢʫ, ʧʨʠ ʟʚʠʯʘʡʥʠʭ ʟʥʘʯʝʥʥʷʭ ʱʽʣʴʥʦʩʪʽ ʽ ʪʝʧʣʦʻʤʥʦʩʪʽ ʧʦʨʦʭʫ ʨʽʟ-
ʥʠʮʷ ʧʦʯʘʪʢʦʚʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ ʚʠʤʽʨʶʚʘʥʴ ʩʪʘʥʦʚʠʪʴ ʚʽʜ ʜʝʩʷʪʢʽʚ 
ʜʦ ʜʚʦʭ ʩʦʪʝʥʴ ʛʨʘʜʫʩʽʚ [7]. ʊʦʙʪʦ, ʫ ʟʛʘʜʘʥʠʭ ʚ [5] ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʜʣʷ ʩʧʘʣʘʭʫ 
ʙʘʣʽʩʪʠʪʥʦʛʦ ʧʘʣʠʚʘ ʚ ʜʠʤʦʛʘʟʦʚʽʡ ʟʦʥʽ ʥʝ ʚʠʩʪʘʯʠʣʦ ʧʦʪʫʞʥʦʩʪʽ ʚʠʧʨʦʤʽʥʶ-
ʚʘʥʥʷ. ʎʝ ʛʦʚʦʨʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʧʘʣʠʚʦ ʅɼʇ-5ɸ ʥʝ ʙʫʣʦ ʤʦʜʽʬʽʢʦʚʘʥʠʤ, ʪʦʙʪʦ ʥʝ 
ʤʽʩʪʠʣʦ ʧʝʨʭʣʦʨʘʪʫ ʘʤʦʥʽʶ. ʊʦʤʫ ʮʽʣʣʶ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʻ ʚʠʨʽʰʝʥʥʷ ʷʢ 
ʦʨʛʘʥʽʟʫʚʘʪʠ ʨʽʩʪ ʢʦʥʮʝʥʪʨʘʮʽʾ NO2 ʚ ʧʨʦʮʝʩʽ ʛʦʨʽʥʥʷ ʚ ʜʠʤʦʛʘʟʦʚʽʡ ʟʦʥʽ ʥʘʜ ʧʦ-
ʚʝʨʭʥʝʶ ʊʈʇ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ ʯʘʩʫ ʜʣʷ ʩʢʦʨʽʰʦʛʦ ʩʧʘʣʘʭʫ ʧʘʣʠʚʥʦʛʦ ʟʘʨʷʜʫ 
ʽ ʚʠʭʦʜʫ ʜʚʠʛʫʥʘ ʥʘ ʨʝʞʠʤ ʩʪʘʣʦʾ ʨʦʙʦʪʠ. ʊʦʙʪʦ ï ʜʣʷ ʩʢʦʨʽʰʦʛʦ ʟʘʧʫʩʢʫ ʈɼʊʇ. 
ʎʝʡ ʧʨʦʮʝʩ ʤʦʞʝ ʙʫʪʠ ʦʨʛʘʥʽʟʦʚʘʥʠʡ ʧʦʧʝʨʝʜʥʽʤ ʟʘʧʦʚʥʝʥʥʷʤ ʂɿ ʥʽʪʨʦʟʥʠʤʠ 
ʛʘʟʘʤʠ, ʷʢʽ ʧʦʯʠʥʘʶʯʽ ʨʦʟʢʣʘʜʘʪʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʚʠʱʻ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʚʽʪʨʷ 
ʤʦʞʫʪʴ ʩʪʚʦʨʶʚʘʪʠ ʥʝʦʙʭʽʜʥʫ ʜʣʷ ʛʦʨʽʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʶ NO ʥʘʜ ʧʦʚʝʨʭʥʝʶ 
ʊʈʇ. ʊʦʤʫ ʩʣʽʜ ʦʯʽʢʫʚʘʪʠ ʧʦʟʠʪʠʚʥʦʛʦ ʝʬʝʢʪʫ ʚʽʜ ʧʦʧʝʨʝʜʥʴʦʛʦ ʥʘʧʦʚʥʝʥʥʷ ʢʘ-
ʥʘʣʫ ʟʘʨʷʜʫ ʈɼʊʇ ʥʽʪʨʦʟʥʠʤʠ ʛʘʟʘʤʠ ʟ ʬʦʨʤʫʣʦʶ NOx, ʜʝ x ʤʦʞʝ ʜʦʨʽʚʥʶʚʘʪʠ 
8,0. ɼʣʷ ʟʙʝʨʽʛʘʥʥʷ ʧʝʨʝʜ ʟʘʧʫʩʢʦʤ ʪʠʩʢ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ ʚ ʢʘʥʘʣʽ ʟʘʨʷʜʫ ʤʦʞʝ 
ʙʫʪʠ ʥʝʚʝʣʠʢʠʤ ~ 0,2 ʄʇʘ ʘ ʧʦʯʘʪʢʦʚʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ ʧʘʣʠʚʘ ʧʦʚʠʥʥʘ 
ʙʫʪʠ ʧʦʨʷʜʢʫ 50Áʉ. ʇʨʠ ʥʘʛʨʽʚʽ NOx  ʚʽʜʙʫʜʝʪʴʩʷ ʨʦʟʢʣʘʜʘʥʥʷ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ ʥʘ 
NO2 ̔ ʧʨʦʤʽʞʥʽ ʧʨʦʜʫʢʪʠ ʨʦʟʧʘʜʫ. ɹʫʜʝ ʟʤʽʥʶʚʘʪʠʩʴ ʚʤʽʩʪ NO ʚ ʛʘʟʦʚʽʡ ʬʘʟʽ, ʨʝ-
ʘʢʮʽʾ ʚ ʷʢʽʡ ʙʫʜʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦ-
ʚʦʛʦ ʧʦʪʦʢʫ ʜʦ ʧʦʚʝʨʭʥʽ ʛʦʨʽʥʥʷ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ 
ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ. ʇʨʦʪʝ, ʥʽʪʨʦʟʥʽ ʛʘʟʠ ʧʨʠ ʟʘʧʫʩʢʫ ʈɼʊʇ ʧʽʩʣʷ ʚʠʣʴʦʪʫ ʟʘʛʣʫʰʢʠ 
ʟ ʢʨʠʪʠʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʩʦʧʣʘ ʙʫʜʫʪʴ ʰʚʠʜʢʦ ʚʠʭʦʜʠʪʠ ʽʟ ʜʚʠʛʫʥʘ. ɿʘ ʮʝʡ ʯʘʩ ʚʽʜ-
ʙʫʜʝʪʴʩʷ ʟʘʧʫʩʢ ʽ ʚʠʭʽʜ ʈɼʊʇ ʥʘ ʨʝʞʠʤ ʩʪʘʣʦʾ ʨʦʙʦʪʠ. ʈʦʟʛʣʷʥʝʤʦ ʮʝ ʥʘ ʧʨʠʢʣʘʜʽ 
ʩʪʘʨʪʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ ʨʘʢʝʪʠ ʉ-125 ʇʈɼ-36 (5ʉ45), ʩʧʦʨʷʜʞʝʥʦʛʦ 14-ʤʘ ʦʜ-
ʥʦʢʘʥʘʣʴʥʠʤʠ  ʰʘʰʢʘʤʠ ʧʦʨʦʭʫ. ʏʘʩ ʡʦʛʦ ʨʦʙʦʪʠ ʩʪʘʥʦʚʠʪʴ 4ʩ. ɼʽʘʤʝʪʨ ʧʨʠʩʢʦ-
ʨʶʚʘʯʘ 0,55 ʤ, ʘ ʜʦʚʞʠʥʘ å 1,23 ʤ. ʈʘʢʝʪʘ, ʷʢʫ ʚʽʥ ʧʨʠʩʢʦʨʶʻ, ʤʘʻ ʤʘʩʫ 980ʢʛ ʧʨʠ 
ʤʘʩʽ ʩʪʘʨʪʦʚʦʛʦ ʧʨʠʩʢʦʨʶʚʘʯʘ 407 ʢʛ [8]. ʅʘ ʚʽʜʤʽʥʥʽʩʪʴ ʚʽʜ ʢʦʤʧʣʝʢʩʘ ʉ-125, 
ʨʘʢʝʪʘ ʷʢʦʛʦ ʩʪʘʨʪʫʻ ʟ ʚʽʜʢʨʠʪʠʭ ʥʘʧʨʘʚʣʷʶʯʠʭ, ʟʘʨʘʟ ʮʝʡ ʧʨʠʩʢʦʨʶʚʘʯ ʚʠʢʦʨʠ-
ʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʽʥʰʦʾ ʨʘʢʝʪʠ, ʷʢʘ ʩʪʘʨʪʫʻ ʽʟ çʪʨʫʙʠè - ʪʨʘʥʩʧʦʨʪʥʦ- ʧʫʩʢʦʚʦʛʦ ʢʦ-
ʥʪʝʡʥʝʨʘ (ʊʇʂ). ʅʝ ʟʚʘʞʘʶʯʠ ʥʘ ʜʝʷʢʫ ʩʬʝʨʠʯʥʽʩʪʴ ʧʝʨʝʜʥʴʦʛʦ ʜʥʠʱʘ ʽ ʢʦʥʫʩ-
ʥʽʩʪʴ ʩʦʧʣʦʚʦʛʦ ʨʦʟʨʘʭʫʻʤʦ ʦʙ`ʻʤ ʧʨʠʩʢʦʨʶʚʘʯʘ, ʷʢ ʮʠʣʽʥʜʨʘ V=1,17ʤ3. ʈʽʟʥʠʮʷ 
ʤʽʞ ʬʘʢʪʠʯʥʠʤ ʦʙ`ʻʤʦʤ ʽ ʨʦʟʨʘʭʫʥʢʦʚʠʤ ʙʫʜʝ ʢʦʤʧʝʥʩʦʚʘʥʘ ʜʦʜʘʪʢʦʚʠʤ ʪʠʩʢʦʤ. 
ʊʘʢ ʷʢ ʇʈɼ-36 ʙʫʚ ʩʧʨʦʝʢʪʦʚʘʥʠʡ ʜʫʞʝ ʜʘʚʥʦ, ʧʨʠʧʫʩʪʠʤʦ, ʱʦ ʢʦʝʬʽʮʽʻʥʪ ʟʘʧʦ-
ʚʥʝʥʥʷ ʧʘʣʠʚʦʤ ʮʴʦʛʦ ʦʙ'ʻʤʫ ʙʫʚ 0,8. ʊʦʙʪʦ, ʧʽʜ ʪʠʩʢʦʤ ʚ 1 ʘʪʤ. ʚ ʥʴʦʤʫ ʤʦʞʝ 
ʟʥʘʭʦʜʠʪʠʩʴ 1,17- 0,93 = 0,23 ʤ3 ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ. ʇʨʠ ʩʧʘʣʶʚʘʥʥʽ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ 
ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʨʦʪʷʟʽ ʚʩʽʻʾ ʟʦʥʠ ʛʦʨʽʥʥʷ ʥʝ ʧʝʨʝʚʠʱʫʻ ʚʝʣʠʯʠʥ, ʧʨʠ ʷʢʠʭ ʫʪʚʦ-
ʨʶʶʪʴʩʷ ʪʝʧʣʦʚʽ NOx - ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʨʷʜʢʫ 1000 ʂ, [9], ʫ ʪʦʡ ʯʘʩ, ʢʦʣʠ 
ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʣʫʤ`ʷ ʥʘʜ ʊʈʇ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʴ ʚʽʜ 1750 ʜʦ 2756 ʂ, [3]. ʊʘʢʠʤ 
ʯʠʥʦʤ, ʨʦʟʢʣʘʜʘʥʥʷ NOx ʤʦʞʝ ʚʽʜʙʫʚʘʪʠʩʷ ʱʝ ʜʦ ʧʦʯʘʪʢʫ ʛʦʨʽʥʥʷ ʧʘʣʠʚʘ. ʇʨʠ 
ʟʘʧʘʣʶʚʘʥʥʽ ʟʘʨʷʜʫ ʥʽʪʨʦʟʥʽ ʛʘʟʠ ʚʽʜʙʠʨʘʶʪʴ ʪʝʧʣʦ ʥʘ ʩʝʙʝ ʽ ʟʥʠʞʫʶʪʴ ʪʝʤʧʝʨʘ-
ʪʫʨʫ ʫ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ. ʅʘ ʚʠʨʦʙʥʠʮʪʚʽ ʘʟʦʪʥʦʾ ʢʠʩʣʦʪʠ ʛʣʠʙʦʢʘ ʚʦʜʥʦʢʠʩ-
ʣʦʪʥʘ ʘʙʩʦʨʙʮʽʷ ʦʢʠʩʣʽʚ ʦʢʩʠʜʫ ʘʟʦʪʫ  ʜʣʷ ʢʘʪʘʣʽʪʠʯʥʦʛʦ ʟʥʝʰʢʦʜʞʝʥʥʷ ʧʦʯʠʥʘ-
ʻʪʴʩʷ ʧʨʠ ʪʠʩʢʫ 3.5 ʘʪʤ. ɽʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʢʘʪʘʣʽʪʠʯʥʦʛʦ ʟʥʝʰʢʦʜʞʝʥʥʷ, ʷʢ ʭʽʤʽ-
ʯʥʦʛʦ ʧʨʦʮʝʩʫ, ʤʝʥʰʝ ʥʽʞ ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʧʨʦʮʝʩʫ ʛʦʨʽʥʥʷ. ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ 
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моу 

ʘʢʪʠʚʘʮʽʾ ʧʨʦʮʝʩʫ ʨʦʟʢʣʘʜʘʥʥʷ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ ʽ ʝʥʝʨʛʽʾ ʘʢʪʠʚʘʮʽʾ ʚ ʜʠʤʦʛʘ-
ʟʦʚʽʡ ʟʦʥʽ ʥʘʚʝʜʝʥʽ ʚ [3]. ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʽʾ ʘʢʪʠʚʘʮʽʾ ʧʨʦʮʝʩʫ ʨʦʟʢʣʘʜʘʥʥʷ ʢʦʥʜʝʥ-
ʩʦʚʘʥʦʾ ʬʘʟʠ ï 140 Ñ 2.1 ʢɼʞ/ʤʦʣʴ, ʪʦʙʪʦ, ʚʠʱʝʟʛʘʜʘʥʘ ʝʥʝʨʛʽʷ ʦʧʨʦʤʽʥʶʚʘʥʥʷ 
ʙʫʣʘ ʜʦʩʪʘʪʥʴʦʶ ʜʣʷ ʨʦʟʢʣʘʜʘʥʥʷ ʚ ʟʦʥʽ ʩʧʽʥʶʚʘʥʥʷ ʽ ʮʝ ï ʪʝʨʤʽʯʥʘ ʝʥʝʨʛʽʷ, ʦʙʫ-
ʤʦʚʣʝʥʘ ʥʘʛʨʽʚʦʤ. ɽʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʚ ʜʠʤʦʛʘʟʦʚʽʡ ʟʦʥʽ 33.4 Ñ 2.1 ʢɼʞ/ʤʦʣʴ, ʱʦ 
ʻ ʝʥʝʨʛʽʻʶ ʧʦʜʦʣʘʥʥʷ ʧʦʨʦʛʫ ʚʟʘʻʤʦʜʽʾ ʭʽʤʽʯʥʦ ʨʝʘʛʫʶʯʽʭ  ʨʝʯʦʚʠʥ, ʪʦʙʪʦ ʝʥʝʨʛʽʷ 
ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ. 

ʊʦʜʽ ʩʢʣʘʜʦʚʽ NOx  ʚʠʭʦʜʷʪʴ ʽʟ ʩʢʣʘʜʫ ʩʫʤʽʰʽ ʷʢ ʦʢʨʝʤʽ ʤʦʣʝʢʫʣʠ. ɼʣʷ ʝʬʝ-
ʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʂɿ ʧʨʠʩʢʦʨʶʚʘʯʘ ʥʽʪʨʦʟʥʽ ʛʘʟʠ ʧʦʚʠʥʥʽ ʟʥʘʭʦʜʠʪʠʩʴ ʚ 
ʡʦʛʦ ʚʽʣʴʥʦʤʫ ʦʙ`ʻʤʽ ʧʽʜ ʪʠʩʢʦʤ 2 ʘʪʤ. ï ʤʽʥʽʤʘʣʴʥʦʤʫ ʟʥʘʯʝʥʥʶ, ʟ ʷʢʦʛʦ ʧʦʯʠ-
ʥʘʻʪʴʩʷ ʛʦʨʽʥʥʷ ʙʘʣʽʩʪʠʪʥʦʛʦ ʊʈʇ. ɿʘʧʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ ʜʚʠʛʫʥʘ ʧʦʪʨʽʙʥʦ ʨʦʟʤʽ-
ʱʫʚʘʪʠ ʚ ʢʨʠʪʠʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʩʦʧʣʘ ʪʘʢ, ʱʦʙ ʧʽʩʣʷ ʟʘʧʘʣʝʥʥʷ ʽ ʧʽʜʚʠʱʝʥʥʷ ʪʠʩʢʫ 
ʚ ʂɿ ʚʽʥ ʚʠʣʝʪʘʚ ʥʘʟʦʚʥʽ. ʊʦʜʽ ʫ ʚʽʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ ʧʨʠʩʢʦʨʶʚʘʯʘ ʪʠʩʢ ʧʽʜʥʽ-
ʤʝʪʴʩʷ ʜʦ 3.5 ʘʪʤ. ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦ 1000 ʂ, ʱʦ ʧʨʠʟʚʝʜʝ ʜʦ ʚʠʜʽʣʝʥʥʷ ʟ NOx  ʤʦ-
ʣʝʢʫʣ NO2 .  ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ NO2 ̔ ʪʠʩʢʫ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ ʚ ʟʦʥʽ ʩʧʽʥʶʚʘʥʥʷ ʟʨʦʩʪʘʻ 
ʽ ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ  ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʧʘʣʠʚʘ, [3]. ɺʠʟʥʘʯʠʪʠ ʱʽʣʴ-
ʥʽʩʪʴ NOx ʥʝʤʦʞʣʠʚʦ, ʙʦ ʮʝ ï ʩʫʤʽʰ ʛʘʟʽʚ ʨʽʟʥʦʛʦ ʩʢʣʘʜʫ. ʊʦʤʫ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ 
ʧʨʠʡʤʝʤ  ʱʽʣʴʥʽʩʪʴ NO2  ɟ = 2.05Ŀ10-3 ʢʛ/ʤ3. ʇʽʜ ʪʠʩʢʦʤ ʚ 2 ʘʪʤ. ʚ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ 
ʇʈɼ-36 ʙʫʜʝ ʟʥʘʭʦʜʠʪʠʩʴ ʧʨʠʙʣʠʟʥʦ 468 ʣʽʪʨʽʚ, ʘʙʦ 0.96 ʢʛ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ. ʇʨʠ-
ʧʫʩʪʠʤʦ, ʱʦ ʟʘʧʘʣʶʚʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ ʮʴʦʛʦ ʜʚʠʛʫʥʘ ʥʝ ʻ ʛʘʟʦʛʝʥʝʨʘʪʦʨʦʤ (ʽʥ-
ʘʢʰʝ ʚʽʥ ʥʝ ʚʠʣʝʪʠʪʴ ʯʝʨʝʟ ʢʨʠʪʠʯʥʠʡ ʧʝʨʝʨʽʟ ʩʦʧʣʘ), ʘ ʨʦʟʢʠʜʘʻ ʧʽʛʫʣʢʠ ʛʦʨʷʱʦʾ 
ʨʝʯʦʚʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ 14-ʪʠ ʰʘʰʦʢ. ʊʦʜʽ ʚʢʘʟʘʥʽ ʚʠʱʻ ʟʥʘʯʝʥʥʷ ʪʠʩʢʫ ʽ ʪʝʤʧʝʨʘ-
ʪʫʨʠ ʙʫʜʫʪʴ ʜʦʩʷʛʥʫʪʽ.  ɺʽʜʧʦʚʽʜʥʦ, ʧʠʪʦʤʠʡ ʽʤʧʫʣʴʩ  
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ʜʝ R ï ʛʘʟʦʚʘ ʩʪʘʣʘ, ɼʞ/ʤʦʣʴĿʛʨʘʜ; ʢT - ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʦʧʦʜʽʙʥʠʭ ʧʨʦʜʫʢʪʽʚ ʚ 
ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ; ʢR- ʪʠʩʢ ʚ ʂɿ; ὖ- ʪʠʩʢ ʥʘ ʟʨʽʟʽ ʩʦʧʣʘ; n - ʩʝʨʝʜʥʽʡ ʧʦʢʘʟʥʠʢ ʽʟʦ-
ʝʥʪʨʦʧʠ ʨʦʟʰʠʨʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʚ ʨʝʘʢʪʠʚʥʦʤʫ ʩʦʧʣʽ.  

ɼʣʷ ʜʚʦʭʘʪʦʤʥʠʭ ʛʘʟʽʚ n = 1,4. ʇʽʜʩʪʘʚʣʷʶʯʠ ʚ ʨʽʚʥʷʥʥʷ (3) ʟʥʘʯʝʥʥʷ ʜʣʷ 
NOx, ʦʜʝʨʞʠʤʦ ʫʜI ʘwº  =  132.18 ʤ/ʩ.  ʇʦʤʥʦʞʫʶʯʠ ʮʶ ʰʚʠʜʢʽʩʪʴ ʥʘ  ʤʘʩʫ ʥʽʪ-
ʨʦʟʥʠʭ ʛʘʟʽʚ, ʧʨʠʧʫʩʢʘʶʯʠ, ʱʦ ʚʦʥʠ ʙʫʜʫʪʴ ʚʠʭʦʜʠʪʠ ʟ ʧʨʠʩʢʦʨʶʚʘʯʘ ʧʨʦʪʷʛʦʤ 
ʦʜʥʽʻʾ ʩʝʢʫʥʜʠ, ʨʦʟʨʘʭʫʻʤʦ ʤʦʤʝʥʪ ʢʽʣʴʢʦʩʪʽ ʨʫʭʫ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ ʛmĿʘw = 126,89 
ʢʛĿʤ/ʩ, ʜʝ ʛm ï ʤʘʩʘ ʛʘʟʽʚ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ. ʉʫʤʘʨʥʘ ʤʘʩʘ ʨʘʢʝʪʘ + ʧʨʠʩʢʦʨʶ-
ʚʘʯ ʜʦʨʽʚʥʶʻ 1387ʢʛ. 

ɿʘ ʧʨʘʚʠʣʦʤ ʧʦʩʪʽʡʥʦʩʪʽ ʩʫʤʠ ʤʦʤʝʥʪʽʚ ʢʽʣʴʢʦʩʪʽ ʨʫʭʫ, ʟʘ ʦʜʥʫ ʩʝʢʫʥʜʫ ʨʘ-
ʢʝʪʘ ʟ ʧʨʠʩʢʦʨʶʚʘʯʝʤ ʧʝʨʝʤʽʩʪʠʪʴʩʷ ʥʘ 0.09ʤ. ʆʙ`ʻʤ ʛʘʟʽʚ, ʱʦ ʚʠʡʜʝ ʟʘ ʮʝʡ ʯʘʩ 
ʚ ʊʇʂ ʙʫʜʝ ʪʨʦʭʠ ʙʽʣʴʰʝ 0.02 ʤ3 . ʊʦʙʪʦ, 0,04 ʚʽʜ ʦʙ`ʻʤʫ NOx  ʚ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ. 
ɯʥʰʽ 95% ʛʘʟʽʚ ʙʫʜʫʪʴ ʛʦʨʽʪʠ ʨʘʟʦʤ ʟ ʊʈʇ. ʎʝ ï ʢʨʘʡʥʽʡ ʚʠʧʘʜʦʢ. ʈʝʘʣʴʥʠʡ ʪʠʩʢ 
ʥʘ ʟʨʽʟʽ ʩʦʧʣʘ ʙʫʜʝ ʙʽʣʴʰʠʤ ʟʘ ʘʪʤʦʩʬʝʨʥʠʡ. ɸʣʝ ʚʽʥ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʘʨʘʢʪʝʨʠʩ-
ʪʠʢʠ ʩʦʧʣʘ ʧʨʠʩʢʦʨʶʚʘʯʘ ʇʈɼ-36, ʷʢʘ ʥʝ ʚʽʜʦʤʘ ʽ ʷʚʥʦ ʨʦʟʨʘʭʦʚʘʥʘ ʥʘ ʙʽʣʴʰʫ 
ʤʘʩʫ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ. ʊʦʤʫ ʫ ʧʦʜʘʣʴʰʠʭ ʨʦʟʨʘʭʫʥʢʘʭ ʙʫʜʝʤ ʚʠʢʦʨʠʩʪʦʚʫ-
ʚʘʪʠ ʪʫ ʰʚʠʜʢʽʩʪʴ, ʱʦ ʦʜʝʨʞʘʥʘ ʚʠʱʻ, ʜʣʷ ʧʨʠʙʣʠʟʥʦʾ ʦʮʽʥʢʠ. ɼʣʷ ʧʦʜʘʣʴʰʠʭ 
ʨʦʟʨʘʭʫʥʢʽʚ ʩʢʦʨʠʩʪʘʻʤʦʩʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ [ 10] 
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EÖ2 = ʘw,                                                    (4), 
ʜʝ ʘw ï ʰʚʠʜʢʽʩʪʴ ʚʠʪʽʢʘʥʥʷ 1ʢʛ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʽʟ ʩʦʧʣʘ, ʤ/ʩ; E ï ʢʽʥʝʪʠʯʥʘ 
ʝʥʝʨʛʽʷ ʛʘʟʫ ʚ ʂɿ; 

ʛmĿ QD =E,                                                     (5), 
ʜʝ QD  ï ʧʠʪʦʤʘ ʢʽʣʴʢʽʩʪʴ ʪʝʧʣʘ.  

ʇʦ ʬʦʨʤʫʣʽ (4) E = 8735.77 ɼʞ. ʊʦʜʽ, ʟʘ ʬʦʨʤʫʣʦʶ (5)  QD  = 9,09 ɼʞ/ʛ.  
ɺʽʜʦʤʦ, ʱʦ ʤʦʣʝʢʫʣʷʨʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʜʣʷ ʜʚʦʭʘʪʦʤʥʠʭ ʛʘʟʽʚ Cᾇ = 20.74 

ɼʞ/ʛĿʤʦʣʴĿÜK. QD / Cᾇ = ȹT = 0.438 ʂ ï ʧʨʠʨʽʩʪ ʧʠʪʦʤʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʂɿ. ʊʦʜʽ 
ʜʣʷ 0.96 ʢʛ NO2  ʧʨʠʨʽʩʪ ʪʝʤʧʝʨʘʪʫʨʠ ʙʫʜʝ 420 K. ʊʘʢʠʡ ʧʨʠʨʽʩʪ ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʘʻ 
ʥʘʩʣʽʜʢʦʤ ʜʦʜʘʚʘʥʥʷ ʪʝʧʣʘ QD ʛʘʟʘʤ ʚ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ, ʨʝʟʫʣʴʪʘʪʦʤ ʷʢʦʛʦ ʻ ʢʽ-
ʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ E ʛʘʟʫ ʚ ʂɿ. ɯʥʰʘ ʯʘʩʪʠʥʘ ʪʝʧʣʘ, ʧʨʦʧʦʨʮʽʡʥʘ ȹT = 1000 ï 420 = 
580K ʧʽʜʝ ʥʘ ʧʽʜʚʠʱʝʥʥʷ ʚʥʫʪʨʽʰʥʴʦʾ ʝʥʝʨʛʽʾ, ʷʢʘ ʙʫʜʝ ʧʝʨʝʜʘʚʘʪʠʩʴ ʧʦʚʝʨʭʥʽ 
ʙʘʣʽʩʪʠʪʥʦʛʦ ʊʈʇ. ʇʨʦʧʦʨʮʽʡʥʦ ʪʝʤʧʝʨʘʪʫʨʽ ʧʘʣʠʚʫ ʙʫʜʝ ʧʝʨʝʜʘʚʘʪʠʩʴ ʪʝʧʣʦʚʘ 
ʝʥʝʨʛʽʷ ʥʘ ʨʽʚʥʽ E1 å 12 ʢɼʞ, ʱʦ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 8,6% ʚʽʜ ʝʥʝʨʛʽʾ ʘʢʪʠʚʘʮʽʾ 
ʧʨʦʮʝʩʫ ʨʦʟʢʣʘʜʘʥʥʷ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ, ʥʘʚʝʜʝʥʦʾ ʚʠʱʻ, ʽ ʤʦʞʝ ʤʘʪʠ ʨʝʟʫʣʴʪʘ-
ʪʦʤ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʙʘʣʽʩʪʠʪʥʦʛʦ ʊʈʇ ʥʘ ʧʨʠʙʣʠʟʥʦ 9%, ʷʢ ʽ ʫ 
ʚʠʧʘʜʢʫ ʥʘʛʨʽʚʫ ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ ʉɺʏ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ. ʗʢ ʩʪʚʝʨʜʞʫʻʪʴʩʷ ʚ [3],  
ʫ ʜʚʦʭʦʩʥʦʚʥʠʭ ʧʘʣʠʚ ʧʦʨʽʚʥʷʥʦ ʚʫʟʴʢʠʡ ʜʽʘʧʘʟʦʥ ʨʝʛʫʣʶʚʘʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦ-
ʨʽʥʥʷ. ʊʦʤʫ ʪʘʢʝ ʧʨʠʧʫʱʝʥʥʷ ï ʡʤʦʚʽʨʥʦ. ʎʝʡ ʝʬʝʢʪ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦ-
ʨʽʥʥʷ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʠʡ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʙʫʜʴ ʷʢʦʛʦ ʥʘʛʨʽʪʦʛʦ ʛʘʟʫ, ʧʨʦʪʝ 
ʩʘʤʝ ʪʠʩʢ ʘʙʩʦʨʙʮʽʾ ʽ ʪʝʤʧʝʨʘʪʫʨʘ ʨʦʟʢʣʘʜʘʥʥʷ NOx ʚʠʟʥʘʯʠʣʠ ʧʘʨʘʤʝʪʨʠ ʨʝʟʫʣʴ-
ʪʘʪʫ. 

 
ɺʠʩʥʦʚʢʠ. ɼʦʜʘʚʘʥʥʷ ʥʽʪʨʦʟʥʠʭ ʛʘʟʽʚ ʚ ʂɿ ʧʨʠʩʢʦʨʶʚʘʯʘ ʥʘ ʙʘʣʽʩʪʠʪʥʦʤʫ 

ʊʈʇ ʘʙʦ ʥʽʪʨʦʛʣʽʮʝʨʠʥʦʚʦʤʫ ʧʦʨʦʭʫ ʤʦʞʝ ʤʘʪʠ ʨʝʟʫʣʴʪʘʪʦʤ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜ-
ʢʦʩʪʽ ʛʦʨʽʥʥʷ ʥʘ ʧʨʠʙʣʠʟʥʦ 9% , ʷʢ ʽ ʫ ʚʠʧʘʜʢʫ ʥʘʛʨʽʚʫ ʪʚʝʨʜʦʛʦ ʧʘʣʠʚʘ ʉɺʏ ʚʠ-
ʧʨʦʤʽʥʶʚʘʥʥʷʤ. ʊʽʣʴʢʠ ʮʝʡ ʧʨʦʮʝʩ ʙʫʜʝ ʧʨʦʭʦʜʠʪʠ ʟʘ 1ʩ. 

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʛʦʨʽʥʥʷ ʚ ʢʘʥʘʣʽ ʟʘʨʷʜʫ 
ʪʚʝʨʜʦʧʘʣʠʚʥʦʛʦ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʫ ʧʦʯʘʪʢʦʚʠʡ ʧʝʨʽʦʜ ʯʘʩʫ, ʷʢʱʦ ʩʪʘʨʪʦʚʠʡ 
ʧʨʠʩʢʦʨʶʚʘʯ ʦʩʥʘʱʝʥʠʡ ʈɼʊʇ ʥʘ ʙʘʣʽʩʪʠʪʥʦʤʫ ʧʘʣʠʚʽ ʰʣʷʭʦʤ ʧʦʧʝʨʝʜʥʴʦʛʦ ʟʘ-
ʧʦʚʥʝʥʥʷ ʢʘʤʝʨʠ ʟʛʦʨʷʥʥʷ ʥʽʪʨʦʟʥʠʤʠ ʛʘʟʘʤʠ. ʅʘʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʩʚʽʜʯʘʪʴ ʧʨʦ 
ʧʦʟʠʪʠʚʥʠʡ ʨʝʟʫʣʴʪʘʪ ʪʘʢʦʛʦ ʨʽʰʝʥʥʷ.  

 
 

ʃʽʪʝʨʘʪʫʨʘ
1. Friend, D. G. Speed of Sound as a Thermodynamic Property of Fluids. Experi-
mental Methods in the Physical Sciences, Vol. 39, Academic Press, 2001. DOI:
10.1016/S1079-4042(01)80090-4

2. Sokol G.I., Kozin V.S. Assessment of the possibility of introducing a solid propel-
lant accelerator P230 of the Ariane 5 rocket as a Helmholtz resonator. ʂʦʩʤʽʯʥʘ
ʥʘʫʢʘ ʽ ʪʝʭʥʦʣʦʛʽʷ. 2024. ˉ6  (151). ʉ. 31-35. https:// doi.org/10.15407/knit
2024.06.31.

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 134ï141.                    ISSN 0367-1631 (Print)



мпл 

3. Aoki I., Kubota N. Combustion wave structures of high and low energy double-
base propellants. çAIAA Pap.è .1980, ˉ 1165, 8 pp. DOI:10.2514/6.1980-1165 

4. ʉʧʦʩʽʙ ʥʘʧʽʚʥʘʪʫʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʙʦʪʠ ʨʘʢʝʪʥʦʛʦ ʜʚʠʛʫʥʘ ʪʚʝʨʜʦʛʦ ʧʘ-
ʣʠʚʘ. ʂʦʟʽʥ ɺ.ʉ. ʇʘʪ. 99129 ʋʢʨʘʾʥʘ: ʄʇʂ G01N 33/22, G01B 15/00, F02K 
9/96. ̄ u 2014 10647; ʟʘʷʚʣ.: 29.09.2014, ʦʧʫʙʣ. 25.05.2015, ɹʶʣ. ˉ 10. 

5. ʂʦʟʣʦʚ ɸ. ʅ., ʄʠʰʣʷʚʢʠʥ ɸ. ʄ., ʆʜʠʥʮʦʚ ʖ. ʊ. ʠ ʜʨ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩ-
ʩʣʝʜʦʚʘʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʙʨʘʟʮʳ ʪʦʧʣʠʚʘ ʪʚʝʨʜʦʪʦʧʣʠʚ-
ʥʳʭ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ // ʀʟʚʝʩʪʠʷ ʏʝʣʷʙʠʥʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ ʋʨʆ 
ʈɸʅ. 2007. ɺʳʧ. 4(38). ʉ. 14ï18. 

6. ʉʘʨʥʝʨ ʉ. ʍʠʤʠʷ ʨʘʢʝʪʥʳʭ ʪʦʧʣʠʚ: ʧʝʨ. ʩ ʘʥʛʣ. ʄ.: ʄʠʨ, 1969. 488 ʩ.: 
7. Novozhilov B. V. Combustion of Energetic Materials in an Acoustic Field (Re-
view) // Combustion, Explosion and Shock Waves. 2005. Vol. 41, No. 6. P. 709ï
726. DOI: 10.1007/s10573-005-0082-3. 

8. ɻʘʥʠʥ ʉ., ʂʦʨʦʚʠʥ ɺ., ʂʘʨʧʝʥʢʦ ɸ., ɸʥʛʝʣʴʩʢʠʡ ʈ.. ʈʘʢʝʪʥʳʝ ʢʦʤʧʣʝʢʩʳ ʇɺʆ 
ʩʪʨʘʥʳ. ɸʚʠʘʮʠʷ ʠ ʢʦʩʤʦʥʘʚʪʠʢʘ. 2012. ˉ12. ʉ.25-26. 

9. Lamoureux N., Desgroux P., El Bakali A., Pauwels J. F. Experimental and nu-
merical study of the role of NCN in prompt-NO formation in low-pressure CH4-
O2-N2 and C2H2-O2-N2 flames // Combustion and Flame. 2010. Vol. 157, ˉ 10. 
P. 1929 ï1941. doi:10.1016/j.combustflame.2010.03.013 

10. ʆʨʣʦʚ ɹ.ɺ, ʄʘʟʠʥʛ ɻ.ʖ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʙʘʣʣʠʩʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ 
ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ ʥʘ ʪʚʸʨʜʦʤ ʪʦʧʣʠʚʝ. ʄ.: ʄʘʰʠʥʦʩʪʨʦ-
ʝʥʠʝ, 1979. 390 ʩ. 

 
ɼʘʪʘ ʥʘʜʭʦʜʞʝʥʥʷ: 15.01.2026

ɼʘʪʘ ʧʨʠʡʥʷʪʪʷ ʜʦ ʜʨʫʢʫ: 17.04.2026
ɼʘʪʘ ʧʫʙʣʽʢʘʮʽʾ: 28.05.2026

 
 
 

V. S. Kozin
 

Increase of speeds burning of solid propellant filling by gases oxides 
of nitrogen NOx of combustion chamber 

 
Summary

Work is sanctified to the increase of speed of burning of solid propellant  (SPRE) in initial
moment of time in the channel of charge of SPRE. It is conditioned by that the rocket engines
of the starting accelerating must be equipped by quickly burning gunpowders. The variant of
dual-mode SPRE is select as a starting accelerating that does not need the change of form of
channel of fuel charge.   As a base estimation comparison over of energies of heating of charge
of hard rocket fuel is brought by different facilities: by a radiation and filling of channel of
charge by oxidizing or combustible gases. The analysis of the tests is conducted from heating
of standards fuels in combustion chamber (CC) of super high frequency solid rocket propellant
(SRP) to the radiations. On the results of power analysis of these experiments the shown insuf-
ficiency of such method of heating is for the operative start of rockets. This analysis was con-
ducted also for estimation of influence on the start of rocket engine of the previous filling by
gases oxides of nitrogen NOx of combustion chamber. In initial moment of decomposition NOx
will take place quicker than warmed decomposition of glycerines nitrite, that is in SRP. At an
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offer chart mixture of gases is heated by the used for setting fire device more effective than hard
rocket fuel that has a subzero heat-conducting. The aim of the work is an increase of speed of
burning of solid-propellant  rocket elngines (SPRE) in the channel of charge. The methods of
calculation of internal ballistics parameters are used in a combustion chamber of rocket engine
of solid-propellant. An imaginary situation is considered, when in the process of inflammation
of charge there are simultaneously absorption and decomposition of gases oxides of nitrogen
that fill the channel of charge. The positive effect of change of dynamics of start is expected
from filling of channel of charge of SPRE by of gases oxides of nitrogen on the example of the
starting accelerating that is now used. As a result the increase of speed of exit is educed on the
mode of permanent operations of the starting accelerating on a nonmetallic fuel. A scientific
novelty consists in the simultaneous use of pressure of absorption and temperature of decom-
position of gases oxides of nitrogen in the calculation of process of start of the starting accel-
erating on nonmetallic of SRP, that is an artificial design. A practical value consists in possi-
bility of more rapid start of one of rockets by means of the starting accelerating that is now
used. Results can be drawn on for creation of quickly burning of SRP of ramjets of antitank
grenades and mortar mines, that must abandon the barrels of armaments very quickly.
Keywords: rocket engine, solid propellant, starting accelerating, gases oxides of nitrogen,

pressure of absorption, temperature of decomposition.
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ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʘʣʘʭʫʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʢʨʘʧʝʣʴ 
ʩʫʩʧʝʥʟʽʡʥʠʭ ʧʘʣʴʥʠʭ

 
ɺ ʨʦʙʦʪʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ ʧʨʦʮʝʩ ʩʧʘʣʘʭʫʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʢʨʘʧʝʣʴ ʩʫ-

ʩʧʝʥʟʽʡ ʧʦʨʦʰʢʦʧʦʜʽʙʥʦʛʦ ʙʦʨʫ ʨʽʟʥʦʾ ʜʠʩʧʝʨʩʥʦʩʪʽ (ʘʤʦʨʬʥʦʛʦ ʪʘ ʢʨʠʩʪʘʣʽʯʥʦʛʦ) ʽ ʛʘʩʫ
(ʤʘʨʢʠ ʊʉ-1). ʇʦʢʘʟʘʥʦ ʜʚʦʭʩʪʘʜʽʡʥʠʡ ʧʨʦʮʝʩ — ʚʠʛʦʨʷʥʥʷ ʨʽʜʢʦʾ ʟʚôʷʟʢʠ ʽ ʧʦʜʘʣʴʰʝ
ʩʧʘʣʘʭʫʚʘʥʥʷ ʽ ʛʦʨʽʥʥʷ ʪʚʝʨʜʦʛʦ ʙʦʨʥʦʛʦ ʟʘʣʠʰʢʫ. ɺʠʷʚʣʝʥʘ ʘʥʘʣʦʛʽʷ ʧʨʦʮʝʩʽʚ ʩʧʘʣʘʭʫ-
ʚʘʥʥʷʽ ʛʦʨʽʥʥʷ ʪʚʝʨʜʦʛʦ ʟʘʣʠʰʢʫ ʽ ʰʪʫʯʥʠʭ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʙʦʨʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ
ʤʝʪʦʜʠʢʘ ʨʦʟʨʘʭʫʥʢʫ ʦʙʦʭ ʩʪʘʜʽʡ ʛʦʨʽʥʥʷ ʢʨʘʧʝʣʴ ʩʫʩʧʝʥʟʽʡʥʦʛʦ ʧʘʣʴʥʦʛʦ ʽ ʧʦʢʘʟʘʥʦ,
ʱʦ ʧʦʚʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟʘ ʯʘʩ ʤʝʥʰʝ 20 ʤʩ (ʱʦ ʩʪʘʥʦʚʠʪʴ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ), ʤʦʞ-
ʣʠʚʦ ʜʣʷ ʢʨʘʧʝʣʴʜʽʘʤʝʪʨʦʤ ʥʝ ʙʽʣʴʰʝ 50 ʤʢʤ.
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʫʩʧʝʥʟʽʾ, ʙʦʨ, ʢʨʘʧʣʷ, ʩʧʘʣʘʭʫʚʘʥʥʷ, ʛʦʨʽʥʥʷ.

 
 
ɼʦʩʷʛʥʝʥʥʷ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʫʩʧʝʥʟʽʡ ʟʘʙʝʟʧʝʯʠʣʠ ʤʦʞ-

ʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʩʫʩʧʝʥʟʽʡʥʠʭ ʧʘʣʴʥʠʭ (ʉʇ) ʽʟ ʚʤʽʩʪʦʤ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ ʜʦ 
50% ʟʘ ʤʘʩʦʶ ʽ ʚʠʱʝ. ɰʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʦʞʝ ʜʦʟʚʦʣʠʪʠ ʨʝʘʣʽʟʫʚʘʪʠ ʧʝʨʝʚʘʛʠ ʨʽ-
ʜʠʥʥʦʾ ʩʭʝʤʠ ʧʦʜʘʯʽ ʧʘʣʴʥʦʛʦ. ɺʦʜʥʦʯʘʩ ʦʯʝʚʠʜʥʦ, ʱʦ ʧʨʠ ʪʘʢʦʤʫ ʚʠʩʦʢʦʤʫ ʚʤʽ-
ʩʪʽ ʢ-ʬʘʟʠ ʚ ʉʇ ʧʨʦʮʝʩʠ ʡʦʛʦ ʨʦʟʧʠʣʝʥʥʷ ʪʘ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ ʨʝ-
ʘʢʪʠʚʥʦʛʦ ʜʚʠʛʫʥʘ ʧʦʚʠʥʥʽ ʤʘʪʠ ʩʫʪʪʻʚʽ ʩʧʝʮʠʬʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟ ʨʽ-
ʜʢʠʤʠ ʧʘʣʴʥʠʤʠ. ʑʦ ʩʪʦʩʫʻʪʴʩʷ ʧʨʦʮʝʩʫ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʮʽ ʚʽʜʤʽʥʥʦʩʪʽ ʦʙʫʤʦʚ-
ʣʝʥʽ ʥʘʩʘʤʧʝʨʝʜ ʟʥʘʯʥʦʶ ʨʽʟʥʠʮʝʶ ʚ ʯʘʩʽ ʟʘʪʨʠʤʢʠ ʟʘʡʤʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʨʽʜʠʥ, 
ʷʢʽ ʨʝʘʛʫʶʪʴ ʫ ʧʘʨʦʚʽʡ ʬʘʟʽ, ʪʘ ʪʚʝʨʜʠʭ ʧʘʣʴʥʠʭ, ʱʦ ʨʝʘʛʫʶʪʴ ʛʝʪʝʨʦʛʝʥʥʦ. ʊʦʤʫ 
ʩʝʨʝʜ ʧʝʨʰʦʯʝʨʛʦʚʠʭ ʟʘʚʜʘʥʴ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʧʨʠʥʮʠʧʦʚʦʾ ʤʦʞ-
ʣʠʚʦʩʪʽ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʉʇ ʜʣʷ ʜʚʠʛʫʥʽʚ ʨʽʟʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ, 
ʻ ʥʘʩʪʫʧʥʽ: ʚʩʪʘʥʦʚʣʝʥʥʷ ʬʽʟʠʯʥʦʾ ʢʘʨʪʠʥʠ ʨʦʟʚʠʪʢʫ ʧʨʦʮʝʩʫ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʚʠ-
ʟʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʠʭ ʫʤʦʚ ʟʘʡʤʘʥʥʷ, ʘ ʪʘʢʦʞ ʯʘʩʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʘʣʘʭʫ-
ʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʟʘʣʝʞʥʦ ʚʽʜ ʚʠʜʫ ʪʚʝʨʜʦʛʦ ʧʘʣʴʥʦʛʦ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʨʽʜʢʦʛʦ ʧʘ-
ʣʴʥʦʛʦ ʽ ʩʝʨʝʜʦʚʠʱʘ. 

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʚ ʷʢʦʩʪʽ ʪʚʝʨʜʦʛʦ ʧʘʣʴʥʦʛʦ ʚʠʙʨʘʥʦ ʙʦʨ ʷʢ ʦʜʠʥ ʽʟ ʥʘʡʙʽʣʴʰ 
ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʩʢʣʘʜʽ ʢʦʥʜʝʥʩʦʚʘʥʠʭ ʨʘʢʝʪ-
ʥʠʭ ʧʘʣʴʥʠʭ [1].  
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ʗʢ ʧʦʢʘʟʘʚ ʜʦʩʚʽʜ ʚʠʚʯʝʥʥʷ ʩʧʘʣʘʭʫʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʨʽʟʥʠʭ ʜʠʩʧʝʨʩʥʠʭ ʩʠ-
ʩʪʝʤ ʙʦʨʘ [1-5], ʪʘʢʽ ʨʦʙʦʪʠ ʜʦʮʽʣʴʥʦ ʧʦʯʠʥʘʪʠ ʟ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʦʜʠʥʦʢʠʭ ʢʨʘ-
ʧʝʣʴ ʩʫʩʧʝʥʟʽʡ. ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʥʘʚʝʜʝʥʦ ʤʝʪʦʜʠʢʫ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʨʝʟʫʣʴʪʘʪʠ ʜʦ-
ʩʣʽʜʞʝʥʴ ʢʨʠʪʠʯʥʠʭ ʫʤʦʚ ʟʘʡʤʘʥʥʷ ʧʦʜʠʥʦʢʠʭ ʢʨʘʧʝʣʴ ʩʫʩʧʝʥʟʽʡ, ʱʦ ʨʽʟʥʷʪʴʩʷ 
ʚʤʽʩʪʦʤ ʽ ʨʦʟʤʽʨʘʤʠ ʯʘʩʪʠʥʦʢ ʙʦʨʘ ʚ ʉʇ, ʪʘ ʯʘʩʽʚ ʛʦʨʽʥʥʷ ʢʨʘʧʝʣʴ ʩʫʩʧʝʥʟʽʾ (50% 
ʙʦʨʘ + 50% ʛʘʩʫ) ʚ ʢʠʩʥʝʚʤʽʩʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʩʧʘʣʘʭʫʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʩʫʩʧʝʥʟʽʡʥʠʭ ʧʘ-
ʣʴʥʠʭ ʚʠʢʦʥʫʚʘʣʦʩʷ ʟʘ ʤʝʪʦʜʦʤ ʧʽʜʚʽʰʝʥʦʾ ʢʨʘʧʣʽ ʥʘ ʫʩʪʘʥʦʚʮʽ, ʧʨʠʥʮʠʧʦʚʫ 
ʩʭʝʤʫ ʷʢʦʾ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1. ʂʨʘʧʣʷ ʩʫʩʧʝʥʟʽʾ ʚʚʦʜʠʣʘʩʷ ʚ ʦʢʠʩʣʶʚʘʣʴʥʠʡ ʛʘʟ, 
ʷʢʠʡ ʧʨʦʛʨʽʚʘʚʩʷ ʚ ʝʣʝʢʪʨʦʥʘʛʨʽʚʘʣʴʥʠʭ ʧʝʯʘʭ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 
Ὕ ρςψπ +. ʉʠʩʪʝʤʘ ʧʦʜʘʯʽ ʛʘʟʽʚ ʜʦʟʚʦʣʷʣʘ ʟʤʽʥʶʚʘʪʠ ʦʙ'ʻʤʥʠʡ ʚʤʽʩʪ ʢʠʩʥʶ 
ʚ ʩʫʤʽʰʽ ὕ ὔ ʫ ʜʽʘʧʘʟʦʥʽ ά πȢπυ ρȢπ ʟ ʚʽʜʥʦʩʥʦʶ ʧʦʭʠʙʢʦʶ 2%. ʉʠʩ-
ʪʝʤʘ ʨʝʻʩʪʨʘʮʽʾ ʟʘʙʝʟʧʝʯʫʚʘʣʘ ʦʜʥʦʯʘʩʥʫ ʬʽʢʩʘʮʽʶ ʩʚʽʪʣʦʚʦʛʦ ʧʦʪʦʢʫ ʚʽʜ ʯʘʩʪʠ-
ʥʢʠ ʥʘ ʧʽʜʚʽʩʽ ʪʘ ʛʘʟʦʬʘʟʥʦʛʦ ʬʘʢʝʣʘ ʟʚôʷʟʢʠ ʬʦʪʦʜʽʦʜʦʤ, ʪʝʤʧʝʨʘʪʫʨʠ ʮʝʥʪʨʘ 
ʢʨʘʧʣʽ ï ʭʨʦʤʝʣʴ-ʘʣʶʤʝʣʝʚʦʶ ʪʝʨʤʦʧʘʨʦʶ ʟ ʜʽʘʤʝʪʨʦʤ ʩʧʘʶ Ὠ ςππ ̍̋̍ ʽʟ ʟʘ-
ʧʠʩʦʤ ʥʘ ʰʣʝʡʬʦʚʠʡ ʦʩʮʠʣʦʛʨʘʬ, ʘ ʪʘʢʦʞ ʧʘʨʘʣʝʣʴʥʫ ʢʽʥʦʟʡʦʤʢʫ (ʰʚʠʜʢʽʩʪʴ 
ʟʡʦʤʢʠ ʜʦ 48 ʢʘʜʨ/ʩ). ʏʘʩʠ ʛʦʨʽʥʥʷ ʚʠʟʥʘʯʘʣʠʩʷ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʢʽʥʦʟʡʦʤʢʠ ʧʨʦ-
ʮʝʩʫ ʛʦʨʽʥʥʷ ʢʨʘʧʝʣʴ ʥʘ ʧʽʜʚʽʩʽ ʪʘ ʧʨʠ ʾʭ ʧʘʜʽʥʥʽ ʧʽʩʣʷ ʧʝʨʝʛʦʨʷʥʥʷ ʧʽʜʚʽʩʫ ʫ ʚʝ-
ʨʪʠʢʘʣʴʥʽʡ ʪʨʫʙʽ ʬʦʪʦʨʝʻʩʪʨʘʪʦʨʦʤ ʽʟ ʙʝʟʧʝʨʝʨʚʥʦʶ ʧʨʦʪʷʞʢʦʶ ʧʣʽʚʢʠ (ʰʚʠʜ-
ʢʽʩʪʴ ʧʨʦʪʷʞʢʠ 25 ʤʤ/ʩ). ʋ ʜʦʩʣʽʜʘʭ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʢʨʘʧʣʽ, ʜʽʘʤʝʪʨ ʷʢʠʭ ʣʝ-
ʞʘʚ ʫ ʜʽʘʧʘʟʦʥʽ Ὠ̋ ̏ πȢφ ςȢπ ̍̍. 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʭʘʨʘʢʪʝʨʥʫ ʨʝʛʽʩʪʨʦʛʨʘʤʫ ʧʨʦʮʝʩʫ ʟʘʡʤʘʥʥʷ ʪʘ ʛʦ-
ʨʽʥʥʷ ʢʨʘʧʣʽ ʩʫʩʧʝʥʟʽʾ, ʧʽʜʚʽʰʝʥʦʾ ʥʘ ʩʧʘʾ ʪʝʨʤʦʧʘʨʠ. ʄʦʤʝʥʪ ʚʚʝʜʝʥʥʷ ʢʨʘʧʣʽ ʫ 
ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʧʦʪʽʢ ʚʽʜʧʦʚʽʜʘʻ ʥʘ ʦʩʮʠʣʦʛʨʘʤʽ (ʆɻ) ʨʽʟʢʦʤʫ ʟʤʝʥʰʝʥʥʶ 
ʩʠʛʥʘʣʫ ʚʽʜ ʬʦʪʦʜʽʦʜʘ (ʌɼ) ï ʢʨʠʚʘ 2. ʇʽʩʣʷ ʢʦʨʦʪʢʦʛʦ (†ḙπȢς ̒) ʧʨʦʤʽʞʢʫ ʯʘʩʫ 

ʈʠʩ. 1 ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ. 
1. ʛʘʟʦʚʽ ʙʘʣʦʥʠ; 2. ʛʘʟʦʚʽ ʢʨʘʥʠ; 3. ʛʘʟʦʚʠʡ ʣʽʯʠʣʴʥʠʢ; 4. ʤʘʥʦʤʝʪʨʠ; 5. ʟʤʽʰʫʚʘʯ 
ʛʘʟʽʚ; 6, 7. ʝʣʝʢʪʨʠʯʥʽ ʧʝʯʽ; 8. ʨʝʘʢʮʽʡʥʘ ʪʨʫʙʘ; 10. ʦʙʪʶʨʘʪʦʨ; 11. ʢʽʥʦʢʘʤʝʨʘ; 12. 
ʬʦʪʦʜʽʦʜ; 13. ʦʩʮʠʣʦʛʨʘʬ; 15. ʩʠʩʪʝʤʘ ʚʚʦʜʫ ʢʨʘʧʝʣʴ; 16. ʪʝʨʤʦʧʘʨʘ.  
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ʬʦʪʦʜʽʦʜ ʬʽʢʩʫʻ ʨʽʟʢʝ ʟʙʽʣʴʰʝʥʥʷ ʩʚʽʪʣʦʚʦʛʦ ʧʦʪʦʢʫ, ʦʜʥʦʯʘʩʥʦ ʧʦʯʠʥʘʻʪʴʩʷ 
ʧʨʦʛʨʽʚ ʮʝʥʪʨʘ ʢʨʘʧʣʽ (ʢʨʠʚʘ 2, 3 ð ʪʦʯʢʘ ʆ), ʘ ʥʘ ʢʽʥʦʛʨʘʤʽ (ʂɻ) ʧʦʙʣʠʟʫ ʢʨʘʧʣʽ 
ʟ'ʷʚʣʷʻʪʴʩʷ ʬʘʢʝʣ ʛʘʟʦʬʘʟʥʦʛʦ ʧʦʣʫʤ'ʷ (ʢʘʜʨʠ "ʘ"). ɺʠʛʦʨʷʥʥʷ ʚʫʛʣʝʚʦʜʥʝʚʦʾ ʟʚ'ʷ-
ʟʢʠ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʨʦʛʨʽʚʦʤ ʪʚʝʨʜʦʛʦ ʟʘʣʠʰʢʫ, ʧʨʠʧʠʥʷʻʪʴʩʷ ʯʝʨʝʟ Ű å 
1.4 ʩ (ʜʽʣʷʥʢʘ ʆɸ ʥʘ ʦʩʮʠʣʦʛʨʘʤʽ, ʂɻ ï ʢʘʜʨʠ "ʙ"). ʇʦʜʘʣʴʰʝ ʟʙʽʣʴʰʝʥʥʷ ʪʝʤʧʝ-
ʨʘʪʫʨʠ ʟʘʣʠʰʢʫ (ʆɻ ï ʜʽʣʷʥʢʘ ɸɺ, ʂɻ ï ʢʘʜʨʠ "ʚ") ʦʙʫʤʦʚʣʝʥʝ ʚʠʢʣʶʯʥʦ ʩʘʤʦ-
ʨʦʟʽʛʨʽʚʦʤ (Tɸ > TÐ) ʽ ʟʘʚʝʨʰʫʻʪʴʩʷ ʡʦʛʦ ʩʧʘʣʘʭʫʚʘʥʥʷʤ, ʪʦʙʪʦ ʧʝʨʝʭʦʜʦʤ ʧʨʦ-
ʮʝʩʫ ʚ ʩʘʤʦʧʽʜʪʨʠʤʫʚʘʥʠʡ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ (ʆɻ ï ʪʦʯʢʘ ɺ). ʅʝʦʙʭʽ-
ʜʥʦ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʚ ʫʩʽʭ ʜʦʩʣʽʜʘʭ ʤʦʤʝʥʪʠ ʟʘʢʽʥʯʝʥʥʷ ʚʠʛʦʨʘʥʥʷ ʟʚ'ʷʟʢʠ ʽ ʩʧʘ-
ʣʘʭʫʚʘʥʥʷ ʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʟʘʣʠʰʢʫ ʙʫʣʠ ʨʦʟʜʽʣʝʥʽ ʧʦʤʽʪʥʠʤ ʧʨʦʤʽʞʢʦʤ ʯʘʩʫ 
†̈Ȣ̃Ȣ. ʇʦʜʘʣʴʰʠʡ ʘʥʘʣʽʟ ʢʨʠʚʦʾ 3 ʥʘ ʆɻ ʥʝʤʦʞʣʠʚʠʡ, ʪʘʢ ʷʢ ʪʝʨʤʦʧʘʨʘ ʧʝʨʝʛʦʨʘʻ 
ʧʨʘʢʪʠʯʥʦ ʤʠʪʪʻʚʦ. ʏʘʩ ʛʦʨʽʥʥʷ ʟʘʣʠʰʢʫ (ʆɻ ï ʜʽʣʷʥʢʘ ɺʉ, ʂɻ ï ʢʘʜʨʠ "ʛ") ʣʝʛʢʦ 
ʚʠʟʥʘʯʠʪʠ ʟʘ ʧʦʢʘʟʘʥʥʷʤʠ ʬʦʪʦʜʽʦʜʘ ʽ ʢʽʥʦʛʨʘʤʠ (†̄  ρȢω ̒). 

 

 
ʈʠʩ. 2 ʈʝʛʽʩʪʦʛʨʘʤʘ ʧʨʦʮʝʩʫ ʩʧʘʣʘʭʫʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʢʨʘʧʣʽ ʩʫʩʧʝʥʟʽʾ  
(50% ɺ+50% ʊ-ʙ). ɼʽʘʤʝʪʨ ʢʨʘʧʣʽ Ὠ̋ ς ̍ .̍ TÐ=1100 ʂ; ά πȢτȢ  

ʆʩʮʠʣʦʛʨʘʤʘ: ʰʚʠʜʢʽʩʪʴ ʧʨʦʪʷʞʢʠ ï 25 ʤʤ/ʩ. ʂʨʠʚʽ: 1 - TÐ; 2 ï ʌɼ; 3 ï ʊʇ.  
ʂʽʥʦʛʨʘʤʘ ï ʰʚʠʜʢʽʩʪʴ ʟʡʦʤʢʠ 32 ʢʘʜʨ/ʩ.  

 

ʌʽʟʠʢʘ ʘʝʨʦʜʠʩʧʝʨʩʥʠʭ ʩʠʩʪʝʤ. 2026. ɺʠʧ. 64. ʉ. 142ï150.                    ISSN 0367-1631 (Print)
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ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʨʦʟʚʠʪʢʫ ʧʨʦʮʝʩʫ, ʪʠʧʦʚʠʡ ʜʣʷ ʚʩʽʭ ʚʠʧʘʜʢʽʚ, ʢʦʣʠ ʧʨʠ ʟʤʽʥʽ 
ʧʦʯʘʪʢʦʚʦʛʦ ʜʽʘʤʝʪʨʘ ʢʨʘʧʣʽ, ʩʢʣʘʜʫ ʛʦʨʶʯʦʛʦ ʽ ʧʘʨʘʤʝʪʨʽʚ ʦʢʠʩʣʶʚʘʣʴʥʦʛʦ ʛʘʟʫ 
ʙʫʣʠ ʟʘʙʝʟʧʝʯʝʥʽ ʫʤʦʚʠ, ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʽʥʪʝʥʩʠʚʥʦʛʦ ʛʦʨʽʥʥʷ ʙʦʨʥʦʛʦ ʟʘʣʠʰʢʫ, 
ʜʦʟʚʦʣʷʻ ʩʬʦʨʤʫʣʶʚʘʪʠ ʚʠʩʥʦʚʦʢ ʧʨʦ ʜʚʦʩʪʘʜʽʡʥʽʩʪʴ ʛʦʨʽʥʥʷ ʩʫʩʧʝʥʟʽʡʥʦʛʦ ʧʘ-
ʣʴʥʦʛʦ. 

ʇʝʨʰʘ ʩʪʘʜʽʷ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʨʽʜʢʦʾ ʟʚ'ʷʟʢʠ, ʾʾ ʟʘʧʘʣʝʥʥʷ ʽ ʛʦ-
ʨʽʥʥʷ ʚ ʛʘʟʦʚʽʡ ʬʘʟʽ. ɼʨʫʛʘ ʩʪʘʜʽʷ ï ʟʘʧʘʣʝʥʥʷ ʽ ʛʦʨʽʥʥʷ ʪʚʝʨʜʦʛʦ ʟʘʣʠʰʢʫ. ʊʦʙʪʦ 
ʯʘʩ ʧʦʚʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʢʨʘʧʣʽ ʩʫʩʧʝʥʟʽʡʥʦʛʦ ʛʦʨʶʯʦʛʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʯʘʩʫ ʚʠ-
ʛʦʨʘʥʥʷ ʟʚ'ʷʟʢʠ, ʟʘʪʨʠʤʢʠ ʟʘʧʘʣʝʥʥʷ ʽ ʛʦʨʽʥʥʷ ʙʦʨʥʦʛʦ ʟʘʣʠʰʢʫ.  

ʂʽʥʦʟʡʦʤʢʘ ʢʨʘʧʝʣʴ ʉʇ ʧʦʢʘʟʘʣʘ, ʱʦ ʾʭʥʽʡ ʨʦʟʤʽʨ ʥʘ ʩʪʘʜʽʾ ʚʠʛʦʨʘʥʥʷ ʟʚ'ʷ-
ʟʢʠ ʚ ʧʦʚʽʪʨʽ (ʘʙʦ ʽʥʝʨʪʥʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʚ ʘʟʦʪʽ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʝʨʝʜʦʚʠʱʘ 
ʜʦ 1250 ʂ ʥʝ ʟʤʽʥʶʻʪʴʩʷ. ʊʦʤʫ ʧʨʠʨʦʜʥʦ ʦʯʽʢʫʚʘʪʠ, ʱʦ ʧʨʠ ʮʴʦʤʫ ʥʝ ʟʤʽʥʶʻʪʴʩʷ 
ʽ ʛʫʩʪʠʥʘ ʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʟʘʣʠʰʢʫ. ʊʦʜʽ ʧʝʨʰʫ ʩʪʘʜʽʶ ʧʝʨʝʪʚʦʨʝʥʥʷ ʉʇ ʤʦʞʥʘ 
ʦʧʠʩʘʪʠ ʷʢ ʧʨʦʮʝʩ ʜʠʬʫʟʽʡʥʦʛʦ ʛʦʨʽʥʥʷ ʨʽʜʢʦʛʦ ʧʘʣʠʚʘ, ʱʦ ʚʠʧʘʨʦʚʫʻʪʴʩʷ ʟ ʟʦʚ-
ʥʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ ʩʪʘʮʽʦʥʘʨʥʦʾ ʧʦʨʠʩʪʦʾ ʯʘʩʪʠʥʢʠ, ʘ ʜʨʫʛʫ ʩʪʘʜʽʶ ʤʦʜʝʣʶʚʘʪʠ ʟʘ-
ʧʘʣʶʚʘʥʥʷʤ ʽ ʛʦʨʽʥʥʷʤ ʢʦʥʛʣʦʤʝʨʘʪʫ ʯʘʩʪʠʥʦʢ ʙʦʨʘ ʚʽʜʧʦʚʽʜʥʦʾ ʛʫʩʪʠʥʠ, ʩʢʦʨʠ-
ʩʪʘʚʰʠʩʴ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʴ, ʚʠʢʦʥʘʥʠʭ ʨʘʥʽʰʝ (ʜʠʚ., ʥʘʧʨʠʢʣʘʜ, [4]). 

ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʛʽʧʦʪʝʟʠ ʧʨʦ ʘʥʘʣʦʛʽʶ ʜʨʫʛʦʾ ʩʪʘʜʽʾ ʛʦʨʽʥʥʷ ʉʇ ʽ ʧʨʦʮʝʩʽʚ ʟʘ-
ʧʘʣʶʚʘʥʥʷ ʪʘ ʛʦʨʽʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʦʨʫ ʧʨʦʚʦʜʠʣʦʩʷ ʧʦʨʽʚʥʷʥʥʷ: 1) 
ʜʠʥʘʤʽʯʥʠʭ ʢʘʨʪʠʥ ʫ ʧʝʨʝʜʧʦʣʫʤôʷʥʠʡ ʧʝʨʽʦʜ ʽ ʢʨʠʪʠʯʥʠʭ ʫʤʦʚ ʩʧʘʣʘʭʫʚʘʥʥʷ 
ʢʨʘʧʝʣʴ ʚʠʭʽʜʥʠʭ ʩʫʩʧʝʥʟʽʡ ʽ ʪʚʝʨʜʠʭ ʟʘʣʠʰʢʽʚ ʧʦʧʝʨʝʜʥʴʦ ʚʠʩʫʰʝʥʠʭ ʚ ʽʥʝʨʪʥʽʡ 
ʘʪʤʦʩʬʝʨʽ ʯʘʩʪʠʥʦʢ ʉʇ ʽ ʰʪʫʯʥʦ ʧʨʠʛʦʪʦʚʘʥʠʭ ʢʦʥʛʣʦʤʝʨʘʪʽʚ; 2) ʯʘʩʽʚ ʛʦʨʽʥʥʷ 
ʙʦʨʥʦʛʦ ʟʘʣʠʰʢʫ ʽ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʦʨʫ. ʂʨʠʪʠʯʥʠʤʠ ʫʤʦʚʘʤʠ ʩʧʘʣʘʭʫ-
ʚʘʥʥʷ ʢʨʘʧʝʣʴ ʉʇ ʪʫʪ ʽ ʥʘʜʘʣʽ ʙʫʜʝʤʦ ʥʘʟʠʚʘʪʠ ʪʘʢʽ ʧʘʨʘʤʝʪʨʠ ʩʝʨʝʜʦʚʠʱʘ, ʧʨʠ 
ʷʢʠʭ ʟʘʙʝʟʧʝʯʫʚʘʣʦʩʷ ʩʘʤʦʧʽʜʪʨʠʤʫʶʯʝ ʛʦʨʽʥʥʷ ʪʚʝʨʜʦʾ ʬʘʟʠ ʩʫʩʧʝʥʟʽʾ, ʦʩʢʽʣʴʢʠ 
ʩʘʤʝ ʚʦʥʘ ʻ ʦʩʥʦʚʥʠʤ ʝʥʝʨʛʦʥʦʩʽʻʤ ʧʘʣʠʚʘ. ʆʩʢʽʣʴʢʠ ʜʣʷ ʚʩʽʭ ʤʘʨʦʢ ʜʦʩʣʽʜʞʝʥʠʭ 
ʩʫʩʧʝʥʟʽʡ ʥʘʚʽʪʴ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ, ʨʝʘʣʽʟʦʚʘʥʽʡ ʥʘ ʫʩʪʘʥʦʚʮʽ, ʩʧʘ-
ʣʘʭʫʚʘʥʥʷ ʚ ʧʦʚʽʪʨʽ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, ʚ ʜʦʩʣʽʜʘʭ ʚʠʟʥʘʯʘʚʩʷ ʤʽʥʽʤʘʣʴʥʠʡ ʚʤʽʩʪ 
ʢʠʩʥʶ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʟʘʧʘʣʶʚʘʥʥʷ ʟʘʣʠʰʢʫ. 

ʅʘ ʨʠʩ. 3 ʥʘʚʝʜʝʥʦ ʪʠʧʦʚʠʡ ʚʠʛʣʷʜ ʦʩʮʠʣʦʛʨʘʤʠ ʧʝʨʝʜʧʦʣʫʤôʷʥʦʛʦ ʧʨʦʮʝʩʫ 
ʜʣʷ ʧʦʧʝʨʝʜʥʴʦ ʚʠʩʫʰʝʥʠʭ ʢʨʘʧʝʣʴ ʉʇ. ɸʥʘʣʦʛʽʯʥʠʡ ʚʠʛʣʷʜ ʤʘʻ ʮʝʡ ʧʨʦʮʝʩ ʽ ʜʣʷ 
ʰʪʫʯʥʠʭ ʢʦʥʛʣʦʤʝʨʘʪʽʚ, ʷʢʽ ʚʠʛʦʪʦʚʣʷʣʠʩʷ ʟ ʪʠʭ ʞʝ ʧʦʨʦʰʢʽʚ ʙʦʨʫ ʪʘ ʛʣʽʮʝʨʠʥʫ 
ʚ ʷʢʦʩʪʽ ʟʚôʷʟʢʠ, ʢʦʪʨʠʡ ʧʦʪʽʤ ʚʠʜʘʣʷʚʩʷ ʚ ʧʨʦʮʝʩʽ ʩʫʰʢʠ.  

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʠʭ ʤʦʣʴʥʠʭ ʚʤʽʩʪʽʚ ʢʠ-
ʩʥʶ ʚ ʩʝʨʝʜʦʚʠʱʽ, ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʩʧʘʣʘʭʫʚʘʥʥʷ, ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 1. ɿ ʪʘʙʣʠʮʽ 
ʚʠʧʣʠʚʘʻ, ʱʦ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʧʨʠ ʟʛʦʨʷʥʥʽ ʟʚ'ʷʟʢʠ ʥʝ ʟʤʽʥʶʻ ʢʨʠʪʠʯʥʠʭ ʫʤʦʚ ʟʘ-
ʧʘʣʶʚʘʥʥʷ ʟʘʣʠʰʢʽʚ ʩʫʩʧʝʥʟʽʡ. (ʋ ʥʘʜʢʨʠʪʠʯʥʠʭ ʫʤʦʚʘʭ ʪʝʧʣʦʧʝʨʝʜʘʯʘ ʚʽʜ ʛʘʟʦ-
ʬʘʟʥʦʛʦ ʬʘʢʝʣʘ ʟʚ'ʷʟʢʠ ʧʦʤʽʪʥʦ ʩʢʦʨʦʯʫʻ ʯʘʩ ʟʘʪʨʠʤʢʠ ʟʘʧʘʣʶʚʘʥʥʷ ʙʦʨʥʦʛʦ ʟʘ-
ʣʠʰʢʫ ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʧʝʨʝʜʥʴʦ ʚʠʩʫʰʝʥʦʶ ʢʨʘʧʣʝʶ ʉʇ).  

ʇʨʠʯʦʤʫ ʮʽ ʫʤʦʚʠ ʥʝʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʛʨʘʥʠʯʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʢʠ-
ʩʥʶ, ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʟʘʧʘʣʶʚʘʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʦʨʫ. ɼʫʞʝ ʩʣʘʙʦ 
ʚʧʣʠʚʘʻ ʥʘ ʧʘʨʘʤʝʪʨʠ ʟʘʧʘʣʶʚʘʥʥʷ ʽ ʜʠʩʧʝʨʩʥʠʡ ʩʢʣʘʜ ʧʦʨʦʰʢʦʧʦʜʽʙʥʦʛʦ ʙʦʨʫ, 
ʥʘ ʦʩʥʦʚʽ ʷʢʦʛʦ ʧʨʠʛʦʪʦʚʣʝʥʽ ʩʫʩʧʝʥʟʽʾ ʽ ʢʦʥʛʣʦʤʝʨʘʪʠ. ɺʩʝ ʮʝ ʜʦʟʚʦʣʷʻ ʧʨʠʧʫʩ-
ʪʠʪʠ, ʱʦ, ʚ ʧʝʨʰʦʤʫ ʥʘʙʣʠʞʝʥʥʽ, ʨʽʚʝʥʴ ʢʨʠʪʠʯʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʟʘʧʘʣʶʚʘʥʥʷ 
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мпс 

ʤʦʞʝ ʙʫʪʠ ʦʮʽʥʝʥʠʡ ʟʘ ʜʘʥʠʤʠ ʨʦʟʨʘʭʫʥʢʫ ʮʠʭ ʚʝʣʠʯʠʥ ʜʣʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩ-
ʪʠʥʦʢ ʙʦʨʘ ʚʽʜʧʦʚʽʜʥʦʾ ʛʫʩʪʠʥʠ. 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʦʟʨʘʭʫʥʢʦʚʽ ʪʝʤʧʝʨʘʪʫʨʠ ʟʘʧʘʣʶʚʘʥʥʷ ʢʦʥʛʣʦʤʝʨʘ-
ʪʽʚ, ʫʪʚʦʨʝʥʠʭ ʩʫʤʽʰʰʶ ʧʦʨʦʰʢʽʚ ʙʦʨʫ ʜʚʦʭ ʬʨʘʢʮʽʡ ð ʘʤʦʨʬʥʦʛʦ Ὠ
πȢςς ̍̋̍ (20% ʟʘ ʤʘʩʦʶ) ʽ ʢʨʫʧʥʦʜʠʩʧʝʨʩʥʦʛʦ ρπ ̍̋̍ (80% ʟʘ ʤʘʩʦʶ). ʈʦʟʨʘʭʫ-
ʥʢʠ ʚʠʢʦʥʘʥʽ ʜʣʷ ʜʚʦʭ ʛʨʘʥʠʯʥʠʭ ʨʝʞʠʤʽʚ ʟʘʧʘʣʶʚʘʥʥʷ: ʢʨʠʚʘ 2 ð ʪʝʧʣʦʚʠʡ ʨʝ-
ʞʠʤ ʟʘʧʘʣʶʚʘʥʥʷ, ʢʦʣʠ ʧʦʨʫʰʝʥʥʷ ʪʝʧʣʦʚʦʾ ʨʽʚʥʦʚʘʛʠ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʘʢʦʧʠ-
ʯʝʥʥʷʤ ʪʝʧʣʘ ʧʨʠ ʩʘʤʦʨʦʟʽʛʨʽʚʽ ʜʦ ʧʦʯʘʪʢʫ ʧʦʤʽʪʥʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʣʽʚʢʠ ʦʢ-
ʩʠʜʘ ʙʦʨʫ, ʱʦ ʧʦʢʨʠʚʘʻ ʢʦʞʥʫ ʯʘʩʪʠʥʢʫ ʚ ʢʦʥʛʣʦʤʝʨʘʪʽ; ʢʨʠʚʘ 4 ï ʪʝʨʤʦʢʽʥʝʪʠ-
ʯʥʠʡ ʨʝʞʠʤ ʩʧʘʣʘʭʫʚʘʥʥʷ, ʢʦʣʠ ʧʦʨʫʰʝʥʥʷ ʧʨʦʮʝʩʫ ʦʙʫʤʦʚʣʝʥʝ ʦʜʥʦʯʘʩʥʦ ʪʝʧ-
ʣʦʚʠʤ ʽ ʢʽʥʝʪʠʯʥʠʤ (ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʦʢʩʠʜʫ ʟ ʫʩʽʭ ʯʘʩʪʠʥʦʢ, ʱʦ ʩʪʘ-
ʥʦʚʣʷʪʴ ʢʦʥʛʣʦʤʝʨʘʪ) ʤʝʭʘʥʽʟʤʘʤʠ ʩʘʤʦʧʨʠʩʢʦʨʝʥʥʷ [6]. ʅʘ ʮʴʦʤʫ ʞ ʨʠʩʫʥʢʫ 
ʥʘʚʝʜʝʥʦ ʢʨʠʪʠʯʥʽ ʫʤʦʚʠ ʟʘʧʘʣʶʚʘʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʘʤʦʨʬʥʦʛʦ ʙʦʨʘ 
ï ʢʨʠʚʽ 1, 3 ï ʽ ʢʨʫʧʥʦʜʠʩʧʝʨʩʥʦʛʦ ʙʦʨʘ ï ʢʨʠʚʽ 5, 6. ʉʧʽʚʩʪʘʚʣʝʥʥʷ ʛʨʫʧ ʢʨʠʚʠʭ 
1, 2, 6 ʽ 3, 4, 5 ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʽ ʧʨʠ ʪʝʧʣʦʚʦʤʫ, ʽ ʧʨʠ ʪʝʨʤʦʢʽʥʝʪʠʯʥʦʤʫ ʨʝ-
ʞʠʤʘʭ ʩʧʘʣʘʭʫʚʘʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʽʬʨʘʢʮʽʡʥʦʛʦ ʧʦʨʦʰʢʫ ʙʦʨʫ ʚʠ-
ʟʥʘʯʘʻʪʴʩʷ ʡʦʛʦ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʶ ʩʢʣʘʜʦʚʦʶ. ʈʽʚʝʥʴ ʪʝʤʧʝʨʘʪʫʨ ʟʘʧʘʣʶʚʘʥʥʷ 
ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʫ ʜʽʘʧʘʟʦʥʽ ʨʦʟʤʽʨʽʚ, ʱʦ ʩʪʘʥʦʚʣʷʪʴ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ, ʜʦʩʪʘʪ-
ʥʴʦ ʚʠʩʦʢʠʡ ï ʢʨʠʪʠʯʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʣʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʨʦʟʤʽʨʦʤ Ὑ ςυ ̍̋̍ 
ʣʝʞʠʪʴ ʚ ʽʥʪʝʨʚʘʣʽ Ὕ̃ ρυππ ɀ ρφππ ˗, ʽ ʨʽʟʢʦ ʟʨʦʩʪʘʻ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʾʭ ʜʽʘʤʝ-
ʪʨʘ, ʧʨʘʛʥʫʯʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʩʧʘʣʘʭʫʚʘʥʥʷ ʧʦʦʜʠʥʦʢʠʭ ʯʘʩʪʠʥʦʢ ʙʦʨʫ. 

 

ʈʠʩ. 3. ʆʩʮʠʣʦʛʨʘʤʘ ʧʝʨʝʜʩʧʘʣʘʭʫ-ʚʘ-
ʣʴʥʦʛʦ ʧʨʦʮʝʩʫ: ʪʚʝʨʜʠʡ ʟʘʣʠʰʦʢ. (ʍ
πȢφ ̄Ⱦ̒̍). Ὠ̋ ς ̍̍. TÐ=1100 ʂ; 
ά πȢυȢ  ʂʨʠʚʽ: 1. TÐ; 2. ʌɼ; 3. ʊʇ. 

ʈʠʩ. 4 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʟʘʣʝʞʥʽʩʪʴ 
ʪʝʤʧʝʨʘʪʫʨʠ ʩʧʘʣʘʭʫʚʘʥʥʷ ʢʦʥʛʣʦʤʝ-
ʨʘʪʫ ʯʘʩʪʠʥʦʢ ʙʦʨʫ ʚʽʜ ʡʦʛʦ ʨʦʟʤʽʨʫ ʚ 
ʧʦʚʽʪʨʽ. ʍ̋ πȢφ ; ʪʝʧʣʦʚʝ ʩʧʘʣʘʭʫ-
ʚʘʥʥʷ ï ʢʨʠʚʽ 1, 2, 6. ʊʝʨʤʦʢʽʥʝʪʠʯʥʝ 
ʩʧʘʣʘʭʫʚʘʥʥʷ ï 3, 4, 5. ʂʨʠʚʽ: 1, 3 ï 
Ὠ πȢςς ̍̋̍Ƞ υȟφ ɀ Ὠρπ ̍̋̍; 2, 
4 ï 20Ϸ ʟ Ὠ πȢςς ̍̋̍
ψπϷ  ̈ Ὠ ρπ ̍̋ ̍
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мпт 

ɿʫʧʠʥʠʤʦʩʷ ʪʝʧʝʨ ʥʘ ʩʧʦʩʦʙʽ ʨʦʟʨʘʭʫʥʢʫ ʯʘʩʫ ʚʠʛʦʨʘʥʥʷ ʟʚ'ʷʟʢʠ ʥʘ ʧʝʨʰʽʡ 
ʩʪʘʜʽʾ ʛʦʨʽʥʥʷ ʉʇ. ʗʢ ʫʞʝ ʚʽʜʟʥʘʯʘʣʦʩʷ ʚʠʱʝ, ʪʘʢʠʡ ʨʦʟʨʘʭʫʥʦʢ ʤʦʞʥʘ ʧʨʦʚʝʩʪʠ 
ʚ ʧʨʠʧʫʱʝʥʥʽ ʧʨʦ ʢʚʘʟʽʩʪʘʮʽʦʥʘʨʥʝ ʛʦʨʽʥʥʷ ʨʽʜʢʦʛʦ ʛʦʨʶʯʦʛʦ, ʱʦ ʚʠʧʘʨʦʚʫʻʪʴʩʷ 
ʟ ʧʦʚʝʨʭʥʽ ʧʦʨʠʩʪʦʾ ʯʘʩʪʠʥʢʠ ʧʦʩʪʽʡʥʦʛʦ ʨʦʟʤʽʨʫ. ʉʧʨʦʱʝʥʫ ʦʮʽʥʢʫ ʯʘʩʫ ʚʠʧʘ-
ʨʦʚʫʚʘʥʥʷ ʟʚ'ʷʟʢʠ ʦʪʨʠʤʘʻʤʦ ʽʟ ʟʘʧʠʩʫ ʨʽʚʥʷʥʥʷ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʫ ʜʣʷ ʢʨʘʧʣʽ 
ʩʫʩʧʝʥʟʽʾ: 

Ꞌ̒̃ЎὌ̃ ̉̐ὅ Ὕ Ὕ̋ τ“ὶ‗     (1.1) 
ɯʥʪʝʛʨʫʚʘʥʥʷ ʮʴʦʛʦ ʨʽʚʥʷʥʥʷ ʚ ʤʝʞʘʭ ʧʨʠʚʝʜʝʥʦʾ ʧʣʽʚʢʠ ʜʘʻ: 

†̃̉̐
̋̒ ̃̒

   ̋
Ў ̃̉̐

Ὠ̋, 

ʜʝ Ꞌ̒ȟ̃ЎὌ̃ ̉ȟ̐ὅȟ̋̒̃  ï ʤʦʣʴʥʠʡ ʧʦʪʽʢ, ʪʝʧʣʦʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʪʝʧʣʦʻʤʢʽʩʪʴ ʪʘ 
ʤʘʩʦʚʘ ʜʦʣʷ ʟʚôʷʟʢʠ ʚʽʜʧʦʚʽʜʥʦ; ʍ̒ ï ʛʫʩʪʠʥʘ ʩʫʩʧʝʥʟʽʾ; ʇ ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦ-
ʚʽʜʥʦʩʪʽ ʛʘʟʫ; ὔό ï ʯʠʩʣʦ ʅʫʩʩʝʣʴʪʘ; Ὕ ï ʪʝʤʧʝʨʘʪʫʨʘ ʩʝʨʝʜʦʚʠʱʘ; Ὕ̋ ï ʪʝʤʧʝ-
ʨʘʪʫʨʘ ʢʠʧʽʥʥʷ ʟʚʷʟʫʶʯʦʛʦ; Ὠ̋ ï ʜʽʘʤʝʪʨ ʢʨʘʧʣʽ.  

ʈʦʟʨʘʭʫʥʢʦʚʠʡ ʯʘʩ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʟʚ'ʷʟʢʠ ʟ ʢʨʘʧʣʽ ʩʫʩʧʝʥʟʽʾ ʜʽʘʤʝʪʨʦʤ Ὠ̋
ς ̍̍ ʩʪʘʥʦʚʠʪʴ ʜʣʷ ʫʤʦʚ ʥʘʰʠʭ ʜʦʩʣʽʜʽʚ †̃̉̐ ρȢτφ ̒, ʱʦ ʜʦʩʪʘʪʥʴʦ ʙʣʠʟʴʢʦ ʜʦ 
ʝʢʩʧʝʨʠʤʝʥʪʫ (ʜʠʚ. ʨʠʩ. 5). 

ʈʠʩ. 5 ʽʣʶʩʪʨʫʻ ʯʘʩʠ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʜʣʷ ʢʨʘʧʝʣʴ ʩʫʩʧʝʥʟʽʾ ʤʘʣʠʭ ʨʦʟʤʽʨʽʚ. 
ʗʢ ʙʘʯʠʤʦ, ʯʘʩ ʧʝʨʰʦʾ ʩʪʘʜʽʾ ʚʠʛʦʨʘʥʥʷ ʉʇ (ʩʢʣʘʜʥʦʾ ʛʨʘʥʫʣʠ) ʢʚʘʜʨʘʪʠʯʥʦ ʟʘ-
ʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʢʨʘʧʝʣʴ ʽ ʤʦʞʝ ʜʘʚʘʪʠ ʟʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʩʫʤʘʨʥʠʡ ʯʘʩ ʧʝʨʝʪ-
ʚʦʨʝʥʥʷ ʩʫʩʧʝʥʟʽʾ.  

ʅʘ ʟʘʚʝʨʰʝʥʥʷ ʥʘʚʝʜʝʤʦ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʽʚ ʽʟ ʚʠʟʥʘʯʝʥʥʷ ʯʘʩʽʚ ʛʦʨʽʥʥʷ 
ʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʟʘʣʠʰʢʫ ʉʇ ʪʘ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʦʨʫ (ʜʠʚ. ʪʘʙʣ. 2). ʇʦ-
ʨʽʚʥʷʥʥʷ ʚʽʜʥʦʩʥʠʭ ʯʘʩʽʚ ʛʦʨʽʥʥʷ çʩʫʭʠʭè ʟʘʣʠʰʢʽʚ ʽ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʤʽʞ ʩʦʙʦʶ 

ʊʘʙʣʠʮʷ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉʇ ʪʘ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʦʨʫ ʪʘ ʢʨʠʪʠʯʥʽ 
ʫʤʦʚʠ ʾʭ ʩʧʘʣʘʭʫʚʘʥʥʷ. 

ʉʇ 

ˉ ʉʢʣʘʜ ʙʦʨʥʦʾ ʦʩʥʦʚʠ 
1 Ὠ τȢω ̍̋ ̍ɀ τπϷὨ πȢςς ̍̋ ̍ɀ ρπϷὨ ςȢψ ̍̋ ̍ɀ υπϷ 
2 Ὠ τȢω ̍̋ ̍ɀσσȢφϷ Ὠ πȢςς ̍̋ ̍ɀψȢτϷ Ὠ ςȢψ ̍̋ ̍ɀυψϷ 
3 Ὠ ρ ̍̋ ̍ɀ τπϷὨ ςȢψ ̍̋ ̍ɀ υφϷ 
4 Ὠ πȢςς ̍̋ ̍ɀ ρπϷὨ σȢω ̍̋ ̍ɀ τςϷὨ ςȢψ ̍̋ ̍ɀ τψϷ 
5 Ὠ ρπ ̍̋ ̍ɀ ττϷὨ πȢςς ̍̋ ̍ɀ ψϷ Ὠ ςȢψ ̍̋ ̍ɀ τψϷ 
6 Ὠ ρπ ̍̋ ̍ɀ τσϷὨ πȢςς ̍̋ ̍ɀ φϷ Ὠ ςȢψ ̍̋ ̍ɀ υρϷ 

ʂʦʥʛʣʦʤʝ-
ʨʘʪʠ 

1 Ὠ ρπ ̍̋ ̍ɀ τπϷὨ πȢςς ̍̋ ̍ɀ ρπϷ̨̗̄̌̆̑̉̎ 
2 Ὠ τȢω ̍̋ ̍ɀ τπϷὨ πȢςς ̍̋ ̍ɀ ρπϷ̨̗̄̌̆̑̉̎ 

ʉʇ ˉ1 ˉ2 ˉ3 ˉ4 ˉ5 ˉ6 
ʂʦʥʛʣʦʤʝʨʘʪʠ 

ˉ1 ˉ2 

ɻʫʩʪʠʥʘ ʟʘ-
ʣʠʰʢʫ  
ʛ/ʩʤ3 

0.60 0.504 0.528 0.6 0.624 0.588 0.6 0.6 

Ὕ, ʂ 1275 1275 1275 1100 1100 1100 1100 1100 
ά̋̑(ʉʇ) 0.25 0.22 0.26 0.27 0.25 0.24 - - 
ά̋̑ 

(ʟʘʣʠʰʦʢ) 
0.25 0.22 0.27 0.27 0.25 0.24 0.28 0.25 
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мпу 

ʪʘ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʫ ʮʠʭ ʯʘʩʽʚ ʜʣʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʟʘ ʜʠʬʫʟʽʡ-
ʥʦʶ ʛʘʟʦʬʘʟʥʦʶ ʤʦʜʝʣʣʶ ʛʦʨʽʥʥʷ ʙʦʨʫ [5] ʜʦʟʚʦʣʷʻ ʚʽʜʟʥʘʯʠʪʠ ʾʭʥʶ ʜʦʙʨʫ ʫʟʛʦ-
ʜʞʝʥʽʩʪʴ.  

 ʊʦʤʫ ʯʘʩʠ ʛʦʨʽʥʥʷ ʢʦʥʜʝʥʩʦʚʘʥʦʾ ʬʘʟʠ ʜʨʽʙʥʠʭ ʢʨʘʧʝʣʴ ʩʫʩʧʝʥʟʽʾ ʤʦʞʥʘ 
ʦʮʽʥʠʪʠ, ʩʢʦʨʠʩʪʘʚʰʠʩʴ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʫ ʽʥʪʝʥʩʠʚʥʦʛʦ ʛʦʨʽʥʥʷ ʢʦʥʛʣʦ-
ʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʟʘ ʤʦʜʝʣʣʶ ʛʘʟʦʬʘʟʥʦʛʦ ʛʦʨʽʥʥʷ ʙʦʨʫ [6]. ʅʘ ʨʠʩ. 6 ʥʘʥʝʩʝʥʦ 
ʨʦʟʨʘʭʫʥʢʦʚʽ ʯʘʩʠ ʛʦʨʽʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪʽʚ ʯʘʩʪʠʥʦʢ ʙʦʨʫ ʚ ʧʦʚʽʪʨʽ, ʦʪʨʠʤʘʥʽ ʟʘ 
ʜʚʦʤʘ ʧʨʠʧʫʱʝʥʥʷʤʠ: ʧʝʨʰʝ ï ʧʨʠ ʛʦʨʽʥʥʽ ʢʦʥʛʣʦʤʝʨʘʪʘ ʡʦʛʦ ʛʫʩʪʠʥʘ ʥʝ ʟʤʽʥʶ-
ʻʪʴʩʷ ï ʢʨʠʚʘ 1, ʽ ʜʨʫʛʝ ï ʧʽʩʣʷ ʟʘʧʘʣʶʚʘʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪ ʩʧʣʘʚʣʷʻʪʴʩʷ ʚ ʤʦʥʦʣʽ-
ʪʥʫ ʢʨʘʧʣʶ ï ʢʨʠʚʘ 2. ʇʨʠʨʦʜʥʦ ʦʯʽʢʫʚʘʪʠ, ʱʦ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʢʦʥʛʣʦ-
ʤʝʨʘʪʘ ʡʤʦʚʽʨʥʽʩʪʴ ʡʦʛʦ ʩʧʣʘʚʣʝʥʥʷ ʟʨʦʩʪʘʻ. ʂʨʽʤ ʪʦʛʦ, ʯʘʩʠ ʛʦʨʽʥʥʷ ʢʨʘʧʣʽ ʙʦʨʫ 
ʩʪʘʥʦʚʣʷʪʴ ʩʦʙʦʶ ʦʮʽʥʢʫ ʟʚʝʨʭʫ. ɿ ʨʠʩʫʥʢʘ ʚʠʧʣʠʚʘʻ, ʱʦ ʯʘʩʠ ʛʦʨʽʥʥʷ ʢʦʥʛʣʦʤʝ-
ʨʘʪʽʚ ʨʝʘʣʴʥʠʭ ʨʦʟʤʽʨʽʚ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʽ. ʊʦʤʫ ʧʨʠ ʞʦʨʩʪʢʠʭ ʚʠʤʦʛʘʭ ʜʦ ʯʘʩʫ 
ʧʝʨʝʙʫʚʘʥʥʷ ʛʦʨʶʯʦʛʦ ʚ ʢʘʤʝʨʽ ʟʛʦʨʷʥʥʷ ʧʦʪʨʽʙʥʘ ʪʘʢʘ ʦʨʛʘʥʽʟʘʮʽʷ ʧʦʜʘʯʽ ʉʇ, 
ʧʨʠ ʷʢʽʡ ʨʦʟʤʽʨ ʢʨʘʧʝʣʴ ʫ ʨʦʟʧʠʣʽ ʙʫʚ ʙʠ ʦʙʤʝʞʝʥʠʡ ʟʚʝʨʭʫ. ʊʘʢ, ʜʣʷ ʢʨʘʧʝʣʴ 
ʩʫʩʧʝʥʟʽʾ ʜʽʘʤʝʪʨʦʤ 50 ʤʢʤ ʨʦʟʨʘʭʫʥʢʦʚʝ ʩʫʤʘʨʥʠʡ ʯʘʩ ʚʠʛʦʨʘʥʥʷ ʟʚ'ʷʟʢʠ ʪʘ ʪʚʝ-
ʨʜʦʛʦ ʟʘʣʠʰʢʫ ʩʪʘʥʦʚʠʪʴ Ű = 16.5 ʤʩ. ʅʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʪʘʢʦʞ, ʱʦ ʟʽ ʟʤʝʥ-

  
ʈʠʩ. 5 ʈʦʟʨʘʭʫʥʢʦʚʘ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʫ 
ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʟʚôʷʟʢʠ ʚʽʜ ʜʽʘʤʝʪʨʘ 
ʢʨʘʧʣʽ ʩʫʟʧʝʥʟʽʾ: TÐ = 1100 ʂ; ̋̒ ̃
πȢυ ; ʍ̒ ρȢς ̄Ⱦ̒ Ȣ̍ 

ʈʠʩ. 6 ʈʦʟʨʘʭʫʥʢʦʚʘ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʫ 
ʛʦʨʽʥʥʷ ʢʦʥʛʣʦʤʝʨʘʪʫ ʯʘʩʪʠʥʦʢ ʙʦʨʫ 
ʚʽʜ ʡʦʛʦ ʜʽʘʤʝʪʨʘ: TÐ=1500 ʂ,  ά
πȢςρȠ ρȢʍ πȢφ̄

̒̍
ȠςȢʍ ςȢστ̄

̒
 ̍

 

ʊʘʙʣʠʮʷ 2. ʏʘʩ ʛʦʨʽʥʥʷ ʢʨʘʧʝʣʴ ʩʫʩʧʝʥʟʽʡ ʪʘ ʢʦʥʛʣʦʤʝʨʘʪʽʚ. 

ά  
†ȾὨ̋ ,̏ ʩ/ʤʤ2 

ʝʢʩʧʝʨʠʤʝʥʪ ʨʦʟʨʘʭʫʥʦʢ 
ʉʇ ˉ1 ʢʦʥʛʣʦʤʝʨʘʪʠ ʢʦʥʛʣʦʤʝʨʘʪʠ 

0.8 1.637πȢπτ Ὠ τȢω ̍̋ ̍Ὠ ρπ ̍̋ ̍ 1.750 ρȢφχπȢπψ ρȢφψπȢπω 
1.0 1.332πȢπυ 1.317πȢπρυ 1.391πȢπψ 1.280 
 

ʇʨʠʤʽʪʢʘ. ɿʥʘʯʝʥʥʷ ʯʘʩʫ ʛʦʨʽʥʥʷ, ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 2, ʨʦʟʨʘʭʦʚʘʥʽ ʚ ʧʨʠʧʫʱʝʥʥʽ, ʱʦ ʢʦʥʛʣʦʤʝʨʘʪ 
ʯʘʩʪʠʥʦʢ ʙʦʨʫ ʩʧʣʘʚʣʷʻʪʴʩʷ ʚ ʤʦʥʦʣʽʪʥʫ ʢʨʘʧʣʶ. 
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мпф 

ʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʢʦʥʜʝʥʩʦʚʘʥʦʛʦ ʟʘʣʠʰʢʫ ʟʨʦʩʪʘʻ ʪʝʤʧʝʨʘʪʫʨʘ ʡʦʛʦ ʟʘʧʘʣʶ-
ʚʘʥʥʷ, ʘ, ʦʪʞʝ, ʽ ʚʢʣʘʜ ʯʘʩʫ ʟʘʪʨʠʤʢʠ ʩʧʘʣʘʭʫʚʘʥʥʷ ʢ-ʬʘʟʠ ʚ ʟʘʛʘʣʴʥʠʡ ʯʘʩ ʧʝʨʝ-
ʪʚʦʨʝʥʥʷ.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʝʬʝʢʪʠʚʥʦʛʦ ʩʧʘʣʶʚʘʥʥʷ ʩʫʩʧʝʥʟʽʡʥʠʭ ʛʦʨʶ-
ʯʠʭ ʥʘ ʦʩʥʦʚʽ ʙʦʨʫ ʚ ʢʘʤʝʨʘʭ ʨʝʘʢʪʠʚʥʠʭ ʜʚʠʛʫʥʽʚ ʥʝʦʙʭʽʜʥʠʡ ʮʽʣʝʩʧʨʷʤʦʚʘʥʠʡ 
ʩʠʩʪʝʤʘʪʠʯʥʠʡ ʧʦʰʫʢ ʰʣʷʭʽʚ ʫʧʨʘʚʣʽʥʥʷ ʦʢʨʝʤʠʤʠ ʩʪʘʜʽʷʤʠ ʧʨʦʮʝʩʫ [7-11], ʚ 
ʪʦʤʫ ʯʠʩʣʽ ʧʦʜʘʯʝʶ ʛʦʨʶʯʦʛʦ, ʩʧʘʣʘʭʫʚʘʥʥʷʤ ʪʘ ʛʦʨʽʥʥʷʤ ʟʚôʷʟʫʶʯʦʛʦ ʪʘ ʢʦʥ-
ʜʝʥʩʦʚʘʥʦʛʦ ʟʘʣʠʰʢʫ.  
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Experimental study of ignition and combustion of slurry fuel droplets
 

Summary
The paper presents an experimental investigation of the ignition and combustion processes

of droplets of slurry fuels based on powdered boron of different particle sizes and structures
(amorphous and crystalline) mixed with kerosene fuel TS-1. A two-stage combustion process
was observed, including the burnout of the liquid binder followed by the ignition and combus-
tion of the solid boron residue. An analogy between the ignition and combustion processes of
the solid residue and artificially prepared boron conglomerates was established. A calculation
procedure for both combustion stages of slurry fuel droplets is proposed. It is shown that com-
plete conversion within less than 20 ms, which is of practical interest, is achievable for droplets
with diameters not exceeding 50 ɛm.
Keywords: slurry fuels, boron, droplet, ignition, combustion.
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