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ÑÒÐÎÈÒÅËÜÍÛÅ ÌÀÒÅÐÈÀËÛ È ÈÇÄÅËÈß

ÓÄÊ 691.342

Â.Ò. ÅÐÎÔÅÅÂ, Î.Â. ÑÒÀÐÖÅÂ, È.Â. ÑÌÈÐÍÎÂ, È.Í. ÌÀÊÑÈÌÎÂÀ,
Â.Â. ÅÐÀÑÒÎÂ, À.Þ. ÌÀÕÎÍÜÊÎÂ

ÓÄÀÐÍÀß ÏÐÎ×ÍÎÑÒÜ ÝÏÎÊÑÈÄÍÛÕ ÏÎËÈÌÅÐÁÅÒÎÍÎÂ

Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ óäàðíîé ïðî÷íîñòè íåíàïîëíåííûõ, ìàëî- è âûñî-
êîíàïîëíåííûõ ïîëèìåðíûõ ìàòåðèàëîâ. Â êà÷åñòâå ñâÿçóþùåãî èñïîëüçîâàíà ýïîê-
ñèäíàÿ ñìîëà, à â êà÷åñòâå íàïîëíèòåëÿ – ïîðòëàíäöåìåíò, ãðàíèòíûé ùåáåíü, êèð-
ïè÷íûé áîé. Èñïûòàíèÿ ïðîâåäåíû ìåòîäîì ASTM D 7136. Ýêñïåðèìåíòàëüíî óñòà-
íîâëåíî, ÷òî ñíèæåíèå ìàêñèìàëüíîé êîíòàêòíîé ñèëû êàðêàñíûõ êîìïîçèòîâ ïîñëå
íàòóðíîãî ýêñïîíèðîâàíèÿ ñîïðîâîæäàåòñÿ óâåëè÷åíèåì ïëàñòè÷íîñòè, ñïîñîáñò-
âóþùåé ïîãëîùåíèþ ýíåðãèè ïðè ìåõàíè÷åñêèõ âîçäåéñòâèÿõ.

Ê ë þ ÷ å â û å ñ ë î â à: óäàðíàÿ ïðî÷íîñòü, ïîëèìåðáåòîíû, ïîëèìåðíûå ñâÿçóþùèå.

Ïîëèìåðíûå ïîêðûòèÿ âî âðåìÿ ýêñïëóàòàöèè çà÷àñòóþ ïîäâåðãàþòñÿ
âîçäåéñòâèþ äîñòàòî÷íî ñëîæíîãî êîìïëåêñà ìåõàíè÷åñêèõ íàãðóçîê, êîòî-
ðûå ìîãóò áûòü íå òîëüêî ñòàòè÷åñêèìè, íî è äèíàìè÷åñêèìè. Ïîâåäåíèå ïî-
ëèìåðà ïðè ìåõàíè÷åñêèõ âîçäåéñòâèÿõ çàâèñèò îò òîãî, â êàêîì ñîñòîÿíèè
îí íàõîäèòñÿ. Îäèí è òîò æå ïîëèìåð ìîæåò áûòü â ñòåêëîîáðàçíîì, âûñîêî-
ýëàñòè÷åñêîì è âÿçêîòåêó÷åì ñîñòîÿíèÿõ [1–3].

Ðåëàêñàöèîííàÿ ïðèðîäà ìåõàíè÷åñêèõ ñâîéñòâ ïîëèìåðîâ ïðîÿâëÿåòñÿ
â çàêîíîìåðíîñòÿõ èçìåíåíèÿ ïðî÷íîñòè, êîòîðàÿ ñóùåñòâåííî çàâèñèò îò
ñêîðîñòè äåôîðìèðîâàíèÿ. Ïðè äëèòåëüíî äåéñòâóþùèõ íàïðÿæåíèÿõ âîç-
íèêàåò ïëàñòè÷åñêàÿ äåôîðìàöèÿ âåùåñòâ, îáëàäàþùèõ áîëüøîé âÿçêîñòüþ.
Ïðè âûñîêèõ ñêîðîñòÿõ íàãðóæåíèÿ (óäàðíûõ íàãðóçêàõ) ðåëàêñàöèîííûå
ïðîöåññû íå óñïåâàþò ðàçâèòüñÿ çàìåòíûì îáðàçîì äàæå â îòíîñèòåëüíî ìà-
ëîâÿçêèõ ñèñòåìàõ. Òåëî ðåàãèðóåò íà âíåøíåå âîçäåéñòâèå êàê óïðóãîå
[4–6].

Â ðàáîòå èññëåäîâàíà óñòîé÷èâîñòü ê óäàðíîìó âîçäåéñòâèþ íåíàïîë-
íåííûõ, ìàëî- è âûñîêîíàïîëíåííûõ ïîëèìåðíûõ ìàòåðèàëîâ, ïðåäíàçíà-
÷åííûõ äëÿ èçãîòîâëåíèÿ àíòèêîððîçèîííûõ çàùèòíûõ ïîêðûòèé è êàðêàñ-
íûõ ïîëèìåðáåòîííûõ ïîëîâ. Áûëà ïîñòàâëåíà çàäà÷à îöåíèòü, êàê èçìåíÿåò-
ñÿ óñòîé÷èâîñòü ïîëèìåðíûõ ñèñòåì ê óäàðíîìó âîçäåéñòâèþ â óñëîâèÿõ
íàòóðíîé êëèìàòè÷åñêîé ýêñïîçèöèè.

Èññëåäóåìûå ìàòåðèàëû è ìåòîäèêà óäàðíûõ èñïûòàíèé. Äëÿ èñïû-
òàíèé èñïîëüçîâàëèñü îáðàçöû íà îñíîâå ýïîêñèäíîãî ñâÿçóþùåãî ñ ðàçëè÷-
íûìè âèäàìè íàïîëíèòåëÿ è êàðêàñíûõ êîìïîçèòîâ. Îáðàçöû èìåëè ôîðìó
ïðÿìîóãîëüíîé ïëàñòèíû, ðàçìåðîì 100 � 150 ìì è òîëùèíîé 10 ìì. Ñîñòàâû
ñâÿçóþùåãî îòëè÷àëèñü ïðîöåíòíûì ñîäåðæàíèåì â íèõ ðàñòâîðèòåëÿ è íà-
ïîëíèòåëÿ, â êà÷åñòâå êîòîðûõ ïðèìåíÿëèñü ýïîêñèäíàÿ ñìîëà ìàðêè ÝÄ-20,
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îòâåðäèòåëü – ïîëèýòèëåíïîëèàìèí, ðàñòâîðèòåëü – àöåòîí è íàïîëíèòåëü –
ïîðòëàíäöåìåíò. Â êà÷åñòâå çàïîëíèòåëÿ äëÿ êàðêàñíûõ êîìïîçèòîâ èñïîëü-
çîâàëè ãðàíèòíûé ùåáåíü è êèðïè÷íûé áîé ðàçìåðîì 2,5–5 ìì. Êîìïîçèòû
ôîðìèðîâàëèñü â äâà ýòàïà: ñíà÷àëà èçãîòàâëèâàëè êàðêàñ ïóòåì ñêëåèâàíèÿ
ìåæäó ñîáîé çåðåí çàïîëíèòåëÿ, ïîñëå ÷åãî ïðîïèòûâàëè ïîëèìåðíîé ìàòðè-
öåé ïóñòîòû ìåæäó çåðíàìè çàïîëíèòåëÿ [7–10]. Ñîñòàâû îáðàçöîâ ïðèâåäå-
íû â òàáë. 1.

Óäàðíûå ïîâðåæäåíèÿ íà îáðàçöû íàíîñèëèñü ïî ìåòîäó ASTM D 71361.

Äëÿ íàíåñåíèÿ óäàðà èñïîëüçîâàëñÿ âåðòèêàëüíûé êîïåð ôèðìû Coesfeld,
îñíàùåííûé ïîëóñôåðè÷åñêèì áîéêîì ìàññîé 2,3 êã ñ äèàìåòðîì íàêîíå÷íè-
êà 10 ìì. Âûñîòà ïàäåíèÿ óäàðíîãî áîéêà ñîñòàâëÿëà 50 ìì. Äàò÷èê ñêîðîñòè
åãî äâèæåíèÿ áûë óñòàíîâëåí íà ðàññòîÿíèè îò 3 äî 6 ìì íàä ïîâåðõíîñòüþ
îáðàçöà. Äëÿ ïðåäîòâðàùåíèÿ ïîâòîðíîãî ñîïðèêîñíîâåíèÿ óäàðíèêà ñ îá-
ðàçöîì êîïåð îáîðóäîâàí ñèñòåìîé àíòèîòñêîêà.

Â ïðîöåññå èñïûòàíèé ôèêñèðîâàëèñü ãëóáèíà îòïå÷àòêà, ðàçìåðû è
ïëîùàäü çîíû ïîâðåæäåíèÿ, F1, Fmax, E1, Emax.

Ýíåðãèþ óäàðà Ei, Äæ, îïðåäåëÿëè ïî ôîðìóëå

Ei = CEh, (1)

ãäå CE = 6,7 – êîýôôèöèåíò íîðìèðîâàíèÿ ýíåðãèè óäàðà íà òîëùèíó îáðàç-
öà, Äæ/ìì;
h – òîëùèíà îáðàçöà, ìì.

Â ìîìåíò óäàðà ðåãèñòðèðîâàëàñü
çàâèñèìîñòü êîíòàêòíîé ñèëû îò âðå-
ìåíè. Ïðèìåð òàêîé çàâèñèìîñòè ïðè-
âåäåí íà ðèñ. 1.

Èç çàâèñèìîñòè êîíòàêòíîé ñèëû
îò âðåìåíè áûëà îïðåäåëåíà âåëè-
÷èíà èìïóëüñà óäàðíèêà J, ïðè êî-
òîðîì ïðîèñõîäèëî ðàçðóøåíèå îá-
ðàçöà:

J F f d� �max ( ) ,� �
�

0

(2)
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Ò à á ë è ö à 1. Ñîäåðæàíèå ìàññîâûõ ÷àñòåé â èññëåäóåìûõ ñîñòàâàõ

Êîìïîíåíò 1 2 3
4 5

êàðêàñ ìàòðèöà êàðêàñ ìàòðèöà

Ýïîêñèäíàÿ ñìîëà 100 100 100 100 100 100 100

Ïîëèýòèëåíïîëèàìèí 10 10 10 10 10 10 10

Àöåòîí – 10 – – 10 – 10

Ïîðòëàíäöåìåíò – – 100 – – – –

Ãðàíèòíûé ùåáåíü – – – 2000 – – –

Êèðïè÷íûé áîé – – – – – 1000 –

1 ASTM D 7136 / D 7136M-07. Standard Test Method for Measuring the Damage
Resistance of a Fiber-Reinforced Polymer Matrix Composite to a Drop-Weight Impact Event.

Ðèñ. 1. Ìîäåëüíàÿ êðèâàÿ çàâèñèìîñòè
ñèëû óäàðíèêà îò âðåìåíè



ãäå Fmax – ìàêñèìàëüíàÿ ñèëà, çàôèêñèðîâàííàÿ â ïðîöåññå ðàçðóøåíèÿ îá-
ðàçöà;
ô – ïðîäîëæèòåëüíîñòü êîíòàêòà óäàðíèêà ñ îáðàçöîì.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü. Èçãîòîâëåííûå îáðàçöû áûëè ðàçäåëåíû
íà äâå ÷àñòè. Ïåðâàÿ ÷àñòü îáðàçöîâ áûëà âûñòàâëåíà íà íàòóðíóþ êëèìàòè-
÷åñêóþ ýêñïîçèöèþ ñîãëàñíî ÃÎÑÒ 9.906–83 «Åäèíàÿ ñèñòåìà çàùèòû îò
êîððîçèè è ñòàðåíèÿ. Ñòàíöèè êëèìàòè÷åñêèå èñïûòàòåëüíûå. Îáùèå òðåáî-
âàíèÿ» Ãåëåíäæèêñêîãî öåíòðà êëèìàòè÷åñêèõ èñïûòàíèé èì. Ã.Â. Àêèìîâà.
Áûëî ïðîâåðåíî âëèÿíèå òðåõ âèäîâ íàòóðíîé êëèìàòè÷åñêîé ýêñïîçèöèè:
ïîä íàâåñîì, íà îòêðûòîé ïëîùàäêå, ñ ïîãðóæåíèåì â ìîðñêóþ âîäó. Äëè-
òåëüíîñòü íàòóðíîé ýêñïîçèöèè ñîñòàâëÿëà ãîä. Âòîðàÿ ÷àñòü îáðàçöîâ (êîí-
òðîëüíûå) õðàíèëàñü â òå÷åíèå ãîäà â êîìíàòíûõ óñëîâèÿõ ã. Ñàðàíñêà ïðè
òåìïåðàòóðå îò 20 äî 25 °Ñ è îòíîñèòåëüíîé âëàæíîñòè îò 35 äî 60 %. Ïîñëå
çàâåðøåíèÿ íàòóðíîé ýêñïîçèöèè íà âñå îáðàçöû íàíîñèëèñü óäàðíûå ïîâðå-
æäåíèÿ ñ ýíåðãèåé óäàðà, íîðìèðîâàííîé íà òîëùèíó îáðàçöà ñîãëàñíî
ASTM D 7136 (ìåòîä À).

Ïðèìåðû êðèâûõ çàâèñèìîñòè êîíòàêòíîé ñèëû óäàðà îò âðåìåíè äëÿ îá-
ðàçöîâ ñ ðàçëè÷íûìè óñëîâèÿìè ýêñïîçèöèè ïðèâåäåíû íà ðèñ. 2, 3 è â
òàáë. 2.

Îáñóæäåíèå ðåçóëüòàòîâ. Ðåçóëüòàòû èñïûòàíèé íà óäàðíóþ ïðî÷-
íîñòü ïîêàçûâàþò ñóùåñòâåííîå èçìåíåíèå ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ
ïîëèìåðáåòîíîâ ïîñëå ãîäà íàòóðíîé êëèìàòè÷åñêîé ýêñïîçèöèè. Îáùåé çà-
êîíîìåðíîñòüþ ÿâëÿåòñÿ ñíèæåíèå ìàêñèìàëüíîé êîíòàêòíîé ñèëû è èì-
ïóëüñà óäàðíèêà ïîñëå íàòóðíîé ýêñïîçèöèè. Òàê äëÿ ñîñòàâà ¹ 1, ïîñëå ýêñ-
ïîçèöèè íà îòêðûòîé ïëîùàäêå ìàêñèìàëüíàÿ êîíòàêòíàÿ ñèëà óìåíüøàåòñÿ
íà 52 %. Äëÿ ñîñòàâà ¹ 2 íàèáîëüøåå èçìåíåíèå ýòîãî ïîêàçàòåëÿ íàáëþäà-
ëîñü äëÿ îáðàçöà, íàõîäèâøåãîñÿ â ìîðñêîé âîäå. Óìåíüøåíèå ñîñòàâèëî
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Ðèñ. 2. Çàâèñèìîñòü èçìåíåíèÿ ñèëû óäàðíèêà îò âðåìåíè ïðè èñïûòàíèè îáðàçöîâ
ñîñòàâà ¹ 1

à – êîíòðîëüíûé îáðàçåö; á – ïîñëå ýêñïîçèöèè íà îòêðûòîé ïëîùàäêå; â – ïîä íàâåñîì;
ã – â ìîðñêîé âîäå



73 %. Ìàêñèìàëüíîå èçìåíåíèå Fmax äëÿ ñîñòàâà ¹ 3 îòìå÷àåòñÿ ïîñëå ýêñïî-
çèöèè íà îòêðûòîé ïëîùàäêå.

Ñëåäóåò îòìåòèòü, ÷òî êàðêàñíûå êîìïîçèòû, èçãîòîâëåííûå íà îñíîâå
ãðàíèòíîãî ùåáíÿ (ñîñòàâ ¹ 4), ïîêàçûâàþò íàèìåíüøåå èçìåíåíèå â ïðî÷-
íîñòíûõ ñâîéñòâàõ: ïðè ýêñïîçèöèè ïîä íàâåñîì ìàêñèìàëüíàÿ êîíòàêòíàÿ
ñèëà óìåíüøèëàñü íà 6 %, à ïðè ýêñïîçèöèè â ìîðñêîé âîäå – íà 28 %.

Â òàáë. 3 ïðèâåäåíû çíà÷åíèÿ èìïóëüñà óäàðíèêà, ïðè êîòîðîì ïðîèñõî-
äèëî ðàçðóøåíèå îáðàçöà äëÿ ðàçëè÷íûõ ñîñòàâîâ, èñïîëüçîâàííûõ â ýêñïå-
ðèìåíòå.

Àíàëèç ðåçóëüòàòîâ ýêñïåðèìåíòà ïîêàçûâàåò, ÷òî ñîñòàâû ¹ 1–3 íàðÿäó
ñ óìåíüøåíèåì ìàêñèìàëüíîé êîíòàêòíîé ñèëû ðàçðóøàþòñÿ ïðè ìåíüøèõ
çíà÷åíèÿõ èìïóëüñà óäàðíèêà. Íàïðèìåð, äëÿ ñîñòàâà ¹ 1, ýêñïîíèðîâàííîãî
â ìîðñêîé âîäå, ðàçðóøàþùàÿ ñèëà ñíèçèëàñü â 2 ðàçà, à âåëè÷èíà èìïóëüñà –
â 3,3 ðàçà.
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Ðèñ. 3. Çàâèñèìîñòè èçìåíåíèÿ ñèëû óäàðíèêà îò âðåìåíè ïðè èñïûòàíèè îáðàçöîâ
ñîñòàâà ¹ 4

à – êîíòðîëüíûé îáðàçåö; á – ïîñëå ýêñïîçèöèè íà îòêðûòîé ïëîùàäêå; â – ïîä íàâåñîì;
ã – â ìîðñêîé âîäå

Ò à á ë è ö à 2. Âëèÿíèå óñëîâèé ýêñïîíèðîâàíèÿ íà õàðàêòåðèñòèêè óäàðíûõ
ïîâðåæäåíèé ïîëèìåðáåòîíîâ

¹
ñîñòàâà

Ìàêñèìàëüíàÿ êîíòàêòíàÿ ñèëà, Í Ïðîäîëæèòåëüíîñòü êîíòàêòà, ìñ

êîíòðîëüíûé
îáðàçåö

ïîñëå ýêñïîçèöèè
êîíòðîëüíûé

îáðàçåö

ïîñëå ýêñïîçèöèè

íà
îòêðûòîé
ïëîùàäêå

ïîä
íàâåñîì

â ìîðñêîé
âîäå

íà
îòêðûòîé
ïëîùàäêå

ïîä
íàâåñîì

â ìîðñêîé
âîäå

1 45,8 21,8 42,2 23,2 13,1 9,8 7,9 7,6

2 23,7 7,4 20,4 6,3 9,5 2,5 5,5 3,1

3 20,9 6,0 18,1 11,7 12,4 3,8 9,8 6,1

4 42,9 31,0 40,4 30,7 7,3 11,1 6,9 8,5

5 43,4 17,4 36,6 41,8 16,6 8,4 11,8 10,9



Äëÿ ñîñòàâà ¹ 4 íà îñíîâå êàðêàñíîãî ïîëèìåðáåòîíà ýêñïîçèöèÿ â ìîð-
ñêîé âîäå â òå÷åíèå ãîäà ïðèâåëà ê ñíèæåíèþ ðàçðóøàþùåé ñèëû â 1,4 ðàçà
è óâåëè÷åíèþ èìïóëüñà, ïðèâåäøåãî ê ðàçðóøåíèþ îáðàçöà, – â 1,2 ðàçà. Äëÿ
îáðàçöîâ, ýêñïîíèðîâàííûõ íà îòêðûòîé ïëîùàäêå, âåëè÷èíà èìïóëüñà âîç-
ðîñëà â 1,4 ðàçà.

Âûâîäû. 1. Ïîñëå ýêñïîíèðîâàíèÿ ïîëèìåðáåòîíîâ â íàòóðíûõ êëèìà-
òè÷åñêèõ óñëîâèÿõ óìåðåííî òåïëîãî êëèìàòà Ãåëåíäæèêà ïðîèñõîäèò óõóä-
øåíèå èõ ñòîéêîñòè ê ìåõàíè÷åñêèì óäàðíûì íàãðóçêàì.

2. Èçìåíåíèÿ ìàêñèìàëüíîé êîíòàêòíîé ñèëû è óäàðíîãî èìïóëüñà ðàç-
ðóøåíèÿ çàâèñÿò îò ñîñòàâà ïîëèìåðáåòîíîâ è óñëîâèé íàòóðíîãî ýêñïîíèðî-
âàíèÿ.

3. Ñíèæåíèå ìàêñèìàëüíîé êîíòàêòíîé ñèëû êàðêàñíûõ êîìïîçèòîâ ïî-
ñëå íàòóðíîãî ýêñïîíèðîâàíèÿ ñîïðîâîæäàåòñÿ óâåëè÷åíèåì ïëàñòè÷íîñòè,
ñïîñîáñòâóþùåé ïîãëîùåíèþ ýíåðãèè ïðè ìåõàíè÷åñêèõ âîçäåéñòâèÿõ.
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Ò à á ë è ö à 3. Âëèÿíèå óñëîâèé ýêñïîíèðîâàíèÿ íà âåëè÷èíó
èìïóëüñà óäàðíèêà, ïðè êîòîðîì ïðîèñõîäèëî ðàçðóøåíèå
ïîëèìåðáåòîíîâ, Í · ìñ

¹
ñîñòàâà

Êîíòðîëüíûå
îáðàçöû

Ïîñëå ýêñïîçèöèè

íà îòêðûòîé
ïëîùàäêå

ïîä
íàâåñîì

â ìîðñêîé
âîäå

1 224 82 123 68

2 70 13 35 11

3 145 10 114 62

4 121 170 166 143

5 122 77 212 216
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EPOXY IMPACT RESISTANCE OF POLYMER CONCRETE

The article investigates the impact strength of unfilled, small and highly filled polymeric
materials. The binder used in the epoxy resin, and as a filler – Portland cement, crushed
granite, brick fight. Tests conducted by ASTM D 7136. It is experimentally established that
the reduction in the maximum contact force frame full-scale composites after exposure is
accompanied by an increase in plasticity conducive to the absorption of energy in the
mechanical effects.

K e y w o r d s: impact resistance, polymer, polymeric binders.
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ÓÄÊ 691.31:678.06

Ø.Ì. ÐÀÕÈÌÁÀÅÂ, À.Â. ÏÎËÎÂÍÅÂÀ, Ò.Â. ÀÍÈÊÀÍÎÂÀ

ÂËÈßÍÈÅ ÍÎÂÛÕ ÄÎÁÀÂÎÊ ÝËÅÊÒÐÎËÈÒÎÂ
ÍÀ ÑÂÎÉÑÒÂÀ ÌÅËÊÎÇÅÐÍÈÑÒÎÃÎ ÁÅÒÎÍÀ

Èçó÷åíî âëèÿíèå ðÿäà íîâûõ ìîäèôèöèðîâàííûõ äîáàâîê ýëåêòðîëèòîâ íà ñâîéñòâà
öåìåíòíîãî òåñòà. Ðàññìîòðåíî êîìïëåêñíîå äåéñòâèå äîáàâîê ýëåêòðîëèòîâ ñ ñóïåð-
è ãèïåðïëàñòèôèêàòîðàìè (Ñ-3, Sika Visco Crete) íà ñâîéñòâà öåìåíòíîãî òåñòà è êàì-
íÿ. Èññëåäîâàíî âëèÿíèå äîáàâîê íà ôèçèêî-ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìåëêî-
çåðíèñòîãî áåòîíà, òâåðäåâøåãî â ïðîïàðî÷íîé êàìåðå ïðè ïîíèæåííîé òåìïåðàòóðå
òåïëîâîé îáðàáîòêè 40 °Ñ.

Ê ë þ ÷ å â û å ñ ë î â à: ýëåêòðîëèòû, äîáàâêè – óñêîðèòåëè ñõâàòûâàíèÿ è òâåðäåíèÿ,
ñðîêè ñõâàòûâàíèÿ, ìåëêîçåðíèñòûé áåòîí.

Ñðîêè ñõâàòûâàíèÿ öåìåíòíîãî òåñòà îêàçûâàþò çíà÷èòåëüíîå âëèÿíèå
íà ôîðìèðîâàíèå ñòðîèòåëüíî-òåõíè÷åñêèõ ñâîéñòâ áåòîííûõ èçäåëèé è êîí-
ñòðóêöèé è òåõíèêî-ýêîíîìè÷åñêèå ïîêàçàòåëè ñòðîèòåëüíîé îòðàñëè. Òåì
íå ìåíåå ýòîìó âîïðîñó êàê â îòå÷åñòâåííîé, òàê è â çàðóáåæíîé ëèòåðàòóðå
íå óäåëÿåòñÿ äîëæíîãî âíèìàíèÿ [1]. Âðåìÿ æèâó÷åñòè, êàê ïðàâèëî, â 1,5–2
ðàçà êîðî÷å, ÷åì âðåìÿ íà÷àëà ñõâàòûâàíèÿ. Èç ýòîãî ñëåäóåò, ÷òî âðåìÿ íà÷à-
ëà ñõâàòûâàíèÿ æåëàòåëüíî â ïðåäåëàõ íå áîëåå 1,5 ÷, ÷òî è îòðàæåíî â ñîâðå-
ìåííûõ íîðìàòèâíî-òåõíè÷åñêèõ äîêóìåíòàõ Ðîññèè è Åâðîïû (ïðåäóñìîò-
ðåíî 45–60 ìèí). Â ñâÿçè ñ ýòèì â ðÿäå ñëó÷àåâ, êîãäà âðåìÿ íà÷àëà ñõâàòûâà-
íèÿ öåìåíòà, êîòîðûé èñïîëüçóåòñÿ äëÿ èçãîòîâëåíèÿ èçäåëèé, ñîñòàâëÿåò
2–4 ÷ è áîëåå, åãî íàäî óñêîðÿòü.

Îêîí÷àíèå ñõâàòûâàíèÿ ïîêàçûâàåò âðåìÿ, â òå÷åíèå êîòîðîãî áåòîííàÿ
ñìåñü ïðåâðàùàåòñÿ â êàìíåâèäíîå òåëî, è âñêîðå ïîñëå ýòîãî èçäåëèå íå-
ñëîæíîé ôîðìû è íåáîëüøîãî ðàçìåðà ìîæíî ðàñôîðìîâûâàòü äëÿ ïðîäîë-
æåíèÿ òåõíîëîãè÷åñêîãî ïðîöåññà. Ïîýòîìó íåæåëàòåëüíî âðåìÿ êîíöà ñõâà-
òûâàíèÿ, ïðåâûøàþùåå 5–6 ÷. Ìåæäó òåì â ÃÎÑÒ 10178�85 âðåìÿ íà÷àëà
ñõâàòûâàíèÿ äîïóñêàåòñÿ äî 10�12 ÷, ÷òî ñîâåðøåííî íåïðèåìëåìî ñ òåõíî-
ëîãè÷åñêîé òî÷êè çðåíèÿ è ïðèâîäèò êàê ê íåäîáîðó ïðî÷íîñòè, òàê è ê ñèëü-
íîìó ïàäåíèþ ïðîèçâîäèòåëüíîñòè òðóäà, îñîáåííî ïðè êîíâåéåðíîé òåõíî-
ëîãèè ïðîèçâîäñòâà èçäåëèé è íà ïëîùàäêå ìîíîëèòíîãî ñòðîèòåëüñòâà.

Â Åâðîñòàíäàðòå è ÃÎÑÒ ÐÔ 31108�2003 âðåìÿ êîíöà ñõâàòûâàíèÿ âî-
îáùå íå íîðìèðóåòñÿ, äîïóñêàåòñÿ è 15–20 ÷, ÷òî èíîãäà íàáëþäàåòñÿ íà
ïðàêòèêå, îñîáåííî ïðè ââîäå íåêîòîðûõ äîáàâîê. Â ñâÿçè ñ ýòèì íåîáõîäèìî
ðåãóëèðîâàòü âðåìÿ êîíöà ñõâàòûâàíèÿ, òî÷íåå, íóæíî ñîêðàùàòü èíòåðâàë
ìåæäó íà÷àëîì è êîíöîì ñõâàòûâàíèÿ, òàê êàê íà÷àëî ñõâàòûâàíèÿ äîëæíî
áûòü äîñòàòî÷íî ïðîäîëæèòåëüíûì, ÷òîáû ìîæíî áûëî ñïîêîéíî èçãîòàâëè-
âàòü èçäåëèÿ äàæå ñëîæíîé ôîðìû. Íî ïîñëå òîãî êàê èçäåëèå çàôîðìîâàíî,
æåëàòåëüíî íåìåäëåííîå íàñòóïëåíèå êîíöà ñõâàòûâàíèÿ, â èäåàëå èíòåðâàë
ñõâàòûâàíèÿ äîëæåí ðàâíÿòüñÿ íóëþ, íî òàêèõ öåìåíòîâ íåò. Òåì íå ìåíåå
ïðàêòèêà ïîêàçûâàåò, ÷òî ñ ïîìîùüþ ðÿäà äîáàâîê è äðóãèìè ñïîñîáàìè
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èíòåðâàë ñõâàòûâàíèÿ ìîæíî ñîêðàùàòü [2, 3]. Â ÷àñòíîñòè, îí çàâèñèò îò
âîäîöåìåíòíîãî îòíîøåíèÿ: ÷åì îíî áîëüøå, òåì ïðîäîëæèòåëüíåå èíòåðâàë
ñõâàòûâàíèÿ. Èñïîëüçîâàíèå ñóïåð- è ãèïåðïëàñòèôèêàòîðîâ, êîòîðûå ïî-
çâîëÿþò ñíèçèòü âîäîïîòðåáíîñòü áåòîííîé ñìåñè íîðìàëüíîé ãóñòîòû äî
0,3 è ìåíåå, îáåñïå÷èâàåò ñîêðàùåíèå èíòåðâàëà ñõâàòûâàíèÿ. Áîëüøîå
âëèÿíèå íà ñðîêè ñõâàòûâàíèÿ îêàçûâàåò òåìïåðàòóðà. Ñ åå ïîâûøåíèåì ñðî-
êè è èíòåðâàë ñõâàòûâàíèÿ ñîêðàùàþòñÿ.

Ñêîðîñòü ãèäðàòàöèè ïîðòëàíäöåìåíòà è äðóãèõ íåîðãàíè÷åñêèõ âÿæó-
ùèõ ëèìèòèðóåòñÿ èíòåíñèâíîñòüþ äèôôóçèè èîíîâ êàëüöèÿ èç çîíû ãèäðà-
òàöèè â ïîðîâóþ ñòðóêòóðó áåòîííîé ñìåñè [4]. Âñå ïðèåìû, êîòîðûå ïîçâî-
ëÿþò óâåëè÷èòü è óñêîðèòü âûõîä èîíîâ êàëüöèÿ â ïîðîâîå ïðîñòðàíñòâî áå-
òîííîé ñìåñè, ïîçâîëÿþò ñîêðàùàòü ñõâàòûâàíèå. Îäíèì èç ïðàêòè÷åñêèõ
ïðèåìîâ ðåàëèçàöèè òàêîãî ïîäõîäà ÿâëÿåòñÿ èñïîëüçîâàíèå äîáàâîê, êîòî-
ðûå îáðàçóþò ñ èîíàìè êàëüöèÿ ñîåäèíåíèÿ ñ ìàêñèìàëüíîé ðàñòâîðèìî-
ñòüþ. Òîãäà â æèäêîé ôàçå áåòîííîé ñìåñè áóäåò ïîääåðæèâàòüñÿ âûñîêàÿ
êîíöåíòðàöèÿ èîíîâ êàëüöèÿ, äîñòèãàòüñÿ ìàêñèìàëüíîå ïåðåñûùåíèå æèä-
êîé ôàçû ïî îòíîøåíèþ ê ãèäðàòíûì ñîåäèíåíèÿì. Àíàëèç ëèòåðàòóðíûõ
äàííûõ ïî ðàñòâîðèìîñòè êàëüöèåâûõ ñîëåé ðàçëè÷íûõ àíèîíîâ ïîêàçûâàåò,
÷òî ïîñëåäíèå ðàñïîëàãàþòñÿ â ïîðÿäêå ðîñòà ðàñòâîðèìîñòè êàëüöèåâûõ ñî-
ëåé ñëåäóþùèì îáðàçîì: NO3

� , CNS–, S O2 3
2� , Cl–. Ýòîò ðÿä ïîëíîñòüþ ñîâïà-

äàåò ñ çàêîíîìåðíîñòüþ, ýìïèðè÷åñêè óñòàíîâëåííîé ÿïîíñêèìè èññëåäîâà-
òåëÿìè.

Áûëî èçó÷åíî âëèÿíèå äîáàâîê íà íîðìàëüíóþ ãóñòîòó, ñðîêè ñõâàòûâà-
íèÿ öåìåíòíîãî òåñòà, âîäîïîòðåáíîñòü è ïðî÷íîñòíûå õàðàêòåðèñòèêè ìåë-
êîçåðíèñòîãî áåòîíà.

Îïðåäåëåíèå ñðîêîâ ñõâàòûâàíèÿ è íîðìàëüíîé ãóñòîòû öåìåíòíîãî
òåñòà áåç äîáàâîê è ñ óïîìÿíóòûìè ñîëÿìè ïðîâîäèëèñü ïî ÃÎÑÒ 310.3�76.
Ðåçóëüòàòû èññëåäîâàíèé ïðèâåäåíû â òàáë. 1.

Èç ïðèâåäåííûõ äàííûõ âèäíî, ÷òî äîáàâêè íå âëèÿþò íà âîäîïîòðåá-
íîñòü öåìåíòíîãî òåñòà. Ïðè ââîäå äîáàâêè ÕÂÍ ñðîêè ñõâàòûâàíèÿ óìåíü-

Âëèÿíèå íîâûõ äîáàâîê ýëåêòðîëèòîâ íà ñâîéñòâà ìåëêîçåðíèñòîãî áåòîíà
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Ò à á ë è ö à 1. Ñðîêè ñõâàòûâàíèÿ öåìåíòíîãî òåñòà ñ ñîëÿìè ýëåêòðîëèòîâ

Äîáàâêà Â/Ö
Íà÷àëî

ñõâàòûâàíèÿ,
ìèí

Èíòåðâàë,
ìèí

Êîíåö
ñõâàòûâàíèÿ,

ìèí

Áåëãîðîäñêèé öåìåíò

– 0,26 120 95 215

ÕÂÍ 0,5 % 0,26 125 56 180

ÕÂÍ 1 % 0,26 115 45 160

Êàëèé ñåðíîêèñëûé (Ì) 0,5 % 0,26 160 55 215

Íàòðèé ñåðíîêèñëûé (Ì) 0,5 % 0,26 145 75 220

Ñåáðÿêîâñêèé öåìåíò

– 0,26 115 80 185

ÕÂÍ 0,5 % 0,26 125 45 170

ÕÂÍ 1 % 0,26 120 60 180

Êàëèé ñåðíîêèñëûé (Ì) 0,5 % 0,26 135 45 180

Íàòðèé ñåðíîêèñëûé (Ì) 0,5 % 0,26 130 40 170



øàþòñÿ äî 25 % ïî ñðàâíåíèþ ñ ÷èñòûì öåìåíòîì. Î÷åâèäíî, ÷òî ñðîê «æè-
âó÷åñòè» öåìåíòíîãî òåñòà îñòàåòñÿ íåèçìåííûì, òàê êàê ñîêðàùàåòñÿ âðåìÿ
êîíöà ñõâàòûâàíèÿ.

Äîáàâêà êàëèÿ ñåðíîêèñëîãî (Ì) ïîçâîëÿåò óâåëè÷èòü âðåìÿ íà÷àëà ñõâà-
òûâàíèÿ íà 30 è 20 % áåëãîðîäñêîãî è ñåáðÿêîâñêîãî öåìåíòîâ ñîîòâåòñòâåí-
íî ïî ñðàâíåíèþ ñ ÷èñòûìè öåìåíòàìè. Èíòåðâàë ìåæäó íà÷àëîì è êîíöîì
ñõâàòûâàíèÿ ñîêðàùàåòñÿ íà 40 %. Íàòðèé ñåðíîêèñëûé (Ì) îáëàäàåò ïðè-
ìåðíî òàêèì æå äåéñòâèåì: íà÷àëî ñõâàòûâàíèÿ óâåëè÷èâàåòñÿ íà 20 %, à èí-
òåðâàë óìåíüøàåòñÿ íà 20 è 40 % äëÿ áåëãîðîäñêîãî è ñåáðÿêîâñêîãî öåìåí-
òîâ ñîîòâåòñòâåííî.

Ïðåäñòàâëÿåò ïðàêòè÷åñêèé èíòåðåñ ñîâìåñòíîå äåéñòâèå ýëåêòðîëèòîâ
ñ äîáàâêàìè ïëàñòèôèêàòîðîâ. Â ðàìêàõ äàííîé ðàáîòû áûëî ðàññìîòðåíî
âçàèìîäåéñòâèå ñóïåðïëàñòèôèêàòîðà Ñ-3 ñ èçó÷àåìûìè ýëåêòðîëèòàìè.

Ýêñïåðèìåíò ïîêàçàë, ÷òî ñìåñü ñóïåðïëàñòèôèêàòîðà Ñ-3 è äàííûõ
ýëåêòðîëèòîâ çíà÷èòåëüíî ñîêðàùàåò âðåìÿ íà÷àëà ñõâàòûâàíèÿ è óâåëè÷è-
âàåò åãî èíòåðâàë. Ïðè ýòîì ñðîêè ñõâàòûâàíèÿ óäîâëåòâîðÿþò òðåáîâàíèÿì
ÃÎÑÒ 31108�2003, çà èñêëþ÷åíèåì Ñ-3 (0,4 %) + ÕÂÍ (1 %). Â òàáë. 2 ïðè-
âåäåíû ðåçóëüòàòû èññëåäîâàíèÿ êîìïëåêñíîãî äåéñòâèÿ ãèïåðïëàñòèôè-
êàòîðîâ è ñóëüôàíèëîâîé êèñëîòû.

Äîáàâêà ñóëüôàíèëîâîé êèñëîòû â äîçèðîâêå îò 0,5 äî 1 % íå îêàçûâàåò
ñóùåñòâåííîãî ïîëîæèòåëüíîãî âëèÿíèÿ íà ñðîêè ñõâàòûâàíèÿ öåìåíòíî-
ãî òåñòà, ïðè ýòîì îáëàäàåò ñëàáûì ðàçæèæàþùèì äåéñòâèåì. Â êîìïëåêñå
ñ ãèïåðïëàñòèôèêàòîðîì Sika Visco Crete îíà ñíèìàåò óäëèíèâøèåñÿ ñðîêè
ñõâàòûâàíèÿ. Äîçèðîâêà äîáàâêè ìîæåò áûòü î÷åíü íèçêîé, ýòî îáóñëîâëèâà-
åòñÿ ñëàáîé ðàñòâîðèìîñòüþ ñóëüôàíèëîâîé êèñëîòû â âîäå.

Äîáàâêè íåîðãàíè÷åñêèõ ýëåêòðîëèòîâ äâîÿêî âëèÿþò íà ðàçíîñòü êîí-
öåíòðàöèé èîíîâ êàëüöèÿ ó ïîâåðõíîñòè è â ïîðàõ æèäêèõ ãèäðàòíûõ íîâî-
îáðàçîâàíèé. Ïðè ââîäå óñêîðèòåëåé, íàïðèìåð, êàëüöèíèðîâàííîé ñîäû,
ïîòàøà óâåëè÷èâàåòñÿ äèôôóçèÿ èîíîâ Ñà îò çîíû ãèäðàòàöèè â ìåæïîðîâîå
ïðîñòðàíñòâî. Ñîäà «âûñàæèâàåò» èîíû Ñà â æèäêîé ôàçå â âèäå ñëàáîðàñ-
òâîðèìîãî êàðáîíàòà è ðåçêî ñíèæàåò èõ êîíöåíòðàöèþ â æèäêîé ôàçå. Ýòî
óñêîðÿåò âûõîä èîíîâ Ñà ÷åðåç ïëåíêó ãèäðàòíûõ íîâîîáðàçîâàíèé â æèä-
êóþ ôàçó. ÕÂÍ äåéñòâóþò ïî-äðóãîìó – óâåëè÷èâàåòñÿ ðàñòâîðèìîñòü èç-
âåñòè â æèäêîé ôàçå è ïîâûøàåòñÿ åìêîñòü ïîðîâîé æèäêîñòè ïî èîíó Ñà,
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Ò à á ë è ö à 2. Ñðîêè ñõâàòûâàíèÿ öåìåíòíîãî òåñòà ñ êîìïëåêñíîé äîáàâêîé
ãèïåðïëàñòèôèêàòîðà è äîáàâêè ñóëüôàíèëîâîé êèñëîòû íà ñåáðÿêîâñêîì öåìåíòå

Äîáàâêà Â/Ö
Íà÷àëî

ñõâàòûâàíèÿ,
ìèí

Èíòåðâàë,
ìèí

Êîíåö
ñõâàòûâàíèÿ,

ìèí

– 0,26 115 80 185

Sika Visco Crete 0,22 85 355 440

Ñóëüôàíèëîâàÿ êèñëîòà 1 % 0,24 150 120 270

Ñóëüôàíèëîâàÿ êèñëîòà 0,5 % 0,24 135 105 240

Sika Visco Crete + ñóëüôàíèëîâàÿ êèñëîòà 0,5 % 0,21 120 100 220

Sika Visco Crete + ñóëüôàíèëîâàÿ êèñëîòà 0,2 % 0,21 115 115 230

Sika Visco Crete (0,4 % æèäê.) + ñóëüôàíèëîâàÿ
êèñëîòà 0,1 % 0,215 125 150 275



÷òî óñêîðÿåò ãèäðàòàöèþ êëèíêåðíûõ ìèíåðàëîâ è ñîêðàùàåò ñðîêè ñõâà-
òûâàíèÿ.

Áûëî èçó÷åíî âëèÿíèå äàííûõ ýëåêòðîëèòîâ íà òâåðäåíèå öåìåíòíîãî
êàìíÿ. Îáðàçöû òâåðäåëè â êàìåðå òåïëîâëàæíîñòíîé îáðàáîòêè ïî ðåæèìó
2 + 6 + 2 ïðè ïîíèæåííîé òåìïåðàòóðå òåïëîâîé îáðàáîòêè 40 °Ñ. Ðåçóëüòà-
òû ïðåäñòàâëåíû â òàáë. 3.

Èññëåäóåìûå äîáàâêè íå îêàçàëè çíà÷èòåëüíîãî âëèÿíèÿ íà ïðî÷íîñò-
íûå õàðàêòåðèñòèêè áåëãîðîäñêîãî öåìåíòà. Èñêëþ÷åíèåì ÿâëÿåòñÿ íàòðèé
ñåðíîêèñëûé, êîòîðûé ïðèâåë ê óâåëè÷åíèþ ïðî÷íîñòè íà 30 % ïî ñðàâíå-
íèþ ñ ÷èñòûì öåìåíòîì. Ââîä ýòèõ äîáàâîê ê ñåáðÿêîâñêîìó öåìåíòó äàåò
ïðèðîñò ïðî÷íîñòè äî 20 %.

Áûëî èçó÷åíî âëèÿíèå ñìåñè ñîëåé ýëåêòðîëèòîâ ñ ïëàñòèôèêàòîðàìè
íà òâåðäåíèå ìåëêîçåðíèñòîãî áåòîíà (òàáë. 4).

Íàèáîëüøèé ïðèðîñò ïðî÷íîñòè äàåò äîáàâêà íàòðèÿ ñåðíîêèñëîãî (Ì)
â ñî÷åòàíèè ñ ïëàñòèôèêàòîðàìè Ñ-3 è Sika Visco Crete (31 è 38 % ñîîòâåò-
ñòâåííî). Îíà ïîêàçàëà îïòèìàëüíûå ðåçóëüòàòû ïî ñðîêàì ñõâàòûâàíèÿ
öåìåíòíîãî òåñòà. Ñðîêè ñîêðàùàþòñÿ çà ñ÷åò óìåíüøåíèÿ èíòåðâàëîâ ñõâà-
òûâàíèÿ.

Âûâîäû. Äîáàâêà ÕÂÍ ìîæåò áûòü ïðèìåíåíà êàê óñêîðèòåëü ñõâàòûâà-
íèÿ öåìåíòíûõ ñèñòåì. Åå ïîëîæèòåëüíîé îñîáåííîñòüþ ÿâëÿåòñÿ òî, ÷òî ïå-
ðèîä «æèâó÷åñòè» ñìåñè îñòàåòñÿ íåèçìåííûì. Äîáàâêè íàòðèÿ ñåðíîêèñëî-
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Ò à á ë è ö à 3. Ïðåäåë ïðî÷íîñòè íà ñæàòèå ìåëêîçåðíèñòîãî áåòîíà ñ äîáàâêàìè
ýëåêòðîëèòîâ

Äîáàâêà Äîçèðîâêà,
%

Ïðåäåë ïðî÷íîñòè íà ñæàòèå, ÌÏà

áåëãîðîäñêèé öåìåíò
(ÖÅÌ I)

ñåáðÿêîâñêèé öåìåíò
(ÖÅÌ II)

– – 14,1 1

ÕÂÍ 0,5 12,65 11,2

ÕÂÍ 1 14,7 12,2

Êàëèé ñåðíîêèñëûé (Ì) 0,5 13,1 9,8

Íàòðèé ñåðíîêèñëûé (Ì) 0,5 18,5 10,5

Ò à á ë è ö à 4. Ïðåäåë ïðî÷íîñòè íà ñæàòèå ìåëêîçåðíèñòîãî áåòîíà íà áåëãîðîäñêîì
öåìåíòå ñ äîáàâêàìè ýëåêòðîëèòîâ è ïëàñòèôèêàòîðîâ

Äîáàâêà
Ïðåäåë

ïðî÷íîñòè íà
ñæàòèå, ÌÏà

Äîáàâêà
Ïðåäåë

ïðî÷íîñòè íà
ñæàòèå, ÌÏà

– 14,1 Ñóëüôàíèëîâàÿ êèñëîòà 0,5 % + Ñ-3 15,1

Ñ-3 (0,4 %) 16,4 Sika Visco Crete 17,1

ÕÂÍ 0,5 % + Ñ-3 (0,4 %) 16,5 ÕÂÍ 0,5 % + Sika Visco Crete 16,8

ÕÂÍ 1 % + Ñ-3 (0,4 %) 16,9 ÕÂÍ 1 % + Sika Visco Crete 18,2

Êàëèé ñåðíîêèñëûé (Ì)
0,5 % + Ñ-3 (0,4 %)

15,5
Êàëèé ñåðíîêèñëûé (Ì)
0,5 % + Sika Visco Crete

15,8

Íàòðèé ñåðíîêèñëûé (Ì)
0,5 % + Ñ-3 (0,4 %)

19,0
Íàòðèé ñåðíîêèñëûé (Ì)
0,5 % + Sika Visco Crete

19,5

Ñóëüôàíèëîâàÿ êèñëîòà
0,5 % + Ñ-3 (0,4 %)

17,3
Ñóëüôàíèëîâàÿ êèñëîòà
0,5 % + Sika Visco Crete

18,2



ãî è êàëèÿ ñåðíîêèñëîãî èìåþò ïðèáëèçèòåëüíî îäèíàêîâîå äåéñòâèå. Îíè
óâåëè÷èâàþò âðåìÿ íà÷àëà ñõâàòûâàíèÿ, à åãî êîíåö îñòàåòñÿ íåèçìåííûì.
Ïîëîæèòåëüíûé ýôôåêò íîâîé äîáàâêè ÕÂÍ âûøå, ÷åì äðóãèõ, îñîáåííî
íà ñåáðÿêîâñêîì öåìåíòå. Èññëåäóåìûå äîáàâêè â ðÿäå ñëó÷àåâ óâåëè÷èâàþò
ïðî÷íîñòü ìåëêîçåðíèñòîãî áåòîíà, ÷òî îáóñëîâëåíî óñêîðåíèåì ãèäðàòàöèè
êëèíêåðíûõ ìèíåðàëîâ. Ñëåäîâàòåëüíî, äàííûå äîáàâêè ìîæíî èñïîëüçîâàòü
â êà÷åñòâå ðåãóëÿòîðîâ ñðîêîâ ñõâàòûâàíèÿ. Ñîâìåñòíî ñ ñóïåðïëàñòèôèêàòî-
ðîì Ñ-3 îíè îêàçûâàþò îáðàòíîå äåéñòâèå íà ñðîêè ñõâàòûâàíèÿ. Ïðè ýòîì
èçó÷àåìûå ýëåêòðîëèòû íå ñíèæàþò ïëàñòèôèöèðóþùåãî äåéñòâèÿ Ñ-3.

Äîáàâêà ñóëüôàíèëîâîé êèñëîòû â äîçèðîâêå 0,1�0,3 % îáëàäàåò ñëàáûì
ðàçæèæàþùèì äåéñòâèåì è íå âëèÿåò íà ñðîêè ñõâàòûâàíèÿ. Ïðè ñîâìåñòíîì
äåéñòâèè ñóëüôàíèëîâîé êèñëîòû ñ Ñ-3 è Sika Visco Crete îíà ñíèìàåò óäëèíèâ-
øèåñÿ ñðîêè ñõâàòûâàíèÿ äî ñîñòîÿíèÿ ÷èñòîãî öåìåíòà áåç äîáàâîê.
Èññëåäîâàííûå äîáàâêè ïðåäñòàâëÿþò ïðàêòè÷åñêèé èíòåðåñ, òàê êàê ñîêðàùà-
þò èíòåðâàë ñõâàòûâàíèÿ. Ñóëüôàíèëîâàÿ êèñëîòà â êîìïëåêñå ñ ãèïåðïëàñòè-
ôèêàòîðîì ñíèìàåò óäëèíèâøèåñÿ ñðîêè ñõâàòûâàíèÿ. Ýòî ïîçâîëÿåò óñêîðèòü
òâåðäåíèå èçäåëèé è óâåëè÷èòü îáîðà÷èâàåìîñòü ôîðì íà çàâîäàõ ñòðîéèíäóñò-
ðèè è ñòðîéïëîùàäêàõ, ÷òî ïðèâåäåò ê ýêîíîìèè òðóäîâûõ, ìàòåðèàëüíûõ ðå-
ñóðñîâ, ïîâûñèò ïðîèçâîäèòåëüíîñòü òðóäà â ñòðîèòåëüíîé îòðàñëè.
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INFLUENCE OF NEW ADDITIVES ELECTROLYTES
ON FINE- GRAINED CONCRETE PROPERTIES

Influence of a number of new modified electrolytes additives on properties of cement dough
is studied. Complex action of electrolytes additives and mixed it with softener (S-3, Sika
Visco Crete) on properties of cement dough is considered. Influence of additives on
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physical and mechanical characteristics of fine-grained concrete hardening in the steaming
camera at a lowered temperature of thermal treatment 40 °C is studied.

K e y w o r d s: electrolytes, additives – setting and hardening accelerators, setting time,
fine-grained concrete.
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ÑÀÍÈÒÀÐÍÀß ÒÅÕÍÈÊÀ

ÓÄÊ 697.921.42

Å.Â. ÂÀÐÑÅÃÎÂÀ, Â.Í. ÏÎÑÎÕÈÍ

ÎÁ ÓÑËÎÂÈßÕ ÏÐÅÄÅËÜÍÎÃÎ ÓËÀÂËÈÂÀÍÈß ÏÎÒÎÊÀ
ÂÐÅÄÍÛÕ ÂÛÄÅËÅÍÈÉ ÌÅÑÒÍÛÌ ÎÒÑÎÑÎÌ

Àíàëèçèðóåòñÿ âëèÿíèå ïîòîêà âðåäíûõ âûäåëåíèé, ïîäòåêàþùåãî ê îòñîñó, íà
ôîðìó âèõðåâûõ çîí, îáðàçóþùèõñÿ íà îñòðûõ êðîìêàõ. Ïîêàçàíî, ÷òî ðàçìåðû
âèõðåâûõ çîí áûñòðî óìåíüøàþòñÿ ñ óâåëè÷åíèåì ñêîðîñòè ïîòîêà. Ýòîò ôàêò ïðåä-
ëàãàåòñÿ ó÷èòûâàòü ïðè ôîðìóëèðîâàíèè óñëîâèé ïðåäåëüíîãî óëàâëèâàíèÿ ïîòîêà
îòñîñîì.

Ê ë þ ÷ å â û å ñ ë î â à: ïîòîê âðåäíûõ âûäåëåíèé, îòñîñ, óñëîâèÿ ïðåäåëüíîãî óëàâ-
ëèâàíèÿ.

Ïðåäåëüíûì óëàâëèâàíèåì ïðèíÿòî íàçûâàòü òàêîé ðåæèì äåéñòâèÿ
ìåñòíîãî îòñîñà, ïðè êîòîðîì çàõâàò ïîòîêà âðåäíûõ âûäåëåíèé îò èñòî÷íè-
êà ïðîèñõîäèò ïðè ìèíèìàëüíîé èíòåíñèâíîñòè îòñîñà. Óâåëè÷èâàÿ èíòåí-
ñèâíîñòü ïîñëåäíåãî ïîëó÷àþò ðåæèì èçáûòî÷íîãî óëàâëèâàíèÿ, óìåíüøàÿ –
ðåæèì íåïîëíîãî óëàâëèâàíèÿ.

Â ðàáîòå [1] ñôîðìóëèðîâàíû óñëîâèÿ ïðåäåëüíîãî óëàâëèâàíèÿ äëÿ
îòñîñîâ îòêðûòîãî òèïà, ðàçëè÷íûì îáðàçîì ðàñïîëîæåííûõ îòíîñèòåëüíî
òåïëîèñòî÷íèêîâ – ñîîñíûõ, áîêîâûõ, íèæíèõ. Ðèñ. 1, à èëëþñòðèðóåò ãåî-
ìåòðèþ òåïëîâîé ñòðóè äëÿ ðàçíûõ ðåæèìîâ óëàâëèâàíèÿ ïðè ñîîñíîì ðàñ-
ïîëîæåíèè èñòî÷íèêà è îòñîñà. Ïðåäåëüíîìó ðåæèìó ñîîòâåòñòâóåò çàìûêà-
íèå ãðàíèö ñòðóè íà êðàÿõ îòñîñà, íàëè÷èå âèõðåâûõ çîí íà îñòðûõ êðîìêàõ
îòñîñà íå ó÷èòûâàëîñü. Ïîçäíåå â ðàáîòå [2] óñëîâèå ïðåäåëüíîãî óëàâëèâà-
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Ðèñ. 1. Ðåæèìû äåéñòâèÿ îòñîñà
à – âèõðåâûå çîíû íå ïðèíèìàþòñÿ âî âíèìàíèå; á – ó÷èòûâàåòñÿ íàëè÷èå âèõðå-

âûõ çîí
Ðåæèìû óëàâëèâàíèÿ: 1 – ïðåäåëüíîãî; 2 – íåïîëíîãî; 3 – èçáûòî÷íîãî



íèÿ áûëî ñôîðìóëèðîâàíî ñ ó÷åòîì ýòîãî ôàêòà – ïðåäåëüíîìó ðåæèìó ñîîò-
âåòñòâóåò çàìûêàíèå ãðàíèö ñòðóè íà êðàÿõ âèõðåâûõ çîí, îïðåäåëÿþùèõ
ðàçìåðû ýôôåêòèâíî âñàñûâàþùåé ïëîùàäè ïðèåìíîãî îòâåðñòèÿ îòñîñà
(ðèñ. 1, á).

Î÷åðòàíèÿ ñâîáîäíûõ ëèíèé òîêà, îãðàíè÷èâàþùèõ âèõðåâûå çîíû äëÿ
ùåëåâèäíûõ è êðóãëûõ âñàñûâàþùèõ ïàòðóáêîâ, îïðåäåëåíû â ðàáîòàõ [3, 4].
Îêàçàëîñü, ÷òî ðàçìåðû h h hý ý� / , r r rý ý� / ïðàêòè÷åñêè îäèíàêîâû. Â óêàçàí-
íûõ âûøå ðàáîòàõ íå ó÷èòûâàëîñü «çàòàëêèâàþùåå» äåéñòâèå ïîòîêà âðåä-
íûõ âûäåëåíèé.

Â ðàáîòå [5] ðàññìîòðåíà ïëîñêàÿ çàäà÷à î ôîðìå ñâîáîäíîé ëèíèè òîêà
ïðè íàëè÷èè íàáåãàþùåãî ðàâíîìåðíîãî ïîòîêà, ìîäåëèðóþùåãî ñòðóþ,
âîñõîäÿùóþ íàä èñòî÷íèêîì. Çàäà÷à ðåøàëàñü â ðàìêàõ òåîðèè ïîòåíöèàëü-
íûõ òå÷åíèé èäåàëüíîé æèäêîñòè. Ïîëó÷åíû óðàâíåíèÿ ëèíèé òîêà, â òîì
÷èñëå ñâîáîäíîé ëèíèè òîêà, äëÿ êîòîðîé:
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ãäå 0 � � �
 – ïàðàìåòðè÷åñêàÿ ïåðåìåííàÿ;

b v v� � �� �( ) / ( )1 1 ; v v h Q� �� 2 / ;

v� – ñêîðîñòü íàáåãàþùåãî ïîòîêà;
Q – óäåëüíàÿ èíòåíñèâíîñòü îòñîñà.

Ýòà çàäà÷à ðåøàåòñÿ ÷èñëåííûì ìåòîäîì ñ èñïîëüçîâàíèåì êîìïëåêñà
ïðîãðàìì Ansys Fluent. Ðàññìàòðèâàåòñÿ ïëîñêîå òå÷åíèå âÿçêîé æèäêîñòè
âáëèçè ùåëåâîãî âñàñûâàþùåãî ïàòðóáêà ïðè íàëè÷èè ïîòîêà íàáåãàþùåãî ñî
ñêîðîñòüþ v� . Ñèììåòðè÷íàÿ ïîëîâèíà îáëàñòè òå÷åíèÿ ïîêàçàíà íà ðèñ. 2.
Â òî÷êå B íàáåãàþùèé ïîòîê ðàçäåëÿåòñÿ,
÷àñòü åãî ïîñòóïàåò â îòñîñ, à ÷àñòü ñî ñêîðî-
ñòüþ v� óõîäèò äàëåå. Íà ãðàíèöå AD ñêî-
ðîñòü ðàâíà v Q h0 2� / . Ãðàíèöû EF AG, –
ïðîíèöàåìû; ABC CA, – íåïðîíèöàåìû;
ED – îñü ñèììåòðèè; FG – óäàëåííàÿ ëèíèÿ
òîêà, ïàðàëëåëüíàÿ îñè x. Ðàçìåðû ðàñ÷åòíîé
îáëàñòè: H H h� �/ 10; L L l� �/ 20. Ðåøàåò-
ñÿ ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé
äâèæåíèÿ, äîïîëíåííàÿ óðàâíåíèåì ãàçîâîãî
ñîñòîÿíèÿ. Èñïîëüçóåòñÿ ìîäåëü çàìûêàíèÿ
k �� «ñòàíäàðòíàÿ», â îáëàñòè, ïðèëåãàþùåé
ê íåïðîíèöàåìûì ãðàíèöàì, ïðèìåíÿþòñÿ
ðàñøèðåííûå ïðèñòåíî÷íûå ôóíêöèè.

Â õîäå ðåøåíèÿ çàäà÷è íà ïðîíèöàå-
ìûõ ó÷àñòêàõ AD è EF ñòàâÿòñÿ ãðàíè÷íûå
óñëîâèÿ VelocityInlet, ò.å. çàäàþòñÿ êîìïî-
íåíòû ñêîðîñòè. Íà AG ãðàíè÷íîå óñëîâèå
PressureOutlet, ò.å. íà ãðàíèöå èçáûòî÷íîå
äàâëåíèå �p �0, ñêîðîñòü íàïðàâëåíà ïî íîð-
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Ðèñ. 2. Ðàñ÷åòíàÿ îáëàñòü



ìàëè ê íåé
�

v v n� . Íà íåïðîíèöàåìûõ ó÷àñòêàõ ABC, CA è íà ëèíèè òîêà FG –
ãðàíè÷íûå óñëîâèÿ Wall – óñëîâèå íåïðîíèöàåìîñòè v n � 0.

Ïðè âûïîëíåíèè ðàñ÷åòîâ ñêîðîñòü íà ãðàíèöå EF ïðèíèìàëàñü
v v h Q vx y� � ��2 0 0 2 0 4 0 6 0 8 0/ ; , ; , ; , ; , ; . Íà ðèñ. 3 ïðåäñòàâëåíî ñîïîñòàâëå-
íèå àíàëèòè÷åñêîãî è ÷èñëåííîãî ðåøåíèé.

Å.Â. Âàðñåãîâà, Â.Í. Ïîñîõèí
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Ðèñ. 3. Ëèíèè òîêà òå÷åíèé
à – àíàëèòè÷åñêîå ðåøåíèå [5]; á – ÷èñëåííîå ðåøåíèå



Êà÷åñòâåííûå êàðòèíû òå-
÷åíèé ïðèìåðíî îäèíàêîâû.
Âàæíûì îòëè÷èåì ÿâëÿåòñÿ íà-
ëè÷èå, âî âòîðîì âàðèàíòå ðåøå-
íèÿ, çàìêíóòûõ âèõðåâûõ çîí,
÷òî áîëåå ñîîòâåòñòâóåò ðåàëü-
íîé ôèçèêå ÿâëåíèÿ. Íà ðèñ. 4
ïîêàçàíû ðåçóëüòàòû âû÷èñëå-
íèé ýôôåêòèâíîãî ðàçìåðà ùåëè
â çàâèñèìîñòè îò ïàðàìåòðà v� .
Îáà ìåòîäà äàþò çäåñü ïðèìåð-
íî îäèíàêîâûå çíà÷åíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî ýôôåêòèâíûé ðàçìåð ùåëè î÷åíü áûñòðî âîç-
ðàñòàåò ñ óâåëè÷åíèåì v� : óæå ïðè v� � 0 5, hý � 0 95, , ò.å. âñàñûâàíèå ïðîèñ-
õîäèò ïðàêòè÷åñêè ïî âñåé ïëîùàäè ïðèåìíîãî îòâåðñòèÿ. Ó÷èòûâàÿ ýòî
îáñòîÿòåëüñòâî, à òàêæå òîò ôàêò, ÷òî äëÿ ðåàëüíî äåéñòâóþùèõ îòñîñîâ çíà-
÷åíèå v� � 1, óñëîâèå ïðåäåëüíîãî óëàâëèâàíèÿ äîëæíî ôîðìóëèðîâàòüñÿ
ñîãëàñíî ñõåìå ðèñ. 1, à.
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ABOUT CONDITIONS OF LIMIT CATCHING OF THE FLOW
HAZARDOUS SUBSTANCE BY THE LOCAL SUCTION

Influence of the flow of hazardous substance leaking to suction on a form of the vortex
zones which are formed on sharp edges is analyzed. It is shown that the sizes of vortex zones
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Ðèñ. 4. Çàâèñèìîñòü ýôôåêòèâíîãî ðàçìåðà
ùåëè îò ñîîòíîøåíèÿ ñêîðîñòåé v v v� �� / 0

1 – àíàëèòè÷åñêîå ðåøåíèå; 2 – ÷èñëåííîå ðå-
øåíèå



quickly decrease with increase in speed of a flow. This fact is offered to be considered at
a formulation of conditions of limit catching of the flow suction.

K e y w o r d s: flow of hazardous substance, suction, conditions of limit catching.
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ÐÅÃÓËÈÐÎÂÀÍÈÅ ÍÀÑÎÑÎÂ È ÂÅÍÒÈËßÒÎÐÎÂ
Â ÑÈÑÒÅÌÀÕ ÒÅÏËÎÑÍÀÁÆÅÍÈß È ÊËÈÌÀÒÈÇÀÖÈÈ

Âûáîð ìåòîäà ðåãóëèðîâàíèÿ íàñîñîâ è âåíòèëÿòîðîâ âõîäèò â êîìïëåêñ çàäà÷ îïòè-
ìèçàöèè ñèñòåì êëèìàòèçàöèè è òåïëîñíàáæåíèÿ è äîëæåí ïðîèçâîäèòüñÿ íà îñíîâå
àíàëèçà èõ ðàáîòû â òå÷åíèå ãîäè÷íîãî öèêëà ýêñïëóàòàöèè.
Àíàëèç ñîâìåñòíîé ðàáîòû íàãíåòàòåëåé ñëåäóåò ïðîèçâîäèòü ïðè âñåõ õàðàêòåðíûõ
ðåæèìàõ ýêñïëóàòàöèè, à íå òîëüêî ïðè ìàêñèìàëüíûõ ðàñõîäàõ âîäû (âîçäóõà).
Èãíîðèðîâàíèå ýòîãî ïðèíöèïà ïðèâîäèò ê ïåðåðàñõîäó ýíåðãèè, à â íåêîòîðûõ
ñëó÷àÿõ – è ê ñîçäàíèþ àâàðèéíîé ñèòóàöèè.

Ê ë þ ÷ å â û å ñ ë î â à: íàñîñû, âåíòèëÿòîðû, ðåãóëèðîâàíèå.

Ïîñòàíîâêà çàäà÷è. Âûáîð ìåòîäà ðåãóëèðîâàíèÿ íàñîñîâ è âåíòèëÿ-
òîðîâ âõîäèò â êîìïëåêñ ðåøåíèÿ çàäà÷è îïòèìèçàöèè ñèñòåì êëèìàòèçà-
öèè, êîíå÷íàÿ öåëü êîòîðîé – ïîääåðæàíèå â ïîìåùåíèÿõ òðåáóåìîãî êëè-
ìàòà ïðè ìèíèìàëüíûõ çàòðàòàõ. Ïðè ýòîì âñòðå÷àþòñÿ äâà ðîäà çàäà÷ ðå-
ãóëèðîâàíèÿ.

1. Ðåãóëèðóåòñÿ îáúåì ïîäàâàåìîãî âîçäóõà (âîäû). Çäåñü òèï ðåãóëèðî-
âàíèÿ (ïëàâíûé, ñòóïåí÷àòûé, ñ ïîñòîÿííîé èëè ïðåðûâèñòîé ïîäà÷åé) îïðå-
äåëÿåòñÿ òåõíîëîãè÷åñêèì ïðîöåññîì, íàçíà÷åíèåì çäàíèé (æèëûå, îáùåñò-
âåííûå, àäìèíèñòðàòèâíûå, ïðîìûøëåííûå è ò.ä.).

2. Ðåãóëèðóåòñÿ êîëè÷åñòâî ïîäàâàåìîé òåïëîòû (õîëîäà). Â ýòîì ñëó÷àå
õàðàêòåð ðåãóëèðîâàíèÿ îïðåäåëÿåòñÿ íå òîëüêî òåõíîëîãè÷åñêèìè ïðîöåñ-
ñàìè, íî è êëèìàòè÷åñêèìè óñëîâèÿìè (òåìïåðàòóðîé, âëàæíîñòüþ íàðóæíî-
ãî âîçäóõà, èíòåíñèâíîñòüþ ñîëíå÷íîé ðàäèàöèè, íàïðàâëåíèåì è ñêîðîñòüþ
âåòðà), à òàêæå òåïëîâîé àêêóìóëÿöèåé îãðàæäàþùèõ êîíñòðóêöèé è îáîðó-
äîâàíèÿ. È åñëè èçìåíåíèå ïîòðåáíîñòè â òåïëîòå (õîëîäå) íîñèò âñåãäà
ïëàâíûé õàðàêòåð, òî òèï ðåãóëèðîâàíèÿ íàãíåòàòåëåé ìîæåò áûòü ðàçëè÷-
íûì. Èçìåíåíèå ïîäà÷è ïðîèçâîäèòñÿ è â òå÷åíèå ñóòîê, è ïî ñåçîíàì (çèìà,
ëåòî, âåñíà, îñåíü), è íà ïðîòÿæåíèè ñàìèõ ñåçîíîâ.

Íàèáîëåå ðàñïðîñòðàíåííûìè ñïîñîáàìè ðåãóëèðîâàíèÿ ïðîèçâîäè-
òåëüíîñòè íàñîñîâ è âåíòèëÿòîðîâ â ñèñòåìàõ òåïëîñíàáæåíèÿ è êëèìàòèçà-
öèè ÿâëÿþòñÿ ñëåäóþùèå [1, 2]:

1) äðîññåëèðîâàíèå;
2) ÷àñòîòíûé;
3) êîìáèíèðîâàííûé (îäíîâðåìåííîå èçìåíåíèå ãèäðàâëè÷åñêîãî ñî-

ïðîòèâëåíèÿ ñåòè è ÷àñòîòû âðàùåíèÿ íàãíåòàòåëÿ).
Ïðè ñîâìåñòíîé ðàáîòå íà ñåòü äâóõ è áîëåå íàãíåòàòåëåé çàäà÷à îñëîæ-

íÿåòñÿ òåì, ÷òî ðåãóëèðîâàíèå ëèøü íåêîòîðûõ èç íèõ âåäåò ê èçìåíåíèþ
ïàðàìåòðîâ îñòàëüíûõ [3–5]. Ïîýòîìó íåîáõîäèìà êîððåêòèðîâêà ðàáîòû
âñåõ âêëþ÷åííûõ â ñèñòåìó íàãíåòàòåëåé [2]. Íàðóøåíèå ýòîãî ïðèíöèïà
ïðèâîäèò ê ðàçðåãóëèðîâêå ñèñòåìû, ñíèæåíèþ ýêîíîìè÷íîñòè åå ðàáîòû,
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âñëåäñòâèå óâåëè÷åíèÿ ðàñõîäîâ íà íåðåãóëèðóåìûõ íàãíåòàòåëÿõ. Â íåêîòî-
ðûõ ñëó÷àÿõ âîçìîæíî ñîçäàíèå àâàðèéíûõ ñèòóàöèé èç-çà ïåðåãðóçêè ýëåê-
òðîäâèãàòåëåé è íàðóøåíèÿ áàëàíñà äàâëåíèé â òî÷êå ñëèÿíèÿ ïîòîêîâ [2].
Öåëü äàííîé ðàáîòû – àíàëèç ðåãóëèðîâàíèÿ íàãíåòàòåëåé ðÿäà òèïè÷íûõ
ñëó÷àåâ â ñèñòåìàõ òåïëîñíàáæåíèÿ è êëèìàòèçàöèè.

1. Ðåãóëèðîâàíèå âîçäóõîîáìåíà â ïîìåùåíèè. Ðåãóëèðîâàíèå âîçäó-
õîîáìåíà â ïîìåùåíèè áîëüøîãî îáúåìà ïóòåì îòêëþ÷åíèÿ ÷àñòè âåíòèëÿ-
òîðîâ ìîæåò ïðèâåñòè ê ñîçäàíèþ çîí ñ íàðóøåíèåì ñàíèòàðíûõ (òåõíîëîãè-
÷åñêèõ, ïðîòèâîïîæàðíûõ) íîðì èç-çà íåðàâíîìåðíîãî âîçäóõîðàñïðåäåëå-
íèÿ. Ïðèìåíåíèå ýòîãî ìåòîäà äîëæíî îáîñíîâûâàòüñÿ ñïåöèàëüíûì
ðàñ÷åòîì ïîëåé ñêîðîñòåé, òåìïåðàòóð âîçäóõà, êîíöåíòðàöèé âðåäíûõ âå-
ùåñòâ. Ó÷èòûâàÿ ïðèáëèæåííûé õàðàêòåð ðàñ÷åòíûõ ìåòîäèê, èçìåíåíèå
âîçäóõîîáìåíà íàäåæíåå ïðîèçâîäèòü ðåãóëèðîâàíèåì âåíòèëÿòîðîâ.

À. Ïîìåùåíèÿ ñ èçáûòêàìè òåïëîòû. Òðåáóåìûé òåïëîâîé ðåæèì ïîä-
äåðæèâàåòñÿ ñðåäñòâàìè âåíòèëÿöèè áåç îõëàæäåíèÿ âîçäóõà.

Íåîáõîäèìàÿ ñòåïåíü ðåãóëèðîâàíèÿ ìîæåò áûòü íàéäåíà ðàñ÷åòíûì
ïóòåì. Íà ðèñ. 1 ïîêàçàíû ðåçóëüòàòû ðàñ÷åòà âîçäóõîîáìåíà ïðîìûøëåí-

íîãî çäàíèÿ, ðàñïîëîæåííîãî
â Ìîñêâå, â òåïëûé ïåðèîä
ïðè òðåõñìåííîé ðàáîòå [6].

Ìèíèìàëüíàÿ êðàòíîñòü
âîçäóõîîáìåíà n, ðàññ÷èòàííàÿ
èç óñëîâèÿ àññèìèëÿöèè òîê-
ñè÷íûõ âåùåñòâ, – 3.

Èç ðèñ. 1 íàïðàøèâàåòñÿ
âûâîä î öåëåñîîáðàçíîñòè èñ-
ïîëüçîâàíèÿ ñòóïåí÷àòîãî ðå-
ãóëèðîâàíèÿ. Îäíàêî â òå÷åíèå
òåïëîãî ïåðèîäà èçìåíÿþòñÿ
èíòåíñèâíîñòü ñîëíå÷íîé ðà-

äèàöèè, òåìïåðàòóðà íàðóæíîãî âîçäóõà è åãî ñóòî÷íàÿ àìïëèòóäà, à ñëå-
äîâàòåëüíî, è èçáûòêè òåïëîòû, è íåîáõîäèìûé âîçäóõîîáìåí. Ïîýòîìó
â äàííîì ñëó÷àå ñëåäóåò ïðèìåíÿòü ïëàâíîå ðåãóëèðîâàíèå.

Á. Ñîâìåùåíèå ïðèòî÷íîé âåíòèëÿöèè ñ îòîïëåíèåì (îõëàæäåíèåì)

ïîìåùåíèÿ. Â ýòîì ñëó÷àå ïðè ðåãóëèðîâàíèè îáúåìà ïîäàâàåìîãî âîçäóõà
èçìåíÿåòñÿ ñîîòíîøåíèå èíåðöèîííûõ è àðõèìåäîâûõ ñèë â ïðèòî÷íîé
ñòðóå, è âîçìîæíî ñîçäàíèå äèñêîìôîðòíûõ çîí. Ïîýòîìó íåîáõîäèìî ïðî-
èçâîäèòü ðàñ÷åò âîçäóõîðàñïðåäåëåíèÿ íå òîëüêî ïðè ìàêñèìàëüíûõ, íî
è ïðè ìèíèìàëüíûõ îáúåìàõ ïîäàâàåìîãî âîçäóõà.

Â. Ïîìåùåíèÿ ñ òîêñè÷íûìè âûäåëåíèÿìè. Ïðè èçâåñòíîì õàðàêòåðå
äèíàìèêè âûäåëåíèÿ âðåäíîñòåé íåîáõîäèìàÿ ñòåïåíü ðåãóëèðîâàíèÿ
ìîæåò áûòü óñòàíîâëåíà íà ñòàäèè ïðîåêòèðîâàíèÿ. Îäíàêî â ïðîöåññå
ýêñïëóàòàöèè ðåãóëèðîâàíèå äîëæíî îñóùåñòâëÿòüñÿ òîëüêî ïî ñèãíàëàì
äàò÷èêîâ êîíöåíòðàöèé óäàëÿåìûõ èç ïîìåùåíèÿ âåùåñòâ. Èçìåíåíèå
êîíöåíòðàöèé ÷àùå âñåãî áûâàåò ïëàâíûì, íî âîçìîæíû ñëó÷àè è ñòóïåí-
÷àòîãî èçìåíåíèÿ.

2. Ïîääåðæàíèå ïîñòîÿííîãî ðàñõîäà âîçäóõà â ñèñòåìå âåíòèëÿöèè
èëè â îïðåäåëåííîé ÷àñòè âîçäóõîðàñïðåäåëèòåëåé. Êàê èçâåñòíî, ïî
ìåðå çàãðÿçíåíèÿ ôèëüòðà âîçðàñòàåò àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå ñåòè
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è óìåíüøàåòñÿ ïðîèçâîäèòåëüíîñòü ñèñòåìû. Ïîñòîÿíñòâî ðàñõîäà âîçäóõà
ìîæíî îáåñïå÷èòü òîëüêî çà ñ÷åò ñïåöèàëüíûõ ìåðîïðèÿòèé. Íàèáîëåå íà-
äåæíûì ñïîñîáîì ÿâëÿåòñÿ óñòàíîâêà ïëàâíîãî ÷àñòîòíîãî ðåãóëÿòîðà.
Ìàêñèìàëüíàÿ ÷àñòîòà âðàùåíèÿ äîëæíà ñîîòâåòñòâîâàòü ïðåäåëüíîé ñòå-
ïåíè çàãðÿçíåíèÿ ôèëüòðà, ïðåâûøåíèå êîòîðîé äîëæíî ñîïðîâîæäàòüñÿ
ñîîòâåòñòâóþùèì ïðåäóïðåäèòåëüíûì ñèãíàëîì. Ïðèíöèïèàëüíàÿ ñõåìà
ðåãóëèðîâàíèÿ ïðèâåäåíà â ñòàòüå [7].

Ïðè îáñëóæèâàíèè îäíîé ïðèòî÷íîé (âûòÿæíîé) ñèñòåìîé íåñêîëüêèõ
ïîìåùåíèé ìîæåò ïîòðåáîâàòüñÿ óìåíüøåíèå ðàñõîäà âîçäóõà äëÿ íåêîòî-
ðûõ èç íèõ. Óâåëè÷åíèÿ ðàñõîäîâ äëÿ îñòàëüíûõ ïîìåùåíèé ìîæíî èçáå-
æàòü, ïîääåðæèâàÿ ñòàòè÷åñêîå äàâëåíèå â âîçäóõîâîäå Ðñò íà ïîñòîÿííîì
óðîâíå. Âûïîëíåíèå óñëîâèÿ Ðñò = const äîñòèãàåòñÿ òîëüêî êîìáèíèðîâàí-
íûì ðåãóëèðîâàíèåì âåíòèëÿòîðà [8].

3. Ðåãóëèðîâàíèå ïîäà÷è âîäû â ñèñòåìû òåïëîñíàáæåíèÿ è îòîïëå-
íèÿ. Ðàññìîòðèì ñëåäóþùèé ïðèìåð (ðèñ. 2).

Íàñîñ 3 ïîäàåò âîäó îò òåïëîâîãî ãåíåðàòîðà, íàñîñ 1 – â ñèñòåìó îòîïëå-
íèÿ, íàñîñ 2 – â ñèñòåìó òåïëîñíàáæåíèÿ êàëîðèôåðîâ. Òàê êàê çàêîíû èçìå-
íåíèÿ ïîòðåáíîñòè â òåïëîâîé ýíåð-
ãèè ñèñòåìàìè îòîïëåíèÿ è êàëîðè-
ôåðíûìè óñòàíîâêàìè íå ñîâïàäàþò,
òî è ñòåïåíè ðåãóëèðîâàíèÿ ïîäà÷è
âîäû íàñîñàìè 1 è 2 áóäóò ðàçíûìè.
Êàê ïîêàçàíî â ìîíîãðàôèè [2], â
ýòîì ñëó÷àå ñëåäóåò ïðèìåíÿòü êîì-
áèíèðîâàííîå ðåãóëèðîâàíèå, êîòî-
ðîå òåì âûãîäíåå, ÷åì äîëÿ ðåãóëèðî-

âàíèÿ äðîññåëèðîâàíèåì áóäåò ìåíüøå. Çíà÷èò, íàèáîëåå ýêîíîìè÷íûì áó-
äåò âàðèàíò ñ íàñîñàìè, ñíàáæåííûìè ïëàâíûìè ðåãóëÿòîðàìè.

Òîëüêî ÷àñòîòíîå ðåãóëèðîâàíèå ïðè íåðàâíîìåðíîé ñòåïåíè ñíèæåíèÿ
ðàñõîäîâ íå ìîæåò îáåñïå÷èòü ðàâåíñòâî äàâëåíèé, ñîçäàâàåìûõ íàñîñàìè 1

è 2 â òî÷êå b. Â ðåçóëüòàòå ðàáîòà íàñîñà, ñîçäàþùåãî ìåíüøåå äàâëåíèå,
áóäåò çàáëîêèðîâàíà. Ïîýòîìó íåîáõîäèì àíàëèç ñîâìåñòíîé ðàáîòû íàñî-
ñîâ 1 è 2 íå òîëüêî â ðàñ÷åòíîì ðåæèìå, íî è ïðè ìèíèìàëüíûõ è äðóãèõ
õàðàêòåðíûõ ðàñõîäàõ [2].

Ðàññìîòðèì òåïåðü ðåãóëèðîâàíèå íàñîñà 3. Ïóñòü â ðàñ÷åòíîì ðåæè-
ìå åãî ïîäà÷à L = 40 ì3/÷, íàïîð Í = 48 ì âîä. ñò. (ðèñ. 3, òî÷êà 3). Ïîòåðè
äàâëåíèÿ íà ó÷àñòêå bñà ÄÍ = 42 ì âîä. ñò. (òî÷êà 2).

ÄÍ3–2 = Í3 – Í2 = 48 – 42 = 6 ì âîä. ñò. Ðàçíèöà ÄÍ3–2 ðàñõîäóåòñÿ íà
êîìïåíñàöèþ ïîòåðü äàâëåíèÿ íà ó÷àñòêàõ à1b, à2b. Â ðåçóëüòàòå ðåãóëèðî-

Ðåãóëèðîâàíèå íàñîñîâ è âåíòèëÿòîðîâ â ñèñòåìàõ òåïëîñíàáæåíèÿ è êëèìàòèçàöèè
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âàíèÿ ïîäà÷à íàñîñà 3 äîëæíà óìåíüøèòüñÿ â 2 ðàçà. �L3 = 20 ì3/÷, ñîîòâåò-
ñòâóþùèé íàïîð áåç ðåãóëèðîâàíèÿ Í1 = 59 ì âîä. ñò. (òî÷êà 1). Ïîòåðè
íàïîðà íà ó÷àñòêå bñà

� �� �
��

�
��

�

�
��H H

L

L
bñà bñà

3

3

2

= 42 · 0,52 = 10,5 ì âîä. ñò.

Ïîòåðè íàïîðà íà ó÷àñòêàõ à1b è à2b òàêæå óìåíüøàòñÿ â êâàäðàòå. Òîãäà
� �� � � � � �� �H H3 2 3 2

20 5 6 0 25, , 1,5 ì âîä. ñò.

Ñëåäîâàòåëüíî, ïîòåðè íàïîðà â ñèñòåìå, êîòîðûå äîëæåí êîìïåíñè-
ðîâàòü íàñîñ 3, � � � �Í 3 10 5 15, , 12 ì âîä. ñò.

Ïðè ðåãóëèðîâàíèè äðîññåëåì ïîòåðè íàïîðà â íåì ÄÍäð = 59 – 12 =
= 47 ì âîä. ñò., ò. å. îêîëî 80 % ýíåðãèè áóäåò ðàñõîäîâàòüñÿ â ðåãóëèðóþùåì
óñòðîéñòâå. Çíà÷èò, ýíåðãåòè÷åñêè íàèâûãîäíåéøèé âàðèàíò ðàáîòû íàñîñà 3

ïîñëå ðåãóëèðîâàíèÿ áóäåò ïðè ïàðàìåò-
ðàõ: L = 20 ì3/÷, Í = 12 ì âîä. ñò., ÷òî ìîæåò
áûòü îáåñïå÷åíî òîëüêî ïëàâíûì ÷àñòîò-
íûì ðåãóëèðîâàíèåì.

Ïðè ñòóïåí÷àòîì ðåãóëÿòîðå íàñîñà
ñëåäóåò ïðèìåíèòü êîìáèíèðîâàííîå ðåãó-
ëèðîâàíèå.

Îäíèì èç âîçìîæíûõ ñïîñîáîâ ðåãóëè-
ðîâàíèÿ â òåïëîâûõ ñåòÿõ ÿâëÿåòñÿ ïðèìå-
íåíèå ïàðàëëåëüíîé ðàáîòû íàñîñîâ. Öåëå-
ñîîáðàçíîñòü òàêîãî ìåòîäà ðàññìîòðèì íà

ïðèìåðå ñõåìû, èçîáðàæåííîé íà ðèñ. 4.
Íàëè÷èå òðåõ ïàðàëëåëüíî ðàáîòàþùèõ íàñîñîâ ïîçâîëÿåò îñóùåñòâëÿòü

òðåõñòóïåí÷àòîå ðåãóëèðîâàíèå. Ïðèìåì, ÷òî ïîòåðè íàïîðà íà ó÷àñòêàõ ðàç-
äåëüíîé ðàáîòû è èçìåíåíèå õàðàêòåðèñòèêè ñåòè ïðè îòêëþ÷åíèè íåêîòî-
ðûõ íàñîñîâ ïðåíåáðåæèìî ìàëû. Àíàëèç ðàáîòû ïðèâåäåí íà ðèñ. 5.
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Ïðè ðàáîòå òðåõ íàñîñîâ ïîäà÷à ñèñòåìû (òî÷êà 3) L3 = 84 ì3/÷, íàïîð
Í3 = 53,5 ì âîä. ñò. Ïðè ýòîì êàæäûé íàñîñ ñîçäàåò ïîäà÷ó �L3 = 28 ì3/÷,
ïîòðåáëÿåò ìîùíîñòü �N3 = 8,3 êÂò (òî÷êà 3 �). Ñóììàðíàÿ ìîùíîñòü ñèñòåìû
N3 = 24,9 êÂò.

Ïðè ðàáîòå äâóõ íàñîñîâ (òî÷êà 2) L2 = 68 ì3/÷, Í2 = 52 ì âîä. ñò. Îäèí
íàñîñ ñîçäàåò ïîäà÷ó �L2 = 34 ì3/÷, ïîòðåáëÿåò ìîùíîñòü �N2 = 9 êÂò (òî÷êà 2�).
Ñóììàðíàÿ ìîùíîñòü ñèñòåìû N2 = 18 êÂò.

Ïðè ðàáîòå îäíîãî íàñîñà (òî÷êà 1) L1 = 42 ì3/÷, Í1 = 46 ì âîä. ñò.,
N1 = 9,5 êÂò.

Ñîîòíîøåíèå ïîäà÷è ïðè ðåãóëèðîâàíèè

L3 : L2 : L1 = 84 : 68 : 42 = 1 : 0,81 : 0,5.

Ñîîòíîøåíèå ïîòðåáëÿåìîé ìîùíîñòè

N3 : N2 : N1 = 24,9 : 18 : 9,5 = 1 : 0,72 : 0,38.

Â ñëó÷àå ïðèìåíåíèÿ ÷àñòîòíîãî ðåãóëèðîâàíèÿ ìîùíîñòü óìåíüøè-
ëàñü áû ïî êóáè÷åñêîìó çàêîíó. Òîãäà ñîîòíîøåíèå ìîùíîñòåé áûëî áû
N3 : N2 : N1 = 13: 0,813: 0,53 = 1 : 0,53 : 0,125. Òàêèì îáðàçîì, ðåãóëèðîâàíèå
ñ ïîìîùüþ ïàðàëëåëüíîé ðàáîòû ýíåðãåòè÷åñêè íåâûãîäíî. Ïðè íàëè÷èè
òàêîé ñèñòåìû â ýêñïëóàòàöèè ñëåäóåò îáîðóäîâàòü ýëåêòðîäâèãàòåëè ÷àñ-
òîòíûìè ðåãóëÿòîðàìè, îòêàçàâøèñü îò ïåðèîäè÷åñêîãî îòêëþ÷åíèÿ ÷àñòè
íàñîñîâ.

Óñòàíîâêà ñòóïåí÷àòûõ ðåãóëÿòîðîâ ñ ïðèìåíåíèåì ñõåìû «ðåãóëÿ-
òîð + îòêëþ÷åíèå îäíîãî (äâóõ) ïàðàëëåëüíûõ íàñîñîâ» ïðèáëèçèò ðåãóëè-
ðîâàíèå ê ïëàâíîìó. Îäíàêî ñèñòåìà ñ ïëàâíûìè ðåãóëÿòîðàìè (áåç îòêëþ-
÷åíèÿ íåêîòîðûõ íàñîñîâ) ýêîíîìè÷íåå è ïðîùå â óïðàâëåíèè.

4. Îöåíêà ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè ðåãóëèðîâàíèÿ íàñîñîâ è
âåíòèëÿòîðîâ. Ñïîñîá ðåãóëèðîâàíèÿ ñóùåñòâåííî âëèÿåò íà ýêîíîìè÷-
íîñòü ñèñòåì òåïëîñíàáæåíèÿ è êëèìàòèçàöèè. Ïîýòîìó ïðè òåõíèêî-ýêîíî-
ìè÷åñêîì ñðàâíåíèè âàðèàíòîâ ýíåðãîçàòðàòû ñëåäóåò îïðåäåëÿòü ñ ó÷åòîì
ïðîèçâîäèìîãî ðåãóëèðîâàíèÿ. Îöåíêà âàðèàíòîâ ïî óñòàíîâî÷íîé ìîùíî-
ñòè Np ìîæåò ïðèâåñòè ê îøèáî÷íûì âûâîäàì.

Ð à ñ ñ ì î ò ð è ì ï ð è ì å ð. Ñðàâíèâàþòñÿ äâà âàðèàíòà óñòàíîâêè âåí-
òèëÿòîðîâ äëÿ ðàáîòû â òåïëûé ïåðèîä ãîäà â äîïîëíåíèå ê êðóãëîãîäè÷íîé
ñèñòåìå âåíòèëÿöèè.

Âàðèàíò 1: îäèí âåíòèëÿòîð, Np = 10 êÂò.
Âàðèàíò 2: äâà âåíòèëÿòîðà, Nð = 6,5 êÂò.
Âî âòîðîì âàðèàíòå ñóììàðíàÿ óñòàíîâî÷íàÿ ìîùíîñòü áóäåò 13 êÂò.
Ãîäîâîå ÷èñëî ÷àñîâ ðàáîòû ô = 792 ÷.
Ñðàâíåíèå ïî óñòàíîâî÷íîé ìîùíîñòè.
Âàðèàíò 1. Ýíåðãîçàòðàòû Å = Npô = 10 · 792 = 7920 êÂò · ÷.
Âàðèàíò 2. Å = 2 · 6,5 · 792 = 10 296 êÂò · ÷.
Ïðè òàêîì ðàñ÷åòå ïåðâûé âàðèàíò îêàçûâàåòñÿ âûãîäíåå, ÷òî ñïðàâåä-

ëèâî ëèøü ïðè îòñóòñòâèè ðåãóëèðîâàíèÿ.
Ïóñòü â îáîèõ ñëó÷àÿõ âåíòèëÿòîðû èìåþò òðåõñòóïåí÷àòûå ðåãóëÿòî-

ðû. Ïðè ðàáîòå ïî âòîðîìó âàðèàíòó äîïóñêàåòñÿ âûêëþ÷åíèå îäíîãî èç
âåíòèëÿòîðîâ ïðè óìåíüøåíèè èçáûòêîâ òåïëîòû. Òàêèì îáðàçîì, â ïåðâîì
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âàðèàíòå áóäåò òðåõñòóïåí÷àòîå ðåãóëèðîâàíèå, à âî âòîðîì – øåñòèñòóïåí-
÷àòîå. Ýíåðãîçàòðàòû îïðåäåëÿþòñÿ ïî çàâèñèìîñòè

E =  Niôi. (1)

Çäåñü ôi – ÷èñëî ÷àñîâ ðàáîòû ïðè ðàñõîäå ìîùíîñòè Ni.

Äëÿ ïåðâîãî âàðèàíòà Å = 4831 êÂò · ÷, äëÿ âòîðîãî Å = 4333 êÂò · ÷. Òàêèì
îáðàçîì, âòîðîé âàðèàíò ýíåðãåòè÷åñêè âûãîäíåå, îäíàêî è îí íå ÿâëÿåòñÿ
èäåàëüíûì. Èäåàëüíûì áóäåò òàêîå ðåãóëèðîâàíèå, ïðè êîòîðîì ïîäà÷à
âîäû (âîçäóõà) áóäåò ìèíèìàëüíîé èç óñëîâèÿ ñîáëþäåíèÿ ñàíèòàðíûõ, òåõ-
íîëîãè÷åñêèõ, ïðîòèâîïîæàðíûõ ñòàíäàðòîâ â òå÷åíèå âñåãî ãîäà. Îïòè-
ìàëüíûå ýíåðãîçàòðàòû

Eîïò =  Nj ôj. (2)

Çäåñü ôj – ÷èñëî ÷àñîâ ðàáîòû ïðè ðàñõîäå ìîùíîñòè Nj.

Â êà÷åñòâå ïîêàçàòåëÿ ñòåïåíè ðàöèîíàëüíîñòè ìåòîäà ðåãóëèðîâàíèÿ
ìîæíî èñïîëüçîâàòü êðèòåðèé ýôôåêòèâíîñòè ðåãóëèðîâàíèÿ êàê îòíîøåíèå
ýíåðãîçàòðàò ïî äàííîìó âàðèàíòó ðåãóëèðîâàíèÿ ê îïòèìàëüíûì çàòðàòàì:
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. (3)

Ôàêòè÷åñêè ýòîò êðèòåðèé ÿâëÿåòñÿ êîýôôèöèåíòîì ïîëåçíîãî äåéñòâèÿ
ðåãóëèðîâàíèÿ, KÅ � 1.

Ïóñòü â äàííîì ñëó÷àå Åîïò = 3356 êÂò · ÷.
Òîãäà äëÿ ïåðâîãî âàðèàíòà

K
Å
� �3356

4831
0 695, .

Äëÿ âòîðîãî âàðèàíòà

K
Å
� �3356

4333
0 775, .

Ñëåäîâàòåëüíî, è âòîðîé âàðèàíò äàëåê îò èäåàëüíîãî. Ïîýòîìó öåëå-
ñîîáðàçíî ðàññìîòðåòü è äðóãèå âàðèàíòû. Íàïðèìåð, óñòàíîâêó îäíîãî âåí-
òèëÿòîðà ñ ïëàâíûì ðåãóëÿòîðîì.

Âûâîäû. 1. Âûáîð ìåòîäà ðåãóëèðîâàíèÿ íàñîñîâ è âåíòèëÿòîðîâ ñëå-
äóåò ïðîèçâîäèòü íà îñíîâå àíàëèçà äèíàìèêè èçìåíåíèÿ ïîäà÷è ïåðåìå-
ùàåìîé ñðåäû è åå ïàðàìåòðîâ â òå÷åíèå ãîäè÷íîãî öèêëà ýêñïëóàòàöèè.

2. Àíàëèç ñîâìåñòíîé ðàáîòû íàãíåòàòåëåé äîëæåí ïðîèçâîäèòüñÿ íå
òîëüêî â ðàñ÷åòíîì ðåæèìå, íî è ïðè äðóãèõ õàðàêòåðíûõ ðàñõîäàõ ñèñòåìû
(ìèíèìàëüíûõ è ò.ä.).
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REGULATION OF PUMPS AND VENTILATORS IN SYSTEMS
OF HEAT SUPPLY AND KLIMATIZATION

The choice of a method of regulation of pumps and ventilators enters a complex of problems
of optimization of systems of a klimatization and heat supply and has to be performed on the
basis of the analysis of their work during a year cycle of operation.
The analysis of collaboration of superchargers should be made at all characteristic modes of
operation, and not just at the maximum expenses of water (air). Ignoring of this principle
leads to excessive consumption of energy, and in certain cases – and to creation of an
emergency.

K e y w o r d s: pumps, ventilators, regulation.
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ÓÄÊ 628.853.001

À.Í. ÃÂÎÇÄÊÎÂ

ÒÅÏËÎ- È ÂËÀÃÎÎÁÌÅÍ Â ÑÈÑÒÅÌÅ «ÂÎÇÄÓÕ�ÂÎÄÀ»
Ñ ÏÎÇÈÖÈÈ ÒÅÎÐÈÈ ÏÎÒÅÍÖÈÀËÀ ÂËÀÆÍÎÑÒÈ

Ïðèâîäÿòñÿ ðåçóëüòàòû òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî
ïðèìåíåíèþ òåîðèè ïîòåíöèàëà âëàæíîñòè äëÿ ðàñ÷åòà ïðîöåññîâ òåïëîâëàãî-
îáìåíà ìåæäó âîçäóõîì è âîäîé. Íà îñíîâå óñòàíîâëåííîé çàâèñèìîñòè ìåæäó
ïîòåíöèàëîì âëàæíîñòè è ïàðöèàëüíûì äàâëåíèåì âîäÿíûõ ïàðîâ â âîçäóõå
ïðè ðàçëè÷íûõ òåìïåðàòóðàõ, íà ïîëå I-d-äèàãðàììû áûëè íàíåñåíû ëèíèè
ïîñòîÿííûõ ïîòåíöèàëîâ âëàæíîñòè ! = const, ÷òî ïîçâîëèëî ñóùåñòâåííî ðàñ-
øèðèòü îáëàñòü åå èñïîëüçîâàíèÿ äëÿ àíàëèçà ïðîöåññîâ èçìåíåíèÿ òåïëîâëàæ-
íîñòíîãî ñîñòîÿíèÿ âîçäóõà. Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èñ-
ñëåäîâàíèé ïðîöåññîâ òåïëî- è âëàãîîáìåíà â âèäå êðèòåðèàëüíûõ óðàâíåíèé
äëÿ Nu, Nu!�, ó÷èòûâàþùèõ âëèÿíèå íà îáìåííûå ïðîöåññû ñîñòîÿíèÿ ïîâåðõ-
íîñòíîé ôàçû.

Ê ë þ ÷ å â û å ñ ë î â à: ïîòåíöèàë âëàæíîñòè, òåïëî- è âëàãîîáìåí, I-d-äèàãðàììà,
ñîñòîÿíèå ! = const, ïîâåðõíîñòíàÿ ôàçà, òåìïåðàòóðà ïîâåðõíîñòè âîäû.

Ñòðåìëåíèå ê åäèíîìó ôèçèêî-ìàòåìàòè÷åñêîìó îïèñàíèþ è ðàñ÷åòó
ïðîöåññîâ òåïëî- è âëàãîîáìåíà â ýëåìåíòàõ ñèñòåì êîíäèöèîíèðîâàíèÿ
ìèêðîêëèìàòà ðåàëèçîâàíî â âèäå òðåõ ìîäåëåé [1]: ÒÏ-ìîäåëü ïðåäóñìàòðè-
âàåò ïåðåäà÷ó ÿâíîé òåïëîòû ÷åðåç ñòåíêó, ðàçäåëÿþùóþ ïîòîêè îáìåíèâàþ-
ùèõñÿ ñðåä; ÒÌÎ-ìîäåëü � ïåðåäà÷ó ÿâíîé òåïëîòû è âëàãè ïðè íåïîñðåäñò-
âåííîì êîíòàêòå ðàáî÷èõ ñðåä (íàïðèìåð, âîçäóõà è âîäû); ÒÌÏ-ìîäåëü �
ïåðåäà÷ó òåïëîòû ÷åðåç ðàçäåëÿþùóþ ïîòîêè ñòåíêó, ïðè íàëè÷èè ìàññîîá-
ìåíà íà îäíîé èç ïîâåðõíîñòåé ñòåíêè.

Îäíàêî, ïî-ïðåæíåìó, ðàññìîòðåíèå ïðîöåññîâ òåïëî- è âëàãîîáìåíà
âñòðå÷àåò çíà÷èòåëüíûå òðóäíîñòè, ñâÿçàííûå ñ òåì, ÷òî:

� îòñóòñòâóåò åäèíàÿ ìåòîäèêà àíàëèçà ôèçè÷åñêîé êàðòèíû ïðîòåêàíèÿ
îáìåííûõ ïðîöåññîâ, ó÷èòûâàþùàÿ îñîáåííîñòè ñîñòîÿíèÿ êîíòàêòèðóþ-
ùèõ ñðåä íà ãðàíèöå ðàçäåëà [2�4];

� íå ó÷èòûâàþòñÿ òåðìîäèíàìè÷åñêèå çàêîíîìåðíîñòè ïðîòåêàíèÿ
ïðîöåññîâ ïåðåíîñà, ââèäó ÷åãî ïðåäëàãàåìûå ìåòîäèêè ðàñ÷åòà íîñÿò ïî-
ëóýìïèðè÷åñêèé èëè ýìïèðè÷åñêèé õàðàêòåð è èìåþò îãðàíè÷åííîå ïðè-
ìåíåíèå [5�7].

Ýòî ïðèâåëî ê íåîáõîäèìîñòè ðàçðàáîòêè òåðìîäèíàìè÷åñêîãî ïîäõîäà
ê èçó÷åíèþ òåïëî- è âëàãîîáìåíà ìåæäó âîçäóõîì è æèäêîñòüþ.

Ïðè ðàññìîòðåíèè ìåõàíèçìà ïðîöåññà òåïëî- è âëàãîîáìåíà ñëåäóåò
èñõîäèòü èç îñíîâíûõ ïîëîæåíèé òåðìîäèíàìèêè íåîáðàòèìûõ ïðîöåññîâ
ñ ó÷åòîì íàëîæåíèÿ è âçàèìîñâÿçè ïðîöåññîâ ïåðåíîñà òåïëîòû è âëàãè [8].
Ñèñòåìó «âîçäóõ�æèäêîñòü» ìîæíî îõàðàêòåðèçîâàòü åäèíûì òåðìîäèíà-
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ìè÷åñêèì óðàâíåíèåì ñîñòîÿíèÿ îòíîñèòåëüíî èçìåíåíèÿ ñâîáîäíîé ýíåð-
ãèè F â âèäå:

dF SdT dm� � � ! , (1)

ãäå S – óäåëüíàÿ ýíòðîïèÿ ãåòåðîãåííîé ñèñòåìû;
! � ïîëíûé òåðìîäèíàìè÷åñêèé ïîòåíöèàë ñîñòîÿíèÿ âëàãè â ñèñòåìå, ïî-
òåíöèàë âëàæíîñòè.

Âûðàæåíèå äëÿ ïîòåíöèàëà âëàæíîñòè èìååò âèä:

!
"

# # ! !� � � � � �P
i i

  ã , (2)

ãäå # � õèìè÷åñêèé ïîòåíöèàë âëàãè;
 #i – ñîñòàâëÿþùèå õèìè÷åñêîãî ïîòåíöèàëà âëàãè çà ñ÷åò íàëè÷èÿ â íåé
ðàñòâîðåííûõ âåùåñòâ;
!ã – ïîòåíöèàë âëàãè â ðåçóëüòàòå äåéñòâèÿ ãðàâèòàöèîííîãî ïîëÿ;
 !i – ïîòåíöèàë âëàãè çà ñ÷åò äåéñòâèÿ äðóãèõ ñèëîâûõ ïîëåé.

Ïî òåðìîäèíàìè÷åñêîìó ñìûñëó ïîòåíöèàë âëàæíîñòè ïðåäñòàâëÿåò ñî-
áîé ïîëíûé òåðìîäèíàìè÷åñêèé ïîòåíöèàë âëàãè, îïðåäåëÿþùèé åå ñîñòîÿ-
íèå â ìàòåðèàëüíîé ñðåäå ïðè ðàçëè÷íûõ çíà÷åíèÿõ âëàæíîñòè è òåìïåðàòó-
ðû. Ïðàêòè÷åñêîå îïðåäåëåíèå çíà÷åíèÿ ïîòåíöèàëà âëàæíîñòè ñðåäû îñó-
ùåñòâëÿåòñÿ íà îñíîâå øêàëû ïîòåíöèàëà âëàæíîñòè [8], óñòàíîâëåííîé
ýêñïåðèìåíòàëüíûì ïóòåì.

Ñ öåëüþ ïðèìåíåíèÿ òåîðèè ïîòåíöèàëà âëàæíîñòè ê ðàñ÷åòó ïðîöåññîâ
òåïëîâëàãîîáìåíà ìåæäó âîçäóõîì è âîäîé áûëè ïðîâåäåíû ñïåöèàëü-

íûå ýêñïåðèìåíòàëüíûå èññëå-
äîâàíèÿ, íà îñíîâàíèè êîòîðûõ
âûÿâëåíà çàâèñèìîñòü ìåæäó
ïîòåíöèàëîì âëàæíîñòè è ïàð-
öèàëüíûì äàâëåíèåì âîäÿíîãî
ïàðà âëàæíîãî âîçäóõà ïðè ðàç-
ëè÷íûõ òåìïåðàòóðàõ âîçäóõà,
ïðåäñòàâëåííàÿ íà ðèñ. 1.

Èç ðèñ. 1 âèäíî, ÷òî êðèâûå
ñâÿçè ìåæäó ïàðöèàëüíûì äàâ-
ëåíèåì âîäÿíîãî ïàðà è ïîòåí-
öèàëîì âëàæíîñòè ïðè ðàçëè÷-
íûõ òåìïåðàòóðàõ â çíà÷èòåëü-
íîé ñâîåé ÷àñòè íå ñîâïàäàþò.
Îòñþäà ñëåäóåò, ÷òî â ýòîé ÷àñ-
òè ïåðåïàäû è ãðàäèåíòû ïàðöè-
àëüíûõ äàâëåíèé âîäÿíîãî ïàðà
áóäóò îòëè÷àòüñÿ îò ïåðåïàäîâ
è ãðàäèåíòîâ ïîòåíöèàëà âëàæ-
íîñòè, ïðè÷åì ýòî îòëè÷èå ìî-
æåò áûòü íå òîëüêî ïî âåëè÷èíå
(êîëè÷åñòâåííîå), íî è ïî çíàêó
(êà÷åñòâåííîå).

Íà ðèñ. 1 îòìå÷åíû ïÿòü õà-
ðàêòåðíûõ ñî÷åòàíèé ïàðàìåò-
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Ðèñ. 1. Çàâèñèìîñòü ìåæäó ïîòåíöèàëîì âëàæ-
íîñòè âîçäóõà è ïàðöèàëüíûì äàâëåíèåì âî-

äÿíûõ ïàðîâ â âîçäóõå



ðîâ æèäêîñòè è âîçäóõà. Ïîâåðõíîñòü âîäû, íàïðèìåð, èìååò òåìïåðàòóðó
20 $C è åå ñîñòîÿíèå îïðåäåëÿåòñÿ òî÷êîé 1. Âîçäóõ, îìûâàþùèé ïîâåðõ-
íîñòü æèäêîñòè, èìååò òåìïåðàòóðó 30 $C, ïðè ýòîì òî÷êàìè 2, 3, 4, 5, 6

îáîçíà÷åíû õàðàêòåðíûå åãî ñîñòîÿíèÿ. Ëó÷è, ñîåäèíÿþùèå òî÷êó 1 ñ îñ-
òàëüíûìè, ïîêàçûâàþò õàðàêòåðíûå ñëó÷àè ñîîòíîøåíèÿ ìåæäó ïàðàìåòðà-
ìè æèäêîñòè è âîçäóõà. Ñðåäè íèõ îñîáî âûäåëèì ñî÷åòàíèÿ 1�4 è 1�5.

Â ñëó÷àå 1�4 ðàçíîñòü ïàðöèàëüíûõ äàâëåíèé îòðèöàòåëüíà (Pæ � Pâ < 0),
à ðàçíîñòü ïîòåíöèàëîâ âëàæíîñòè ïîëîæèòåëüíà (!æ � !â > 0). Ñëåäîâàòåëü-
íî, èñõîäÿ èç ðàçíîñòè ïàðöèàëüíûõ äàâëåíèé, ïîòîê âëàãè äîëæåí áûòü îò
âîçäóõà ê æèäêîñòè, à èñõîäÿ èç ðàçíîñòè ïîòåíöèàëîâ âëàæíîñòè � íàîáî-
ðîò, îò æèäêîñòè ê âîçäóõó.

Äëÿ ñëó÷àÿ 1�5 Pæ � Pâ < 0, !æ = !â, ò.å. ïî ðàçíîñòè ïàðöèàëüíûõ äàâ-
ëåíèé ïîòîê âëàãè äîëæåí áûòü îò âîçäóõà ê æèäêîñòè, à ïî ðàçíîñòè ïî-
òåíöèàëîâ âëàæíîñòè åãî íå äîëæíî áûòü âîîáùå.

Íàèáîëåå ðàñïðîñòðàíåííîé è óäîáíîé ôîðìîé ãðàôè÷åñêîãî èçîáðàæå-
íèÿ ïðîöåññîâ èçìåíåíèÿ òåïëîâëàæíîñòíîãî ñîñòîÿíèÿ âîçäóõà ÿâëÿåòñÿ,
êàê èçâåñòíî, I-d-äèàãðàììà. Äàííûå ðèñ. 1 ñâÿçè p è ! ïîçâîëèëè äîïîëíèòü
I-d-äèàãðàììó ïîñòðîåíèåì ëèíèé ïîñòîÿííîãî ïîòåíöèàëà âëàæíîñòè.

Íà ðèñ. 2 ïðåäñòàâëåíà I-d-äèàãðàììà ñ íàíåñåííûìè íà íåå ëèíèÿìè
! = const. Òàêîå äîïîëíåíèå ïîçâîëèëî ðàñøèðèòü îáëàñòü ïðèìåíåíèÿ
äèàãðàììû äëÿ àíàëèçà ïðîöåññîâ èçìåíåíèÿ òåïëîâëàæíîñòíîãî ñîñòîÿíèÿ
âîçäóõà íà îñíîâå òåîðèè ïîòåíöèàëà âëàæíîñòè.

Èç ðàññìîòðåíèÿ ëèíèé ! = const âèäíî, ÷òî â çîíå âëàæíîãî âîçäóõà,
áëèçêîãî ê ñîñòîÿíèþ íàñûùåíèÿ (% = 80�100 %), èìååò ìåñòî îòêëîíåíèå
ëèíèé ïîñòîÿííûõ ïîòåíöèàëîâ âëàæíîñòè îò ëèíèé d = const âëåâî ïî êàñà-
òåëüíîé ê ëèíèè íàñûùåíèÿ.

Ñ öåëüþ ïðîâåðêè òåîðåòè÷åñêèõ ïðåäïîëîæåíèé, à òàêæå ïîäòâåðæäå-
íèÿ ïðàâîìåðíîñòè èñïîëüçîâàíèÿ çàâèñèìîñòè P = f (!, t) äëÿ àíàëèçà è ðàñ-
÷åòà ïðîöåññîâ òåïëîâëàãîîáìåíà, áûëè ïðîâåäåíû ñïåöèàëüíûå ýêñïåðè-
ìåíòàëüíûå èññëåäîâàíèÿ, â çàäà÷è êîòîðûõ âõîäèëî ðåøåíèå ñëåäóþùèõ
âîïðîñîâ:

� èçó÷åíèå ïîëåé òåìïåðàòóðû è ïîòåíöèàëà âëàæíîñòè â ïîãðàíè÷íûõ
ôàçàõ âîçäóõà è æèäêîñòè;

� îïðåäåëåíèå ïàðàìåòðîâ ïîâåðõíîñòíûõ ôàç è âûÿâëåíèå îñîáåí-
íîñòåé ïðîòåêàíèÿ ïðîöåññîâ òåïëîâëàãîîáìåíà ñ ó÷åòîì ôèçè÷åñêîé ìî-
äåëè êîíòàêòèðóþùèõ ñðåä, ïðåäïîëàãàþùåé ñóùåñòâîâàíèå ïîâåðõíîñò-
íûõ ôàç;

� ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ïðàâîìåðíîñòè èñïîëüçîâàíèÿ êîíöåï-
öèè ïîòåíöèàëà âëàæíîñòè äëÿ íàèáîëåå ðåëüåôíûõ ñëó÷àåâ ñî÷åòàíèÿ ïàðà-
ìåòðîâ ñîñòîÿíèÿ, îòìå÷åííûõ íà ðèñ. 1 è 2, â ÷àñòíîñòè ïðè ! = const.

Èññëåäîâàíèÿ ïðîâîäèëèñü íà ñïåöèàëüíîì ýêñïåðèìåíòàëüíîì ñòåíäå,
îñíîâíûì ýëåìåíòîì êîòîðîãî áûëà ðàáî÷àÿ êàìåðà ñå÷åíèåì 150�150 ìì,
äëèíîé 1000 ìì, èìåþùàÿ ïîääîí äëÿ æèäêîñòè. Òåìïåðàòóðà â ñëîå âîçäóõà
íàä ïîâåðõíîñòüþ æèäêîñòè è æèäêîñòè ñ ïðèëåãàþùèìè ê ïîâåðõíîñòè
ñëîÿìè ïî ãëóáèíå èçìåðÿëàñü ñ ïîìîùüþ ìåäü-êîíñòàíòàíîâûõ òåðìîïàð
äèàìåòðîì 0,08 ìì, íà ðàññòîÿíèè îò ïåðåäíåé êðîìêè ïîääîíà 65, 100, 150,
200 è 300 ìì ñîîòâåòñòâåííî.

Òåïëî- è âëàãîîáìåí â ñèñòåìå «âîçäóõ–âîäà» ñ ïîçèöèè òåîðèè ïîòåíöèàëà âëàæíîñòè
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Ïðîâåäåíèå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïðåäóñìàòðèâàëî íàïðàâ-
ëåííîå èçó÷åíèå ïîëèòðîïíûõ è èçîýíòàëüïèéíûõ ñîñòîÿíèé â ñèñòåìå «âîç-
äóõ�âîäà» ñ ó÷åòîì ñóùåñòâîâàíèÿ ïîâåðõíîñòíûõ ôàç íà êîíòàêòå ñðåä. Ïîëÿ
òåìïåðàòóðû è ïîòåíöèàëà âëàæíîñòè â ïîãðàíè÷íûõ ôàçàõ âîçäóõà è âîäû
èçó÷àëèñü ïðè ðàçëè÷íîì ñî÷åòàíèè íà÷àëüíûõ ïàðàìåòðîâ ñðåä â îáúåìíûõ
ôàçàõ. Óñëîâèÿ ýêñïåðèìåíòîâ îïðåäåëÿëèñü íà îñíîâå çàâèñèìîñòè P = f(!, t)
è I-d-!-äèàãðàììû. Òåìïåðàòóðà æèäêîñòè èçìåíÿëàñü â ïðåäåëàõ 10�24 $C,
îòíîñèòåëüíàÿ âëàæíîñòü 30�80 %, ñêîðîñòü ïîòîêà âîçäóõà 0,79�2,4 ì/ñ.

Íåîáõîäèìî îòìåòèòü, ÷òî âîïðîñ îïðåäåëåíèÿ èñòèííîãî çíà÷åíèÿ ïà-
ðàìåòðîâ ïîâåðõíîñòè ðàçäåëà íå íàøåë îêîí÷àòåëüíîãî ðåøåíèÿ â ðàáîòàõ
Ë.Ñ. Êëÿ÷êî, À.Â. Íåñòåðåíêî, Ë.Â. Ïåòðîâà, Â. Õîéñëåðà, Â.Õ. Ìàê-Àäàìñà,
Ñ. Ìèêëåÿ, Ò. Ìèçóøèíû è äð.
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Ðèñ. 2. I-d-!-äèàãðàììà âëàæíîãî âîçäóõà
ñ ëèíèÿìè ïîñòîÿííûõ ïîòåíöèàëîâ

âëàæíîñòè ! = const



Ó÷èòûâàÿ, ÷òî íà êîíòàêòå ñðåä íàõîäèòñÿ ïîâåðõíîñòíàÿ ôàçà, è èçìå-
ðèòü èñòèííûå ïàðàìåòðû ïîâåðõíîñòè ðàçäåëà çàòðóäíèòåëüíî, áûë ïðèìå-
íåí ãðàôè÷åñêèé ñïîñîá èõ îïðåäåëåíèÿ íà îñíîâå ýêñïåðèìåíòàëüíûõ
äàííûõ ðàñïðåäåëåíèÿ òåìïåðàòóðû è ïîòåíöèàëà âëàæíîñòè â ïîãðàíè÷íûõ
ôàçàõ. Âàæíûé ðàçäåë èññëåäîâàíèé áûë ïîñâÿùåí èçó÷åíèþ ñîñòîÿíèÿ
ñðåä ïðè ïîñòîÿííîì çíà÷åíèè ïîòåíöèàëà âëàæíîñòè ! = const.

Ðàññìîòðèì áîëåå ïîäðîáíî ðåçóëüòàòû îäíîãî èç ýêñïåðèìåíòîâ, óñ-
ëîâèÿ ïðîâåäåíèÿ êîòîðîãî îïðåäåëÿëèñü ñëåäóþùèìè ïàðàìåòðàìè:

� â îáúåìíîé ôàçå âîçäóõà – tñ = 27,4 $C, tì = 22,35 $C;
� â îáúåìíîé ôàçå âîäû – tæ = 15,3 $C;
� ñêîðîñòü âîçäóøíîãî ïîòîêà � v = 0,79 ì/ñ;
� ðàññòîÿíèå îò ïåðåäíåé êðîìêè ïîääîíà � l = 0,2 ì.
Áûëè ïðîâåäåíû çàìåðû çíà÷åíèé tñ, tì è tæ (òàáë. 1) â ïîãðàíè÷íûõ

ôàçàõ âîçäóõà è âîäû íà ðàçëè÷íîì óäàëåíèè îò ãðàíèöû ðàçäåëà ñðåä,
ïî ðåçóëüòàòàì êîòîðûõ â êîîðäèíàòàõ H�t, H�! (Í – ðàññòîÿíèå ïî âûñîòå
îò ãðàíèöû ðàçäåëà ñðåä äî òî÷êè çàìåðà) ñòðîèëèñü ëèíèè ðàñïðåäåëå-
íèÿ òåìïåðàòóð (t) è ïîòåíöèàëà âëàæíîñòè (!) â ïîãðàíè÷íûõ ôàçàõ.
Ðåçóëüòàòû òàêèõ ïîñòðîåíèé ïðèâåäåíû íà ðèñ. 3. Ïàðàìåòðû ïîâåðõíîñòè
ðàçäåëà îïðåäåëÿëèñü â òî÷êå ïåðåñå÷åíèÿ ïðîäîëæåíèÿ ëèíèé ðàñïðåäåëå-
íèÿ t è ! ñ ãðàíèöåé ðàçäåëà (H = 0). Â ðàññìàòðèâàåìîì îïûòå tï = 17,6 $C,
!ï = 48 $B.

Èç ïîñòðîåíèé íà ðèñ. 3 âèäíî, ÷òî òåìïåðàòóðà ïîâåðõíîñòè, èçìåðåí-
íàÿ â ýêñïåðèìåíòå, ïðàêòè÷åñêè ñîîòâåòñòâóåò òåìïåðàòóðå, ïîëó÷åííîé
â ðåçóëüòàòå ãðàôè÷åñêîãî ïîñòðîåíèÿ ñ ó÷åòîì òîëùèíû ïîãðàíè÷íîé ôàçû.
Òî æå ñàìîå îòíîñèòñÿ è ê ïîòåíöèàëó âëàæíîñòè.

Òàêèì îáðàçîì, áûëî óñòàíîâëåíî, ÷òî íà ãðàíèöå ðàçäåëà îòñóòñòâóåò
ñêà÷îê ïàðàìåòðîâ. Îòñóòñòâèå ñêà÷êà ïàðàìåòðîâ íà ãðàíèöå ðàçäåëà ñðåä
îáúÿñíÿåòñÿ ýíåðãåòè÷åñêè íàñûùåííûì ñîñòîÿíèåì ïîâåðõíîñòíîé ôàçû,
÷òî ñîãëàñóåòñÿ ñ âûâîäàìè òåîðåòè÷åñêèõ èññëåäîâàíèé, ïðåäñòàâëåííûõ â
ðàáîòå [3].

Òàêæå áûëî óñòàíîâëåíî, ÷òî ïðè ïðîâåäåíèè ýêñïåðèìåíòà ñ ! = const
(�P = 0,68 êÏa) îòñóòñòâîâàë ïðîöåññ âëàãîîáìåíà ìåæäó âîçäóõîì è âîäîé,

Òåïëî- è âëàãîîáìåí â ñèñòåìå «âîçäóõ–âîäà» ñ ïîçèöèè òåîðèè ïîòåíöèàëà âëàæíîñòè
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Ò à á ë è ö à 1. Ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ ïîëåé
òåìïåðàòóðû è ïîòåíöèàëà âëàæíîñòè â ïîãðàíè÷íûõ ôàçàõ
âîçäóõà è âîäû (l = 0,2 ì, v = 0,79 ì/ñ, � = const), îïûò ¹ 40

Òî÷êè
çàìåðà Í, ìì

Âîçäóõ, °Ñ Âîäà, °Ñ

tñ = 27,4 tì = 22,35 tæ = 15,3

1 �0,4 � � 17,5

2 �0,2 � � 17,5

3 0,0 � � 17,5

4 0,2 18,5 18,5 �

5 0,4 19,1 18,8 �

6 0,6 19,8 19,2 �

7 0,8 20,5 19,6 �

8 1,0 21,0 19,9 �



î ÷åì ñâèäåòåëüñòâîâàëî ïîñòîÿíñòâî óðîâíÿ æèäêîñòè â ïîääîíå ðàáî÷åé
êàìåðû. Ýòî ïîçâîëèëî ñäåëàòü âûâîä î òîì, ÷òî ïðîöåññû âëàãîîáìåíà â íå-
èçîòåðìè÷åñêèõ óñëîâèÿõ îïðåäåëÿþòñÿ ðàçíîñòüþ (èëè ãðàäèåíòîì) ïîòåí-
öèàëà âëàæíîñòè.

Íåîáõîäèìî îòìåòèòü, ÷òî áûëî îáíàðóæåíî ÿâëåíèå óñòîé÷èâîãî äèíà-
ìè÷åñêîãî ðàâíîâåñèÿ âçàèìîäåéñòâóþùèõ ñðåä ïðè ! = const, ÷òî âûðàæà-
ëîñü â ñàìîïðîèçâîëüíîì ïîääåðæàíèè äàííîãî ñîñòîÿíèÿ ïðè íåáîëüøèõ
êîëåáàíèÿõ ïàðàìåòðîâ âëàæíîãî âîçäóõà â åãî îáúåìíîé ôàçå, èìåâøèõ
ìåñòî â ïðîöåññå ïðîâåäåíèÿ ýêñïåðèìåíòà. Òàê, â äàííîì îïûòå êîëåáàíèå
tñ áûëî îò 24,7 äî 27,1 $Ñ, à tì – îò 22,35 äî 22,1 $Ñ. Èçìåíåíèå ïîòåí-
öèàëà âëàæíîñòè ñîñòàâèëî îò 48 äî 46 $Â. Ïðè ýòîì ïðîèçîøëî ñàìîïðîèç-
âîëüíîå èçìåíåíèå òåìïåðàòóðû ïîâåðõíîñòè âîäû îò 17,5 äî 17,35 $Ñ,
à ïîòåíöèàëà âëàæíîñòè îò 48 äî 46 $Â.

Òàêèì îáðàçîì, ðåçóëüòàòîì âñåõ èçìåíåíèé ÿâèëîñü ñîõðàíåíèå ñîñòîÿ-
íèÿ ! = const, íî ïðè äðóãîì åãî çíà÷åíèè.

Àíàëîãè÷íûå ðåçóëüòàòû áûëè ïîëó÷åíû è ïðè äðóãèõ íà÷àëüíûõ óñëî-
âèÿõ âçàèìîäåéñòâèÿ ñðåä â ïðåäåëàõ èññëåäîâàííîãî äèàïàçîíà. Ýòî ñòàëî
ïîäòâåðæäåíèåì íå òîëüêî ñóùåñòâîâàíèÿ ñîñòîÿíèÿ ! = const, íî è òîãî,
÷òî îíî îïðåäåëÿåò óñëîâèÿ òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ â ñèñòåìå
«âîçäóõ�æèäêîñòü».

Ïðèâåäåííûå âûøå ðåçóëüòàòû èññëåäîâàíèé ïîäòâåðæäàþò íåîáõîäè-
ìîñòü èñïîëüçîâàíèÿ òåîðèè ïîòåíöèàëà âëàæíîñòè äëÿ àíàëèçà è ðàñ÷åòà
ïðîöåññîâ òåïëîâëàãîîáìåíà ìåæäó âîçäóõîì è æèäêîñòüþ.

Áûëî òàêæå ïðîâåäåíî ýêñïåðèìåíòàëüíîå èçó÷åíèå èçîýíòàëüïèéíûõ
ñîñòîÿíèé êîíòàêòèðóþùèõ ñðåä, ïîçâîëèâøåå âûÿâèòü îñîáåííîñòè èõ ïðî-
òåêàíèÿ ñ ó÷åòîì ÿâëåíèé íà ãðàíèöå ðàçäåëà.
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Ðèñ. 3. Ðàñïðåäåëåíèå òåìïåðàòóðû (à) è ïîòåíöèàëà âëàæíîñòè (á)
â ïîãðàíè÷íûõ ôàçàõ âîçäóõà è âîäû ïðè v = 0,79 ì/ñ, l = 0,2 ì (äàííûå

òàáë. 1)
tï, !ï – ïàðàìåòðû ïîâåðõíîñòè ðàçäåëà èç ïîñòðîåíèÿ ïîëåé òåìïåðàòóðû
è ïîòåíöèàëà âëàæíîñòè; �tï, �!ï – ïàðàìåòðû ïîâåðõíîñòè ðàçäåëà, èçìåðåííûå

â ýêñïåðèìåíòå



Ðàññìîòðèì ðåçóëüòàòû îäíîãî èç ýêñïåðèìåíòîâ, õàðàêòåðèçóåìûõ
ñëåäóþùèì ñî÷åòàíèåì ïàðàìåòðîâ êîíòàêòèðóþùèõ ñðåä (òàáë. 2):

� ïàðàìåòðû â îáúåìíîé ôàçå âîçäóõà – tñ = 19,6 $C, tì = 8,7 $C;
� ïàðàìåòðû â îáúåìíîé ôàçå âîäû – tæ = 8,8 $C;
� ñêîðîñòü âîçäóøíîãî ïîòîêà � v = 0,79 ì/ñ;
� ðàññòîÿíèå îò ïåðåäíåé êðîìêè ïîääîíà � l = 0,2 ì.
Ïî àíàëîãèè ñ âûøåðàññìîòðåííûì îïûòîì ïðè ! = const, íà îñíîâå

äàííûõ çàìåðîâ tñ, tì è tæ â ïîãðàíè÷íûõ ôàçàõ âîçäóõà è âîäû, áûëè ïîñòðîå-
íû ëèíèè ðàñïðåäåëåíèÿ òåìïåðàòóðû (t) è ïîòåíöèàëà âëàæíîñòè (!) ïðè
I = const (ðèñ. 4). Îïðåäåëåíû ïàðàìåòðû ïåðåõîäíîé ôàçû – tï = 11,6 $C,
!ï = 17 $B, à òàêæå íàíåñåíû íà ëèíèè H = 0 ýêñïåðèìåíòàëüíûå çíà÷åíèÿ
ïàðàìåòðîâ ïîâåðõíîñòè ðàçäåëà � �tï = 8,8 $C, �! ï = 26 $B.

Òåïëî- è âëàãîîáìåí â ñèñòåìå «âîçäóõ–âîäà» ñ ïîçèöèè òåîðèè ïîòåíöèàëà âëàæíîñòè
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Ò à á ë è ö à 2. Ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èçó÷åíèÿ ïîëåé
òåìïåðàòóðû è ïîòåíöèàëà âëàæíîñòè â ïîãðàíè÷íûõ ôàçàõ
âîçäóõà è âîäû (l = 0,2 ì, v = 0,79 ì/ñ, I = const), îïûò ¹ 36

Òî÷êè
çàìåðà Í, ìì

Âîçäóõ, °Ñ Âîäà, °Ñ

tc = 19,6 tì = 8,7 tæ = 8,8

1 �0,4 � � 8,8

2 �0,2 � � 8,8

3 0,0 � � 8,8

4 0,2 12,3 8,7 �

5 0,4 13,0 8,7 �

6 0,6 13,7 8,7 �

7 0,8 14,3 8,7 �

8 1,0 14,9 8,7 �

Ðèñ. 4. Ðàñïðåäåëåíèå ïîòåíöèàëà âëàæíîñòè (a) è òåìïåðàòóðû (á) â ïîãðàíè÷íûõ
ôàçàõ âîçäóõà è âîäû ïðè v = 0,79 ì/ñ, l = 0,2 ì (äàííûå òàáë. 2)

tï, !ï – ïàðàìåòðû ïîâåðõíîñòè ðàçäåëà èç ïîñòðîåíèÿ ïîëåé òåìïåðàòóðû è ïîòåíöèàëà âëàæ-
íîñòè; �tï, �!ï – ïàðàìåòðû ïîâåðõíîñòè ðàçäåëà, èçìåðåííûå â ýêñïåðèìåíòå



Ïîñòðîåíèÿ íà ðèñ. 4 ïîêàçûâàþò, ÷òî �t = tï – �t ï = 2,8 $C, à �! =
= �! ï – !ï = 9 $B, ò.å. òåìïåðàòóðà ïîâåðõíîñòè, èçìåðåííàÿ â ýêñïåðèìåí-
òå, íå ñîîòâåòñòâóåò ïîëó÷åííîé èç ïîñòðîåíèÿ ïîëåé òåìïåðàòóðû â ïîãðà-
íè÷íîé ôàçå. Òî æå ñàìîå îòíîñèòñÿ è ê ïîòåíöèàëó âëàæíîñòè. Òàêèì îáðà-
çîì, èç ïîñòðîåíèé âèäíî, ÷òî íà ãðàíèöå ðàçäåëà ñðåä èìååò ìåñòî ñêà÷îê
ïàðàìåòðîâ.

Íàíåñåíèå îïûòíûõ òî÷åê íà I-d-!-äèàãðàììó ïîêàçàëî, ÷òî îíè ðàñïî-
ëîæåíû íà ëèíèè I = 26 êÄæ/êã = const, à ñîñòîÿíèå ïîâåðõíîñòíîé ôàçû
õàðàêòåðèçóåòñÿ òî÷êîé ñ ïàðàìåòðàìè t = 11,6 $C, % = 70 %, ò.å. íàëè÷èå
ñêà÷êà ïàðàìåòðîâ íà ãðàíèöå ðàçäåëà ñðåä îáúÿñíÿåòñÿ íåíàñûùåííûì
ñîñòîÿíèåì ïåðåõîäíîé ôàçû.

Àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷åíû è ïðè äðóãèõ íà÷àëüíûõ óñëîâèÿõ
âçàèìîäåéñòâèÿ I = const. Áûëî óñòàíîâëåíî, ÷òî �t = tï – �tï ñîñòàâëÿåò
2,5–3,8 $C, à �! = �! ï – !ï – 4–10 $B.

Â ðåçóëüòàòå îáðàáîòêè îïûòíûõ äàííûõ ïîëó÷åíû êðèòåðèàëüíûå çàâè-
ñèìîñòè ñ èñïîëüçîâàíèåì ïîòåíöèàëà âëàæíîñòè äëÿ îïðåäåëåíèÿ ëîêàëü-
íûõ çíà÷åíèé êîýôôèöèåíòîâ òåïëî- è âëàãîîáìåíà ñ ó÷åòîì ñóùåñòâîâàíèÿ
ïîâåðõíîñòíîé ôàçû íà ãðàíèöå ðàçäåëà ñðåä:

Nu � c Ð k1 2
0 33 0 74 0 17, , ,Re ; (3)

Nu Pr2� �
� ��! !c k( ) Re , ,2 1 08 0 28 , (4)

ãäå Nu, Nu!� – êðèòåðèè Íóññåëüòà;
Pr, Pr!� – êðèòåðèè Ïðàíäòëÿ;
k = 1,018�1,033; c1 = 0,046�0,052; c2 = 0,0061�0,006.

Â êðèòåðèàëüíûõ çàâèñèìîñòÿõ èñïîëüçîâàí ñèìïëåêñ k = Ò/Òï, ïðåä-
ñòàâëÿþùèé îòíîøåíèå òåìïåðàòóðû ïî ñóõîìó òåðìîìåòðó â îáúåìíîé
ôàçå âîçäóõà ê òåìïåðàòóðå ïîâåðõíîñòè ðàçäåëà è îïðåäåëÿþùèé ñòåïåíü
âëèÿíèÿ ñîñòîÿíèÿ ïîâåðõíîñòíîé ôàçû íà ïðîöåññû òåïëîâëàãîîáìåíà
â ñèñòåìå «âîçäóõ�æèäêîñòü».

Òàêèì îáðàçîì, ðåçóëüòàòû èññëåäîâàíèé ïîêàçàëè ïðàâîìåðíîñòü èñ-
ïîëüçîâàíèÿ òåîðèè ïîòåíöèàëà âëàæíîñòè äëÿ àíàëèçà ïðîòåêàíèÿ ïðîöåñ-
ñîâ òåïëî- è âëàãîîáìåíà ñ ó÷åòîì ÿâëåíèé íà ãðàíèöå ðàçäåëà âçàèìîäåé-
ñòâóþùèõ ñðåä.

Íàíåñåíèå ëèíèé ïîñòîÿííûõ ïîòåíöèàëîâ âëàæíîñòè íà I-d-äèàãðàììó
ïîçâîëèëî ðàñøèðèòü îáëàñòü åå ïðèìåíåíèÿ äëÿ àíàëèçà ïðîöåññîâ èçìåíå-
íèÿ òåïëîâëàæíîñòíîãî ñîñòîÿíèÿ âîçäóõà.

Ýêñïåðèìåíòàëüíî áûëè óñòàíîâëåíû êðèòåðèàëüíûå çàâèñèìîñòè äëÿ
Nu è Nu!�, â êîòîðûõ èñïîëüçîâàí ñèìïëåêñ k = T/Tï, ó÷èòûâàþùèé âëèÿíèå
íà îáìåííûå ïðîöåññû ñîñòîÿíèÿ ïîâåðõíîñòíîé ôàçû.

ÁÈÁËÈÎÃÐÀÔÈ×ÅÑÊÈÉ ÑÏÈÑÎÊ

1. Á î ã î ñ ë î â ñ ê è é Â.Í., Ïîç Ì.ß. Òåïëîôèçèêà àïïàðàòîâ óòèëèçàöèè òåïëà
ñèñòåì îòîïëåíèÿ, âåíòèëÿöèè è êîíäèöèîíèðîâàíèÿ âîçäóõà. Ì.: Ñòðîéèçäàò,
1983. 175 ñ.

2. Ä æ å é ê î ê Ì., Ï à ô ô å é Ä. Õèìèÿ ïîâåðõíîñòåé ðàçäåëà ôàç. Ì.: Ìèð, 1984.

À.Í. Ãâîçäêîâ

38



3. Ã î ã î ñ î â Â.Â., Í à ë å ò î â à Â.À. è äð. Ãèäðîäèíàìèêà ïîâåðõíîñòíûõ ÿâëå-
íèé // Ïðèêëàäíàÿ ìàòåìàòèêà è ìåõàíèêà. 1984. Ò. 48, âûï. 3.

4. Î í î Ñ., Ê î í ä î Ñ. Ìîëåêóëÿðíàÿ òåîðèÿ ïîâåðõíîñòíîãî íàòÿæåíèÿ â æèäêî-
ñòÿõ. Ì.: Èíîñòð. ëèò., 1963. 291 ñ.

5. L i s s P.S., B a l l s P., M a r t i n e l l y F.N., C o a n t i c M. The effect of evaporation
and condensation on gas transfer across an air-water interface // Oceanol. 1981. Acta 4.
Ð. 129–138.

6. L e e R.J., S a y l o r J.R. The effect of a surfactant monolayer on oxygen transfer across
an air/water interface during mixed convection // International Journal of Heat and Mass
Transfer. 2010. Vol. 53. P. 3405–3413.

7. I n c r o p e r a F.P., D e W i t t D.P. Fundamentals of Heat and Mass Transfer // John
Wiley & Sons, Inc., 2002.

8. Á î ã î ñ ë î â ñ ê è é Â.Í. Òåïëîâîé ðåæèì çäàíèÿ. Ì.: Ñòðîéèçäàò, 1985. 367 ñ.

Ãâîçäêîâ Àëåêñàíäð Íèêîëàåâè÷, êàíä. òåõí. íàóê, äîö.
Âîëãîãðàäñêèé ãîñóäàðñòâåííûé àðõèòåêòóðíî-ñòðîèòåëüíûé óíèâåðñèòåò

Ïîëó÷åíî 22.10.15

Gvozdkov Alexandr Nikolaevich, PhD, àss. professor, Volgograd State University of
Architecture and Civil Engineering, Russia

HEAT AND MASS TRANSFER
IN THE SYSTEM «AIR – WATER» FROM THE STANDPOINT
OF THE HUMIDITY POTENTIAL THEORY

The article presents the results of theoretical and experimental studies on the application of
the theory of humidity potential for calculating the heat and mass transfer between the air
and water.
Based on the established dependence between the humidity potential and the partial
pressure of water vapor in air at different temperatures, on the I-d-diagram were plotted
lines of constant potential humidity ! = const, which allowed to significantly expand the
scope of its using for the analysis of the processes of heat and humidity changes air
condition. Presents the results of experimental researches of processes of heat and mass
transfer in the form of criterial equations for Nu, Nu!�, considering the influence on the
exchange process of the surface phase.

K e y w o r d s: humidity potential, heat and humidity exchange, I-d-diagram, state
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ÓÄÊ 628. 349

Ê.À. ÊÎÂÀËÅÍÊÎ, Ã.È. ÏÓØÊÀÐÅÂÀ

ÑÎÐÁÖÈÎÍÍÎÅ ÓÄÀËÅÍÈÅ ÈÎÍÎÂ ÒßÆÅËÛÕ ÌÅÒÀËËÎÂ
ÈÇ ÂÎÄÍÛÕ ÑÐÅÄ Ñ ÈÑÏÎËÜÇÎÂÀÍÈÅÌ
ÏÐÈÐÎÄÍÎÃÎ ÎÊÑÈÄÀ ÌÀÐÃÀÍÖÀ*

Èññëåäîâàíû ñîðáöèîííûå ñâîéñòâà ìàðãàíöåâîé ðóäû êàê ïðèðîäíîãî èñòî÷íèêà
îêñèäà ìàðãàíöà äëÿ óäàëåíèÿ ìåäè è öèíêà èç âîäíûõ ñðåä. Â ñòàòè÷åñêèõ óñëîâè-
ÿõ îïðåäåëåíû îïòèìàëüíûå ïàðàìåòðû ñîðáöèîííîãî ïðîöåññà äëÿ óäàëåíèÿ
èîíîâ ìåòàëëîâ äî ñàíèòàðíûõ íîðì (âðåìÿ êîíòàêòà, ðÍ âîäíîé ñðåäû, ðàñõîä
ñîðáåíòà).

Ê ë þ ÷ å â û å ñ ë î â à: ñîðáöèÿ, îêñèä ìàðãàíöà, ìàðãàíöåâàÿ ðóäà, ìåäü, öèíê.

Ââåäåíèå. Íàèáîëüøóþ îïàñíîñòü ñðåäè âåùåñòâ, îêàçûâàþùèõ íåãà-
òèâíîå âëèÿíèå íà îêðóæàþùóþ ñðåäó è çäîðîâüå ÷åëîâåêà, ïðåäñòàâëÿþò
èîíû òÿæåëûõ öâåòíûõ ìåòàëëîâ (ìåäü, öèíê, ñâèíåö, ìàðãàíåö, íèêåëü
è äð.). Äëèòåëüíîå ïîñòóïëåíèå ìåòàëëîâ â îðãàíèçì ñ ïèòüåâîé âîäîé äàæå
â îòíîñèòåëüíî íèçêèõ êîíöåíòðàöèÿõ ìîæåò ïðèâåñòè ê èõ çàäåðæêå è íàêî-
ïëåíèþ â íåì, à âïîñëåäñòâèè ê ðàçâèòèþ èíòîêñèêàöèé, ñîïðîâîæäàþùèõñÿ
íàðóøåíèåì ôóíêöèîíèðîâàíèÿ öåíòðàëüíîé íåðâíîé ñèñòåìû, âíóòðåííèõ
îðãàíîâ, è äðóãèì èçìåíåíèÿì. Âûñîêèé óðîâåíü çàãðÿçíåííîñòè ïîâåðõíî-
ñòíûõ, à â ðÿäå ñëó÷àåâ è ïîäçåìíûõ âîä ýòèìè òîêñèêàíòàìè ñâÿçàí, ïðåæäå
âñåãî, ñ àêòèâíîé àíòðîïîãåííîé äåÿòåëüíîñòüþ ÷åëîâåêà. Îñíîâíîé âêëàä
â çàãðÿçíåíèå âîäíûõ îáúåêòîâ ìåòàëëàìè âíîñÿò ñòî÷íûå âîäû ãîðíîäîáû-
âàþùåé ïðîìûøëåííîñòè, ÷åðíîé è öâåòíîé ìåòàëëóðãèè, ìàøèíîñòðîè-
òåëüíûõ, ìåòàëëîîáðàáàòûâàþùèõ, ïðèáîðîñòðîèòåëüíûõ è äðóãèõ ïðåä-
ïðèÿòèé. Â ñâÿçè ñ ÷åì î÷èñòêà âîäíûõ ñðåä (ïðèðîäíûõ è ñòî÷íûõ âîä) îò
èîíîâ òÿæåëûõ ìåòàëëîâ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

Îäíèì èç ïåðñïåêòèâíûõ ïóòåé ðåøåíèÿ ýòîé çàäà÷è ìîæíî ðàññìàò-
ðèâàòü ñîðáöèîííûå ïðîöåññû ñ èñïîëüçîâàíèåì ïðèðîäíûõ ìèíåðàëüíûõ
ñîðáåíòîâ, îñíîâíûå ïðåèìóùåñòâà êîòîðûõ � îòíîñèòåëüíî íèçêàÿ ñòîè-
ìîñòü è äîñòàòî÷íî âûñîêàÿ ñîðáöèîííàÿ åìêîñòü.

Â ðàáîòàõ [1, 2] ïîêàçàíî, ÷òî îêñèäû ìàðãàíöà, âõîäÿùèå â ñîñòàâ
ìàðãàíöåâûõ ðóä, ïðîÿâëÿþò êàòàëèòè÷åñêèå ñâîéñòâà ïî îòíîøåíèþ ê ïðî-
öåññó îêèñëåíèÿ èîíîâ æåëåçà è ìàðãàíöà, îáëàäàþò îêèñëèòåëüíûìè è ñîðá-
öèîííûìè ñâîéñòâàìè ïî îòíîøåíèþ ê ñîåäèíåíèÿì ìûøüÿêà. Öåëü íàøèõ
èññëåäîâàíèé – èçó÷åíèå âîçìîæíîñòè èñïîëüçîâàíèÿ ìàðãàíöåâûõ ðóä
â ïðîöåññàõ ñîðáöèîííîé î÷èñòêè âîäíûõ ñðåä îò èîíîâ öèíêà è ìåäè êàê
íàèáîëåå ðàñïðîñòðàíåííûõ è ýêîëîãè÷åñêè îïàñíûõ çàãðÿçíèòåëåé.

Ìåòîäû èññëåäîâàíèé è îáñóæäåíèå ðåçóëüòàòîâ. Èññëåäîâàíèÿ
ïðîâîäèëè íà ìàðãàíöåâîé ðóäå îäíîãî èç ìåñòîðîæäåíèé Ñèáèðè. Ðóäó
èçìåëü÷àëè äî êðóïíîñòè 0,5–3 ìì íà ùåêîâîé äðîáèëêå, ïîëó÷åííûå ôðàê-
öèè îòìûâàëè âîäîé îò ãëèíèñòîé ñîñòàâëÿþùåé è âûñóøèâàëè ïðè êîì-
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íàòíîé òåìïåðàòóðå. Äîèçìåëü÷åíèå äî 10–100 ìêì ïðîâîäèëè íà öåíòðî-
áåæíîì èñòèðàòåëå: 30�40 % ñîñòàâëÿþò ÷àñòèöû ðàçìåðîì äî 10 ìêì,
40�60 % – 10�50 ìêì, îñòàëüíîå – 50�100 ìêì. Ìåòîäîì ðåíòãåíîôëóîðåñ-
öåíòíîé ñïåêòðîñêîïèè îïðåäåëåí ýëåìåíòíûé ñîñòàâ ðóäû: æåëåçî
(23,23 %), ìàðãàíåö (21,25 %) è êðåìíèé (15,36 %); ïðèñóòñòâóþò àëþìèíèé
(1,25 %), áàðèé (1,36 %), êàëèé (0,57 %), ìàãíèé (0,24 %), ôîñôîð (0,1 %)
è ïðî÷èå ïðèìåñè â íåçíà÷èòåëüíîì êîëè÷åñòâå. Ðåçóëüòàòû ðåíòãåíîñòðóê-
òóðíîãî àíàëèçà ïîêàçàëè, ÷òî â ðóäå ïðåîáëàäàþò êðèïòîìåëàí (K2Mn8O16)
è ãåòèò (FeO(OH)), ïðèñóòñòâóþò êâàðö (SiO2) è ãåìàòèò (Fe2O3).

Èçó÷åíèå ñîðáöèîííûõ ñâîéñòâ îáðàçöîâ ðóäû ïðîâîäèëè â ñòàòè÷åñêèõ
óñëîâèÿõ ïî ñòàíäàðòíîé ìåòîäèêå [3]. Ìîäåëüíûå ðàñòâîðû, ïðèãîòîâëåí-
íûå íà âîäîïðîâîäíîé âîäå, ñ äîáàâëåíèåì ñóëüôàòîâ öèíêà èëè ìåäè, ïîìå-
ùàëè â êîëáû, âíîñèëè íàâåñêó ìàðãàíöåâîé ðóäû è ïåðåìåøèâàëè íà ìàã-
íèòíûõ ìåøàëêàõ ñî ñêîðîñòüþ 800 îá/ìèí äî äîñòèæåíèÿ ñîðáöèîííîãî
ðàâíîâåñèÿ. Çàòåì ñîðáåíò îòäåëÿëè ôèëüòðîâàíèåì, â ôèëüòðàòå îïðåäåëÿëè
îñòàòî÷íóþ êîíöåíòðàöèþ ýëåìåíòîâ. Ïî ïîëó÷åííûì çíà÷åíèÿì ðàññ÷èòû-
âàëè ñîðáöèîííóþ åìêîñòü ðóäû ïî îòíîøåíèþ ê òîêñèêàíòàì è ñòåïåíü èõ
èçâëå÷åíèÿ. Èçìåðåíèå êîíöåíòðàöèè ýëåìåíòîâ â ðàñòâîðàõ ïðîâîäèëè
ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîñêîïèè.

Ñêîðîñòü äîñòèæåíèÿ ðàâíîâåñíîãî ñîñòîÿíèÿ (êèíåòèêà ñîðáöèè), íàðÿ-
äó ñ ñîðáöèîííîé åìêîñòüþ, ÿâëÿåòñÿ âàæíîé õàðàêòåðèñòèêîé ñîðáöèîí-
íîãî ïðîöåññà è èìååò ïðàêòè÷åñêîå çíà÷åíèå. Ýòîò ïàðàìåòð îïðåäåëÿëè
ìåòîäîì îãðàíè÷åííîãî îáúåìà. Â êîíè÷åñêèå êîëáû ïîìåùàëè ïî 0,2 äì3

îäíîêîìïîíåíòíîãî ìîäåëüíîãî ðàñòâîðà, ñîäåðæàùåãî öèíê (2 ìã/äì3) èëè
ìåäü (2,6 ìã/äì3) â âèäå ñóëüôàòîâ è ðóäó èç ðàñ÷åòà 1 ã/äì3 äëÿ öèíêà,
0,1 ã/äì3 äëÿ ìåäè, è óñòàíàâëèâàëè èõ íà ìàãíèòíûå ìåøàëêè. ×åðåç îïðå-
äåëåííûå ïðîìåæóòêè âðåìåíè ðóäó îòäåëÿëè íà ôèëüòðå, â ôèëüòðàòå îï-
ðåäåëÿëè ñîäåðæàíèå ñîîòâåòñòâóþùåãî ýëåìåíòà. Ðàññ÷èòûâàëè âåëè÷èíó
ñîðáöèîííîé åìêîñòè ïî ñòàíäàðòíîé ôîðìóëå. Íà îñíîâàíèè ïîëó÷åííûõ
äàííûõ ïîñòðîåíû êèíåòè÷åñêèå êðèâûå ñîðáöèè (ðèñ. 1). Âðåìÿ, äîñòàòî÷-
íîå äëÿ óñòàíîâëåíèÿ ñîðáöèîííîãî ðàâíîâåñèÿ, ñîñòàâëÿåò 20–30 ìèí.

Äëÿ îïðåäåëåíèÿ ñîðáöèîííîé åìêîñòè ðóäû ïî îòíîøåíèþ ê èññëåäóå-
ìûì ýëåìåíòàì ñòðîèëè èçîòåðìû ñîðáöèè ìåòîäîì ïåðåìåííûõ êîíöåíòðà-
öèé íà ìîäåëüíûõ ðàñòâîðàõ ñ ñîäåðæàíèåì öèíêà îò 2,2 äî 10,7 ìã/äì3,
ðÍ�6,0÷6,2 èëè ìåäè îò 1,8 äî 8,4 ìã/äì3, ðÍ�5,6÷5,8 (ðèñ. 2). Ïåðåìåøè-
âàíèå îñóùåñòâëÿëè ïðè òåìïåðàòóðå ðàñòâîðà 22�24 °Ñ â òå÷åíèå 30 ìèí.
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Ðèñ. 1. Êèíåòè÷åñêèå êðèâûå ñîðáöèè öèíêà (à)
è ìåäè (á) íà ìàðãàíöåâîé ðóäå



Ìàêñèìàëüíàÿ ñîðáöèîííàÿ åìêîñòü ðóäû ïî îòíîøåíèþ ê öèíêó è ìåäè
â óñëîâèÿõ ýêñïåðèìåíòà ñîñòàâëÿåò 3,2 è 21 ìã/ã ñîîòâåòñòâåííî.

Ïîëó÷åííûå èçîòåðìû ìîãóò áûòü îïèñàíû ìàòåìàòè÷åñêè óðàâíåíèÿìè
Ôðåéíäëèõà (1) èëè Ëåíãìþðà (2):

A
K A C

K C

L m p

L p

�
�1

; (1)

A K CF p
n�
1

. (2)

Çäåñü À – êîëè÷åñòâî ìåòàëëà, ñîðáèðîâàííîå òâåðäîé ôàçîé, îòíåñåííîå ê åå
ìàññå (ñîðáöèîííàÿ åìêîñòü), ìã/ã;
Cp – ðàâíîâåñíàÿ êîíöåíòðàöèÿ ìåòàëëà â ðàñòâîðå, ìã/äì3;
Am – ìàêñèìóì ñîðáöèè èëè åìêîñòü ìîíîñëîÿ Ëåíãìþðà, ìã/ã;
KL – êîíñòàíòà ñîðáöèîííîãî ðàâíîâåñèÿ;
KF – ýìïèðè÷åñêàÿ êîíñòàíòà óðàâíåíèÿ Ôðåéíäëèõà;
n – êîíñòàíòà èíòåíñèâíîñòè ñîðáöèè, ñâÿçàííàÿ ñ íåîäíîðîäíîñòüþ ýíåðãèè
ñèñòåìû è ðàçìåðîì ñîðáèðóåìûõ ÷àñòèö [4, 5].

Êîýôôèöèåíòû óðàâíåíèé 1, 2 ñîðáöèè öèíêà è ìåäè ðàññ÷èòûâàëè, èñ-
ïîëüçóÿ ñòàòèñòè÷åñêèå ôóíêöèè MS Excel. Ïîëó÷åííûå çíà÷åíèÿ ïðåäñòàâ-
ëåíû â òàáëèöå.

Çíà÷åíèÿ êîíñòàíòû n (ñì. òàáëèöó) óêàçûâàþò íà òî, ÷òî èîíû ìåäè è
öèíêà ñîðáèðóþòñÿ ïî÷òè ñ îäèíàêîâîé èíòåíñèâíîñòüþ. Àíàëèçèðóÿ ïîëó-
÷åííûå çíà÷åíèÿ êîýôôèöèåíòîâ êîððåëÿöèè, ìîæíî ñäåëàòü âûâîä î òîì,
÷òî äëÿ îïèñàíèÿ ñîðáöèè öèíêà íà ìàðãàíöåâîé ðóäå íàèáîëåå ïðèìåíèìî
óðàâíåíèå Ôðåéíäëèõà (R = 0,918), äëÿ ìåäè (R = 0,93) – óðàâíåíèå Ëåíãìþ-
ðà. Ñîãëàñíî ìîíîìîëåêóëÿðíîé òåîðèè Ëåíãìþðà [4, 5], ìåäü ñîðáèðóåòñÿ
íå ïî âñåé ïîâåðõíîñòè ðóäû, à íà àêòèâíûõ öåíòðàõ; àêòèâíûå öåíòðû ñ÷èòà-
þòñÿ íåçàâèñèìûìè; êàæäûé àêòèâíûé öåíòð ñïîñîáåí âçàèìîäåéñòâîâàòü
òîëüêî ñ îäíîé ìîëåêóëîé ñîðáàòà, â ðåçóëüòàòå íà ïîâåðõíîñòè ìîæåò îáðà-
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Ðèñ. 2. Èçîòåðìû ñîðáöèè öèíêà (à) è ìåäè (á) íà ìàðãàíöåâîé ðóäå

Ñîðáèðóåìûé
ìåòàëë

Àm

(ýêñïåðèìåíòàëüíîå),
ìã/ã

Ìîäåëü Ëåíãìþðà Ìîäåëü Ôðåéíäëèõà

ÊL Àm, ìã/ã R2 ÊF n R2

Zn 3,2 2,634 2,726 0,778 1,79 3 0,918

Cu 21 1,308 29,35 0,93 14,95 2,7 0,767

Ï ð è ì å ÷ à í è å. R2 – êîýôôèöèåíò êîððåëÿöèè.



çîâàòüñÿ òîëüêî îäèí ñëîé ñîðáèðîâàííûõ ìîëåêóë; ñîðáöèÿ âûçûâàåòñÿ ñè-
ëàìè, áëèçêèìè ê õèìè÷åñêèì. Ðàññìàòðèâàÿ ñîðáöèþ öèíêà ïî ìîäåëè
Ôðåéíäëèõà [4, 5], ìîæíî ïðåäïîëîæèòü, ÷òî ìåæäó ñîðáèðîâàííûìè ÷àñòè-
öàìè èìååò ìåñòî âçàèìîäåéñòâèå, àêòèâíûå öåíòðû íå ÿâëÿþòñÿ ïîëíîñòüþ
íåçàâèñèìûìè äðóã îò äðóãà.

Òåîðåòè÷åñêèå è ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ìàêñèìàëüíîé ñîðáöèè
öèíêà è ìåäè îòëè÷àþòñÿ â 1,2 è 1,4 ðàçà, íà èçîòåðìàõ íàáëþäàþòñÿ ïåðåãè-
áû, ýòî ìîæåò áûòü ñâÿçàíî ñ îáðàçîâàíèåì âòîðîãî ñëîÿ ìîëåêóë èëè ñ îäíî-
âðåìåííûì ïðîòåêàíèåì íåñêîëüêèõ âèäîâ ñîðáöèè (õèìè÷åñêîé, ôèçè÷å-
ñêîé, èîíîîáìåííîé).

Çíà÷èòåëüíîå âëèÿíèå íà ñîðáöèîííûé ïðîöåññ îêàçûâàåò êèñëîòíî-ùå-
ëî÷íîå ñîñòîÿíèå âîäíîé ñðåäû. Ñíèæåíèå pH ñïîñîáñòâóåò óìåíüøåíèþ
êîëè÷åñòâà îòðèöàòåëüíî çàðÿæåííûõ ó÷àñòêîâ ïîâåðõíîñòè äëÿ ñîðáöèè êà-
òèîíîâ. Òî÷êà íóëåâîãî çàðÿäà (ÒÍÇ) äëÿ îêñèäîâ / ãèäðîêñèäîâ æåëåçà ðàñ-
ïîëàãàåòñÿ â äèàïàçîíå 7�10, ò.å. ïðè íèçêèõ çíà÷åíèÿõ pH îíè íå èãðàþò íè-
êàêîé ðîëè â ïðîöåññàõ ñîðáöèè êàòèîíîâ, òàê êàê â ýòèõ óñëîâèÿõ óêàçàííûå
ïîâåðõíîñòè èìåþò ïîëîæèòåëüíûé çàðÿä. Îêñèä ìàðãàíöà èìååò ÒÍÇ â äèà-
ïàçîíå 2,8�4,5, ïîýòîìó ïðè pH âûøå 4,5 îêñèä ìàðãàíöà ìåíÿåò çàðÿä ïî-
âåðõíîñòè íà îòðèöàòåëüíûé, ÷òî èìååò çíà÷åíèå äëÿ ñîðáöèè êàòèîíîâ [5].
Çàâèñèìîñòü ñîðáöèîííûõ ðåàêöèé êàòèîíîâ ìåòàëëîâ îò pH ñðåäû õàðàêòå-
ðèçóåòñÿ, â ÷àñòíîñòè, ïðåäïî÷òèòåëüíîé ñîðáöèåé èõ ãèäðîëèçîâàííûõ
ôîðì ïî ñðàâíåíèþ ñî ñâîáîäíûì èîíîì ìåòàëëà. Äîëÿ ãèäðîëèçîâàííûõ èî-
íîâ ìåòàëëîâ óâåëè÷èâàåòñÿ ñ ðîñòîì pH. Ïîýòîìó ïðåäñòàâëÿåò èíòåðåñ èñ-
ñëåäîâàíèå âëèÿíèÿ ðÍ íà ýôôåêòèâíîñòü óäàëåíèÿ èññëåäóåìûõ ìåòàëëîâ
íà ìàðãàíöåâîé ðóäå. Ñîãëàñíî äàííûì ðèñ. 3, çíà÷åíèÿ ïîêàçàòåëÿ ðÍ
âîäíîé ñðåäû, ïðè êîòîðîì äîñòèãàþòñÿ ñàíèòàðíûå íîðìû ïî îñòàòî÷íûì
êîíöåíòðàöèÿì òîêñèêàíòîâ, äîëæíû áûòü äëÿ öèíêà áîëüøå 6, äëÿ ìåäè
áîëüøå 5, ò.å. çíà÷åíèÿ ðÍ î÷èùàåìîé âîäû äîëæíî ñîîòâåòñòâîâàòü ðÍ
íà÷àëà îñàæäåíèÿ ñîîòâåòñòâóþùèõ ãèäðîîêèñåé ìåòàëëîâ, íî íå áîëåå ðÍ,
ïðè êîòîðûõ íà÷èíàåòñÿ èõ ðàñòâîðåíèå.

Èçó÷åíî âëèÿíèå ðàñõîäà ìàðãàíöåâîé ðóäû íà ñòåïåíü èçâëå÷åíèÿ
çàãðÿçíÿþùèõ âåùåñòâ. Â îòäåëüíûå ïîðöèè ìîäåëüíîãî ðàñòâîðà, ñîäåðæà-
ùåãî öèíê 2 ìã/äì3 èëè ìåäü 2,3 ìã/äì3 ïðè îïòèìàëüíûõ çíà÷åíèÿõ ðÍZn �
6,2 è ðÍÑu � 5,6, äîáàâëÿëè íàâåñêè ðóäû îò 0,5 äî 5,0 ã. Âðåìÿ ïåðåìåøè-
âàíèÿ 30 ìèí. Â ôèëüòðàòàõ îïðåäåëÿëè îñòàòî÷íóþ êîíöåíòðàöèþ ýëåìåí-
òîâ è ðàññ÷èòûâàëè ñòåïåíü èõ èçâëå÷åíèÿ â çàâèñèìîñòè îò ðàñõîäà ðóäû.
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Ðèñ. 3. Âëèÿíèå ðH î÷èùàåìîé âîäû íà óäàëåíèå öèíêà (à) è ìåäè (á)
íà ìàðãàíöåâîé ðóäå



Ðåçóëüòàòû ïðåäñòàâëåíû â âèäå äèàãðàìì íà ðèñ. 4. Îïòèìàëüíûé ðàñõîä
ðóäû äëÿ óäàëåíèÿ öèíêà ñîñòàâëÿåò 5 ã/äì3 â óñëîâèÿõ ýêñïåðèìåíòà, ìåäè –
0,4 ã/äì3, ñòåïåíü èçâëå÷åíèÿ ìåòàëëîâ – 96 è 92 % ñîîòâåòñòâåííî.

Âûâîäû. Â ðåçóëüòàòå èññëåäîâàíèé óñòàíîâëåíî, ÷òî äàííàÿ ìàðãàíöå-
âàÿ ðóäà ïðîÿâëÿåò ñîðáöèîííóþ àêòèâíîñòü ïî îòíîøåíèþ ê öèíêó è ìåäè.
Èçó÷åíû îñíîâíûå ôàêòîðû (âðåìÿ êîíòàêòà, ðÍ âîäíîé ñðåäû, ðàñõîä ñîð-
áåíòà), âëèÿþùèå íà ñîðáöèîííûé ïðîöåññ. Ïðåäñòàâëåííûå â ðàáîòå äàí-
íûå ñâèäåòåëüñòâóþò î ïðèíöèïèàëüíîé âîçìîæíîñòè èñïîëüçîâàíèÿ ìàð-
ãàíöåâûõ ðóä, êàê ïðèðîäíîãî èñòî÷íèêà îêñèäà ìàðãàíöà, â ïðîöåññàõ ñîðá-
öèîííîé î÷èñòêè âîäíûõ ñðåä îò èîíîâ òÿæåëûõ öâåòíûõ ìåòàëëîâ äî
ñàíèòàðíûõ íîðì.
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Ðèñ. 4. Âëèÿíèå ðàñõîäà ìàðãàíöåâîé ðóäû íà ñòåïåíü èçâëå÷åíèÿ öèíêà (à)
è ìåäè (á)
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REMOVAL OF HEAVY METAL IONS FROM AQUEOUS MEDIA
BY ADSORPTION ON NATURAL MANGANESE OXIDE

The analysis involves adsorption characteristics of manganese ore as a natural source of
manganese oxide to be used to remove copper and zinc from aqueous media. Under static
conditions, the optimal adsorption parameters (time of contact, aqueous medium pH,
sorbent consumption) are defined for removal of metal ions down to sanitary standards.

K e y w o r d s: sorption, manganese oxide, manganese ore, copper, zinc.
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ÑÒÐÎÈÒÅËÜÍÛÅ È ÄÎÐÎÆÍÛÅ ÌÀØÈÍÛ

ÓÄÊ 621.542.001

Ý.À. ÀÁÐÀÌÅÍÊÎÂ, À.À. ÊÓÒÓÌÎÂ, À.Í. ÊÎÐÍÅÅÂ, Ä.Ý. ÀÁÐÀÌÅÍÊÎÂ

ÄÐÎÑÑÅËÜÍÛÉ ÏÍÅÂÌÎÓÄÀÐÍÛÉ ÌÅÕÀÍÈÇÌ
Ñ ÔÓÍÊÖÈÅÉ ÓÏÐÀÂËÅÍÈß ÏÅÐÅÏÓÑÊÎÌ
Â ÊÀÌÅÐÓ ÕÎËÎÑÒÎÃÎ ÕÎÄÀ
È ÅÃÎ ÔÈÇÈÊÎ-ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÎÏÈÑÀÍÈÅ

Ïðåäñòàâëÿåìàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì îïèñàíèÿ ïðîöåññà ïåðåïóñêà âîç-
äóõà ìåæäó ðàáî÷èìè êàìåðàìè â ìåõàíèçìàõ, ñèíòåçèðîâàííûõ ñ ïðèìåíåíèåì
èçâåñòíûõ ïðèçíàêîâ-ýëåìåíòîâ, ÿâëÿþùèõñÿ áàçîé ñîçäàíèÿ íîâîãî ïîêîëåíèÿ
ïíåâìîóäàðíûõ ìåõàíèçìîâ äëÿ øèðîêîãî ïðèìåíåíèÿ â ñòðîèòåëüñòâå, ãîðíîì
äåëå è ìàøèíîñòðîåíèè.

Ê ë þ ÷ å â û å ñ ë î â à: ïíåâìîóäàðíûé ìåõàíèçì, äðîññåëüíîå âîçäóõîðàñïðåäåëå-
íèå, ïåðåïóñê, êàìåðà ðàáî÷åãî õîäà, êàìåðà õîëîñòîãî õîäà, òðóá÷àòûé âûïóñê âîç-
äóõà, ñèíòåç ïíåâìîóäàðíîãî ìåõàíèçìà.

Ââåäåíèå. Â ðàáîòå ïðèâåäåí àíàëèç àíàëîãîâ ñ óêàçàíèåì èõ íåäîñòàò-
êîâ è ïðèíèìàåòñÿ òåõíè÷åñêîå ðåøåíèå � ñèíòåçèðîâàííûé âàðèàíò ïíåâìî-
óäàðíîãî ìåõàíèçìà.

Ñèíòåç âûïîëíåí íà áàçå èçâåñòíûõ ïðèçíàêîâ-ýëåìåíòîâ, ïðèâåäåííûõ
â êëàññèôèêàöèÿõ [1, 2], ÿâëÿþùèõñÿ áàçîé äëÿ ñîçäàíèÿ íîâîãî ïîêîëåíèÿ
ïíåâìîóäàðíûõ ìåõàíèçìîâ ñ øèðîêèìè âîçìîæíîñòÿìè ïðèìåíåíèÿ. Àíà-
ëèç ïíåâìîóäàðíûõ ìåõàíèçìîâ ñ ôóíêöèÿìè óïðàâëåíèÿ ïðîöåññîì ïåðå-
ïóñêà ÷àñòè âîçäóõà èç êàìåðû ðàáî÷åãî õîäà â êàìåðó õîëîñòîãî õîäà âêëþ-
÷àåò ñèñòåìû óïðàâëåíèÿ ñ èçìåíÿþùèìèñÿ ðàñõîäàìè âîçäóõà çà ñ÷åò
ïîñëåäîâàòåëüíîãî ïåðåêðûòèÿ ïðîõîäíûõ ñå÷åíèé êàíàëîâ ïåðåïóñêà.

Âàðèàíò ïíåâìîóäàðíîãî ìåõàíèçìà [3] ïðåäñòàâëåí íà ðèñ. 1.
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Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ïíåâìîóäàðíîãî ìåõàíèçìà [3].
Îáîçíà÷åíèÿ ñì. â òåêñòå



Ñæàòûé âîçäóõ èç ñåòè ïîñòîÿííî ïîñòóïàåò ÷åðåç äðîññåëè À è Á â öè-
ëèíäðå 1 â êàìåðó ðàáî÷åãî Â è õîëîñòîãî Ã õîäà. ×àñòè÷íûé ïåðåïóñê âîçäó-
õà ìåæäó êàìåðàìè Â è Ã îñóùåñòâëÿåòñÿ ÷åðåç ïåðåïóñêíîé êàíàë Ä ñ ÿðóñà-
ìè êàíàëîâ Å, ðàñïîëîæåííûìè â öèëèíäðå ñî ñòîðîíû êàìåðû Â, â çàâèñè-
ìîñòè îò ïîëîæåíèÿ óäàðíèêà 2. Îïîðîæíåíèå êàìåð Â è Ã ïðîèñõîäèò
ïîïåðåìåííî ÷åðåç âûïóñêíîé êàíàë Æ.

Ïîä äåéñòâèåì ðàçíîñòè ñèëîâûõ èìïóëüñîâ ñî ñòîðîíû êàìåð Â è Ã
óäàðíèê ñîâåðøàåò âîçâðàòíî-ïîñòóïàòåëüíîå äâèæåíèå è ïåðèîäè÷åñêè íà-
íîñèò óäàðû ïî èíñòðóìåíòó 3.

Ê íåäîñòàòêàì ìåõàíèçìà ñëåäóåò îòíåñòè: íåïðîèçâîäèòåëüíûé ðàñõîä
âîçäóõà îáåèìè êàìåðàìè ïðè èõ ñîîáùåíèè ñ àòìîñôåðîé ÷åðåç âûïóñêíîé
êàíàë â ñòåíêå öèëèíäðà; ïåðåïóñêíûå êàíàëû âûïîëíåíû â ñòåíêå öèëèíäðà,
÷òî îáóñëîâëèâàåò óâåëè÷åíèå òîëùèíû ñòåíîê è ìàññû öèëèíäðà; ïåðåêðû-
òèå êàíàëîâ ïåðåïóñêà îñóùåñòâëÿåòñÿ ñî ñòîðîíû îáåèõ êàìåð, ÷òî ïðèâîäèò
ê óâåëè÷åíèþ ìåñòíûõ ñîïðîòèâëåíèé ïåðåïóñêíîãî òðàêòà, ïîòåðå âíóòðåí-
íåé ýíåðãèè âîçäóõîì è ñíèæåíèþ ýíåðãåòè÷åñêèõ è ýêîíîìè÷åñêèõ ïîêàçà-
òåëåé ðàáî÷åãî ïðîöåññà.

Âàðèàíò ïíåâìîóäàðíîãî ìåõàíèçìà [3] ïðåäñòàâëåí íà ðèñ. 2.

Ñæàòûé âîçäóõ èç ñåòè ïîñòîÿííî ïîñòóïàåò ÷åðåç äðîññåëè À è Á â öè-
ëèíäðå 1 â êàìåðó Ã õîëîñòîãî õîäà. ×àñòè÷íûé ïåðåïóñê âîçäóõà ìåæäó êà-
ìåðàìè Â è Ã îñóùåñòâëÿåòñÿ ÷åðåç ïåðåïóñêíîé êàíàë Ä ñ ÿðóñàìè êàíàëîâ
Å, ðàñïîëîæåííûìè â öèëèíäðå ñî ñòîðîíû êàìåðû Ã, â çàâèñèìîñòè îò ïîëî-
æåíèÿ óäàðíèêà 2. Îïîðîæíåíèå êàìåð Â è Ã ïðîèñõîäèò ïåðèîäè÷åñêè ÷åðåç
âûïóñêíîé êàíàë Æ â öèëèíäðå. Ïîä äåéñòâèåì ðàçíîñòè ñèëîâûõ èìïóëüñîâ
ñî ñòîðîíû êàìåð Â è Ã óäàðíèê ñîâåðøàåò âîçâðàòíî-ïîñòóïàòåëüíîå äâèæå-
íèå è íàíîñèò óäàðû ïî èíñòðóìåíòó 3.

Ê íåäîñòàòêàì ìåõàíèçìà îòíîñÿòñÿ âñå ïåðå÷èñëåííûå äëÿ ìåõàíèçìà,
ïðåäñòàâëåííîãî íà ðèñ. 1. Äîïîëíèòåëüíî ñëåäóåò óêàçàòü áîëåå ñëîæíîå
èñïîëíåíèå ÿðóñà ïåðåïóñêíûõ êàíàëîâ ñî ñòîðîíû êàìåðû õîëîñòîãî õîäà
â ñðàâíåíèè ñ âàðèàíòîì íà ðèñ. 1, ãäå ÿðóñû âûïîëíåíû ñî ñòîðîíû êàìåðû
ðàáî÷åãî õîäà, ÷òî ïîçâîëÿåò óâåëè÷èâàòü ïðîõîäíîå ñå÷åíèå íà âïóñêå
è ïîääåðæèâàòü áîëåå âûñîêîå äàâëåíèå âîçäóõà íà âûïóñêå â êàìåðó õî-
ëîñòîãî õîäà. Âàðèàíò èñïîëíåíèÿ êàíàëà ïåðåïóñêà â ìåõàíèçìå íà ðèñ. 2
èìååò áîëåå âûñîêèå çíà÷åíèÿ ìåñòíûõ ñîïðîòèâëåíèé è ïîòåðü ýíåðãèè
ïåðåïóñêàåìîãî âîçäóõà.

Ý.À. Àáðàìåíêîâ, À.À. Êóòóìîâ, À.Í. Êîðíååâ, Ä.Ý. Àáðàìåíêîâ
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Ðèñ. 2. Ïðèíöèïèàëüíàÿ ñõåìà ïíåâìîóäàðíîãî ìåõàíèçìà [3].
Îáîçíà÷åíèÿ ñì. â òåêñòå



Âàðèàíò ïíåâìîóäàðíîãî ìåõàíèçìà [3] ïðåäñòàâëåí íà ðèñ. 3.
Ñæàòûé âîçäóõ èç ñåòè ïîñòîÿííî ïîñòóïàåò ÷åðåç äðîññåëè À è Á â öè-

ëèíäðå 1 â êàìåðó ðàáî÷åãî Â è õîëîñòîãî Ã õîäà. ×àñòè÷íûé ïåðåïóñê âîçäó-
õà ìåæäó êàìåðàìè Â è Ã ïðîèñõîäèò ÷åðåç ïåðåïóñêíîé êàíàë Ä ñ ÿðóñàìè
êàíàëîâ Å è Æ íà âõîäå ñî ñòîðîíû êàìåð Â è Ã â öèëèíäðå, â çàâèñèìîñòè
îò ïîëîæåíèÿ óäàðíèêà 2. Îïîðîæíåíèå êàìåð Â è Ã îñóùåñòâëÿåòñÿ ïî-
ïåðåìåííî ÷åðåç âûïóñêíîé êàíàë È â ñòåíêå öèëèíäðà.

Ïîä äåéñòâèåì ðàçíîñòè ñèëîâûõ èìïóëüñîâ ñî ñòîðîíû êàìåð Â è Ã
óäàðíèê ñîâåðøàåò âîçâðàòíî-ïîñòóïàòåëüíîå äâèæåíèå è ïåðèîäè÷åñêè
íàíîñèò óäàðû ïî èíñòðóìåíòó 3.

Îñíîâíûå íåäîñòàòêè âàðèàíòà, ïðåäñòàâëåííîãî íà ðèñ. 3, òå æå, êàê è ó
ìåõàíèçìîâ íà ðèñ. 1 è 2. Äîïîëíèòåëüíî ñëåäóåò îòìåòèòü íåäîñòàòîê òåõ-
íè÷åñêîãî ðåøåíèÿ: ÿðóñû ïåðåïóñêíûõ êàíàëîâ âûïîëíåíû ñî ñòîðîíû
îáåèõ êàìåð è èì ñâîéñòâåííî óäâîåííîå óâåëè÷åíèå ìåñòíûõ ñîïðîòèâ-
ëåíèé, ÷òî ñîçäàåò ïîâûøåííûå ïîòåðè ýíåðãèè ïåðåïóñêàåìîãî âîçäóõà
è ñíèæåíèå ýíåðãåòè÷åñêèõ è ýêîíîìè÷åñêèõ õàðàêòåðèñòèê ïíåâìîóäàðíî-
ãî ìåõàíèçìà; äâóõñòîðîííåå âûïîëíåíèå ÿðóñíûõ êàíàëîâ ïåðåïóñêà óñ-
ëîæíÿåò êîíñòðóêòèâíûå è òåõíîëîãè÷åñêèå ñâîéñòâà èñïîëíåíèÿ, ÷òî âåäåò
ê óäîðîæàíèþ èçãîòîâëåíèÿ ìåõàíèçìà.

Âàðèàíò èñïîëíåíèÿ ïíåâìîóäàðíîãî ìåõàíèçìà [3] ïðåäñòàâëåí íà
ðèñ. 4. Òåõíè÷åñêîå ðåøåíèå âûïîëíåíî ñî ùåëåâûìè êàíàëàìè ïåðåïóñêà
è èñêëþ÷àåò íåäîñòàòêè âàðèàíòà ñ ÿðóñàìè ïåðåïóñêíûõ êàíàëîâ â âèäå
êðóãëûõ îòâåðñòèé.

Äðîññåëüíûé ïíåâìîóäàðíûé ìåõàíèçì ñ ôóíêöèåé óïðàâëåíèÿ ïåðåïóñêîì â êàìåðó...
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Ðèñ. 3. Ïðèíöèïèàëüíàÿ ñõåìà ïíåâìîóäàðíîãî ìåõàíèçìà
ïî âàðèàíòó [3]. Îáîçíà÷åíèÿ ñì. â òåêñòå

Ðèñ. 4. Ïðèíöèïèàëüíàÿ ñõåìà ïíåâìîóäàðíîãî ìåõàíèçìà
ïî âàðèàíòó [3]. Îáîçíà÷åíèÿ ñì. â òåêñòå



Ñæàòûé âîçäóõ èç ñåòè ïîñòîÿííî ïîñòóïàåò ÷åðåç äðîññåëè À è Á â öè-
ëèíäðå 1 â êàìåðó ðàáî÷åãî Â è õîëîñòîãî Ã õîäà. ×àñòè÷íûé ïåðåïóñê âîç-
äóõà ìåæäó êàìåðàìè Â è Ã ïðîèñõîäèò ÷åðåç ïåðåïóñêíîé êàíàë Ä ñî ùåëå-
âûìè âûõîäàìè Å è Æ, ðàñïîëîæåííûìè â öèëèíäðå ñî ñòîðîíû êàìåð Â è Ã,
â çàâèñèìîñòè îò ïîëîæåíèÿ óäàðíèêà 2. Îïîðîæíåíèå êàìåð Â è Ã îñó-
ùåñòâëÿåòñÿ ïîïåðåìåííî ÷åðåç âûïóñêíîé êàíàë È. Ïîä äåéñòâèåì ðàçíîñòè
ñèëîâûõ èìïóëüñîâ ñî ñòîðîíû êàìåð Â è Ã óäàðíèê ñîâåðøàåò âîçâðàòíî-ïî-
ñòóïàòåëüíîå äâèæåíèå è ïåðèîäè÷åñêè íàíîñèò óäàðû ïî èíñòðóìåíòó 3.

Òåõíè÷åñêîìó ðåøåíèþ ìåõàíèçìà íà ðèñ. 4, à òàêæå ìåõàíèçìîâ íà
ðèñ. 1�3, è ïîäîáíûõ èì, ñâîéñòâåííû îáùèå íåäîñòàòêè: íåïðîèçâîäè-
òåëüíûé ðàñõîä âîçäóõà â ïåðèîä îäíîâðåìåííîãî ñîîáùåíèÿ êàìåð ñ àò-
ìîñôåðîé è ñåòüþ ñæàòîãî âîçäóõà; óïðàâëåíèå ïåðåêðûòèåì ïåðåïóñêíûõ
êàíàëîâ óäàðíèêîì ñî ñòîðîíû îáåèõ êàìåð.

Âàðèàíò ïðèíöèïèàëüíîé ñõåìû ïíåâìîóäàðíîãî ìåõàíèçìà, ñèíòåçèðî-
âàííîãî èç èçâåñòíûõ ïðèçíàêîâ-ýëåìåíòîâ [1, 2], ïðåäñòàâëåí íà ðèñ. 5.

Ñæàòûé âîçäóõ ïîñòóïàåò èç ñåòè ïî êàíàëó À â ïðåäêàìåðó Á êðûøêè 1

öèëèíäðà 2, îòêóäà ïî äðîññåëüíîìó êàíàëó Â â êàìåðó Ã ðàáî÷åãî õîäà.
Â çàâèñèìîñòè îò ïîëîæåíèÿ óäàðíèêà 3, îïåðòîãî íà õâîñòîâèê 4 ðàáî÷åãî
èíñòðóìåíòà, âîçäóõ ïðîõîäèò ïî êàíàëó â âèäå ÿðóñîâ-êàíàëîâ Ä ñ äèàìåò-
ðàìè ñå÷åíèé, óâåëè÷èâàþùèõñÿ â ñòîðîíó õâîñòîâèêà, è åãî ïðîäîëæåíèþ
â âèäå ïðîäîëüíîãî êàíàëà Å â äâóõêàíàëüíîé òðóáêå 5 â êàìåðó Æ õîëîñòî-
ãî õîäà.

Îïîðîæíåíèå êàìåðû Æ îñóùåñòâëÿåòñÿ â çàâèñèìîñòè îò ïîëîæåíèÿ
óäàðíèêà ïîñëå çàêðûòèÿ èì ðàäèàëüíîãî êàíàëà Ä ïåðåïóñêà ÷åðåç ðàäèàëü-
íûé êàíàë È â òðóáêå è åãî ïðîäîëæåíèþ â âèäå ïðîäîëüíîãî êàíàëà Ê è êî-
ëåí÷àòîãî êàíàëà Ë â êðûøêå. Ïîä äåéñòâèåì ðàçíèöû ñèëîâûõ èìïóëüñîâ
äàâëåíèÿ âîçäóõà ñî ñòîðîíû êàìåð Æ è Ã óäàðíèê ñîâåðøàåò âîçâðàòíî-ïî-
ñòóïàòåëüíîå äâèæåíèå è ïåðèîäè÷åñêè íàíîñèò óäàðû ïî õâîñòîâèêó ðàáî-
÷åãî èíñòðóìåíòà.

Îæèäàåìûå ïîëîæèòåëüíûå êà÷åñòâà ñèíòåçèðîâàííîãî ïíåâìîóäàðíî-
ãî ìåõàíèçìà: ñíèæåíèå íåïðîèçâîäèòåëüíîãî ðàñõîäà âîçäóõà çà ñ÷åò âû-
ïóñêà îòðàáîòàâøåãî âîçäóõà òîëüêî èç êàìåðû õîëîñòîãî õîäà; óïðàâëåíèå
ïåðåêðûòèåì ïåðåïóñêíîãî êàíàëà óäàðíèêîì ñî ñòîðîíû êàìåðû ðàáî÷åãî
õîäà; ÿðóñíûå êàíàëû ïåðåïóñêà âûïîëíåíû ñ èçìåíÿþùèìñÿ ïðîõîäíûì
ñå÷åíèåì è òàê, ÷òî íàèáîëüøåå ïðîõîäíîå ñå÷åíèå êàíàëà ïåðåïóñêà ðàñ-
ïîëîæåíî ñî ñòîðîíû êàìåðû õîëîñòîãî õîäà.
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Ðèñ. 5. Ïðèíöèïèàëüíàÿ ñõåìà ñèíòåçèðîâàííîãî ïíåâìîóäàðíîãî
ìåõàíèçìà ïî âàðèàíòó [3]. Îáîçíà÷åíèÿ ñì. â òåêñòå



Â äàííîé ðàáîòå àâòîðû îãðàíè÷èâàþòñÿ ôèçèêî-ìàòåìàòè÷åñêèì îïèñà-
íèåì ðàáî÷åãî ïðîöåññà:

VÕ0, VÏ, VÐ – âàðüèðóåìûå îáúåìû êàìåðû õîëîñòîãî õîäà, ïðåäêàìåðû
è êàìåðû ðàáî÷åãî õîäà;

VÕ1, VÕ2, VÕ3 – âàðüèðóåìûå îáúåìû êàìåðû õîëîñòîãî õîäà, ïîäêëþ-
÷àåìûå ïîñëåäîâàòåëüíî;

ðÀÀ, ðÑ, ðÏ, ðÐ, ðÕ0, ðÕ1, ðÕ2, ðÕ3 – äàâëåíèå âîçäóõà â àòìîñôåðå, ñåòè,
â îáúåìàõ êàìåð VÏ, VÐ, VÕ0, VÕ1, VÕ2, VÕ3;

èÀÀ, èÑ, èÏ, èÐ, èÕ0, èÕ1, èÕ2, èÕ3 – òåìïåðàòóðà âîçäóõà â àòìîñôåðå, ñåòè,
â îáúåìàõ êàìåð VÏ, VÐ, VÕ0, VÕ1, VÕ2, VÕ3;

öÏ, öÐ, öÕ0, öÕ1, öÕ2, öÕ3 – êîýôôèöèåíòû áàðîäèíàìè÷åñêîãî ïðîöåññà
â îáúåìàõ êàìåð VÏ, VÐ, VÕ0, VÕ1, VÕ2, VÕ3;

ÙÏ, ÙÐ, ÙÕ0, ÙÕ1, ÙÕ2, ÙÕ3 – êîýôôèöèåíòû òåðìîäèíàìè÷åñêîãî ïðî-
öåññà â îáúåìàõ êàìåð VÏ, VÐ, VÕ0, VÕ1, VÕ2, VÕ3;

DÈ, DÖ, DÓ, DÒ – âàðüèðóåìûå äèàìåòðû õâîñòîâèêà èíñòðóìåíòà, öè-
ëèíäðà, óäàðíèêà, òðóáêè;

ùÀÒ, ùÏ, ùÐ, ùÕ0, ùÕ1, ùÕ2, ùÕ3 – âàðüèðóåìûå ïëîùàäè ïðîõîäíûõ ñå-
÷åíèé êàíàëîâ âûïóñêà, âïóñêà è ïåðåïóñêà â îáúåìû VÏ, VÐ, VÕ0, VÕ1, VÕ2, VÕ3;

SÓ, SÒ, SÖ – âàðüèðóåìûå ðàáî÷èå êîëüöåâûå ïëîùàäè óäàðíèêà, òðóáêè,
öèëèíäðà;

mÓ, mÒ, mÖÊ, mÑÊ, mÊ – ìàññû óäàðíèêà, òðóáêè, öèëèíäðà, ñòàêàíà,
êîðïóñà;

mÓ – ïî çàäàíèþ, ðàâíàÿ 2 2A UÓ Ó/ , ãäå ÀÓ – ýíåðãèÿ åäèíè÷íîãî óäàðà,

UÓ – ñêîðîñòü ñîóäàðåíèÿ óäàðíèêà ñ õâîñòîâèêîì èíñòðóìåíòà;
mÒ, mÖÊ, mÑÊ – îïðåäåëÿþòñÿ êîíñòðóêòèâíî;
mÊ = mÖÊ + mÑÊ + mÒ;
kÓ, kK – êîýôôèöèåíòû îòñêîêà óäàðíèêà îò õâîñòîâèêà è êîðïóñà îò

áóðòèêà èíñòðóìåíòà;

k
U

U
Ó

OÓ

ÓÓ

� , k
U

U
Ê

OÊ

ÓÊ

� ,

ãäå UÎÓ, UÎÊ � ñêîðîñòè îòñêîêà óäàðíèêà è êîðïóñà ïîñëå ñîóäàðåíèÿ;
UÓÓ, UÓÊ � ñêîðîñòè ñîóäàðåíèÿ óäàðíèêà ñ õâîñòîâèêîì è êîðïóñà ñ áóðòè-
êîì èíñòðóìåíòà;
LÓ – äëèíà óäàðíèêà;
a, b, c, d, e, f, h, q – âàðüèðóåìûå õàðàêòåðíûå äëèíû ó÷àñòêîâ âûïóñêà
è ïåðåïóñêà (ðèñ. 6);
õÓ, õÊ – ïåðåìåùåíèå óäàðíèêà è êîðïóñà ïíåâìîóäàðíîãî ìåõàíèçìà.

Îãðàíè÷åíèÿ äëÿ êîýôôèöèåíòîâ áàðîäèíàìè÷åñêèõ ïðîöåññîâ â çàâèñè-
ìîñòè îò íàïðàâëåíèÿ èñòå÷åíèÿ âîçäóõà –
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Ðèñ. 6. Ðàñ÷åòíàÿ ñõåìà ñèíòåçèðîâàííîãî ïíåâìîóäàðíîãî ìåõàíèçìà.
Îáîçíà÷åíèÿ ñì. â òåêñòå
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Ðåêîìåíäàöèè è ïîÿñíåíèÿ ê îãðàíè÷åíèÿì è óðàâíåíèÿì ïðîöåññà:

1. Ïëîùàäè +ÀÒ âàðüèðóþòñÿ èçìåíåíèåì øèðèíû èëè äëèíû ó÷àñòêà
a�b, à ïëîùàäè + + +X X X1 2 3, , – èçìåíåíèåì øèðèíû èëè äëèíû ó÷àñò-

êîâ c�d, e�f, h�q. Ïðè ýòîì äîëæíû ñîáëþäàòüñÿ óñëîâèÿ: + 0 +ÀÒ ÀÀ0 ;

+ + +X X X3 2 1' ' ; ( ) .a L q� �Ó

2. Îáúåìû VÕ0 è VÐ îïðåäåëÿþòñÿ ðàñ÷åòîì ïî [4] çàâèñèìîñòüþ VÕ0 = VÐ/1,
ãäå 1 = 6…7. Îáúåìû VÕ1, VÕ2, VÕ3 âû÷èñëÿþòñÿ ïî çàâèñèìîñòÿì: VÕ1 =
= (VÕ0 + dSÓ); VÕ2 = (VÕ1 + (f – d) SÓ); VÕ3 = (VÕ2 + (q – f) SÓ).

3. Ïëîùàäè äèàìåòðàëüíûõ ñå÷åíèé ïðèíÿòû ðàâíûìè:

ST = + + 2AT X CT� �1 3 ; S D DÓ Ö Ò� ��
4

2 2( ); SÖ = SÓ + SÒ; D DÖ Ó3 ,

ãäå 2CT – òîëùèíà ñòåíîê òðóáêè.
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4. Ïðîõîäíûå ïëîùàäè äèàìåòðàëüíûõ êàíàëîâ âûïóñêà +ÀÒ è êàíàëîâ
ïåðåïóñêà + + +X X X1 2 3, , ïðèíÿòû ñ ó÷åòîì êîýôôèöèåíòà ðàñõîäà âîçäóõà
ìi = 1. Ïîñëå óòî÷íåíèÿ êîíñòðóêòèâíûõ ðàçìåðîâ ïíåâìîóäàðíîãî ìåõà-
íèçìà ôàêòè÷åñêèå çíà÷åíèÿ ìi äëÿ êàæäîãî ñå÷åíèÿ îïðåäåëÿþòñÿ ïðî-
äóâêîé êàæäîãî êàíàëà èëè ðàñ÷åòîì, íàïðèìåð, ïî ñïðàâî÷íèêó [5] è ïðè-
íèìàþòñÿ ãåîìåòðè÷åñêèå ðàçìåðû êàíàëîâ +

i
.

Âûâîäû. Ðàññìîòðåííûå ìàòåðèàëû â âèäå àíàëîãîâ è ñèíòåçèðîâàííî-
ãî èç èçâåñòíûõ ïðèçíàêîâ-ýëåìåíòîâ ïíåâìîóäàðíîãî ìåõàíèçìà ñ ïåðå-
ïóñêîì âîçäóõà ìåæäó ðàáî÷èìè êàìåðàìè ïîêàçàëè ñëåäóþùåå.

1. Ïðîöåññ ïåðåïóñêà ìîæåò äàòü ïîëîæèòåëüíûé ýêîíîìè÷åñêèé ýô-
ôåêò çà ñ÷åò ñíèæåíèÿ íåïðîèçâîäèòåëüíîãî ðàñõîäà âîçäóõà.

2. ×àñòíûå òåõíè÷åñêèå ðåøåíèÿ ïðîöåññà ïåðåïóñêà áóäóò îáëàäàòü ðàç-
íûìè êîíñòðóêòèâíûìè è òåõíîëîãè÷åñêèìè ñâîéñòâàìè, ïðèìåíÿåìûìè
äëÿ ðàçëè÷íûõ óñëîâèé ýêñïëóàòàöèè, ÷òî ìîæíî âèäåòü ïî îãðàíè÷åíèÿì
(3), ó÷èòûâàþùèì ÷åðåç êîýôôèöèåíòû îòñêîêà ôèçèêî-ìåõàíè÷åñêèå
ñâîéñòâà îáðàáàòûâàåìûõ ìàòåðèàëîâ.

3. Ïîëüçóÿñü èçâåñòíûìè ïðèçíàêàìè-ýëåìåíòàìè, ìîæíî ñîçäàâàòü
òåõíè÷åñêèå ðåøåíèÿ ïíåâìîóäàðíûõ ìåõàíèçìîâ.
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THROTTLE MECHANISM PNEUMOSHOCK CONTROL
FUNCTION BYPASS IN THE CHAMBER IDLE
AND ITS PHYSICAL AND MATHEMATICAL DESCRIPTION

The presented work is a continuation of the description of the process air bleed between the
working chambers in the mechanisms, synthesized using known features elements that are
the basis of creating a new generation of pneumatic percussive mechanism for widespread
use in construction, mining and engineering.

K e y w o r d s: air percussion mechanism, throttling air distribution, bypass, stroke camera,
the camera is idle, venting tube, air percussion synthesis mechanism.
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KAOHSIUNG VAPOUR EXPLOSION – A DETAILED ANALYSIS OF

THE TRAGEDY IN THE HARBOUR CITY

ÂÇÐÛÂ ÃÀÇÀ Â ÃÀÎÑÞÍÅ – ÏÎÄÐÎÁÍÛÉ ÀÍÀËÈÇ ÒÐÀÃÅÄÈÈ
Â ÏÎÐÒÎÂÎÌ ÃÎÐÎÄÅ

On the midnight of July 31st, 2014, a catastrophic vapor explosion occurred in the
downtown of Kaohsiung city. The incident was initiated from a leak of an underground
pipeline transporting pressurized propylene liquid. Analysis of pipeline operation logs and
pipeline break release modeling suggested that at least 90 000 kg of propylene leaked,
entered the underground trench and spread into the trench 4,5 km in distance before meeting
an ignition source some three hours later after the leak. The ignition caused a significant
vapor explosion which blew out the road above the underground trench, damaged more than
one hundred vehicles on the road with thirty two fatalities and more than three hundred
injuries. This article takes an in-depth look at the explosion incident covering the events
leading to the explosion, explosion damage, cause of the leak, spread of the leak, and
identification of a probable ignition source. Lessons learnt and recommendations are given
to prevent and mitigate the occurrence of similar incidents.

Â ïîëíî÷ü 31 èþëÿ 2014 ã. â öåíòðå ã. Ãàîñþí ïðîèçîøåë êàòàñòðîôè÷åñêèé
âçðûâ ãàçà. Ïðîèñøåñòâèå áûëî èíèöèèðîâàíî óòå÷êîé ñæèæåííîãî ïðîïèëåíà èç
ïîäçåìíîãî òðóáîïðîâîäà, ïî êîòîðîìó îí òðàíñïîðòèðîâàëñÿ ïîä äàâëåíèåì. Èçó-
÷åíèå çàïèñåé ðàáîòû òðóáîïðîâîäà è ìîäåëèðîâàíèå èñòå÷åíèÿ èç ïîâðåæäåííîãî
ó÷àñòêà ïîêàçàëè, ÷òî ïðåäïîëîæèòåëüíî 90 000 êã ïðîïèëåíà ïîïàëè â ïîäçåìíóþ
òðàíøåþ è ðàñïðîñòðàíèëèñü ïî íåé íà ðàññòîÿíèå 4,5 êì äî òîãî, êàê âñòðåòèòü èñ-
òî÷íèê âîçãîðàíèÿ ïðèìåðíî ÷åðåç òðè ÷àñà. Âîñïëàìåíåíèå âûçâàëî çíà÷èòåëüíûé
âçðûâ, êîòîðûé ñíåñ äîðîãó íàä ïîäçåìíîé òðàíøååé, ïîâðåäèë áîëåå 100 ìàøèí, 32
÷åëîâåêà ñòàëè åãî æåðòâàìè, áîëåå 350 ïîëó÷èëè ðàíåíèÿ. Â ñòàòüå âñåñòîðîííå ðàñ-
ñìàòðèâàåòñÿ ôåíîìåí âçðûâà, îïèñûâàþòñÿ ñîáûòèÿ, ïðèâîäÿùèå ê íåìó, óùåðá,
ïðè÷èíû óòå÷êè, åå ðàñïðîñòðàíåíèå è óñòàíîâëåíèå âîçìîæíûõ èñòî÷íèêîâ âîçãî-
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ðàíèÿ. Èçâëå÷åíû óðîêè è äàíû ðåêîìåíäàöèè ïî ïðåäîòâðàùåíèþ è óìåíüøåíèþ
ðèñêà âîçíèêíîâåíèÿ ïîäîáíûõ ïðîèñøåñòâèé.

K e y w o r d s: gas explosion, pipeline, pressurized propilen liquid, gas leak, propagation of
explosion, damages, injury.
Ê ë þ ÷ å â û å ñ ë î â à: âçðûâ ãàçà, òðóáîïðîâîä, ñæèæåííûé ïðîïèëåí, óòå÷êà ãàçà,
ðàñïðîñòðàíåíèå âçðûâà, ïîâðåæäåíèÿ, óùåðá.

1. Ââåäåíèå. Âçðûâ îáëàêà ãàçà –
îäíî èç ñàìûõ ðàçðóøèòåëüíûõ ÿâëå-
íèé â õèìèêî-ïåðåðàáàòûâàþùåé ïðî-
ìûøëåííîñòè [1]. Âçðûâó îáû÷íî ïðåä-
øåñòâóåò óòå÷êà áîëüøîãî îáúåìà
îãíåîïàñíîãî ãàçà, çàòåì ïðîèñõîäèò
ðàñòâîðåíèå îáëàêà ãàçà â âîçäóõå è, íà-
êîíåö, åãî âîñïëàìåíåíèå, ïðèâîäÿùåå
ê ãîðåíèþ, ðàñïðîñòðàíåíèþ ïëàìåíè è
îáðàçîâàíèþ ïîâûøåííîãî äàâëåíèÿ.
Ðàçðóøèòåëüíûé õàðàêòåð âçðûâà ãàçî-
âîãî îáëàêà áûë çàðåãèñòðèðîâàí â òà-
êèõ èçâåñòíûõ èíöèäåíòàõ, êàê âçðû-
âû â Ôëèêñáîðî (1976 ã.), Ïàñàäåíå
(1989 ã.) è Òåõàñ-Ñèòè â 2005 ã. (British
Petroleum) [1, 2].

Â 2013 ã. â Öèíäàî (Êèòàé) îïóñòî-
øàþùèé âçðûâ ãàçà â îãðàíè÷åííîì ïðî-
ñòðàíñòâå ïðîèçîøåë â ëèâíåâîé êàíàëè-
çàöèè, êîòîðûé ïðèâåë ê 62 æåðòâàì è
136 ðàíåíûì [3]. Âçðûâ ÿâèëñÿ ñëåäñòâè-
åì óòå÷êè èç òðóáîïðîâîäà ñûðîé íåôòè
è ïîïàäàíèÿ îêîëî 2000 000 êã åå â ëèâ-
íåâóþ êàíàëèçàöèþ ñ ðàñïðîñòðàíåíè-
åì ââåðõ è âíèç ïî òå÷åíèþ. Áîëåå êðóï-
íûì, íî ìåíåå çàäîêóìåíòèðîâàííûì
ñîáûòèåì ñòàë âçðûâ ãàçà â Ãâàäàëàõàðå
(Ìåêñèêà) â 1992 ã. [4], êîãäà áåíçèí èç
ïîâðåæäåííîãî êîððîçèåé òðóáîïðîâî-
äà èçëèëñÿ â êàíàëèçàöèîííûé êîëëåê-
òîð. Ïîãèáëè 252 ÷åëîâåêà è áîëåå 1500
áûëè ðàíåíû. Êëþ÷åâûå ôàêòîðû, îáó-
ñëîâèâøèå áîëüøîå ÷èñëî æåðòâ è ïî-
ñòðàäàâøèõ â ýòèõ äâóõ ïðîèñøåñòâè-
ÿõ, – îãðîìíîå êîëè÷åñòâî èçëèâøåéñÿ
îãíåîïàñíîé ìàññû è òî, ÷òî ýòî ñëó÷è-
ëîñü ðÿäîì èëè âíóòðè ãóñòîíàñåëåí-
íûõ ìåñò, ñ íàêîïëåíèåì â êîëëåêòîðå
èëè êàíàëèçàöèîííîé òðóáå. Ñ ðîñòîì
îáðàáàòûâàþùèõ ïðîèçâîäñòâ è ðàçâè-
òèåì ãîðîäîâ âçðûâ ãàçà ñòàíåò ãëàâíîé
óãðîçîé, êîòîðóþ íóæíî òùàòåëüíî
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1. Introduction. Vapour cloud
explosion is one of the most destruc-
tive events in the chemical process
industries [1]. Vapour cloud explosi-
on is normally initiated by leak of a
large amount of flammable vapour,
dispersion of the vapour cloud in air,
and finally ignition of the cloud lea-
ding to combustion, flame propagati-
on and generation of overpressure.
The destructive nature of vapour clo-
ud explosion has been documented in
well-known incidents such as Flix-
borough explosion in 1976, Pasadena
explosion in 1989, and more recently
the BP Texas City explosion in 2005
[1, 2].

In 2013, a devastating confined
vapour explosion occurred in storm
drains in Qingdao, China, which re-
sulted in 62 fatalities and 136 injuries
[3]. The explosion was resulted from
a leak of a crude oil pipeline with
about 2000 000 kg of crude oil spil-
led into the city storm drains and
spread several kilometres upstream
and downstream. A larger but less
documented incident was the gas ex-
plosion in Guadalajara, Mexico, in
1992 [4] in which gasoline was lea-
ked into sewer through a corroded pi-
peline. There were 252 fatalities and
more than 1500 injuries. Key factors
contributing to the large number of
fatalities and injuries in these two in-
cidents are due to the very large qu-
antity of flammable mass leaked and
they occurred near or inside the
well-populated communities in addi-
tion to the confinement in the sewer
or drain. With growing process in-



îöåíèâàòü, åñëè ïðîìûøëåííûå ïðåä-
ïðèÿòèÿ ðàñïîëàãàþòñÿ â ãîðîäå.

Â ñòàòüå îïèñûâàåòñÿ âçðûâ ãàçà â
îãðàíè÷åííîì ïðîñòðàíñòâå, ïðîèñøåä-
øèé â äåëîâîé ÷àñòè ã. Ãàîñþí (Òàé-
âàíü) íî÷üþ 31 èþëÿ 2014 ã. Ïðè÷èíîé
ñëó÷èâøåãîñÿ ñòàëà óòå÷êà ñæèæåííîãî
ïðîïèëåíà èç ïîâðåæäåííîãî êîððîçèåé
ïîäçåìíîãî òðóáîïðîâîäà, ïî êîòîðîìó
îí òðàíñïîðòèðîâàëñÿ ïîä âûñîêèì äàâ-
ëåíèåì. Ïîòîê ïîïàë â ëèâíåâóþ êàíà-
ëèçàöèþ, ðàñïðîñòðàíèëñÿ ïî íåé áîëåå
÷åì íà 4,5 êì è â êîíöå êîíöîâ (ïðèìåð-
íî ÷åðåç 3 ÷ ïîñëå âîçíèêíîâåíèÿ óòå÷-
êè) âñòðåòèëñÿ ñ èñòî÷íèêîì âîñïëàìå-
íåíèÿ. Õîòÿ ýòîò ñëó÷àé èìååò ñõîäñòâî
ñî âçðûâàìè â Öèíäàî è Ãâàäàëàõàðå,
åãî îñîáåííîñòüþ ÿâëÿåòñÿ òî, ÷òî âû-
òåêøàÿ ãîðþ÷àÿ æèäêîñòü ïîëíîñòüþ
èñïàðèëàñü â îêðóæàþùóþ ñðåäó, â òî
âðåìÿ êàê äâà äðóãèõ èíöèäåíòà áûëè
ñâÿçàíû ñ ÷àñòè÷íûì èñïàðåíèåì îãíå-
îïàñíûõ æèäêîñòåé. Äàíû ïðåäëîæåíèÿ
è ðåêîìåíäàöèè ïî ïðåäîòâðàùåíèþ è
óìåíüøåíèþ ðèñêà ïîäîáíûõ ñîáûòèé.

2. Ïðîèñøåñòâèå, ñòàâøåå ïðè-
÷èíîé âçðûâà. Òðóáîïðîâîä, èìåþ-
ùèé îòíîøåíèå ê àâàðèè, ÿâëÿåòñÿ ëè-
íèåé âûñîêîãî äàâëåíèÿ, ñâÿçûâàþùåé
çàâîä êîðïîðàöèè LCY Chemical
Corporation Tashe (LCY) è ðàñïîëîæåí-
íûé â ãàâàíè òåðìèíàë êîìïàíèè China
General Terminal & Distribution Cor-
poration (CGTDC). Ýòî 4-äþéìîâàÿ
òðóáà, çàãëóáëåííàÿ ïðèìåðíî íà 1 ì è
èìåþùàÿ îáùóþ ïðîòÿæåííîñòü îêîëî
27 êì, ïðåäíàçíà÷åííàÿ èñêëþ÷èòåëü-
íî äëÿ òðàíñïîðòèðîâêè æèäêîãî ïðî-
ïèëåíà. Òðàññà áûëà ñïðîåêòèðîâàíà â
1986 ã. è íà÷àëà ðàáîòàòü â 1993 ã. Â ýòî
âðåìÿ êîðïîðàöèåé Taiwan CPC Cor-
poration áûëè ïîñòðîåíû òðè ïîäçåì-
íûõ òðóáîïðîâîäà – îäèí 8-äþéìîâûé
äëÿ ýòèëåíà è äâà äëÿ ïðîïèëåíà � 6- è
4-äþéìîâûé, ïîñëåäíèé èç êîòîðûõ
ïîñëå ìîíòàæà áûë ïåðåäàí â ðàñïîðÿ-
æåíèå LCY. Ïåðâîíà÷àëüíî 4-äþéìî-
âàÿ òðóáà áûëà ïîäêëþ÷åíà ê òåðìèíà-
ëó Taiwan CPC Corporation Cianjhen.
Âïîñëåäñòâèè áûëà ïîñòðîåíà äîïîë-
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dustries and city development, confi-
ned vapour explosion will be the ma-
jor hazard that must be carefully as-
sessed when process industries
interact with the city.

In the present work, we descri-
bed a confined vapour explosion oc-
curred in the downtown of Kaohsi-
ung City, Taiwan, on the midnight of
July 31st, 2014. The incident was ini-
tiated from a leak of a corroded un-
derground pipeline transporting pre-
ssurized propylene. The leak entered
the underground storm water trench,
spread more than 4,5 km, and finally
met an ignition source some three ho-
urs later after the leak. Although this
incident bears similarities to the Qin-
gdao explosion and Guadalajara exp-
losion, there was a subtle difference
in that the present case was a leak
from a pressurized, flashing liquid
which would vaporize completely
upon leak into ambient environment
while the later cases dealt with flam-
mable liquids with only partial vapo-
rization. Challenges and recommen-
dations are given to prevent and miti-
gate the occurrence of similar
incidents.

2. Event leading to the explosi-
on. The pipeline related to the inci-
dent is a high-pressure line connec-
ting the LCY Chemical Corporation
Tashe Plant and the harbour terminal
company, China General Terminal &
Distribution Corporation (CGTDC).
It is a four inches pipe buried about
1 m below grade with a total distance
of about 27 km solely devoted to tran-
sporting liquid propylene. Its route
was planned in 1986 and operation
started in 1993. A total of three under-
ground pipelines, one 8-in ethylene
line, one 6-in propylene line, and one
4-in propylene line, were built at the
same time by Taiwan CPC Corporati-
on and the 4-in line was transferred to
LCY after the erection. Initially, the



íèòåëüíàÿ ëèíèÿ ê CGTDC êàê âòîðîé
èñòî÷íèê ñíàáæåíèÿ. Õîòÿ òðàññà áûëà
äîñòàòî÷íî óäàëåíà îò ãëàâíîé æèëîé
÷àñòè ãîðîäà, â íàñòîÿùåå âðåìÿ, ñïóñ-
òÿ 25 ëåò, áóëüøàÿ ÷àñòü òðóáîïðîâîäà
îêðóæåíà êîììåð÷åñêèìè è æèëûìè
çäàíèÿìè.

31 èþëÿ 2014 ã. â 20:46 ïîñòóïèëî
ñîîáùåíèå î íåèçâåñòíîì áåëîì òó-
ìàíå, ïåðèîäè÷åñêè ïîÿâëÿþùåìñÿ
íàä ëþêàìè ëèâíåâîé êàíàëèçàöèè
íèæå ïåðåñå÷åíèÿ äîðîã 1-é Ýðñåíà è
2-é è 3-é Êàéñþàíà. Ïîæàðíûå èç ãî-
ðîäñêîãî ïîæàðíîãî áþðî Ãàîñþíà
ïðèáûëè íà ìåñòî â 20:50, îöåïèëè
çîíó è ñòàëè ïîëèâàòü òóìàí âîäîé.
Â íåïîñðåäñòâåííîé áëèçîñòè îò ìåñòà
ïðîèñøåñòâèÿ áûë ðàçìåùåí êîìàíä-
íûé ïóíêò. Áûëè ïðåäïðèíÿòû ïîïûò-
êè îïðåäåëèòü âåùåñòâî è èñòî÷íèê
óòå÷êè, íî îíè îêàçàëèñü áåçóñïåøíû-
ìè. Â 21:50, ðàñïîëàãàÿ ïðîòèâîðå÷è-
âîé èíôîðìàöèåé î ìåñòå óòå÷êè è íå-
èçâåñòíîì ãàçå, êîìàíäèð ãðóïïû èç
ïîæàðíîãî áþðî ðåøèë âûçâàòü äëÿ
âûïîëíåíèÿ àíàëèçîâ íà ìåñòå þæíóþ
êîìàíäó ñïåöèàëèñòîâ ïî ýêîëîãè÷å-
ñêèì ïðîèñøåñòâèÿì èç Enviromental
Protection Agency (EPA), íàõîäèâøóþ-
ñÿ ïîä óïðàâëåíèåì Þæíîãî öåíòðà
ýêñòðåííîãî ðåàãèðîâàíèÿ íà òîêñè÷å-
ñêèå âåùåñòâà (Ïåðâûé íàöèîíàëü-
íûé óíèâåðñèòåò íàóêè è òåõíîëîãèé,
ã. Ãàîñþí).

Â 22:20 â ëþêå ëèâíåâîé êàíàëèçà-
öèè íà ðàññòîÿíèè îêîëî 1 êì îò ìåñòà
ïåðâîíà÷àëüíîé óòå÷êè ïðîèçîøåë íå-
áîëüøîé âçðûâ, íå ïîëó÷èâøèé ðàç-
âèòèÿ. Â 22:35 ïðèáûëà êîìàíäà ñïå-
öèàëèñòîâ èç ÅÐÀ, è áûëè ñäåëàíû
ïîïûòêè îïðåäåëèòü ãàç è íàéòè èñòî÷-
íèê óòå÷êè. Îêîëî 22:50 áûë îáíà-
ðóæåí ñèëüíûé áåëûé òóìàí, âûõîäèâ-
øèé èç îòâåðñòèÿ ðàñïîëîæåííîé
ïîáëèçîñòè ïîäçåìíîé òðàíøåè íà
ñòðîéïëîùàäêå ñêîðîñòíîãî òðàìâàÿ.
Êîìàíäà ñïåöèàëèñòîâ çàøëà íà ïëî-
ùàäêó äëÿ çàáîðà îáðàçöîâ ãàçà è âû-
ïîëíåíèÿ àíàëèçîâ. Óêàçàííîå îòâåð-
ñòèå áûëî îïðåäåëåíî êàê èñòî÷íèê
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4-in line was connected to the Taiwan
CPC Corporation Cianjhen terminal.
Subsequently, an extension line to
CGTDC terminal was built as a se-
cond supply source. Although the pi-
peline route had carefully avoided the
major downtown residential area, 25
years later most part of the pipeline is
now surrounded by commercial and
residential buildings.

On 20:46 July 31st 2014, an unk-
nown white fog was reported to come
out intermittently from manholes of
the storm trench beneath the junction
of Ersheng 1st Road, Kaixuan 2nd and
Kaixuan 3rd Roads. Fire fighters from
Kaohsiung City Fire Bureau arrived
the site on 20:50, secured the area
and began spraying water on the fog.
An incident command post was also
setup in the foot path of the road jun-
ction. Efforts were made to identify
the leak materials and leak source but
were in vain. By 21:50 with conflict
information on the leak source and
unknown leak gases, the on-scene
commander from Fire Bureau deci-
ded to call EPA Southern Environ-
mental Incidents Specialist Team,
which is operated by Southern Cent-
re of Emergency Response of Toxic
Substances, National Kaohsiung
First University of Science & Tech-
nology, for on-scene analysis.

On 22:20, a small explosion in
the manhole of storm water trench oc-
curred about 1 km away from the ini-
tial leak scene. The explosion did not
escalate. Around 22:35, the EPA Spe-
cialist Team arrived the site. Efforts
were made to identify the gas and find
the leak source. Around 22:50, a ma-
jor white smoke was found coming
out from nearby light rail construction
site underground trench opening.
EPA Specialist Team entered the light
rail construction site to perform gas
sampling and analysis. This opening
was considered as the source of the



óòå÷êè è ïëîùàäêà îáîçíà÷åíà êàê
îïàñíàÿ çîíà ñ îãðàíè÷åííûì âõîäîì.
Â 100 ì îò êîìàíäíîãî ïóíêòà íà 3-é
äîðîãå Êàéñþàíà áûë óñòàíîâëåí
èíôðàêðàñíûé Ôóðüå-ïðåîáðàçîâà-
òåëü (FTIR) ñïåêòðîñêîïèè äëÿ îïî-
çíàíèÿ íåèçâåñòíîãî ãàçà. Òàêæå áûëè
âçÿòû ïðîáû âîçäóõà äëÿ àíàëèçà ñ ïî-
ìîùüþ FTIR. Ê ñîæàëåíèþ, äî òîãî
êàê îáðàçöû áûëè ââåäåíû â FTIR,
ïðîèçîøåë âçðûâ, êîòîðûé ïîâðåäèë
íå òîëüêî FTIR-ñïåêòðîìåòð, íî è
àâòîìîáèëü, à òàêæå ðàíèë ïÿòü ÷ëåíîâ
êîìàíäû ñïåöèàëèñòîâ ÅÐÀ. Òàêèì
îáðàçîì, íå áûëî òî÷íîãî ïðåäñòàâëå-
íèÿ î òîì, óòå÷êà êàêîãî ãàçà ïðîèçîø-
ëà, ãäå ðàñïîëàãàëñÿ èñòî÷íèê è êòî åãî
âëàäåëåö. Ôîðìàëüíîå çàêëþ÷åíèå
î òîì, ÷òî âûòåêàþùèé ãàç ÿâëÿåòñÿ
ïðîïèëåíîì, áûëî äàíî ñïåöèàëèñòà-
ìè ÅÐÀ òîëüêî â 6:30 óòðà ñëåäóþ-
ùåãî äíÿ ñ ïîìîùüþ äðóãîãî FTIR-
ñïåêòðîìåòðà íà íåïîâðåæäåííîé òðó-
áå ëèâíåâîé êàíàëèçàöèè ó 1-é äîðî-
ãè Ýðñåíà.

Âûïîëíåííîå ïîñëå âçðûâà ðàññëå-
äîâàíèå ïîêàçàëî, ÷òî äàò÷èê äàâëåíèÿ,
óñòàíîâëåííûé íà ñòîðîíå òðóáîïðîâî-
äà Taiwan CPC, ñîåäèíåííîãî ñ ëèíèåé
LCY, â 20:43 çàïèñàë âíåçàïíîå ïàäå-
íèå äàâëåíèÿ â òðóáå ñ 4,2 äî 1,37 ÌÏà.
Íè CGTDC, íè çàâîä LCY íå èìåëè çà-
ïèñûâàþùèõ äàò÷èêîâ äàâëåíèÿ –
áûëè óñòàíîâëåíû òîëüêî ìàíîìåòðû è
ðàñõîäîìåðû. Ïîçæå îïåðàòîð LCY
Tashe îáíàðóæèë â äèñïåò÷åðñêîé, ÷òî
ðàñõîäîìåð ïîêàçàë íóëåâîå ïîñòóïëå-
íèå, è ïîçâîíèë îïåðàòîðó â äèñïåò÷åð-
ñêóþ CGTDC. Òîò óâèäåë, ÷òî ïîòîê îò
íàñîñà áûë àíîìàëüíûì, äîñòèãàÿ
33 000 êã/÷, – ìíîãî áîëüøå íîðìû â
23 000 êã/÷; îí òàêæå çàìåòèë, ÷òî äàâ-
ëåíèå íàñîñà óïàëî ñ 4~4,5 äî 2,7 ÌÏà
è çàòåì ïîíèçèëîñü åùå äî 1,8 ÌÏà,
ïðè ýòîì ýëåêòðè÷åñêèé òîê â äâèãàòå-
ëå íàñîñà óâåëè÷èëñÿ ñî 120 ~ 130
äî 180 À. Òîãäà îïåðàòîð âûêëþ÷èë íà-
ñîñ è çàïîðíûé êëàïàí òðóáîïðîâî-
äà, ïîñëå ÷åãî äàâëåíèå â òðóáå óïàëî
äî 1,3~1,35 ÌÏà. Èíæåíåðû ñ îáåèõ
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leak and the site was considered as the
hot zone with restricted entry. An onli-
ne Fourier Transform Infrared (FTIR)
spectroscopy was also setup about
100 m from the command post in
Kaixuan 3rd Roads to identify the unk-
nown gases. Air samples were also ta-
ken back for FTIR analysis. Unfortu-
nately, explosion occurred before the
air sample was fed into FTIR which
blew up not only the FTIR spectrome-
ter but also the vehicle and injured five
EPA Specialist Team members. Thus,
there was no clear conclusion regar-
ding the leak gas, the leak source and
the source owner before the explosion.
Formal confirmation of the leak gas to
be propylene was delayed to 6:30 am
the following day by another FTIR
spectrometer from EPA Specialist
Team on the intact storm water trench
in Ersheng 1st Road.

Investigation after the explosion
revealed the pressure transmitter on
the side of Taiwan CPC pipeline con-
nected to LCY pipeline recorded a
sudden drop of pipeline pressure from
4,2 to 1,37 MPa on 20:43. Both
CGTDC and LCY Tashe Plant did not
installed pressure transmitter on their
side of pipeline. Only pressure gauges
and flow meters were installed. Subse-
quently, LCY Tashe Plant operator fo-
und in the control room that the pipeli-
ne flow meter indicated zero flowrate.
LCY operator phoned CGTDC opera-
tor in CGTDC control room. CGTDC
operator found that the flowrate from
the pump was abnormal and reached
33 000 kg/hr, well above the normal
flow rate of 23 000 kg/hr. The operator
also found that the pumping pressure
was dropped from 4,0~4,5 to 2,7 MPa
and further dropped to 1,8 MPa, while
the electric current for the pump motor
rose from 120~130 amperes to 180
amperes. The operator then shut off
the pump and pipeline isolation valve.
The pipeline pressure dropped to



ñòîðîí ïîñëå îáñóæäåíèÿ ðåøèëè ïðî-
âåñòè ïðîâåðêó ñòàòè÷åñêîãî äàâëå-
íèÿ ñ çàêðûòûìè ñ äâóõ ñòîðîí çàïîð-
íûìè êëàïàíàìè, âìåñòî òîãî, ÷òîáû
âûïîëíèòü èçìåðåíèÿ äàâëåíèÿ ïðè ðà-
áîòàþùåì íàñîñå. Äàâëåíèå â òðóáî-
ïðîâîäå óñòàíîâèëîñü íà óðîâíå äàâëå-
íèÿ ïðîïèëåíîâîãî ïàðà 1,3~1,35 ÌÏà.
Â 22:00 ìåíåäæåð LCY ïîòðåáîâàë âî-
çîáíîâèòü ïåðåêà÷êó. Â 22:15 ðàáîòà
íàñîñà áûëà âîçîáíîâëåíà, íî ðàñõîäî-
ìåð íà òðóáîïðîâîäå CGTDC ïîêàçàë
ïîòîê â 24 500 êã/÷, â òî âðåìÿ êàê îïå-
ðàòîð LCY îáíàðóæèë, ÷òî äàííûå
èõ ðàñõîäîìåðà – îò 6000 äî 7000 êã/÷.
Èíæåíåðû îáåèõ êîìïàíèé ñîãëàñè-
ëèñü, ÷òî ýòî íåñîîòâåòñòâèå ðàñõîäîâ
ìîæåò áûòü ðàçðåøåíî ïîçäíåå.
Â 23:23 ðóêîâîäèòåëü ñëåäóþùåé ñìå-
íû CGTDC ïî äîðîãå íà ðàáîòó ïî-
÷óâñòâîâàë çàïàõ ïðîïèëåíà âáëèçè 3-é
äîðîãè Êàéñþàíà. Îí çàïîäîçðèë,
÷òî ýòî ìîãëà áûòü óòå÷êà èç èõ òðóáî-
ïðîâîäà, è ïîýòîìó ïîñïåøèë íà çàâîä
CGTDC. Ïðèáûâ 10-þ ìèíóòàìè ïîç-
æå, îí âûñêàçàë ñâîå ïðåäïîëîæåíèå
äèñïåò÷åðó è ðàñïîðÿäèëñÿ âûêëþ÷èòü
íàñîñ. Â 23 : 57 ïðîèçîøåë âçðûâ.
Íè îäíà èç êîìïàíèé íå ñîîáùèëà ïî-
æàðíîìó áþðî ã. Ãàîñþí èëè äðóãèì
ïðàâèòåëüñòâåííûì ó÷ðåæäåíèÿì î íà-
ðóøåíèÿõ â ðàñõîäå è äàâëåíèè ïå-
ðåêà÷êè äàæå ïîñëå âçðûâà. ßñíî, ÷òî
ìåäëåííûå äåéñòâèÿ è íåáðåæíîñòü
îïåðàòîðîâ â ñî÷åòàíèè ñ íàöåëåííî-
ñòüþ ðóêîâîäèòåëÿ çàâîäà íà ïðîäîë-
æåíèå ðàáîòû ñòàëè ãëàâíûìè ôàêòî-
ðàìè, ñïîñîáñòâîâàâøèìè êàòàñòðî-
ôè÷åñêîìó âçðûâó.

3. Âçðûâ è âûçâàííûå èì ïîâðå-
æäåíèÿ. Âçðûâ ïðîèçîøåë áåç êà-
êèõ-ëèáî ïðåäâàðèòåëüíûõ ïðèçíàêîâ
31 èþëÿ â 23:57 âáëèçè îò êîìàíäíîãî
ïóíêòà, ïîä äîðîãîé, ñ âûáðîñîì äûìà
èç ëþêîâ ëèâíåâîé êàíàëèçàöèè,
ðàñòðåñêèâàíèåì äîðîæíîãî ïîëîòíà
è ïðîðûâîì áîëüøîãî îãíÿ. Äîðîæíîå
ïîêðûòèå âçëåòåëî, ïîäáðîñèëî ââåðõ
âåñü òðàíñïîðò è ïåðñîíàë, à çàòåì
îáðóøèëîñü â òðàíøåþ. Íà ðèñ. 1 ïî-
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1,3~1,35 MPa after the shutoff. The
engineers of the two sites discussed
and decided instead of carrying out a
pressure test at pumping pressure, a
static pressure test with isolation val-
ves at both sides of pipeline closed was
carried out. The pipeline pressure ma-
intained at the propylene vapour pre-
ssure of 1,3 ~ 1,35 MPa. By 22:00,
LCY manager demanded to start pum-
ping again. By 22:15 pumping restar-
ted but CGTDC pipeline flow meter
indicated a flowrate of 24 500 kg/hr
yet LCY operator found that their flow
meter indicated a flowrate of 6000 to
7000 kg/hr. Engineers of both compa-
nies agreed that such flowrate discre-
pancy should be resolved later. On
23:23, a CGTDC foreman for the next
shift smelled propylene near Kaixuan
3rd road on his way to work. He sus-
pected that it could be a leak from their
pipeline and thus he rushed to CGTDC
plant. He arrived 10 minutes later, exp-
ressed his concern to control room
operator and ordered the shutdown of
the pump. By 23:57, explosion occur-
red. Neither companies informed the
Kaohsiung City Fire Bureau or any go-
vernment agencies regarding the flow
rate and pumping pressure abnormali-
ties even after the explosion. Clearly,
the slow response and negligence of
operators in combined with production
oriented plant manager were the major
contributing factors for the catastrop-
hic explosion.

3. The Explosion and the da-
mage. Without any warning, an exp-
losion occurred near the command
post on 23:57 July 31st. The explosion
was occurring beneath the road surfa-
ce with a smoke erupting out from the
storm water trench manhole, follo-
wed by road surface crack, and a large
fire erupted out. The road surface was
blown out and pushed upwards all ve-
hicles and personnel on the road and
then collapsed to the trench. Fig. 1



êàçàíû çîíà ïîðàæåíèÿ âçðûâà, ðàñ-
ïðåäåëåíèå ïîãèáøèõ è ìàðøðóò òðó-
áîïðîâîäà. Âçðûâ ðàñïðîñòðàíèëñÿ ïî
êàíàëèçàöèîííîé òðàíøåå íà ñåâåð
âäîëü 2-é äîðîãè è íà þã âäîëü 3-é äî-
ðîãè Êàéñþàíà. Ó êîíöà 2-é äîðîãè
Êàéñþàíà âçðûâ ïîøåë â íàïðàâëåíèè
1-é äîðîãè Ñàíäóî è åå ïåðåñå÷åíèÿ ñî
2-é äîðîãîé Âóêèíã. Â îáùåé ñëîæíî-
ñòè âçîðâàëîñü îêîëî 4,5 êì äîðîã.

Ðèñ. 2 ïîêàçûâàåò ðàçðóøåíèÿ îò
âçðûâà íà ðàçëè÷íûõ äîðîãàõ. Ïåðåñå-
÷åíèå 1-é äîðîãè Ñàíäóî ñî 2-é äîðî-
ãîé Âóêèíã îòìå÷åíî íàèáîëüøèì ÷èñ-
ëîì æåðòâ è ðàíåíûõ, êàê îáîçíà÷åíî
íà ðèñ. 2, à. 2-ÿ äîðîãà Âóêèíã èçâåñòíà
áîëüøèì ÷èñëîì íî÷íûõ çàêóñî÷íûõ.
Âçðûâíîé âîëíîé è îãíåííûì øàðîì
áûëè óáèòû 14 ãðàæäàí, áîëåå 100 ðà-
íåíû. Åùå îäèí ôàêòîð, ñïîñîáñòâî-
âàâøèé çíà÷èòåëüíûì æåðòâàì â ýòîé
çîíå, – ýòî ðàâíàÿ âñåãî ëèøü 0,5 ì òîë-
ùèíà äîðîæíîãî ïîêðûòèÿ íàä òðàíøå-
åé ëèâíåâîé êàíàëèçàöèè, ÷òî î÷åíü
ìàëî â ñðàâíåíèè ñ 1–2 ì íà äðóãèõ äî-
ðîãàõ. Âçðûâ íå òîëüêî ñíåñ äîðîæíîå
ïîêðûòèå, íî è ðàçäðîáèë åãî íà ìåë-
êèå ôðàãìåíòû è îñêîëêè. Áîëüøèíñò-
âî ïîðàæåíèé áûëè âûçâàíû óäàðàìè
îñêîëêîâ è ïëàìåíåì âçðûâà.
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shows the explosion affected area, the
distribution of causalities and the pi-
peline route. The explosion propaga-
ted along the Kaixuan 2nd road to the
north and Kaixuan 3rd road to the so-
uth along the storm water trench. At
the end of Kaixuan 2nd road, the exp-
losion propagated towards Sanduo 1st

road and its junction to Wuqing 2nd

road. A total of 4,5 km road were
blown out.

Fig. 2 shows photos of explosion
damage at different roads. The juncti-
on of Sanduo 1st road and Wuqing 2nd

road suffered the largest fatalities and
injuries as indicated in fig. 2, a. Wu-
qing 2nd road is famous for many mid-
night snack shops. A total of fourteen
civilian were killed by the blast wave
and fire ball while more than one hun-
dreds were injured. Another factor
contributed to the significant fatalities
in this area is that the road surface co-
vering the storm water trench was only
about 0,5 m which is very thin compa-
ring with the 1~2 m in other roads. The
explosion not only blew out the road
surface but also shattered the road into
small fragment and debris. Causalities

Fig. 1. The explosion affected area, the distribution of
causalities and the pipeline route

Ðèñ. 1. Çîíà ïîðàæåíèÿ âçðûâà, ðàñïðåäåëåíèå ïîãèáøèõ
ëþäåé è ìàðøðóò òðóáîïðîâîäà



Âòîðîå ïî ÷èñëó ñìåðòåëüíûõ
ñëó÷àåâ ìåñòî – óçåë 2-é è 3-é äîðîã
Êàéñþàíà è 1-é äîðîãè Ýðñåíà, êîòî-
ðûå ñîñðåäîòî÷èëèñü âîêðóã ñîçäàí-
íîãî êîìàíäíîãî ïóíêòà. Ïîæàðíûå
ìàøèíû, ïðèïàðêîâàííûå íà 2-é è 3-é
äîðîãàõ Êàéñþàíà, áûëè îïðîêèíó-
òû âçîðâàííîé äîðîãîé, êàê ïîêàçàíî
íà ðèñ. 2, á. Áûëî ïîâðåæäåíî áîëåå
äâàäöàòè ïðîòèâîïîæàðíûõ ãðóçîâè-
êîâ è òðè ìàøèíû ýêñòðåííîãî ðåàãè-
ðîâàíèÿ êîìàíäû ñïåöèàëèñòîâ ÅÐÀ.
Ñåìü èç äåñÿòè ïîãèáøèõ íà ýòîì ïå-
ðåñå÷åíèè äîðîã áûëè ïîæàðíûìè.
Ïîâðåæäåíèÿ îò âçðûâà íà þæíîé
ñòîðîíå 3-é äîðîãè Êàéñþàíà è 1-é
äîðîãè Éèõèíà áûëè ìåíåå ñåðüåçíû-
ìè â ñðàâíåíèè ñ äðóãèìè çîíàìè
(ðèñ. 2, â). Ïîõîæå íà òî, ÷òî áîëü-
øàÿ ÷àñòü ýíåðãèè âçðûâà áûëà ðàñ-
ñåÿíà òîëñòûì äîðîæíûì ïîêðû-
òèåì íàä òðàíøååé ëèâíåâîé êàíà-
ëèçàöèè. Âçðûâ íà 1-é äîðîãå Éèõè-
íà ðàñïðîñòðàíèëñÿ ïî êàíàëèçàöèîí-
íîé òðàíøåå ó 3-é äîðîãè Ãàíãóà è
â êîíöå êîíöîâ âûøåë ÷åðåç ñóäî-
âîé êàíàë ¹ 5, ðàçðóøèâ òåðìèíàë
êàíàëà.
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were most caused by the debris impact
and the explosion flame.

The second largest fatalities were
occurred in the junction of Kaixuan
2nd road, Kaixuan 3rd road, and Ers-
heng 1st Road which centred around
the incident command post. Fire
trucks that parked on the Kaixuan 2nd

and 3rd roads and were overturned by
blown out road as shown in fig. 2, b.
More than twenty fire fighting trucks
were damaged along with three emer-
gency response vehicles from EPA
Specialist Team. Seven of the ten fa-
talities on this road junction were fire
fighters. The explosion damage on
the south side of Kaixuan 3rd road and
Yixin 1st Road was less severe com-
pared with other area as shown in
fig. 2, c. It is likely that most explosi-
on energy was dissipated by the thick
road surface on top of the storm water
trench. The explosion on the Yixin 1st

road continued through the storm wa-
ter trench near Guanghua 3rd road
eventually vented through the No. 5
boat canal and blown out the canal
terminal.

Fig. 2. Photos showing the explosion
damage near (a) the junction of Sanduo 1st

road and Wuqing 2nd (b) the south side of
Kaixuan 3rd road and (c) Yixin 1st

Ðèñ. 2. Ôîòîãðàôèè, ïîêàçûâàþùèå
ðàçðóøåíèÿ îò âçðûâà ó ïåðåñå÷åíèÿ
1-é äîðîãè Ñàíäóî è 2-é äîðîãè Âóêèíã
(à), íà þæíîé ñòîðîíå 3-é äîðîãè Êàé-

ñþàíà (á) è 1-é äîðîãè Éèõèíà (â)



4. Àíàëèç óòå÷êè. 4.1. Ìåñòî
óòå÷êè. Ïîñëå âçðûâà âîçíèê áîëüøîé
î÷àã îãíÿ ó ïåðåñå÷åíèÿ 1-é äîðîãè Ýð-
ñåíà è 3-é äîðîãè Êàéñþàíà, êàê ïîêà-
çàíî íà ðèñ. 3, à. Ýòî áûë ñàìûé êðóï-
íûé ïîæàð ïîñëå âçðûâà, ïðîäîëæàâ-
øèéñÿ äî 6:00 óòðà ñëåäóþùåãî äíÿ.
Ïî ìåðå òîãî, êàê ïîæàð ïîñòåïåííî
óìåíüøàëñÿ, ñòàíîâèëîñü ÿñíûì, ÷òî
îãîíü âûõîäèò èç îòâåòâëåíèÿ òðàí-
øåè ëèâíåâîé êàíàëèçàöèè, êàê âèäíî
èç ðèñ. 3, á. Ïîíÿòíî, ÷òî çäåñü ìîãëî
áûòü ìåñòî óòå÷êè.

Ïîñëåäóþùåå îáñëåäîâàíèå âåòêè
òðàíøåè, ãäå áûë îãîíü, ïîêàçàëî, ÷òî
òðàíøåþ ïåðåñåêàëè òðè òðóáîïðîâî-
äà. 4-äþéìîâàÿ òðóáà ïîëíîñòüþ ïî-
âèñëà â âîçäóõå, è â íåé èìåëñÿ ïðîëîì
ðàçìåðîì 4�7 ñì (ðèñ. 4). Ðàñïîëîæåí-
íûå äàëåå 6- è 8-äþéìîâàÿ òðóáû áûëè
÷àñòè÷íî ðàñêðûòû è îñòàëèñü íåïî-
âðåæäåííûìè. Èññëåäîâàíèå òðóáî-
ïðîâîäà, èç êîòîðîãî ïðîèçîøëà óòå÷-
êà, îáíàðóæèëî, ÷òî òîëùèíà ñòåíêè
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4. Analysis of leak. 4.1. The leak

point. After the explosion, a large jet
fire developed near the junction of Er-
sheng 1st Road and Kaixuan 3nd Road
as shown in fig. 3, a. This was the
largest fire after the explosion and it
lasted till 6 am the following day. As
the fire diminished gradually, it can
be seen clearly that the fire was co-
ming out from a branch of storm
water trench as indicated in fig. 3, b.
Clearly, this would be the source of
leak.

Fig. 3. Photos of the fire after the explosion on the north side of junction of Kaixuan 3rd road
and Ersheng 1st road. Time of the photos: (a) 12:00 am (b) 06:00 am

Ðèñ. 3. Ôîòîãðàôèè ïîæàðà ïîñëå âçðûâà ê ñåâåðó îò ïåðåñå÷åíèÿ 3-é äîðîãè Êàéñþà-
íà è 1-é äîðîãè Ýðñåíà â 12:00 íî÷è (à) è 6:00 óòðà (á)

Subsequent inspection of the
trench branch with jet fire revealed
that there were three pipelines passing
through the trench. The 4-in line was
completely exposed in air and had a
break opening of 4 by 7 cm as shown
in fig. 4. The 6-in and 8-in lines were
located next to the 4-in line, partially
exposed in air, and remained intact.
Inspection of the leaked pipeline also
showed pipeline wall thickness great-

Fig. 4. Photos of the storm water trench, the 4-in propylene pipeline and the break

Ðèñ. 4. Ôîòîãðàôèè òðàíøåè ëèâíåâîé êàíàëèçàöèè, 4-äþéìîâîãî òðóáîïðîâîäà ïðî-
ïèëåíà è îòâåðñòèÿ â òðóáå



òðóáû çíà÷èòåëüíî ìåíüøå èçíà÷àëü-
íûõ 6 ìì, äîõîäÿ äî 1 ìì âñëåäñòâèå
êîððîçèè âî âëàæíîé îêðóæàþùåé
ñðåäå òðàíøåè.

4.2. Îáúåì óòå÷êè. Âàæíî îöåíèòü
ðàñõîä è îáúåì óòå÷êè äëÿ òîãî, ÷òîáû
îïðåäåëèòü ïîòåíöèàëüíûé óùåðá è
çîíó ýâàêóàöèè. Îñíîâíîå âëèÿíèå íà
ðàñõîä îêàçûâàþò îòâåðñòèå óòå÷êè è
äàâëåíèå â òðóáîïðîâîäå. Ðèñ. 5, à
ïðåäñòàâëÿåò çàïèñü äàâëåíèÿ, ñäåëàí-
íóþ â òåðìèíàëå Taiwan CPC Cianjhen,
êîòîðûé ÿâëÿåòñÿ îòâåòâëåíèåì ëèíèè
òðóáîïðîâîäà CGTDC è LCY. Ïî-
ñêîëüêó ýòîò òåðìèíàë ðàñïîëîæåí
âáëèçè îò íàñîñíîé ñòàíöèè CGTDC,
çàðåãèñòðèðîâàííîå äàâëåíèå ìîæåò
ñ÷èòàòüñÿ õîðîøèì ïðèáëèæåíèåì ê
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ly reduced from its original 6 mm to
less than 1 mm by corrosion from the
humid ambient environment in the
trench.

4.2. Amount of the leak. It is im-
portant to estimate the leak rate and
amount of leaked in order to assess
the potential damage and evacuation
zone. The leak rate was dominated
by leak opening and the pipeline pre-
ssure. Fig. 5, à shows the pipeline
pressure recorded at Taiwan CPC Ci-
anjhen terminal which is a branch
line to the CGTDC and LCY pipeli-
ne. As the Taiwan CPC Cianjhen ter-
minal was close to CGTDC pumping
station, the recorded pressure can be
a good approximation of the upstre-

Fig. 5. Pipeline pressure recorded at Taiwan CPC Cianjhen terminal, a branch line to the
CGTDC and LCY pipeline (a). Recorded flowrate on CGTDC and LCY side (b)

Ðèñ. 5. Äàâëåíèå â òðóáîïðîâîäå, çàïèñàííîå â òåðìèíàëå Taiwan CPC Cianjhen, îò-
âåòâëåíèè ëèíèè òðóáîïðîâîäà CGTDC è LCY (à); çàïèñü ðàñõîäà íà ñòîðîíå

CGTDC è LCY (á)



äàâëåíèþ ïîòîêà âûøå ïîëîæåíèÿ
óòå÷êè. Òàê êàê òî÷êà êèïåíèÿ ïðîïèëå-
íà íàìíîãî íèæå àòìîñôåðíîãî äàâëå-
íèÿ, òî âîñïëàìåíåíèå çàâèñèò îò äàâëå-
íèÿ âûøå ïî ïîòîêó îò ïîëîæåíèÿ óòå÷-
êè. Åñëè äàâëåíèå â ïîòîêå âûøå, ÷åì
äàâëåíèå íàñûùåííîãî ïàðà, ïðîïèëåí
ìîæåò èçëèâàòüñÿ êàê æèäêîñòü âïëîòü
äî âîñïëàìåíåíèÿ (Crowl and Louvar,
2012). Îäíàêî, åñëè äàâëåíèå â ïîòîêå
áëèçêî ê äàâëåíèþ íàñûùåíèÿ, òî ìî-
æåò âîñïëàìåíèòüñÿ ãàç, è ìîæíî ðàñ-
ñìàòðèâàòü ïðîöåññ êàê òèïè÷íîå äâóõ-
ôàçíîå ãîðåíèå ïî âñåìó ñå÷åíèþ êàíà-
ëà (òàì æå).

Êàê ïîêàçûâàåò ðèñ. 5, à, äàâëåíèå
ïîòîêà â òðóáîïðîâîäå ïîñëå ïðîðûâà
áûëî î÷åíü áëèçêî ê äàâëåíèþ íàñû-
ùåíèÿ ïðîïèëåíà, ïîýòîìó ãîðÿùèé
äâóõôàçíûé ïîòîê áóäåò äîìèíèðî-
âàòü. Áåç èñïîëüçîâàíèÿ ïîäðîáíîãî
ìîäåëèðîâàíèÿ äâóõôàçíîãî ïîòîêà â
òðóáå ×ýíü è äð. [5] ïîêàçàëè, ÷òî ïðå-
êðàùåíèå èñòå÷åíèÿ æèäêîñòè ïðî-
èçîéäåò ïðèìåðíî çà 10 ñ äëÿ òðóáîïðî-
âîäà äëèíîé 100 ì, ñîäåðæàùåãî ñæà-
òûé ïðîïàí è áóòàí. Â äàííîì ñëó÷àå ñ
î÷åíü äëèííîé òðóáîé è äëèòåëüíûì
âðåìåíåì èñòå÷åíèÿ (áîëåå 1 ÷), ìîæíî
ïðåäïîëîæèòü îòñóòñòâèå æèäêîñòè
âáëèçè îòâåðñòèÿ, òîãäà ðàñõîä ãàçà
÷åðåç îòâåðñòèå ìîæíî îöåíèâàòü íà
îñíîâå óðàâíåíèÿ çàïåðòîãî òå÷åíèÿ
ïàðà (Crowl and Louvar, 2012).

Ðèñ. 5, á ïðåäñòàâëÿåò çàïèñü ðàñ-
õîäîâ íà ñòîðîíå CGTDC è LCY. Ðàç-
íîñòü ïëîùàäåé ãðàôèêîâ áóäåò îáúå-
ìîì, ïîòåðÿííûì ïðè ïåðåêà÷êå, ãëàâ-
íûì îáðàçîì â æèäêîé ôîðìå. Ïðÿìîå
èíòåãðèðîâàíèå äàåò 34 000 êã. Çà ïåðè-
îä, êîãäà çàïîðíûé êëàïàí áûë çàêðûò,
îáùåé ïðîäîëæèòåëüíîñòüþ îêîëî
97 ìèí, ðàñ÷åò ïî óðàâíåíèþ çàïåðòîãî
òå÷åíèÿ ïàðà äàåò îöåíêó ïîòåðè â
56 800 êã, à ïî óðàâíåíèþ ïîòîêà ñ ãî-
ðåíèåì – 160 000 êã. Ïîñëåäíåå çíà÷å-
íèå íàìíîãî áîëüøå 100 000 êã – âìå-
ñòèìîñòè òðóáîïðîâîäà äëèíîé 27 êì
ñ ó÷åòîì ïëîòíîñòè ïðîïèëåíà. Êàê è
îæèäàëîñü, îáúåì, ïîëó÷åííûé ðàñ÷å-
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am pressure of the leak. As the boi-
ling point of propylene is far below
the ambient pressure, the leak from
the pipeline may or may not flash
depending on the upstream pressure.
If the upstream pressure is higher
than the saturation vapor pressure,
the propylene may leak out as a
liquid before flashing (Crowl and
Louvar, 2012). If however the
upstream pressure is close to the sa-
turation pressure, flashing is expec-
ted and the typical two-phase flas-
hing flow across an orifice may be
used (ibid.).

As fig. 5, a indicates that the pi-
peline upstream pressure after the
break was very close to propylene sa-
turation pressure, flashing two-phase
flow will be the dominant mode of
leak. Although more detailed mode-
ling can be done for the two-phase
pipe flow, Chen et al. [5] showed that
the liquid dried out is expected to oc-
cur in about 10 s for a 100 m pipeline
containing pressurized propane and
butane. In the present case with very
long pipeline and long leak time of
more than 1 hr, liquid dry out was
also expected near the break and the
vapor choked flow equation (Crowl
and Louvar, 2012) can be a good esti-
mation of leak rate.

Fig. 5, b showed the recorded
flowrate on CGTDC and LCY side.
The area difference between the two
records will be the amount lost
during pumping and mostly in liqu-
id form. Direct integration gives
34 000 kg. For the valve closed peri-
od, a total of 97 min, the loss is cal-
culated to be 56 800 kg from the va-
pour choked flow equation and
160 000 kg from the flashing flow
equation. The latter is far larger than
the possible pipeline inventory of
100 000 kg based on the 27 km of
pipeline volume and propylene
density. As expected, the value from



òîì äëÿ äðîññåëèðîâàííîãî ïîòîêà
ïàðà, ïðåäñòàâëÿåòñÿ áîëåå ðåàëèñòè÷-
íûì â ñðàâíåíèè ñ òåì, ÷òî äàåò óðàâ-
íåíèå ãîðÿùåãî ïîòîêà. Òàêèì îáðà-
çîì, îáúåì ïðîïèëåíà, âûòåêøåãî äî
âîñïëàìåíåíèÿ, îöåíåí â 90 000 êã.

4.3. Ðàñïðîñòðàíåíèå óòå÷êè.
Êðîìå óñòàíîâëåíèÿ ìåñòà óòå÷êè âàæ-
íî çíàòü, êàê ïðîèñõîäèëî ðàñïðîñòðà-
íåíèå ãàçà ïî òðàíøåå, ÷òîáû áûë íà-
íåñåí òàêîé áîëüøîé óùåðá. Ïîñëå-
äóþùåå ðàññëåäîâàíèå ïîêàçàëî, ÷òî
èìåëèñü äâå âåòâè òðàíøåè ëèâíåâîé
êàíàëèçàöèè – îäíà íåïîñðåäñòâåííî
ïîä Ýðñåí Ðîóä, íî äëèíîé âñåãî 7 ì
è çàêðûòàÿ íà äðóãîì êîíöå, äðóãàÿ â
10 ì ê ñåâåðó îò òóïèêîâîé âåòâè è ÷å-
ðåç íåå ïðîõîäèëè òðóáîïðîâîäû. Ýòà
âåòâü ñîåäèíåíà ñ òðàíøååé ïîä Ýðñåí
Ðîóä. Íà ðèñ. 6 äàíî ñõåìàòè÷åñêîå
èçîáðàæåíèå âñåõ òðàíøåé è êàíàëèçà-
öèîííûõ ëþêîâ. Ââåðõ ïî òå÷åíèþ â
òðàíøåå, ïåðåñåêàåìîé òðóáîïðîâîäà-
ìè, èìåëñÿ ëþê, â êîòîðîì áûë ñëûøåí
çâóê âñàñûâàíèÿ âîçäóõà. Òàê êàê ïðî-
ëîì â òðóáå áûë îáðàùåí â ñòîðîíó îñ-
íîâíîé òðàíøåè, òî óòå÷êà èç îòâåð-
ñòèÿ ìîãëà îáðàçîâàòü ñòðóþ è âûçâàòü
çíà÷èòåëüíîå äâèæåíèå âîçäóõà ñâåð-
õó, ò.å. ÷åðåç ëþê. Òàêèì îáðàçîì, íà-
ïðàâëåíèå ïîòîêà ñîãëàñóåòñÿ ñ îáíà-
ðóæåííûì çâóêîì âñàñûâàíèÿ â ðàñïî-
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vapour choked flow calculation is
considered a more realistic value
compared with that from flashing
flow equation. Thus, a total of
90 000 kg propylene was estimated
to leak before the ignition.

4.3. Spread of the leak. Altho-
ugh the source of the leak was confir-
med, it is important to know how the
leak in the trench was spread to cause
such a large damage. Subsequent in-
vestigation revealed that there were
two storm water trench branches, one
being directly beneath the Ersheng
Road but is only 7 m in length and se-
aled in the other end, the other being
about 10 m north of the dead ended
branch and housed the pipelines. The
later was then connected to the trench
beneath Ersheng Road. Fig. 6 put up
a schematic diagram showing all the
trenches and trench openings. The
trench branch that housed the pipeli-
ne had a manhole upstream which
was the manhole with the suction so-
und. As the pipe break was facing to-
wards the main trench, the break leak
would form a jet and entrained signi-
ficant air from upstream and thus the
manhole. Thus, the direction of the
leak is in consistent with the finding
of suction sound in the upstream

Fig. 6. Schematic diagram of storm water trench, the pipeline, and the spread of the
leak propylene

Ðèñ. 6. Ñõåìà òðàíøåé ëèâíåâîé êàíàëèçàöèè, òðóáîïðîâîäà è ðàñïðîñòðàíåíèÿ
óòå÷êè ïðîïèëåíà



ëîæåííîì âûøå ëþêå, à òàêæå ñ òåì
ôàêòîì, ÷òî íà Ýðñåí Ðîóä íå áûëî
ôàêòè÷åñêè íèêàêèõ ïîâðåæäåíèé.

Êðîìå òîãî, ñòðóÿ óòå÷êè äîøëà äî
ãëàâíîé òðàíøåè è ðàñïðîñòðàíèëàñü â
îáå ñòîðîíû êî 2-é è 3-é äîðîãàì Êàé-
ñþàíà. Ýòî ñîãëàñóåòñÿ ñ òåì ôàêòîì,
÷òî ïåðåñå÷åíèå 2-é äîðîãè Êàéñþàíà è
1-é äîðîãè Ýðñåíà áûëî íà÷àëüíîé òî÷-
êîé âûõîäà ãàçà èç òðàíøåè íà ïîâåðõ-
íîñòü. Áîëåå òîãî, îòâåòâëåíèå íà 2-é
äîðîãå Êàéñþàíà áûëî ñâÿçàíî ñî
ñòðîéïëîùàäêîé ñêîðîñòíîãî òðàìâàÿ ñ
áîëüøèì îòâåðñòèåì ðàçìåðîì 3�3 ì,
êîòîðîå îáåñïå÷èëî íàèìåíüøåå ñîïðî-
òèâëåíèå ïðîðûâó ïàðà ïðîïèëåíà íà
ïîâåðõíîñòü è ñ÷èòàëîñü îñíîâíûì èñ-
òî÷íèêîì óòå÷êè äî âçðûâà. Èíòåðåñíî,
÷òî îòâåðñòèå îáåñïå÷èëî îòòîê âî âðå-
ìÿ âçðûâà, óìåíüøèâøèé âçðûâíîå äàâ-
ëåíèå â ýòîé âåòâè, âñëåäñòâèå ÷åãî íàä
íåé íå áûëî ïîâðåæäåíèé çåìëè.

Ïîñêîëüêó îñíîâíàÿ êàíàëèçàöè-
îííàÿ òðàíøåÿ ïîä 2-é è 3-é äîðîãàìè
Êàéñþàíà ñâÿçàíà ñ òðàíøåÿìè ïîä
1-é äîðîãîé Ñàíäóî è 1-é äîðîãîé Éè-
õèíà, ñîîòâåòñòâåííî áîëüøàÿ ÷àñòü
ãàçà ðàñïðîñòðàíèëàñü âäîëü 2-é è 3-é
äîðîã Êàéñþàíà è çàòåì 1-é äîðîãîé
Éèõèíà è 1-é äîðîãîé Ñàíäóî, ãäå âñå
äîðîæíîå ïîêðûòèå íàä òðàíøåÿìè
áûëî âçîðâàíî. Îäíàêî òðàíøåÿ ïîä
2-é äîðîãîé Ñàíäóî íå áûëà ñâÿçàíà ñ
òðàíøååé ïîä 1-é äîðîãîé Ñàíäóî è
ïîýòîìó îñòàëàñü íåïîâðåæäåííîé.
Òðàíøåÿ ïîä Æóéëîí Ðîóä ñîåäèíÿ-
ëàñü ñ òðàíøååé ïîä 1-é äîðîãîé Éè-
õèíà, íî ïîëó÷èëà ëèøü íåçíà÷èòåëü-
íûå ïîâðåæäåíèÿ áëàãîäàðÿ ñâîèì
ìåíüøèì ðàçìåðàì. Íàêîíåö, ïîâðåæ-
äåíèÿ íà 1-é äîðîãå Ýðñåíà òàêæå
áûëè íåçíà÷èòåëüíûìè â ñðàâíåíèè ñî
2-é è 3-é äîðîãàìè Êàéñþàíà, ãäå äî-
ðîæíîå ïîêðûòèå îñòàëîñü öåëûì. Ýòî
áûëî îáóñëîâëåíî ìàëûìè ðàçìåðàìè
òðàíøåè è óìåíüøåííûì ïîòîêîì â
âåòâè. Ôàêòè÷åñêè âñå îòâåòâëåíèÿ îò
ãëàâíîé òðàíøåè â îñíîâíîì íå ïîëó-
÷èëè ïîâðåæäåíèé è äîðîæíîå ïîêðû-
òèå íàä íèìè íå áûëî âçîðâàíî.
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manhole. It is also consistent with the
fact that there was virtually no dama-
ge in Ersheng road.

In addition, the leak jet entered
the main trench and spread both sides
to Kaixuan 2nd and 3rd roads. This is in
agreement with the fact that the man-
hole on the junction of Kaixuan 2nd

road and Ersheng 1st road was the ini-
tial spot of vapour spread out of the
trench to ground. Furthermore, a
branch on the Kaixuan 2nd road was
connected to the light rail constructi-
on site with a very large opening of 3
by 3 m. This opening provided the le-
ast resistance for propylene vapour to
escape to the ground and was conside-
red the major source of leak before the
explosion. Interestingly, the opening
also provided a vent during explosion
which reduced the explosion overp-
ressure in that branch and therefore
the ground above the branch was
intact.

As the main storm water trench
beneath Kaixuan 2nd and 3rd roads
were connected to Sanduo 1st road
and Yixin 1st road, respectively, ma-
jority of the vapour spread along Kai-
xuan 2nd and 3rd roads and then to
Yixin road and Sanduo 1st road where
the entire road surface above the
trench was blow out. The trench bene-
ath Sanduo 2nd road was however not
connected to the trench beneath San-
duo 1st road and thus remained intact.
The trench beneath Ruilong road was
connected to the trench beneath Yixin
1st road but suffered only minor da-
mage owing to its smaller dimension.
Finally, the damage on the Ersheng 1st

road was also minor as compared with
those of Kaixuan 2nd and 3rd roads
with road surface remained intact.
This was again caused by the smaller
trench dimension and reduced branch
flow. In fact, all the branches connec-
ted to the main trench were mostly in-
tact without road surface blow out.



Â öåëîì ðàñïðîñòðàíåíèå ïîòîêà
ãàçà ïî òðàíøåå ñîïðîâîæäàëîñü ïîâðå-
æäåíèÿìè äîðîãè. Ïðîäâèæåíèåì ãàçà â
ïîäçåìíîé òðàíøåå óïðàâëÿëî ñîïðîòèâ-
ëåíèå ïîòîêó, íà êîòîðîå â ñâîþ î÷åðåäü
âëèÿëè ðàçìåðû òðàíøåè, ðàçâåòâëåíèÿ
ïîòîêà è îòâåðñòèå òðàíøåè, îòêðûòîå
íàðóæó. Íàêîíåö, çîíà ñ íàèáîëüøèì
ñêîïëåíèåì ãàçà íå îáÿçàòåëüíî ñîîòâåò-
ñòâóåò ìåñòó óòå÷êè, íî ñêîðåå çàâèñèò îò
ðàçìåðà îòâåðñòèÿ, âûõîäÿùåãî íà ïî-
âåðõíîñòü çåìëè. Ýòè ðåçóëüòàòû áóäóò
ïîëåçíû äëÿ ðóêîâîäèòåëåé àâàðèé-
íî-ñïàñàòåëüíûõ ðàáîò, èìåþùèõ äåëî
ñî ñëó÷àÿìè óòå÷åê èç ïîäçåìíûõ òðóáî-
ïðîâîäîâ, ïðè óñëîâèè, ÷òî âñå ïîäçåì-
íûå òðàíøåè õîðîøî çàäîêóìåíòèðîâà-
íû è äîñòóïíû âî âðåìÿ ïðîèñøåñòâèé ñ
íèìè. Ê ñîæàëåíèþ, îòñóòñòâèå èíôîð-
ìàöèè î ñëîæíîé ñåòè òðàíøåé â ðàñ-
ñìîòðåííîì èíöèäåíòå ïðåïÿòñòâîâàëî
âûðàáîòêå ðóêîâîäèòåëåì ðàáîò íà ìåñòå
àâàðèè ïðàâèëüíûõ çàêëþ÷åíèé îòíîñè-
òåëüíî èñòî÷íèêà óòå÷êè è ïîòåíöèàëü-
íîé çîíû ýâàêóàöèè.

5. Àíàëèç èñòî÷íèêà âîñïëàìå-
íåíèÿ. Äîïîëíèòåëüíûì èñòî÷íèêîì,
ñïîñîáñòâóþùèì âçðûâó ãàçà, ÿâëÿåò-
ñÿ èñòî÷íèê âîñïëàìåíåíèÿ. Êðàéíå
âàæíî îïðåäåëèòü åãî äëÿ òîãî, ÷òîáû
íàèëó÷øèì îáðàçîì êîíòðîëèðîâàòü
ìåñòî â ëþáîì áóäóùåì ïðîèñøåñò-
âèè. Ïîñêîëüêó âîñïëàìåíåíèå ïðî-
èçîøëî áîëåå ÷åì ÷åðåç òðè ÷àñà ïîñëå
óòå÷êè, òðóäíî òî÷íî îïðåäåëèòü èñ-
òî÷íèê âîçãîðàíèÿ âñëåäñòâèå î÷åíü
øèðîêîãî ðàññåÿíèÿ âûáðîñà. Äëÿ îá-
çîðà íàïðàâëåíèÿ ðàñïðîñòðàíåíèÿ
îãíÿ è âçðûâà áûëè èñïîëüçîâàíû ðàç-
ëè÷íûå äîñòóïíûå âèäåîçàïèñè ñ äî-
ðîæíûõ êàìåð íàáëþäåíèÿ, àâòîðåãè-
ñòðàòîðîâ è ðåïîðòåðñêèõ êàìåð. Âñå
èñòî÷íèêè óêàçàëè íà ïåðåñå÷åíèå Ýð-
ñåí Ðîóä è Êàéñþàí Ðîóä êàê èñõîäíîå
ìåñòî. Äîïîëíèòåëüíî íà âèäåî, ñíÿ-
òîì æóðíàëèñòîì ðÿäîì ñ êîìàíäíûì
ïóíêòîì, çàðåãèñòðèðîâàíû çâóê âçðû-
âà è áåëûé òóìàí, èçâåðãàþùèéñÿ èç
ëþêà íà ïåðåñå÷åíèè äîðîã. Ýòî åäèí-
ñòâåííàÿ çàïèñü, çàõâàòèâøàÿ ìîìåíò
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In summary, the spread of the va-
pour flow in the trench was in consis-
tent with the damage of the road. The
spread of the leak vapour in the under-
ground trench was governed by the
flow resistance which is in turn affec-
ted by trench dimension, branched
flow and trench opening to ground.
Finally, the area with most vapour es-
caped do not necessarily corresponds
to the leak source but rather depends
on the size of opening to ground. The-
se findings will be useful for all inci-
dent commanders dealing with under-
ground pipeline leak incidents provi-
ded that all underground trenches are
well documented and available du-
ring the incident. Unfortunately, the
lack of information on the complica-
ted trench network in the present case
has prevented the on-scene comman-
der from making a proper judgment
regarding the leak source and potenti-
al evacuation zone.

5. Analysis of ignition source.
An additional factor contributing to
the vapour explosion is the ignition
source. It is crucial to identify the
exact ignition source so that a better
site control in any future incident can
be taken. As the ignition occurred
more than three hours after the leak,
it is difficult to determine the exact
ignition source owing to very wide
dispersed release. Several available
videos from road surveillance came-
ras, vehicle driving records, and re-
porter cameras were used to review
the direction of fire and explosion
propagation. All videos pointed to
the junction of Ersheng and Kaixuan
Roads as the initiation location. In
addition, a video taken by a journa-
list near the command post captured
the explosion sound, a white smoke
erupting out of a manhole on the road
junction. This is the only video cap-
tured the moment before and after
the ignition and thus confirmed that



äî è ïîñëå âîñïëàìåíåíèÿ è òàêèì îá-
ðàçîì ïîäòâåðäèâøàÿ, ÷òî ïåðåñå÷å-
íèå Ýðñåí Ðîóä è Êàéñþàí Ðîóä áûëî
çîíîé ïåðâîãî âîñïëàìåíåíèÿ.

Ïîñêîëüêó ðàéîí áûë çàêðûò äëÿ
òðàíñïîðòà, åäèíñòâåííûìè âîçìîæ-
íûìè èñòî÷íèêàìè âîñïëàìåíåíèÿ
áûëè ïîæàðíûå ìàøèíû, ïðîäîëæàâ-
øèå äâèæåíèå, ÷òîáû îáåñïå÷èâàòü
ïîäà÷ó âîäû äëÿ òóøåíèÿ îãíÿ. Ôàêòè-
÷åñêè ðÿäîì ñ ïåðåñå÷åíèåì Ýðñåí
Ðîóä è Êàéñþàí Ðîóä íàõîäèëàñü ïî-
æàðíàÿ ìàøèíà, êàê ïîêàçûâàåò ðèñ. 3,
á. Äàëüíåéøåå ðàññëåäîâàíèå âûÿâè-
ëî, ÷òî îíà ñòîÿëà íàä êðûøêîé óçëà
ýëåêòðè÷åñêèõ êàáåëåé. Êîðîáêà ñî-
åäèíåíèÿ ýëåêòðè÷åñêèõ êàáåëåé íå
çàïå÷àòàíà è îáû÷íî äðåíèðóåòñÿ â
áëèæàéøóþ ëèâíåâóþ êàíàëèçàöèþ.
Î÷åíü ïîõîæå íà òî, ÷òî ãàç èç òðàí-
øåè êàíàëèçàöèè ïðîíèê â êàáåëüíóþ
ñîåäèíèòåëüíóþ êîðîáêó è, â êîíöå
êîíöîâ, âûðâàëñÿ èç-ïîä åå êðûøêè,
âñòðåòèëñÿ ñ äâèãàòåëåì ãðóçîâèêà è
âîñïëàìåíèëñÿ. Àíàëèç óêàçûâàåò íà
âàæíîñòü ñòðîãîãî êîíòðîëÿ çà èñòî÷-
íèêîì âîñïëàìåíåíèÿ âî âðåìÿ îãíå-
îïàñíîãî âûáðîñà. Åäèíñòâåííûé
áåçîïàñíûé âûõîä â ñëó÷àå ñòîëü
áîëüøîãî âûáðîñà îãíåîïàñíîãî ãàçà â
îãðàíè÷åííîå ïðîñòðàíñòâî – åãî ìåä-
ëåííîå ðàñòâîðåíèå äî óðîâíÿ íèæå
ïðåäåëà âîñïëàìåíÿåìîñòè. Êàê ïðåæ-
äåâðåìåííîå çàæèãàíèå, òàê è ïåðå-
êðûòèå îãíåîïàñíîãî ãàçà ÷ðåçâû÷àé-
íî òðóäíû è îïàñíû â èñïîëíåíèè.

6. Çàêëþ÷åíèå. Ñòàòüÿ ïðåäñòàâ-
ëÿåò ïåðâîå îïèñàíèå ïðîèñøåñòâèÿ ñ
óòå÷êîé è âçðûâîì ñæàòîé âîñïëàìå-
íÿþùåéñÿ æèäêîñòè â òðàíøåå ëèâíå-
âîé êàíàëèçàöèè. Äàííûé ñëó÷àé ïî-
ñëóæèë îñíîâîé äëÿ ìíîãî÷èñëåííûõ
èçâëå÷åííûõ óðîêîâ è ðåêîìåíäàöèé
ïî ïðåäîòâðàùåíèþ ïîäîáíûõ èíöè-
äåíòîâ â áóäóùåì.

Âî-ïåðâûõ, îãíåîïàñíàÿ óòå÷êà â
ïîäçåìíóþ òðàíøåþ – ýòî âàæíûé ñöå-
íàðèé, êîòîðûé íåëüçÿ íå ó÷èòûâàòü
ïðè îöåíêå ðèñêîâ äëÿ ïîäçåìíîãî òðó-
áîïðîâîäà, òðàíñïîðòèðóþùåãî ëåãêî-
âîñïëàìåíÿþùèåñÿ æèäêîñòè èëè ãàçû.
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the junction of Ersheng 1st road and
Kaixuan Road was the area with the
first ignition.

As the area were blocked for
traffic, the only available ignition so-
urces were the fire trucks which re-
mained running to provide firewater.
In fact, there was a fire truck near the
junction of Ersheng 1st road and Kai-
xuan Road as shown in fig. 3, b. Furt-
her investigation revealed that the
fire truck was sit on top of an electri-
cal cable junction box cover. The
electrical cable junction box is not
sealed but usually drained to nearby
storm water trench. It is very likely
that the vapour in the storm water
trench spread out into the junction
box, and eventually escaped the co-
ver to meet the truck engine and igni-
ted. The analysis suggests the impor-
tance of strict control of ignition so-
urce during a flammable release. In
fact, the only safe outcome of such a
large release of flammable vapour
into a confined space is a slow diluti-
on to below flammability limit. Eit-
her premature ignition or recovery of
flammable vapour is extremely diffi-
cult and risky to do.

6. Conclusions. This article pre-
sents the first reported incident with
leak and explosion of pressurized,
flashing liquid in a storm water
trench. The present case provided nu-
merous lessons learnt and recommen-
dation for preventing similar inci-
dents in the future.

Firstly, a flammable leak into an
underground trench is an important
scenario and should not be overloo-
ked in risk assessment of undergro-
und pipeline transporting flammable
liquids or gases.

Secondly, correct information on
the underground pipeline and trench
is crucial for the on-scene emergency
regarding such leak. The spread of the
leak vapor in the underground trench



Âî-âòîðûõ, ïðàâèëüíàÿ èíôîðìà-
öèÿ î ïîäçåìíîì òðóáîïðîâîäå è òðàí-
øåå êðàéíå âàæíà äëÿ äåéñòâèé â ÷ðåç-
âû÷àéíîé ñèòóàöèè, ñâÿçàííîé ñ òàêîãî
ðîäà óòå÷êîé. Íà ðàñïðîñòðàíåíèå âû-
òåêøåãî ãàçà ïî ïîäçåìíîé òðàíøåå
âëèÿëî ñîïðîòèâëåíèå ïîòîêó. Äëÿ îï-
ðåäåëåíèÿ äèíàìèêè ðàñïðîñòðàíåíèÿ
ãàçà íåîáõîäèì ïîäðîáíûé ïëàí ó÷àñò-
êà ïîäçåìíîé ëèâíåâîé êàíàëèçàöèè ñ
îáîçíà÷åíèåì âñåõ îòâåðñòèé ëþêîâ.

Â-òðåòüèõ, âîçäåéñòâóþùèé îáúåì
îãíåîïàñíîé óòå÷êè â ïîäçåìíóþ òðàí-
øåþ ýêâèâàëåíòåí ãàçó, ðàçáàâëåííîìó
äî åãî ïðåäåëà âîñïëàìåíÿåìîñòè, ïðè-
÷åì âåðõíèé ïðåäåë âîñïëàìåíÿåìîñòè
(UFL) ÿâëÿåòñÿ ðåàëèñòè÷íûì, à íèæ-
íèé ïðåäåë (LFL) – êîíñåðâàòèâíûì
ñëó÷àåì. Ïðè èçâåñòíîì ïîïåðå÷íîì
ñå÷åíèè òðàíøåè ïðîäîëæèòåëüíîñòü
âîçäåéñòâèÿ ìîæåò áûòü îöåíåíà ïî
ðàñõîäó óòå÷êè, UFL è LFL. Äëÿ íàõî-
äÿùåãîñÿ ïîä äàâëåíèåì ïîòîêà îãíå-
îïàñíîé æèäêîñòè ìàññà óòå÷êè ìîæåò
áûòü ðàññ÷èòàíà ïî óðàâíåíèþ çàïåð-
òîãî òå÷åíèÿ ïàðà.

Íàêîíåö, åäèíñòâåííûé áåçîïàñ-
íûé ïóòü ñóùåñòâîâàíèÿ óòå÷êè îãíå-
îïàñíîãî ãàçà â ïîäçåìíîé òðàíøåå –
ïîçâîëèòü ãàçó ðàñòâîðèòüñÿ äî êîí-
öåíòðàöèè íèæå ïðåäåëà âîñïëàìåíÿå-
ìîñòè. Äëÿ ýòîãî òðåáóåòñÿ çíà÷èòåëü-
íîå âðåìÿ, ïîýòîìó êðàéíå âàæåí êîí-
òðîëü çà èñòî÷íèêîì âîñïëàìåíåíèÿ.
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was governed by the flow resistance.
A detailed storm water trench plot
plan with all manhole opening is nee-
ded to identify the vapor spread dy-
namics.

Thirdly, the impact volume of a
flammable leak into an underground
trench is equivalent to the gas diluted
into its flammability limits with the
UFL being the realistic case and LFL
being the conservative case. With
known trench cross-sectional area,
the impact length can be estimated
from the leak rate and the UFL and
LFL. For a pressurized, flashing liqu-
id flow, the mass leak flow rate can
be estimated from vapour choked
flow equation.

Finally, the only safe way for
disposing a flammable vapour leak in
an underground trench is to allow
the vapour being dispersed to con-
centration below the flammable li-
mit. This would take significant time
and thus the control of ignition sour-
ce is crucial.
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ÏÐÈ ÊÎÍÂÅÉÅÐÍÎÉ ÒÐÀÍÑÏÎÐÒÈÐÎÂÊÅ

HEAT TRANSFER FROM THE SURFACE OF HEATED MATERIALS
DURING CONVEYER TRANSPORTATION

Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ñ öåëüþ ïîëó÷åíèÿ äàííûõ, íåîáõîäè-
ìûõ ïðè ïðîåêòèðîâàíèè ñèñòåì îòîïëåíèÿ è âåíòèëÿöèè ãàëåðåé, â êîòîðûõ îñóùå-
ñòâëÿåòñÿ êîíâåéåðíàÿ òðàíñïîðòèðîâêà íàãðåòûõ ìàòåðèàëîâ. Ïðèâåäåíû îïèñàíèå
ýêñïåðèìåíòàëüíîé óñòàíîâêè, ìåòîäèêà ïðîâåäåíèÿ è îáðàáîòêè ðåçóëüòàòîâ èññëå-
äîâàíèé. Îïðåäåëåíû ôàêòîðû, âëèÿþùèå íà òåïëîîáìåí íàãðåòûõ ìàòåðèàëîâ ïðè
êîíâåéåðíîé òðàíñïîðòèðîâêå, ïîëó÷åíû ýìïèðè÷åñêèå çàâèñèìîñòè äëÿ ðàñ÷åòà êî-
ýôôèöèåíòîâ òåïëîîòäà÷è, êîòîðûå ïîçâîëÿþò ðàññ÷èòàòü òåïëîâûäåëåíèÿ ñ ïîâåðõ-
íîñòè äàííûõ ìàòåðèàëîâ.

Pilot studies for data acquisition which are necessary at design of heating and ventilation
systems in galleries in which there is a conveyor transportation of heated materials are
conducted. The description of experimental installation, technique of carrying out and
processing of researches results is provided. The factors influencing heat exchange of
heated materials at conveyor transportation are defined, empirical dependences for
calculation of heat transfer coefficients which allow to calculate thermal emissions from a
surface of these materials are received.

Ê ë þ ÷ å â û å ñ ë î â à: êîýôôèöèåíò êîíâåêòèâíîé òåïëîîòäà÷è, òåïëîâîé ïîòîê, òå-
ïëîîáìåí, òåïëîîòäà÷à, òåìïåðàòóðíûé ôàêòîð.

K e y w o r d s: convection heat transfer coefficient, heat flow, heat exchange, heat transfer,
temperature factor.

Äëÿ îáåñïå÷åíèÿ íîðìèðóåìûõ ïà-
ðàìåòðîâ ìèêðîêëèìàòà â êîíâåéåðíûõ
ãàëåðåÿõ íàãðåòûõ ìàòåðèàëîâ íåîáõî-
äèìà îðãàíèçàöèÿ ýôôåêòèâíîé ðàáîòû
ñèñòåì îòîïëåíèÿ è âåíòèëÿöèè. Ïðè
ïðîåêòèðîâàíèè âûøåóêàçàííûõ èíæå-
íåðíûõ ñèñòåì íóæíû äàííûå î êîýô-
ôèöèåíòàõ òåïëîîòäà÷è îò ïîâåðõíîñòè
òðàíñïîðòèðóåìûõ ìàòåðèàëîâ, êîòî-
ðûå ìîæíî ïîëó÷èòü â ðåçóëüòàòå ýêñ-
ïåðèìåíòîâ.
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For ensuring the normalized
microclimate parameters in conveyor
galleries of heated materials, the or-
ganization of effective work of sys-
tems of heating and ventilation is ne-
cessary. For this purpose, at design of
the above engineering systems, the
heat transfer coefficients from a sur-
face of the transported materials
which can be received as a result of
pilot studies are necessary.



Èññëåäîâàíèÿ òåïëîîáìåíà íàãðå-
òûõ ìàòåðèàëîâ ïðè êîíâåéåðíîé òðàíñ-
ïîðòèðîâêå â ãàëåðåÿõ ïðîâîäèëèñü íà
ýêñïåðèìåíòàëüíîé óñòàíîâêå (ðèñ. 1).

Ïðèíÿòàÿ â ýêñïåðèìåíòàëüíîé óñ-
òàíîâêå ñõåìà ðåãóëèðîâàíèÿ òåìïåðà-
òóðû âíóòðåííåé ïîâåðõíîñòè îãðàæ-
äàþùèõ êîíñòðóêöèé ãàëåðåè ïîçâîëè-
ëà èçìåðèòü êîíâåêòèâíûé è ëó÷èñòûé
òåïëîâûå ïîòîêè, ïîñòóïàþùèå îò ïî-
âåðõíîñòè êîíâåéåðîâ. Ñ öåëüþ èñêëþ-
÷åíèÿ ïîñòóïëåíèÿ òåïëîâîãî ïîòîêà îò
íèæíåé ïîâåðõíîñòè èññëåäóåìîé öè-
ëèíäðè÷åñêîé ïëàñòèíû è êàðêàñà êîí-
âåéåðà â ýêñïåðèìåíòàëüíîé óñòàíîâêå
ïðèìåíÿëàñü ñèñòåìà îõëàæäåíèÿ êàð-
êàñà êîíâåéåðà. Îõëàæäåíèå îñóùåñòâ-
ëÿëîñü âîäîé, êîòîðàÿ îò ðàñïðåäåëè-
òåëüíîãî óñòðîéñòâà ïîäàâàëàñü â ñåê-
öèè êîíâåéåðîâ. Ðàñõîä âîäû
ðåãóëèðîâàëñÿ ïðè ïîìîùè ïåðåæèì-
íûõ óñòðîéñòâ è óñòàíàâëèâàëñÿ òàêèì,
÷òîáû ñðåäíÿÿ òåìïåðàòóðà âîäû, öèð-
êóëèðóþùåé â ñåêöèè êîíâåéåðà, áûëà
ðàâíà òåìïåðàòóðå âîçäóõà ïîä êîíâåé-
åðîì â ñðåäíåì ñå÷åíèè ñåêöèè.

Ïðè ïðîâåäåíèè èññëåäîâàíèé îï-
ðåäåëÿëèñü ñëåäóþùèå âåëè÷èíû:

1) ðàñõîä âîçäóõà, ïðîõîäÿùèé ÷å-
ðåç ãàëåðåþ;

2) òåìïåðàòóðà âîçäóõà íà âõîäå è
âûõîäå èç ãàëåðåè;

3) ëîêàëüíûå òåìïåðàòóðû èññëå-
äóåìîé ïîâåðõíîñòè öèëèíäðè÷åñêîé
ïëàñòèíû.

Ðàñõîä âîçäóõà óñòàíàâëèâàëñÿ ïî
ïåðåïàäó äàâëåíèé â êàìåðå ñòàòè÷å-
ñêîãî äàâëåíèÿ è êîëëåêòîðå ïî ìåòî-
äèêå, èçëîæåííîé â ðàáîòå [1]. Â êà-
÷åñòâå ðåãèñòðèðóþùåãî ïðèáîðà èñ-
ïîëüçîâàëñÿ ìèêðîìàíîìåòð òèïà
ÌÊÂ-250–0,02 êëàññà òî÷íîñòè 0,02 è
ïðåäåëîì èçìåðåíèé 0–250 êã/ì2.

Òåìïåðàòóðû âîçäóõà íà âõîäå è âû-
õîäå èç ãàëåðåè èçìåðÿëèñü ëàáîðàòîð-
íûìè ðòóòíûìè òåðìîìåòðàìè ñ öåíîé
äåëåíèÿ øêàëû 0,1 °Ñ è ïðåäåëîì èçìå-
ðåíèé 0–50 °Ñ. Ëîêàëüíûå òåìïåðàòóðû
ïîâåðõíîñòè öèëèíäðè÷åñêîé ïëàñòèíû
îïðåäåëÿëèñü õðîìåëü-êîïåëåâûìè òåð-

Òåïëîîòäà÷à îò ïîâåðõíîñòè íàãðåòûõ ìàòåðèàëîâ ïðè êîíâåéåðíîé òðàíñïîðòèðîâêå

75

Studies of heat exchange materi-
als in conveying the galleries were
carried out in a pilot plant, a schema-
tic diagram is shown in fig. 1.

Temperature control circuit insi-
de the surface of walling gallery
adopted in an experimental installati-
on made it possible to measure the
convective and radiation heat flow
from the surface of conveyors. Coo-
ling system of the conveyor frame
was used in experimental installation
in order to avoid heat flow from the
lower surface of the cylindrical plate
and conveyor frame. Cooling was
carried out with the help of circula-
ting water, which was fed from the
dispenser into the conveyor section.
Water flow rate was regulated by me-
ans of pinch device and adjusted so
that the average temperature of the
water circulating in the conveyor
section was equal to the air tempera-
ture below the conveyor in the mid-
dle cross section.

During the investigation the fol-
lowing values were determined:

1) air flow passing through the
gallery;

2) air temperature at the inlet
and outlet of the gallery;

3) local temperatures of cylind-
rical plate surface under study.

Air flow was determined by dif-
ference of pressure in the chamber of
static pressure and in a collector by
the method described in [1]. As a re-
cording device micromanometer
type MKB-250-0,02 was used, class
of accuracy 0,02 and yield measure-
ment 0�250 kg / m2.

The air temperature at the inlet
and outlet of the gallery was measu-
red by laboratory mercury thermo-
meters with scale interval 0,1°C and
offered measurement 0�50 °C. Local
cylindrical plate surface temperature
was measured by chromel – copel
thermocouples installed in seven sec-
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ìîïàðàìè, êîòîðûå óñòàíàâëèâàëèñü â
ñåìè ñå÷åíèÿõ ïëàñòèíû, ïî òðè â êàæ-
äîì ñå÷åíèè. Òåðìîïàðû èçãîòàâëèâà-
ëèñü èç ïðîâîëîêè äèàìåòðîì 0,1 ìì. Çà
ðåãèñòðèðóþùèå ïðèáîðû áûëè ïðèíÿ-
òû ïîòåíöèîìåòðû ÊÑÏ-4 ñ êëàññîì
òî÷íîñòè 0,25 è ïðåäåëàìè èçìåðåíèé
0–100 è 0–600 °Ñ.

Äëÿ êàæäîãî ðåæèìà âû÷èñëÿëèñü
ñëåäóþùèå âåëè÷èíû:

1) ëîêàëüíûå ÷èñëà Íóññåëüòà è
Ðåéíîëüäñà äëÿ ðàññìàòðèâàåìîãî ñå-
÷åíèÿ öèëèíäðè÷åñêîé ïëàñòèíû:

Nu x
êx

âx

�
6
1

x
; (1)

Rå âx

âx

�
7
8

x
; (2)

2) ñðåäíèå ÷èñëà Íóññåëüòà, Ðåé-
íîëüäñà è Ãðàñãîôà äëÿ âñåé èññëåäóå-
ìîé ïîâåðõíîñòè öèëèíäðè÷åñêîé ïëà-
ñòèíû:

Nu ê
ê

â

�
6
1

l
; (3)

Rå â

â

�
7
8

x
; (4)

Gr ñ â

â
2

â

�
�gl t t

T

3 ( )

8
, (5)

ãäå áêx – ëîêàëüíûé êîýôôèöèåíò êîí-
âåêòèâíîé òåïëîîòäà÷è, Âò/(ì2 � Ê);
x – ðàññòîÿíèå äî ðàññìàòðèâàåìîãî ñå-
÷åíèÿ ãàëåðåè, ì;
ëâx – êîýôôèöèåíò òåïëîïðîâîäíîñòè,
ðàññ÷èòàííûé ïî ñðåäíåé òåìïåðàòóðå
âîçäóõà â ðàññìàòðèâàåìîì ñå÷åíèè ãà-
ëåðåè, Âò/(ì�Ê);
õâx – ñêîðîñòü, ðàññ÷èòàííàÿ ïî ñðåäíåé
òåìïåðàòóðå âîçäóõà â ðàññìàòðèâàå-
ìîì ñå÷åíèè ãàëåðåè, ì/ñ;
íâx – êîýôôèöèåíò êèíåìàòè÷åñêîé âÿç-
êîñòè, ðàññ÷èòàííûé ïî ñðåäíåé òåìïå-
ðàòóðå âîçäóõà â ðàññìàòðèâàåìîì ñå-
÷åíèè ãàëåðåè, ì2/ñ;
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tions of the plate, three in each secti-
on. The thermocouples were made of
wire 0,1 mm in diameter. During re-
cording instruments potentiometers
ÊÑÏ-4 were adopted with an accura-
cy class 0,25, and outside measure-
ments 0�100 and 0�600 °C.

For each mode, the following va-
lues were calculated:

1) Nusselt and Reynolds’s local
numbers for the considered section of
a cylindrical plate:

2) averages of Nusselt, Rey-
nolds and Grasgof for whole studied
surface of a cylindrical plate:

where ácx – local convection coeffici-
ent, W/(m2 � K);
x – distance to the considered section
of gallery, m;
ëax – coefficient of heat transmission
calculated on average air temperatu-
re in the considered section of galle-
ry, W/(m � K);
õax – speed calculated on average air
temperature in the considered section
of gallery, m/s;
íax – coefficient of kinematic viscosi-
ty calculated on average air tempera-
ture in the considered section of gal-
lery, m2/s;



áê – ñðåäíèé êîýôôèöèåíò êîíâåêòèâ-
íîé òåïëîîòäà÷è, Âò/(ì2 � Ê);
l – äëèíà öèëèíäðè÷åñêîé ïëàñòèíû, ì;
ëâ – êîýôôèöèåíò òåïëîïðîâîäíîñòè,
ðàññ÷èòàííûé ïî ñðåäíåîáúåìíîé òåì-
ïåðàòóðå âîçäóõà â ãàëåðåå, Âò/(ì � Ê);
õâ � ñêîðîñòü, ðàññ÷èòàííàÿ ïî ñðåäíå-
îáúåìíîé òåìïåðàòóðå âîçäóõà â ãàëå-
ðåå, ì/ñ;
íâ – êîýôôèöèåíò êèíåìàòè÷åñêîé âÿç-
êîñòè âîçäóõà, ðàññ÷èòàííûé ïî ñðåäíå-
îáúåìíîé òåìïåðàòóðå âîçäóõà â ãàëå-
ðåå, ì2/ñ;
g – óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì/ñ2;
tñ � ñðåäíåèíòåãðàëüíàÿ òåìïåðàòóðà

ïîâåðõíîñòè öèëèíäðè÷åñêîé ïëàñòè-
íû, êîòîðàÿ îïðåäåëÿëàñü ïóòåì èíòåã-
ðèðîâàíèÿ ïðîôèëÿ ëîêàëüíûõ òåìïå-
ðàòóð ïîâåðõíîñòè, °Ñ;
t â – ñðåäíåîáúåìíàÿ òåìïåðàòóðà âîçäó-

õà â ãàëåðåå, êîòîðàÿ îïðåäåëÿëàñü êàê
ñðåäíåàðèôìåòè÷åñêîå çíà÷åíèå òåìïå-
ðàòóð âîçäóõà íà âõîäå è âûõîäå â ãàëå-
ðåþ, °Ñ;
Òâ – òåìïåðàòóðà âîçäóõà â ãàëåðåå, Ê.

Ëîêàëüíûå êîýôôèöèåíòû êîíâåê-
òèâíîé òåïëîîòäà÷è ðàññ÷èòûâàëèñü ïî
ôîðìóëå:

6 êx
ê

c â

�
�
q

t t
, (6)

ãäå qê – óäåëüíûé êîíâåêòèâíûé òåïëî-
âîé ïîòîê, Âò/ì2;
tñ – ëîêàëüíàÿ òåìïåðàòóðà ïîâåðõíîñòè
öèëèíäðè÷åñêîé ïëàñòèíû, °Ñ;
tâ – ñðåäíÿÿ ïî ñå÷åíèþ òåìïåðàòóðà
âîçäóõà, êîòîðàÿ îïðåäåëÿëàñü ðàñ÷å-
òîì ïî èçìåðåííûì çíà÷åíèÿì òåìïåðà-
òóðû âîçäóõà íà âõîäå è âûõîäå èç ãàëå-
ðåè, ó÷èòûâàÿ ëèíåéíûé çàêîí ðàñïðå-
äåëåíèÿ òåìïåðàòóðû âîçäóõà ïî äëèíå
ãàëåðåè, °Ñ.

Ñðåäíèå êîýôôèöèåíòû êîíâåêòèâ-
íîé òåïëîîòäà÷è öèëèíäðè÷åñêîé ïëà-
ñòèíû ðàññ÷èòûâàëèñü ïî ôîðìóëå:

6 ê
ê

c â

�
�

q

t t
. (7)
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ác – average convection coefficient,
W / (m2 � K);
l – length of cylindrical plate, m;
ëa – coefficient of heat transmission
calculated on medium – volume air
temperature in gallery, W/(m � K);
õa – speed calculated on medium –
volume air temperature in gallery,
m/s;
ía – coefficient of kinematic viscosi-
ty of air calculated on medium – vo-
lume air temperature in gallery, m2/s;
g – acceleration of gravity, m/s2;
t s – average integral temperature of a

surface of a cylindrical plate which
was defined by integration of a profi-
le of local temperatures of a surface,
°C;
ta – medium-volume air temperature

in gallery which was defined as arith-
metic – mean value of air temperatu-
res on an entrance and an exit to gal-
lery, °C;
Òa – air temperature in the gallery, K.

Local convection heat transfer
coefficients calculated by the for-
mula:

where qc – convective heat flux,
W/m2;
ts – local temperature of a surface of
a cylindrical plate, °Ñ;
ta – air temperature, average on secti-
on, which was defined by calculation
for the measured values of air tempe-
rature on an entrance and an exit
from gallery, considering the linear
law of distribution of air temperature
on length of gallery, °Ñ.

Average convection heat trans-
fer coefficients of cylindrical plate
calculated on a formula:



Óäåëüíûé êîíâåêòèâíûé òåïëîâîé
ïîòîê âû÷èñëÿëñÿ ïî ìåòîäó ýíòàëüïèè,
ïðèâåäåííîìó â ðàáîòå [2]:

q
ñ G t t

F
ê

â â â â

c

�
�� � �( )

, (8)

ãäå Gâ – ìàññà âîçäóõà, ðàññ÷èòàííàÿ
ïî ñðåäíåîáúåìíîé òåìïåðàòóðå âîçäó-
õà, êã;
ñâ – óäåëüíàÿ òåïëîåìêîñòü âîçäóõà,
ðàññ÷èòàííàÿ ïî ñðåäíåîáúåìíîé òåì-
ïåðàòóðå âîçäóõà, Äæ/(êã � Ê);
�t â – òåìïåðàòóðà âîçäóõà íà âõîäå â ãà-

ëåðåþ, °Ñ;
��t â – òåìïåðàòóðà âîçäóõà íà âûõîäå èç

ãàëåðåè, °Ñ;
Fc – ïëîùàäü ïîâåðõíîñòè öèëèíäðè÷å-
ñêîé ïëàñòèíû, ì2.

Ñ öåëüþ èññëåäîâàíèÿ ëîêàëüíûõ è
ñðåäíèõ êîýôôèöèåíòîâ êîíâåêòèâíîé
òåïëîîòäà÷è áûëî ïðîâåäåíî 115 îïû-
òîâ. Ïî äàííûì îïûòîâ áûë âûïîëíåí
ðàñ÷åò ñðåäíèõ êîýôôèöèåíòîâ êîíâåê-
òèâíîé òåïëîîòäà÷è ïðè èçìåðåíèÿõ:
÷èñëà Ðåéíîëüäñà Rå � � �( , )8 7 43 105 ;
òåìïåðàòóðíîãî ôàêòîðà îò 1,8 äî 14,1 è
óãëàõ íàêëîíà ãàëåðåè îò 0 äî 30$.

Ëîêàëüíûå êîýôôèöèåíòû êîíâåê-
òèâíîé òåïëîîòäà÷è â êàæäîì îïûòå
ðàññ÷èòûâàëèñü â ñåìè ñå÷åíèÿõ ïëà-
ñòèíû íà îïðåäåëåííûõ ðàññòîÿíèÿõ îò
âõîäà: 0,05; 0,1; 0,2; 0,4; 0,75; 1,25;
1,75 ì. Â êàæäîì ñå÷åíèè ëîêàëüíûé
êîýôôèöèåíò êîíâåêòèâíîé òåïëîîòäà-
÷è îïðåäåëÿëñÿ â òðåõ òî÷êàõ ïëàñòèíû,
à çàòåì ïðîèçâîäèëîñü åãî îñðåäíåíèå
ïî ñå÷åíèþ. Äëÿ ðàñ÷åòà ëîêàëüíûõ è
ñðåäíèõ êîýôôèöèåíòîâ êîíâåêòèâíîé
òåïëîîòäà÷è èñïîëüçîâàëèñü ôîðìóëû
(6) è (7).

Îáðàáîòêà ìåòîäîì íàèìåíüøèõ
êâàäðàòîâ ïîëó÷åííûõ ðåçóëüòàòîâ ïî-
çâîëèëà ïîëó÷èòü ýìïèðè÷åñêóþ çàâè-
ñèìîñòü äëÿ ðàñ÷åòà ëîêàëüíûõ êîýô-
ôèöèåíòîâ êîíâåêòèâíîé òåïëîîòäà÷è
ïðè òðàíñïîðòèðîâêå ìàòåðèàëîâ â êîí-
âåéåðíûõ ãàëåðåÿõ:

Nu Råx x
0,89� 0 014, . (9)
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Convective heat flux is calcula-
ted using the enthalpy given in [2]:

where Ga – mass of air calculated
on medium – volume air temperatu-
re, kg;
ca – specific heat capacity of air cal-
culated on medium – volume air tem-
perature, J / (kg � K);
�tà – air temperature at the entrance

to the gallery, °C;
��tà – air temperature at the outlet of

the gallery, °C;
Fs– surface area of a cylindrical pla-
te, m2.

To study the local and average
convection heat transfer coefficients
115 experiments were carried out.
According to the experiments calcula-
tion of average convection heat trans-
fer coefficients was performed in the
measurements: value of the Reynolds
number Rå � � �( , )8 7 43 105 ; tempe-
rature factor of 1,8 to 14,1 and tilt an-
gles of gallery from 0 to 30°.

Local convection heat transfer
coefficients in each experiment were
calculated in the seven sections of the
plate at a certain distance from the
entrance: 0,05; 0,1; 0,2; 0,4; 0,75;
1,25; 1,75 m. In this case, in each sec-
tion of the local convection heat tran-
sfer coefficient was determined at
three points of the plate, and then
averaging was carried out on section.
To calculate the local and average
convection heat transfer coefficients
were used formulas (6) and (7).

Processing method of least squa-
res of the results yielded the empiri-
cal relationship for calculating the lo-
cal convection heat transfer coeffici-
ents during transportation materials
in conveyor galleries:



Äàííîå óðàâíåíèå ñïðàâåäëèâî ïðè
tc � �40 90 °Ñ, â äèàïàçîíå ÷èñåë
Rå x � � �( , )0 2 30 105 . Â óðàâíåíèè (9) çà
îïðåäåëÿþùèé ðàçìåð ïðèíÿòà òåêóùàÿ
êîîðäèíàòà x, îòñ÷èòûâàåìàÿ îò íà÷àëà
ïëàñòèíû, çà îïðåäåëÿþùóþ òåìïåðà-
òóðó tâ. Ñêîðîñòü âîçäóõà ðàññ÷èòûâà-
ëàñü ïî ñå÷åíèþ ãàëåðåè ïðè òåìïåðà-
òóðå tâ.

Èññëåäîâàíèÿ âëèÿíèÿ óãëà íàêëî-
íà ìîäåëè ãàëåðåè íà êîíâåêòèâíûé òå-
ïëîîáìåí ïîçâîëÿþò ñäåëàòü âûâîä,
÷òî ïðè óâåëè÷åíèè óãëà íàêëîíà ìîäå-
ëè äî 30$òåïëîîáìåí óìåíüøàåòñÿ íà
6–8 %. Äàííîå çíà÷åíèå íàõîäèòñÿ â
ïðåäåëàõ òî÷íîñòè ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé, ïîýòîìó â íàøåì ñëó÷àå
ìîæíî ïðåíåáðå÷ü âëèÿíèåì óãëà íà-
êëîíà ìîäåëè íà êîíâåêòèâíûé òåïëî-
îáìåí.

Äàííûå ýêñïåðèìåíòàëüíîãî èññëå-
äîâàíèÿ êîíâåêòèâíîãî òåïëîîáìåíà
âûðàæàþòñÿ çàâèñèìîñòüþ Nu Råx � f ( )
äëÿ ñðåäíèõ êîýôôèöèåíòîâ êîíâåê-
òèâíîé òåïëîîòäà÷è ïðè ðàçëè÷íûõ
çíà÷åíèÿõ ÷èñåë Ãðàñãîôà. Êðèòå-
ðèé Ãðàñãîôà èçìåíÿëñÿ â äèàïàçîíå
Gr � � �( , , )20 7 551 1010 . Ïî ðåçóëüòàòàì

èññëåäîâàíèé îïðåäåëåíî, ÷òî âëèÿíèå
åñòåñòâåííîé êîíâåêöèè íà êîíâåêòèâ-
íûé òåïëîîáìåí íåçíà÷èòåëüíî. Ýòî ñî-
ãëàñóåòñÿ ñ äàííûìè, ïðèâåäåííûìè â
ðàáîòå [3]. Îïûòíûå äàííûå, ïîëó÷åí-
íûå äëÿ ñðåäíèõ êîýôôèöèåíòîâ òåïëî-
îòäà÷è, îáîáùåíû êðèòåðèàëüíîé çàâè-
ñèìîñòüþ:

Nu Råê
0,67�0 26, , (10)

êîòîðàÿ îïðåäåëåíà â èíòåðâàëàõ
èçìåíåíèÿ: Rå � � �( )9 35 105 ; Gr =

� � �( , , )20 7 551 1010 ; tc � �40 90 °Ñ; ö =

= 0–30$. Â óðàâíåíèè (10) çà îïðåäåëÿþ-
ùèé ðàçìåð ïðèíÿòà äëèíà öèëèíäðè÷å-
ñêîé ïëàñòèíû – l, çà îïðåäåëÿþùóþ
òåìïåðàòóðó – ñðåäíåîáúåìíàÿ òåìïå-
ðàòóðà âîçäóõà â ãàëåðåå t â. Ñêîðîñòü

âîçäóõà ïîäñ÷èòûâàëàñü ïî ñðåäíåìó
ñå÷åíèþ ãàëåðåè.
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This equation is valid for
t s � �40 90 °C, in the range of num-
bers Rå x � � �( , )0 2 30 105 . In equation
(9) for determining the size of the ac-
cepted current coordinate x, measu-
red from the beginning of the plate,
for determining the temperature ta.
Air velocity was calculated from the
cross section of the gallery at ta.

According to studies of the ef-
fect of the angle of inclination of the
gallery model on convective heat ex-
change conclusion can be made that
increasing the angle of inclination
about 30o to model the heat exchange
is reduced by 6–8 %. This value is
within the accuracy of experimental
studies, so we can ignore the influen-
ce of the angle of the model on con-
vective heat exchange.

Data of experimental study of
convective heat exchange medium is
presented Nu Råx � f ( ) by the depen-
dence of the coefficients of convecti-
on heat transfer at various Grashof
numbers. Grashof criterion varied in
the range Gr � � �( , , )20 7 551 1010 . Ac-

cording to the research it was found
that the effect of natural convection
on convective heat exchange is negli-
gible. This is consistent with the data
given in [3]. The experimental data
obtained for the mean heat transfer
coefficients are generalized by crite-
ria relationship:

which is defined in the ranges of
change: Rå � � �( )9 35 105 ; Gr =

� � �( , , )20 7 551 1010 ; t s � �40 90 °Ñ;

ö = 0–30$. In the equation (10) for the
defining size is taken the length of cy-
lindrical plate – l, for the defining
temperature – medium – volume air
temperature in gallery – ta . Air veloci-

ty was calculated according to the
average cross section of the gallery.



Êàê âèäíî èç ïðèâåäåííûõ çàâè-
ñèìîñòåé, êîíâåêòèâíûé òåïëîîáìåí
óìåíüøàåòñÿ ïðè óâåëè÷åíèè òåìïåðà-
òóðíîãî ôàêòîðà. Óìåíüøåíèå êîýôôè-
öèåíòà êîíâåêòèâíîé òåïëîîòäà÷è ñâÿ-
çàíî ñ óâåëè÷åíèåì òîëùèíû ïîãðàíè÷-
íîãî ñëîÿ. Ïîëó÷åííûå äàííûå ñîãëà-
ñóþòñÿ ñ ðåçóëüòàòàìè èññëåäîâàíèé,
ïðèâåäåííûõ â ðàáîòàõ [3, 4], ñîãëàñíî
êîòîðûì ïðè óâåëè÷åíèè òåìïåðàòóð-
íîãî ôàêòîðà íàáëþäàåòñÿ óìåíüøåíèå
òåïëîîáìåíà.

Îáðàáîòêà ðåçóëüòàòîâ èññëåäîâà-
íèé êîíâåêòèâíîãî òåïëîîáìåíà âûñî-
êîòåìïåðàòóðíûõ ìàòåðèàëîâ ïîçâîëè-
ëà ïîëó÷èòü ýìïèðè÷åñêóþ çàâèñè-
ìîñòü äëÿ ðàñ÷åòà ñðåäíèõ êîýôôèöè-
åíòîâ êîíâåêòèâíîé òåïëîîòäà÷è:

Nu Råê
0,67� �0 28 0 11, ,9 , (11)

ãäå Ø – òåìïåðàòóðíûé ôàêòîð.
Óðàâíåíèå ñïðàâåäëèâî ïðè òåìïå-

ðàòóðàõ ìàòåðèàëà îò 100 äî 500 °Ñ
â äèàïàçîíå ÷èñåë Ðåéíîëüäñà
Rå � � �( , )8 5 43 105 . Òåìïåðàòóðíûé ôàê-
òîð Ø îïðåäåëÿåòñÿ îòíîøåíèåì ñðåä-
íåèíòåãðàëüíîé òåìïåðàòóðû ïîâåðõ-
íîñòè öèëèíäðè÷åñêîé ïëàñòèíû ê
ñðåäíåîáúåìíîé òåìïåðàòóðå âîçäóõà
â ãàëåðåå.

Âëèÿíèå òåìïåðàòóðíîãî ôàêòîðà
íà îáùèé êîýôôèöèåíò òåïëîîòäà÷è íå-
çíà÷èòåëüíî. Îáðàáîòêà äàííûõ ïîçâî-
ëèëà ïîëó÷èòü çàâèñèìîñòü äëÿ ðàñ÷åòà
êîýôôèöèåíòîâ îáùåé òåïëîîòäà÷è ïðè
êîíâåéåðíîé òðàíñïîðòèðîâêå âûñîêî-
òåìïåðàòóðíûõ ìàòåðèàëîâ:

Nu Råî
0,5� 1 48, . (12)

Äàííîå óðàâíåíèå ñïðàâåäëèâî ïðè
òåìïåðàòóðå ìàòåðèàëà îò 100 äî 500 °Ñ
â äèàïàçîíå ÷èñåë Re � � �( , , )8 5 4 5 105 .

Ýêñïåðèìåíòàëüíûå äàííûå ìîãóò
áûòü ñîïîñòàâëåíû ñ ðåçóëüòàòàìè ðàáîò
[3–6], â êîòîðûõ ðàññìàòðèâàëñÿ òåïëîîá-
ìåí ïëàñòèí â ñâîáîäíîì òóðáóëåíòíîì
ïîòîêå è òåïëîîáìåí ïðè êîíâåéåðíîé
òðàíñïîðòèðîâêå. Äàííîå ñðàâíåíèå ïðåä-
ñòàâëåíî íà ðèñ. 2.
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As it can be seen from the above
dependencies, convective heat exc-
hange decreases with increasing tem-
perature factor. Reduction of the con-
vection heat transfer coefficient is
due to the increased thickness of the
boundary layer. These findings are
consistent with the results of rese-
arch, given in [3, 4], according to
which with increasing temperature
factor takes place a decrease of heat
exchange.

Processing the results of studies
of convective heat exchange of
high – temperature materials allowed
obtaining empirical relationship to
calculate medium convection heat
transfer coefficients:

where Ø � the temperature factor.
The equation is valid for tempe-

ratures of materials from 100 to
500 °C in the range of Reynolds num-
bers Rå � � �( , )8 5 43 105 . The tempera-
ture factor Ø is determined by the ratio
average integral temperature of the cy-
lindrical plate surface to average volu-
me air temperature in the gallery.

Effect of temperature factor on
the overall heat transfer coefficient is
negligible. Processing of the data
yielded the dependence of the coeffi-
cients for the calculation of the ove-
rall heat transfer conveying high-
temperature materials:

The resulting equation is valid
at material temperatures from 100 to
500 °C in the range of Reynolds
numbers Rå � � �( , , )8 5 4 5 105 .

Obtained experimental data can
be compared with the results of [3 � 6]
in which the heat exchange plates
were examined in the free turbulent
flow and heat exchange conveyor.
This comparison is presented in fig. 2.



Ñðàâíèâàÿ óðàâíåíèå (12) ñ óðàâíå-
íèåì òåïëîîáìåíà ïëàñòèíû â ñâîáîä-
íîì òóðáóëåíòíîì ïîòîêå [3, 4]:

Nu Råî
0,8� �0 032, , (13)

ìîæíî ñäåëàòü âûâîä, ÷òî â íàøåì ñëó-
÷àå èíòåíñèâíîñòü òåïëîîáìåíà â 2–2,3
ðàçà âûøå. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî òå-
÷åíèå âîçäóõà îñëîæíåíî íàëè÷èåì îã-
ðàæäàþùèõ êîíñòðóêöèé, âûçûâàþùèõ
äîïîëíèòåëüíóþ òóðáóëèçàöèþ ïîòîêà.
Òåïëîîòäàþùàÿ ïîâåðõíîñòü íàõîäèòñÿ
â ÿäðå ïîòîêà, ÷òî îãðàíè÷èâàåò ðîñò
ïîãðàíè÷íîãî ñëîÿ è âåäåò ê äîïîëíè-
òåëüíîìó ïðîíèêíîâåíèþ ïóëüñàöèé
ñêîðîñòè â ïîãðàíè÷íûé ñëîé. Íàëè÷èå
êîíâåéåðîâ ñïîñîáñòâóåò âîçíèêíîâå-
íèþ öèðêóëÿöèîííûõ ïîòîêîâ, êîòîðûå
òîæå óâåëè÷èâàþò òåïëîîáìåí.

Ñðàâíèâàÿ ïîëó÷åííûå ðåçóëüòàòû
ñ ðàíåå âûïîëíåííûìè èññëåäîâàíèÿìè
[5] â äèàïàçîíå Rå � � �( )5 50 104 :

Nu Råî
0,5� �8 95, (14)
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Ðèñ. 2. Ñðàâíåíèå ðåçóëüòàòîâ èññëåäîâàíèÿ òåïëîîáìåíà:
1 – äàííûå ðàáîò [3, 4]; 2 – äàííûå ðàáîòû [2]; 3 – äàííûå ðàáîòû [6]; 4 – äàííûå èññëåäîâàíèé

àâòîðîâ

Fig. 2. Comparison of the results of heat exchange study
1 � data [3, 4]; 2 � data [2]; 3 � data [6]; 4 � data research of the author

Comparing the equation (12)
with the equation of heat exchange
plates in the free turbulent flow [3, 4]:

it can be concluded that in this case
the heat exchange rate is of 2–2,3 ti-
mes higher. This is due to the fact
that the air flow in this case is comp-
licated by the presence of walling,
causing additional turbulence flow.
Heat supplying surface in this case is
in the core flow, which limits the
growth of the boundary layer, and le-
ads to further penetration of velocity
fluctuations in the boundary layer.
Presence of conveyers also contribu-
tes to the circulation flow, which also
increases heat exchange.

By comparing the results with
previous studies [5] in the range:
Rå � � �( )5 50 104 :



è ðåçóëüòàòàìè ðàáîòû [6] â äèàïàçîíå
Rå � � �( )5 40 105 :

Nu Råî
0,44� �17 9, , (15)

ìîæíî ñäåëàòü âûâîä, ÷òî èíòåíñèâíîñòü
òåïëîîáìåíà â íàøèõ èññëåäîâàíèÿõ
ìåíüøå íà 40–60 %. Ýòî îáúÿñíÿåòñÿ òåì,
÷òî â ðàáîòàõ [5, 6] èññëåäîâàíèÿ òåïëî-
îáìåíà ïðîâîäèëèñü íà îäèíàêîâûõ ïî
êîíñòðóêöèè óñòàíîâêàõ, â êîòîðûõ íà-
ãðåâàòåëüíûå ýëåìåíòû, èìèòèðóþùèå
òðàíñïîðòèðóåìûé ìàòåðèàë, èçãîòîâëÿ-
ëèñü èç äâóõ ñëîæåííûõ àñáîöåìåíòíûõ
ïëàñòèí, ìåæäó êîòîðûìè óêëàäûâàëàñü
íèõðîìîâàÿ ïðîâîëîêà. Âñëåäñòâèå ýòî-
ãî, òåïëîîòäà÷à â âîçäóõ ãàëåðåè ïðîèñ-
õîäèëà êàê ñ âåðõíåé, òàê è ñ íèæíåé ïî-
âåðõíîñòè ïëàñòèí, à ïðè ðàñ÷åòå êîýô-
ôèöèåíòà òåïëîîòäà÷è âåñü òåïëîâîé
ïîòîê îòíîñèëñÿ òîëüêî ê âåðõíåé ïî-
âåðõíîñòè ïëàñòèíû. Èñõîäÿ èç ýòîãî,
áûëè ïîëó÷åíû çàâûøåííûå êîýôôèöè-
åíòû òåïëîîòäà÷è. Êðîìå òîãî, âîçäóõ â
ìîäåëü ãàëåðåè ïîäàâàëñÿ ïëîñêîé ñòðó-
åé, âñëåäñòâèå ÷åãî íàðóøàëîñü ìîäåëè-
ðîâàíèå íà íà÷àëüíîì ó÷àñòêå.

Òàêèì îáðàçîì, ïîëó÷åííûå â ðå-
çóëüòàòå èññëåäîâàíèé äàííûå ìîæíî
ñ÷èòàòü áîëåå ïîëíî îòðàæàþùèìè
ïðîöåññ òåïëîîáìåíà íàãðåòûõ ìàòå-
ðèàëîâ ïðè êîíâåéåðíîé òðàíñïîðòè-
ðîâêå â ãàëåðåÿõ.

Âûâîäû 1. Ïðè êîíâåéåðíîé
òðàíñïîðòèðîâêå íàãðåòûõ ìàòåðèàëîâ
ñ òåìïåðàòóðîé ïîâåðõíîñòè îò 40 äî
90 °Ñ âëèÿíèå óãëà íàêëîíà è åñòåñòâåí-
íîé êîíâåêöèè íà êîíâåêòèâíûé òåïëî-
îáìåí ÿâëÿåòñÿ íåçíà÷èòåëüíûì.

2. Ïðè êîíâåéåðíîé òðàíñïîðòè-
ðîâêå íàãðåòûõ ìàòåðèàëîâ ñ òåìïåðà-
òóðîé îò 100 äî 500 °Ñ íà êîíâåêòèâíûé
òåïëîîáìåí îêàçûâàåò âëèÿíèå òåìïå-
ðàòóðíûé ôàêòîð. Ñ óâåëè÷åíèåì òåì-
ïåðàòóðíîãî ôàêòîðà êîýôôèöèåíò êîí-
âåêòèâíîé òåïëîîòäà÷è óìåíüøàåòñÿ.

3. Ïðè êîíâåéåðíîé òðàíñïîðòèðîâ-
êå íàãðåòûõ ìàòåðèàëîâ ñ òåìïåðàòóðîé
îò 100 äî 500 °Ñ òåìïåðàòóðíûé ôàêòîð
âëèÿåò íà îáùèé êîýôôèöèåíò òåïëîîò-
äà÷è íåçíà÷èòåëüíî.
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and the results are presented in [6] in
the range Rå � � �( )5 40 105 :

it can be concluded that the heat exc-
hange rate in our study is less by
40–60 %. This is because in [5, 6]
heat exchange studies were carried
out on similar plant design, in which
the heating elements simulating the
transported material, were made
from two folded asbestos-cement
plates, between which were placed
the nichrome wires. Consequently,
heat transfer to the air gallery occur-
red from both the top and the bottom
surfaces of the plates and the heat
transfer coefficient when calculating
the whole heat flow applied only to
the upper surface of the plate. On this
basis, excessive heat transfer coeffi-
cients were obtained. Moreover, the
air fed into the experimental model
plane jet, thereby disturbed modeling
the initial section.

Thus, it can be considered that
the results of our research data more
completely reflect the process of heat
exchange with the hot material con-
veyor galleries.

Conclusions. 1. During convec-
tion of heated materials with a surfa-
ce temperature of 40 to 90 °C the ef-
fect of the angle of inclination of na-
tural convection on convective heat
exchange is negligible.

2. At conveyor transportation of
heated materials with a temperature
from 100 to 500 °C the temperature
factor has impact on convective heat
exchange. With increase in a tempe-
rature factor the convection heat
transfer coefficient decreases.

3. During convection of heated
materials with temperatures ranging
from 100 to 500 °C temperature fac-
tor is slightly affected by the overall
heat transfer coefficient.



4. Ïîëó÷åííûå ýìïèðè÷åñêèå
çàâèñèìîñòè (9)–(12) ïîçâîëÿþò îï-
ðåäåëèòü ëîêàëüíûå è ñðåäíèå êîýô-
ôèöèåíòû îáùåé è êîíâåêòèâíîé
òåïëîîòäà÷è ïðè êîíâåéåðíîé
òðàíñïîðòèðîâêå íàãðåòûõ ìàòåðèà-
ëîâ ñ òåìïåðàòóðîé îò 40 äî 500 °Ñ è
ðàññ÷èòàòü òåïëîâîé ïîòîê, ïîñòó-
ïàþùèé îò ïîâåðõíîñòè äàííûõ
ìàòåðèàëîâ.
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4. The received empirical dependen-
ces (9)–(12) allow to define local and ave-
rage convection heat transfer coefficients
at conveyor transportation of heated mate-
rials with a temperature from 40 about
500 °C and to calculate the heat flow arri-
ving from a surface of these materials.
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ÓÄÊ 691.328.4

Å.Ï. ÌÀÒÓÑ, À.Ï. ÏÈ×ÓÃÈÍ

ÒÐÅÙÈÍÎÑÒÎÉÊÎÑÒÜ ÑÒÀËÅÔÈÁÐÎÁÅÒÎÍÀ
C ÌÀËÛÌ ÏÐÎÖÅÍÒÎÌ ÀÐÌÈÐÎÂÀÍÈß

Ïðèâîäÿòñÿ äàííûå ýêñïåðèìåíòîâ ïî îïðåäåëåíèþ òðåùèíîñòîéêîñòè ïðè ñòàòè÷å-
ñêîì íàãðóæåíèè ñòàëåôèáðîáåòîíà äëÿ ìîíîëèòíûõ ïîëîâ ñ ìàëûì îáúåìíûì ïðî-
öåíòîì àðìèðîâàíèÿ (0,25–0,5 %). Ïðèìåíÿëèñü ôèáðû ðàçëè÷íûõ ôîðì è ðàçìåðîâ.
Ïîêàçàíî, ÷òî ýôôåêòèâíî èñïîëüçîâàòü ôèáðîáåòîí ñ ôèáðàìè äëèíîé 50 ìì, äèà-
ìåòðîì 1 ìì ñ çàãíóòûìè êîíöàìè èç ñòàëüíîé ïðîâîëîêè. Ðàöèîíàëüíûì ïî ðàáîòå
ðàçðóøåíèÿ ÿâëÿåòñÿ ñîñòàâ ñ ñîäåðæàíèåì 30 êã/ì3 òàêîé ôèáðû, ÷òî ïîäòâåðæäàåò
îáîñíîâàííîå ïðèìåíåíèå ôèáðîáåòîíà ñ ìàëûì ïðîöåíòîì àðìèðîâàíèÿ äëÿ ïîâû-
øåíèÿ òðåùèíîñòîéêîñòè ìîíîëèòíûõ ïîëîâ ðàçëè÷íîãî íàçíà÷åíèÿ.

Ê ë þ ÷ å â û å ñëîâà: ñòàëåôèáðîáåòîí, ïîëû ïðîìûøëåííûõ çäàíèé, òðåùèíîñòîé-
êîñòü.

Ñòàëüíàÿ ôèáðà øèðîêî èñïîëüçóåòñÿ ïðè áåòîíèðîâàíèè ïîëîâ â ïî-
ìåùåíèÿõ ïðîìûøëåííûõ çäàíèé [1, 2]. Â íàñòîÿùåå âðåìÿ íåò îáùåïðè-
íÿòûõ ìåòîäèê ðàñ÷åòà ïîëîâ èç ñòàëåôèáðîáåòîíà. Ñîãëàñíî ïðàâèëó
ñìåñåé äëÿ äèñïåðñíî-àðìèðîâàííûõ êîìïîçèòîâ [3–5], àðìèðîâàíèå ñòàëü-
íîé ôèáðîé çàìåòíî ïîâûøàåò ïðåäåë ïðî÷íîñòè ïðè ðàñòÿæåíèè è ñæàòèè
ïðè ñîäåðæàíèè ôèáðû â áåòîíå íå ìåíåå 80 êã/ì3. Îäíàêî ïðàêòè÷åñêîå
ïðèìåíåíèå ôèáðîáåòîíà â ïîëàõ ñî çíà÷èòåëüíî ìåíüøèì ñîäåðæàíèåì
ôèáðû (20–40 êã/ì3, ÷òî ñîîòâåòñòâóåò îáúåìíîìó ïðîöåíòó àðìèðîâàíèÿ
0,25–0,5 %), ïîäòâåðæäàåò åãî ýôôåêòèâíîñòü [6, 7], íåñìîòðÿ íà òî ÷òî
âëèÿíèå ôèáð íà ñâîéñòâà ôèáðîáåòîíà ïðè òàêîì ìàëîì ðàñõîäå åùå íå-
äîñòàòî÷íî èçó÷åíî.

Èçâåñòíî, ÷òî ââåäåíèå ôèáð â áåòîí çíà÷èòåëüíî ïîâûøàåò åãî òðåùè-
íîñòîéêîñòü ïðè ñîäåðæàíèè âîëîêîí áîëåå 50 êã/ì3 [8]. Â íàñòîÿùåé ðàáîòå
èçëàãàþòñÿ ðåçóëüòàòû îïðåäåëåíèÿ òðåùèíîñòîéêîñòè ñòàëåôèáðîáåòîíà
ñ ñîäåðæàíèåì äèñïåðñíîé àðìàòóðû ìåíåå 50 êã/ì3.

Îáðàçöû ñòàëåôèáðîáåòîíà ïîëó÷åíû â ëàáîðàòîðèè ÇÆÁÈ-12, ã. Íîâî-
ñèáèðñê. Äàííîå ïðåäïðèÿòèå èìååò áîëüøîé îïûò ïðèãîòîâëåíèÿ áåòîííûõ
ñìåñåé äëÿ êîíñòðóêöèé ïîëîâ ïðîìûøëåííûõ çäàíèé (ñêëàäñêèõ îäíîýòàæ-
íûõ ïîìåùåíèé è ò.ä.). Ñîñòàâ áåòîííîé ñìåñè äëÿ îáðàçöîâ ñîîòâåòñòâîâàë
áåòîíó, èñïîëüçóåìîìó äëÿ èçãîòîâëåíèÿ ìîíîëèòíûõ ôèáðîáåòîííûõ ïîëîâ
áåç ïðèìåíåíèÿ òðàäèöèîííîé àðìàòóðû òîëùèíîé îò 100 ìì ïî çàðàíåå ïîä-
ãîòîâëåííîìó îñíîâàíèþ: ÏÖ Ì500 ÎÀÎ «Èñêèòèìöåìåíò» 355 êã/ì3, ïåñîê
Ìê = 1,8 755 êã/ì3, ùåáåíü ôðàêöèè 5–20 1050 êã/ì3, âîäà 180 ë/ì3, ãèïåð-
ïëàñòèôèêàòîð (ïàíòàðõèò) 2,485 êã/ì3. Êëàññ òàêîãî áåòîíà ïî ïðî÷íîñòè
íà ñæàòèå Â25, ìàðêà ïî âîäîíåïðîíèöàåìîñòè W6, ïî ìîðîçîñòîéêîñòè
F100, ïîäâèæíîñòü Ï4. Ðàñõîä ôèáðû îáû÷íî íàçíà÷àåòñÿ â äèàïàçîíå
20–40 êã/ì3, ïîýòîìó äëÿ ñðàâíåíèÿ áûëè èçãîòîâëåíû îáðàçöû ñ ðàçëè÷íûì
ñîäåðæàíèåì ôèáð: 20, 30 è 40 êã/ì3.
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×àùå âñåãî â ïîëàõ èñïîëüçóþòñÿ ôèáðû (äàëåå îáîçíà÷èì èõ êàê ôèáðû
¹ 1) äëèíîé 50 ìì, äèàìåòðîì 1 ìì ñ çàãíóòûìè êîíöàìè èç ñòàëüíîé ïðîâî-
ëîêè. Ïðåäñòàâëÿåò èíòåðåñ, êàê èçìåíÿþòñÿ îïðåäåëÿåìûå ñâîéñòâà ôèáðî-
áåòîíà ñ ðàçëè÷íûìè âèäàìè ñòàëüíûõ ôèáð. Ïîýòîìó áûëè èçãîòîâëåíû
îáðàçöû ñ äðóãèìè âèäàìè ôèáð (òàêæå øèðîêî ïðèìåíÿåìûìè â ïðîèçâîä-
ñòâå): ¹ 2 – äëèíîé 38 ìì, äèàìåòðîì 0,65 ìì ñ çàãíóòûìè êîíöàìè èç ñòàëü-
íîãî ëèñòà, ¹ 3 – äëèíîé 40 ìì, äèàìåòðîì 0,5 ìì, âîëíîâàÿ, ëàòóíèðî-
âàííàÿ.

Ðàçìåðû îáðàçöîâ âûáðàíû ïî ÃÎÑÒ 10180–2012 «Áåòîíû. Ìåòîäû
îïðåäåëåíèÿ ïðî÷íîñòè ïî êîíòðîëüíûì îáðàçöàì», ñîãëàñíî êîòîðîìó äëÿ
áåòîíà ñ ðàçìåðîì ùåáíÿ íå áîëåå 20 ìì ïðè èñïûòàíèÿõ íà ðàñòÿæåíèå
ïðè èçãèáå äîïóñêàåòñÿ èñïîëüçîâàíèå ïðèçì ðàçìåðîì 100×100×400 ìì.

Îáðàçöû èçãîòîâëåíû ñ òðåùèíîé â ðàñòÿíóòîé çîíå ãëóáèíîé 35 ìì
îò ïîâåðõíîñòè è äëèíîé 100 ìì. Ïðåäâàðèòåëüíî â ñåðåäèíó ïóñòûõ ôîðì
â ïåðïåíäèêóëÿðíîì äëèíå ôîðìû íàïðàâëåíèè óñòàíàâëèâàëèñü òîíêèå
ñòàëüíûå ïëàñòèíû. Â ïëàñòèíàõ ñäåëàíû ðàâíîìåðíî ðàñïðåäåëåííûå íå-
áîëüøèå îòâåðñòèÿ, â êîòîðûå áûëè âñòàâëåíû ôèáðû. Êîëè÷åñòâî ôèáð
â ïëàñòèíå ïîäáèðàëîñü â ñîîòâåòñòâèè ñ çàäàííûì êîýôôèöèåíòîì àðìè-
ðîâàíèÿ: ïðîöåíòíîå îòíîøåíèå ïëîùàäè ñå÷åíèÿ âñåõ ôèáð â ïëàñòèíå
ê ïëîùàäè ïëàñòèíû áûëî ðàâíî ïîëîâèíå çíà÷åíèÿ êîýôôèöèåíòà àðìèðî-
âàíèÿ â îáðàçöå (ïîëîâèíå – ÷òîáû ó÷åñòü íåóïîðÿäî÷åííóþ îðèåíòàöèþ
ôèáð â áåòîíå).

Äëÿ èçãîòîâëåíèÿ êàæäîé ñåðèè îáðàçöîâ ñóõèå êîìïîíåíòû ñìåñè
âìåñòå ñ ôèáðàìè çàñûïàëèñü â ëàáîðàòîðíûé ñìåñèòåëü ïðèíóäèòåëüíîãî
äåéñòâèÿ è ïåðåìåøèâàëèñü. Çàëèâàëàñü ÷àñòü âîäû çàòâîðåíèÿ, ñìåñü ïå-
ðåìåøèâàëàñü, äîáàâëÿëàñü îñòàëüíàÿ âîäà ñ ïëàñòèôèêàòîðîì. Çàòåì ñìåñü
îêîí÷àòåëüíî ïåðåìåøèâàëàñü, óêëàäûâàëàñü â ôîðìû è óïëîòíÿëàñü øòû-
êîâàíèåì (äëÿ ëó÷øåãî çàïîëíåíèÿ ñìåñüþ ïðîñòðàíñòâà âîçëå ïëàñòèíû).
Êîëè÷åñòâî êîìïîíåíòîâ ñìåñè ïîäáèðàëîñü òàêèì îáðàçîì, ÷òîáû åå ïîë-
íîñòüþ èñïîëüçîâàòü, òåì ñàìûì îáåñïå÷èâ çàäàííîå ñîäåðæàíèå ôèáð â îá-

ðàçöàõ. Ïîñëå 28 ñóò òâåðäåíèÿ â íîð-
ìàëüíûõ óñëîâèÿõ îáðàçöû èñïûòû-
âàëèñü â ëàáîðàòîðèè êàôåäðû ÆÁÊ
ÍÃÀÑÓ (Ñèáñòðèí) ïî ñõåìå òðåõ-
òî÷å÷íîãî èçãèáà (ðèñ. 1).

Ñîãëàñíî ÃÎÑÒ 29167–91 «Ìåòî-
äû îïðåäåëåíèÿ õàðàêòåðèñòèê òðå-
ùèíîñòîéêîñòè (âÿçêîñòè ðàçðóøå-
íèÿ) ïðè ñòàòè÷åñêîì íàãðóæåíèè»
äîïóñêàåòñÿ ïðîâåäåíèå ðàâíîâåñíûõ
èñïûòàíèé ñ ôèêñàöèåé òåêóùèõ ðàç-
ìåðîâ ðàçâèâàþùåéñÿ ìàãèñòðàëüíîé
òðåùèíû è ñîîòâåòñòâóþùèõ çíà÷å-
íèé ïðèëàãàåìîé íàãðóçêè. Ïîýòîìó
íàãðóæåíèå îñóùåñòâëÿëîñü ñëåäóþ-
ùèì îáðàçîì: çàïèñûâàëèñü íà÷àëü-
íûå çíà÷åíèÿ èíäèêàòîðîâ ïåðåìåùå-
íèé, çàòåì íàãðóçêà óâåëè÷èâàëàñü íà
0,5 êÍ ñî ñêîðîñòüþ ïðîãèáà â ìåñòå
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Ðèñ. 1. Ñõåìà èñïûòàíèÿ îáðàçöîâ
1 – íàãðóæàþùèé øòîê; 2 – îáðàçåö; 3 – èí-
äèêàòîðû ïåðåìåùåíèé ÷àñîâîãî òèïà

(ïîãðåøíîñòü 0,01 ìì)



ïðèëîæåíèÿ íàãðóçêè 0,02–0,2 ìì/ñ, ñíîâà èçìåðÿëèñü ïåðåìåùåíèÿ è òðå-
ùèíà; äàëåå íàãðóçêà îïÿòü óâåëè÷èâàëàñü è ò.ä. Ïðîãèá â ìåñòå ïðèëîæåíèÿ
íàãðóçêè ðàññ÷èòûâàëñÿ ëèíåàðèçàöèåé ïîêàçàíèé êîíòðîëüíûõ èíäèêàòî-
ðîâ. Ñóììàðíûå óäåëüíûå ýíåðãîçàòðàòû íà ðàçðóøåíèå ðàññ÷èòûâàëèñü
êàê ïëîùàäü ïîä êðèâîé íàãðóçêà–ïðîãèá (ðàáîòà ðàçðóøåíèÿ), äåëåííàÿ
íà ïëîùàäü ñå÷åíèÿ îáðàçöà.

Èçìåðåíèÿ ïðîèçâîäèëèñü äî äîñòèæåíèÿ òðåùèíîé âåëè÷èíû 5 ìì.
Äèàãðàììû íàãðóçêà–ïåðåìåùåíèå ïðèâåäåíû íà ðèñ. 2, 3, à îáðàáîòàííûå
ðåçóëüòàòû ïðåäñòàâëåíû â òàáëèöå.

Êàê âèäíî èç òàáëèöû, àðìèðîâàíèå ïðèâîäèò ê çíà÷èòåëüíîìó ðîñòó
ñóììàðíîé ðàáîòû ðàçðóøåíèÿ áåòîíà: ìèíèìóì â 4 ðàçà ó îáðàçöîâ ñ ôèáðà-
ìè ¹ 2 (ïðè ñîäåðæàíèè ôèáð 20 êã/ì3) è ìàêñèìóì â 16 ðàç ó îáðàçöîâ ñ ôèá-
ðàìè ¹ 1 (ïðè ñîäåðæàíèè ôèáð 40 êã/ì3). Àðìèðîâàííûå îáðàçöû äàæå
ïðè ðàñêðûòèè ìàãèñòðàëüíîé òðåùèíû ïðîäîëæàþò âûäåðæèâàòü çíà÷è-
òåëüíóþ íàãðóçêó.

Íàèáîëüøèå çíà÷åíèÿ ðàáîòû ðàçðóøåíèÿ âûÿâëåíû ó îáðàçöîâ ñ ôèá-
ðàìè ¹ 1, 3. Îäíàêî ó îáðàçöîâ ñ ôèáðàìè ¹ 3 íàáëþäàëîñü ðàñêðûòèå
òðåùèíû äî äîñòèæåíèÿ ìàêñèìàëüíîãî çíà÷åíèÿ íàãðóçêè. Ó âñåõ îáðàçöîâ

Òðåùèíîñòîéêîñòü ñòàëåôèáðîáåòîíà ñ ìàëûì ïðîöåíòîì àðìèðîâàíèÿ
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Ðèñ. 2. Äèàãðàììû íàãðóæåíèÿ îáðàçöîâ ñ ôèáðàìè ¹ 1
1 – íåàðìèðîâàííûå îáðàçöû; 2 – ñîäåðæàíèå ôèáðû 20 êã/ì3;

3 – 30 êã/ì3; 4 – 40 êã/ì3

Ðèñ. 3. Äèàãðàììû íàãðóæåíèÿ îáðàçöîâ ñ ôèáðàìè
1 – ¹ 2 (ñîäåðæàíèå 20 êã/ì3); 2 – ¹ 2 (40 êã/ì3);

3 – ¹ 3 (20 êã/ì3); 4 – ¹ 3 (40 êã/ì3)



ñ âîëíîâîé ôèáðîé îäíîâðåìåííî ïðîèñõîäèëî ðàñêðûòèå äâóõ òðåùèí
â ðàñòÿíóòîé çîíå îáðàçöà (ðèñ. 4). Ýòîò ýôôåêò, ïî-âèäèìîìó, îáóñëîâëåí
ãåîìåòðèåé ôèáðû: ÷àñòü âîëíîâîé ôèáðû ðàñòÿãèâàåòñÿ ïðè ðàñêðûòèè
òðåùèíû. Êðîìå òîãî, îòìå÷àëîñü óìåíüøåíèå ïîäâèæíîñòè ñìåñè (ñ Ï4
äî Ï3) ñ âîëíîâîé ôèáðîé ïðè óêëàäêå åå â ôîðìû, à òàêæå îáðàçîâàíèå
«åæåé». Ðàáîòà ðàçðóøåíèÿ îáðàçöîâ ñ ôèáðîé ¹ 2 ìåíüøå ÷åì ñ ôèáðîé

¹ 1 â 3–3,5 ðàçà, ÷òî îáúÿñíÿ-
åòñÿ ìåíüøèì íîðìàòèâíûì
ñîïðîòèâëåíèåì ðàñòÿæåíèþ
òàêèõ ôèáð (580 ÌÏà ïðîòèâ
860 ÌÏà ñîãëàñíî äàííûì ïðî-
èçâîäèòåëÿ ôèáðû).

Ïîñëå èñïûòàíèé íà èçãèá
èç îáðàçöîâ âûïèëåíû êóáû
100×100×100 ìì, êîòîðûå áûëè
èñïûòàíû íà ñæàòèå. Îêàçà-
ëîñü, ÷òî àðìèðîâàíèå â äèàïà-
çîíå ñëó÷àéíîé ïîãðåøíîñòè
íå ïîâëèÿëî íà ïðåäåë ïðî÷íî-
ñòè áåòîíà ïðè ñæàòèè.

Ìîæíî ñäåëàòü çàêëþ÷å-
íèå, ÷òî ïðè óñòðîéñòâå ïîëîâ
ïðåäïî÷òèòåëüíî èñïîëüçîâàòü

áåòîí ñ ôèáðàìè ¹ 1. Ðàáîòà ðàçðóøåíèÿ ó îáðàçöîâ ñ òàêèìè ôèáðàìè
óâåëè÷èâàëàñü ïî ñðàâíåíèþ ñ íåàðìèðîâàííûìè îáðàçöàìè â 10, 14 è 16 ðàç
ïðè ñîäåðæàíèè ôèáðû 20, 30, 40 êã/ì3 ñîîòâåòñòâåííî. Ñ òî÷êè çðåíèÿ
ýêîíîìèè ôèáðû, äîñòàòî÷íûì äëÿ çíà÷èòåëüíîãî óâåëè÷åíèÿ ðàáîòû ðàç-
ðóøåíèÿ ÿâëÿåòñÿ ñîñòàâ ñ ñîäåðæàíèåì ôèáðû 30 êã/ì3, òàê êàê ïðè
óâåëè÷åíèè ñîäåðæàíèÿ ôèáðû äî 40 êã/ì3 ïðèðîñò ðàáîòû ðàçðóøåíèÿ
ñîñòàâëÿåò òîëüêî 14 %. Ïðè ñîäåðæàíèè 20 êã/ì3 áîëüøóþ ðîëü èãðàåò
ñëó÷àéíîñòü ïîïàäàíèÿ ôèáð â ñå÷åíèå, ÷òî ïðèâîäèò ê ñíèæåíèþ îáåñïå-
÷åííîñòè íåîáõîäèìîé ïðî÷íîñòè: ïðè èñïîëüçîâàíèè ôèáð ñ òàêèì ðàñ-
õîäîì îòíîñèòåëüíàÿ ïîãðåøíîñòü çíà÷åíèé íàãðóçêè, ñîîòâåòñòâóþùåé íà-
÷àëó äâèæåíèÿ ìàãèñòðàëüíîé òðåùèíû, äîõîäèëà äî 17 % (ó ôèáð ¹ 3).
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Ðåçóëüòàòû èñïûòàíèÿ îáðàçöîâ

Ôèáðà,
¹

Ñîäåðæàíèå
ôèáðû, êã/ì3

Ìàêñèìàëüíîå
çíà÷åíèå íàãðóçêè,

êÍ

Óäåëüíàÿ ðàáîòà
äî ðàñêðûòèÿ òðåùèíû

5 ìì, êÄæ/ì2

Ïðåäåë ïðî÷íîñòè
ïðè ñæàòèè, ÌÏà

– – 4,5±0,3 0,33* 49,7±4,9

1 20 6,5±0,7 3,35 45,8±5,6

1 30 8,1±0,6 4,62 47,5±3,5

1 40 10,2±0,8 5,20 47,0±5,8

2 20 6,4±0,7 1,20* 51,5±2,9

2 40 8,2±0,6 1,42* 48,7±3,2

3 20 7,1±1,2 4,10 46,4±2,5

3 40 10,5±1,0 4,47 48,3±3,1

* Ðàçäåëåíèå íà ÷àñòè ïðîèñõîäèëî äî äîñòèæåíèÿ òðåùèíîé çíà÷åíèÿ â 5 ìì.

Ðèñ. 4. Õàðàêòåð òðåùèíîîáðàçîâàíèÿ ó îáðàç-
öîâ ñ ôèáðàìè

à – ¹ 1, 2 (îäíà ìàãèñòðàëüíàÿ òðåùèíà); á – ¹ 3
(«ðàçäâîåíèå» òðåùèíû)



Òàêèì îáðàçîì, êîëè÷åñòâåííî ïîäòâåðæäåíà îáîñíîâàííîñòü ïðèìå-
íåíèÿ ôèáðîáåòîíà ñ ìàëûì ïðîöåíòîì àðìèðîâàíèÿ äëÿ ïîâûøåíèÿ òðåùè-
íîñòîéêîñòè ìîíîëèòíûõ ïîëîâ ðàçëè÷íîãî íàçíà÷åíèÿ.
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FRACTURE TOUGHNESS OF STEEL
FIBER REINFORCED CONCRETE WITH A LOW
PERCENTAGE OF REINFORCEMENT

Data of experiments on determination of fracture toughness at static loading of steel fiber
reinforced concrete for monolithic floors with small volume percent of reinforcing
(0,25–0,5 %) are provided. Used a fiber of different shapes and sizes. It is shown that the
effective use of fiber-reinforced concrete with fiber length 50 mm and diameter 1 mm with
curved ends of steel wire. Rational work of destruction is part of the content of such fibers
30 kg/m3, which confirms a reasonable use of fiber-reinforced concrete with low
reinforcement ratio for increasing the fracture toughness of monolithic floors for various
purposes.

K e y w o r d s: steel fiber reinforced concrete, floors of industrial buildings, crack.

Òðåùèíîñòîéêîñòü ñòàëåôèáðîáåòîíà ñ ìàëûì ïðîöåíòîì àðìèðîâàíèÿ
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ÓÄÊ 691.001

À.Í. ÕÀÐÕÀÐÄÈÍ

ÒÎÏÎËÎÃÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ
ÊÐÓÏÍÎÌÀÑØÒÀÁÍÛÕ ÑÒÐÓÊÒÓÐ*

Ïðèâîäÿòñÿ ðåçóëüòàòû ðàñ÷åòà îñíîâíûõ òîïîëîãè÷åñêèõ ñâîéñòâ äèñêðåòíûõ ñèñ-
òåì: äèñïåðñíûõ ìàòåðèàëîâ, ïðîñòûõ âåùåñòâ è èçëó÷åíèÿ. Ìåòîäàìè äèñêðåòíîé
òîïîëîãèè ïîëó÷åíû âåëè÷èíû ôóíäàìåíòàëüíûõ ôèçè÷åñêèõ ïîñòîÿííûõ: ïîñòîÿí-
íîé Ïëàíêà, ñîâðåìåííîå çíà÷åíèå ïîñòîÿííîé Õàááëà, ñêîðîñòè ðàñïðîñòðàíåíèÿ
ñâåòà è äð. Ðàññ÷èòàíî ñîäåðæàíèå âîäîðîäà è ãåëèÿ, òåìíîé ìàòåðèè, òåìíîé ýíåð-
ãèè âàêóóìà â ñîâðåìåííîé Âñåëåííîé.

Ê ë þ ÷ å â û å ñ ë î â à: äèñïåðñíûå ìàòåðèàëû, òîïîëîãè÷åñêèå ïåðåõîäû, òåìíàÿ
ìàòåðèÿ è òåìíàÿ ýíåðãèÿ, ñêîðîñòü ñâåòà, ïîñòîÿííàÿ Ïëàíêà, ïîñòîÿííàÿ Õàááëà.

Äèñêðåòíûå ñèñòåìû – ýòî âåùåñòâà, èçëó÷åíèÿ è òåìíûå ñóáñòàíöèè
ñîâðåìåííîé Âñåëåííîé, ñîñòîÿùèå èç ýëåìåíòîâ äèñêðåòíîñòè ñ ïëîòíî-
ñòüþ ñèñòåìàòè÷åñêîé (òðàíñëÿöèîííîé – ðåãóëÿðíîé) óêëàäêè 
 �1 2� / 3
è ñ ïðîèçâîëüíîé èõ óïàêîâêîé 
1

61 3 1� �/ ( ) â òðåõìåðíîì ïðîñòðàíñòâå
íà ðàçëè÷íîì ðàçìåðíîì óðîâíå. Åäèíñòâî íåïðåðûâíîãî è äèñêðåòíîãî
â îêðóæàþùåì íàñ ìèðå, èçëó÷åíèÿ è âåùåñòâà, æèäêîãî è òâåðäîãî åãî
ñîñòîÿíèÿ ïðèâîäèò ê íåîáõîäèìîñòè ðàññìàòðèâàòü èçó÷àåìûå îáúåêòû
â åäèíñòâå ãåîìåòðèè è ôèçèêè – äèñêðåòíîé òîïîëîãèè. Äèñêðåòíàÿ òîïî-
ëîãèÿ èçó÷àåò êàê óïîðÿäî÷åííûå (êðèñòàëëè÷åñêèå) ñòðóêòóðû, òàê è íå-
óïîðÿäî÷åííûå ôèçè÷åñêèå ñîñòîÿíèÿ îáúåêòîâ ìàòåðèàëüíîãî ìèðà, åñòåñò-
âåííûì îáðàçîì èëè èñêóññòâåííî íàäåëåííûõ äèñêðåòíîñòüþ íà ðàçëè÷íîì
ðàçìåðíîì óðîâíå êîðïóñêóëÿðíûõ îáðàçîâàíèé îò àòîìà äî êîñìè÷åñêèõ
òåë. Ìàòåìàòè÷åñêèì àïïàðàòîì åå èññëåäîâàíèé ÿâëÿþòñÿ ïîëó÷åííûå íàìè
îñíîâíûå [1] è íîâûå òîïîëîãè÷åñêèå çàêîíîìåðíîñòè äèñêðåòíûõ ñèñòåì,
ïðîÿâëÿþùèõ êîðïóñêóëÿðíî-âîëíîâîé äóàëèçì:

– ðåêóððåíòíîå óðàâíåíèå òîïîëîãè÷åñêèõ (ôàçîâûõ) ïåðåõîäîâ (ÔÒÏ):


 





� �
�



�
�
�

�

�
�
�
� �

1

1
5

1
1

3 ln[2000( 3 1)
1

1

3 ln(120,79 1
k k] 53857 )1

5



�
�

�

�
� , (1)

ãäå 
1 � ïëîòíîñòü óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè èçëó÷åíèÿ èëè âåùåñò-
âà â ïëîòíîé ôàçå;

– ïîëèäèñïåðñíîå ðàñïðåäåëåíèå ýëåìåíòîâ äèñêðåòíîñòè (÷àñòèö çåð-
íèñòûõ ìàòåðèàëîâ) ïðè âûñîêîïëîòíîé ñëó÷àéíîé óïàêîâêå â ñèñòåìå
(â ñìåñè äëÿ ïðîåêòèðîâàíèÿ ýôôåêòèâíûõ êîìïîçèòîâ [2]):

d Dn

p n/ [ / ( ) ]� �1 10 3 11
 , (2)
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ãäå D, 
1 – ñðåäíèé ðàçìåð íàèáîëüøèõ ýëåìåíòîâ äèñêðåòíîñòè âåùåñòâà
(÷àñòèö óçêîé ôðàêöèè çåðíèñòîãî ìàòåðèàëà) è ïëîòíîñòü èõ óïàêîâêè ñîîò-
âåòñòâåííî.

Èç âûðàæåíèÿ (2) ïðè n = 1, p = 6, p = 3 è p = 0 ñëåäóåò:
– òåîðåòè÷åñêàÿ (êàíîíè÷åñêàÿ) ïëîòíîñòü ïðîèçâîëüíîé óïàêîâêè

ñôåðè÷åñêèõ ÷àñòèö ïðè îòñóòñòâèè ñèë òðåíèÿ è èõ âçàèìîäåéñòâèÿ, ïåð-
âàÿ êðèòè÷åñêàÿ (êàíîíè÷åñêàÿ) è âòîðàÿ êðèòè÷åñêàÿ ïëîòíîñòè óïàêîâêè
âçàèìîäåéñòâóþùèõ ýëåìåíòîâ äèñêðåòíîñòè ñîîòâåòñòâåííî:


 
 
1
6 3 0

1 20 3 1 0 64976 0 2549 01ò 1 1� � � � �/ ( ) , ; , ; , ;; ;
ñ ñ

– ñòàíäàðòíûå çíà÷åíèÿ 
1 âû÷èñëÿþò èç âåëè÷èíû âòîðîé êðèòè÷å-
ñêîé ïëîòíîñòè óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè èçëó÷åíèÿ è âåùåñòâà
äèñêðåòíûõ ñèñòåì – 


c 2 01� , :



i i

nk�( , / ) ,,01 0 2 (3)

ãäå

k1
3 1 3 61 10 3 1 1 10 3 1 0 634053 0 64976 0� � � 3 �[ / ( ) ] / [ / ( ) ] , / ,/ , .9758269

Èç ýòîãî âûðàæåíèÿ äëÿ çåðíèñòîãî âåùåñòâà è èçëó÷åíèÿ ïðè n = 0…6 ïîëó-
÷èì: 
1 � 0,630957; 0,6340528; 0,6371635; 0,640289423105; 0,64343068928;
0,64658736384; 0,6497595264;

– ìèíèìàëüíûé ëèíåéíûé ðàçìåð îáúåìà âåùåñòâà (àïïàðàòà ñ çåðíè-
ñòûì ñëîåì, êîíòðîëüíûõ îáðàçöîâ êîìïîçèòîâ è ïð.) èç âûðàæåíèÿ (2) ïðè
îòñóòñòâèè (ïðèñòåíî÷íîãî) âëèÿíèÿ (n = 3) ïëîòíîñòè óïàêîâêè ýëåìåíòîâ
äèñêðåòíîñòè â ïîâåðõíîñòíûõ ñëîÿõ [1, 3]:

d D n/ [ ( ) ] ( / ) ( , ) ( / ) ,� � � �10 3 1 3 923 60 383 3 3
 
 
Ô Ô Ô Ô÷ àï ÷ àï ( / ),Ô Ô÷ àï (4)

ãäå
, d – ïëîòíîñòü óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè è ñðåäíèé èõ ðàçìåð;
Ô Ôàï ÷, – êîýôôèöèåíò ôîðìû îáúåìà âåùåñòâà è ýëåìåíòîâ äèñêðåòíîñòè,
Ôi � 1;

– äëÿ ðàçìåðà êëàñòåðíûõ îáðàçîâàíèé è íàíî÷àñòèö, ïðè êîòîðîì ïðîÿâ-
ëÿþòñÿ èõ íåîáû÷íûå ñâîéñòâà [4], âûðàæåíèå (4) â äàííîì ñëó÷àå ïðåîáðà-
çóåì ê ñëåäóþùèì âèäàì:

D d dn n� � �( , ) / ( , ) // /3 923 60 381
3

1
1 9

1
3

1
1 9
 
 
 


� � �( , ) / ( , ) / ;/ /60 38 60 38
1 1

1 9
1 1

1 9
 
 
 

c

n n nd d
(5)

� � ��
 
 
 
 (6)

D d d d
c

n n n� � �( ) ( ) ( ) ,
 
 
 

1 2

3
1

3
1
3/ /0,1 1000 (7)

ãäå �n = (11,5...12...12,4...15...16)/3 îïðåäåëÿåò ïåðâóþ êðèòè÷åñêóþ ïëîò-
íîñòü ñèñòåìàòè÷åñêîé (ðåãóëÿðíîé) óêëàäêè àòîìîâ, à ��n =
(18...18,4...19...23)/3 – âòîðóþ êðèòè÷åñêóþ ïëîòíîñòü èõ óïàêîâêè ïðè 
1 �
= 0,6802...0,6883...0,6981...0,7405 ñîîòâåòñòâåííî; äëÿ ïðîèçâîëüíîé óïà-
êîâêè ýëåìåíòîâ äèñêðåòíîñòè âåùåñòâà – ìèêðî- è íàíî÷àñòèö äèñïåðñ-
íûõ ìàòåðèàëîâ: 
 
ñ

( ) / 3
1 1

9 10 10 5� ... ... , , à 
 

c 2 1

13 5 15 16 3� ( , ... ... ) / ïðè 
1 = 0,6038...

...0,64029...0,64976;
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– èíäåêñ àìïëèòóäû ïëîòíîñòè óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè âå-
ùåñòâà è èçëó÷åíèÿ è èç âûðàæåíèÿ (3) ïîëó÷èì:

Ñ k
ñ

n

3 2 1� 
 / , ïðè n = 0 Ñ
ñ3 2

� 3
 0,1,

k1
1 6... = [( , , ) / , ] ...0 0 0 0 1 6634 53 633473 64976� ,

Ñ n

ñ3 1
23 3

20 74048 0� � � 3
 
, ,/ 1 è Ñ
c

m

3 1 1� 
 
 = (0,2549…0,2542) 
1
m ,



c1

30 634053 0 633473� ( , ... , ) ,

ãäå m = 2 – äëÿ ñëó÷àéíûõ è m = (7...9,3)/3 – äëÿ ñèñòåìàòè÷åñêèõ óêëàäîê
øàðîâ;

– äëÿ ýëåìåíòîâ äèñêðåòíîñòè âåùåñòâà:

Ñ 3
50 6402894 0 6371635 0 6340528 0 630957� ( , ... , ... , ... , ) � 01076 0, ,� 1,

Ñ
ñ3 1 1

2 2 50 2549 0 64976 0 6402894 010761718778� � � � �
 
 , , , , ,

Ñ
ñ3 1 1

5 8 3 8 30 74048 0 74048 0 22262 0 74048 0� � � � � 3
 
 , , , , ,/ / 1;

– äëÿ ýëåìåíòîâ äèñêðåòíîñòè èçëó÷åíèÿ:

Ñ 3
16 3 50 646587 0 63999 0 633473 0 630957� , ...( , ... , ... , )/ 30,1,

Ñ 3 1
3

1
2 3 2 20 6334728 0 6465874 0 2542 0 6465874� � � � � �
 
 , , , , 01062768, ,

Ñ 3 1
3

1
2 0 2542 0 646587 0 63999 0 633473� � �
 
 , ( , ... , ... , ...0 630957 01063 012, ) , ... , .�

Êàíîíè÷åñêàÿ è ñðåäíÿÿ ïëîòíîñòè ñëó÷àéíîé óïàêîâêè ýëåìåíòîâ äèñ-
êðåòíîñòè â ïëîòíîì çåðíèñòîì (äèñïåðñíîì) ñîñòîÿíèè âåùåñòâà, à òàêæå
ýëåìåíòîâ äèñêðåòíîñòè âåùåñòâà è èçëó÷åíèÿ ïðè êðèòè÷åñêîì, ïñåâäîæèä-
êîì, ïñåâäîòâåðäîì è äàëåå ïðè ïñåâäîòâåðäîì èõ ôèçè÷åñêîì ñîñòîÿíèè ñî-
îòâåòñòâåííî áóäóò ðàâíû:


 
1 1
1 3 3 1 3 1 31 10 3 1 0 25490381 0 634052� � � � �( ) [ / ( ) ] , ,/ / /

ñ
826,


1
1 20 6402894 0 6340528 0 6371635� � �( , , ) , ,/


1
31 10 3 1 0 254903810567665797� � � :/ ( ) ,

: : :0 0 018442289 0 633472, , ,447584998986761523 54938193 8405241922.

Îòñþäà äëÿ èçëó÷åíèÿ ìîæíî ïîëó÷èòü åùå ðÿä âåëè÷èí 
1 :


1 � (0,64658736 0,63347284)1/2 = 0,639996511;


1 � (0,6399965 0,63347284)1/2 = 0,636726 è ò.ä.

Âåëè÷èíà 
1 = 0,63347284 îïðåäåëÿåò ñîáñòâåííûé îáúåì ãðàìì-ìîëÿ
àòîìîâ ãåëèÿ â âèäå:

Vc = Ñ/0,6334728410/3 = 4,5804344 cì3,

ãäå Ñ – ïîñòîÿííàÿ ðàçìåðíîñòè, Ñ = 1 ñì3.
Ïðè Vc = 4,5804 ñì3 ðàäèóñ àòîìà ãåëèÿ r = 1,2199558Å = 0,122 íì. Ýêñ-

ïåðèìåíòàëüíûé (ñïðàâî÷íûé) ðåçóëüòàò r = 0,122 íì.
Ïëîòíîñòü óïàêîâêè àòîìîâ ãåëèÿ ïðè êðèòè÷åñêîì ñîñòîÿíèè:


 �êð � � � � �0 2549 0 64976 3 2 0 6402894 0 74048 0 0792 5, , ( / ) , , , 6884.
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Òàê êàê Vc = 4,5804 ñì3/ìîëü, òî êðèòè÷åñêèé îáúåì ãåëèÿ áóäåò ðàâåí:

Vêð = 4,58043 ñì3/ìîëü / 0,07969 = 54,479 ñì3/ìîëü.

Ýêñïåðèìåíòàëüíûé (ñïðàâî÷íûé) ðåçóëüòàò – Vêð = 54,474 ñì3/ìîëü.
Çàïèøåì óðàâíåíèå (4) äëÿ èçëó÷åíèÿ è âåùåñòâà â çàâèñèìîñòè îò 
1

â âèäå:
D dn n/ , ; , ; , ; , ; .
1 60 38 1 60 38 3645 37 220096 456 13288748� � ... (8)

Ïåðâàÿ èç ýòèõ êîíñòàíò âõîäèò â óðàâíåíèå (4) äëÿ îïðåäåëåíèÿ êðèòè÷åñêèõ
ðàçìåðîâ êëàñòåðîâ è íàíî÷àñòèö (n = 0…5) è ìèíèìàëüíîãî ëèíåéíîãî ðàç-
ìåðà àïïàðàòà ñ äèñïåðñíûì (çåðíèñòûì) ìàòåðèàëîì ïðè îòñóòñòâèè ïðè-
ñòåíî÷íîãî âëèÿíèÿ (n = 3) [1, 3].

Òðåòüÿ êîíñòàíòà óðàâíåíèÿ (8) ñîäåðæèòñÿ â âûðàæåíèè äëÿ îïðåäåëå-
íèÿ âåëè÷èíû ïîñòîÿííîé Ïëàíêà. Çàïèøåì âûðàæåíèå (4) ñ âîñõîæäåíèåì
ïî êîýôôèöèåíòó (n = 3) íà áîëåå âûñîêèé óðîâåíü äèñêðåòíîñòè âåùåñòâà*:

( / ) ( , )D d
i

n� �60 37693
 1; ;<=>??

i
; >;@A


i

2 ; 220096

i

3 …

Äàííîå ðàâåíñòâî ïðè n = 3 ïðåîáðàçóåì ê âèäó:

( / ) ( , ) , .D d kC kC kC
i

� �60 3769286 220096 4563
1 2 3
 
 
 


Ëåâóþ ÷àñòü ýòîãî ðàâåíñòâà îáîçíà÷èì h/ç è, ïîäñòàâëÿÿ ïîëó÷åííûå âûøå
çíà÷åíèÿ 


i
äëÿ èçëó÷åíèÿ è âåùåñòâà, èìååì:

h/ç = 220096(0,54938193 · 0,447584999 · 0,25490381) k Ñ,

ãäå Ñ – êîýôôèöèåíò ðàçìåðíîñòè, Ñ = 1 · 10–21 ýðã · ñ/åä. CGSE.
Ïðè k = 0,9999671818563986 – âåëè÷èíà, ïîëó÷åííàÿ ïðè âîñõîæäåíèè ïî
óðàâíåíèþ (1) îò 
1 � 0,64028942310500804 äî 1:

h/ç = 1,37955579850489462893 104 · 0,9999671818564 · 10–21 ýðã · ñ/åä. CGSE =
= 1,379510524044593151254647 · 10–17 ýðã · ñ/åä. ÑGSE.

Ñîãëàñíî ñîâðåìåííûì äàííûì [5]:

h/ç = 6,62606896·10–27 ýðã·ñ/(1,602176487·10–19 Êë·0,1ñ 2,99792458·1010 ñì/ñ) =
= 1,379510132183684·10–17 ýðã·ñ/åä. CGSE,

ãäå ç = 1,602176487 · 10–29 Êë · 0,1ñ · 2,99792458 · 10 10 ñì/ñ = 4,80320427187535 �
� 10–10 åä. CGSE;
2,99792458 · 1010 ñì/ñ – ñïðàâî÷íàÿ âåëè÷èíà ñêîðîñòè ðàñïðîñòðàíåíèÿ
ñâåòà.

Ìàññà ïîêîÿ ýëåêòðîíà:

m h e ke = R c ì�
�� � �3 2 4

4
1 2 7 12 109737315685 10 2 9979245/ , ,/� 577 108� �ì /ñ

� � � ��0,1ñ 6 626 7 7929145 1 ýðã ñ) /27( , 0 0 0 3

/2 4 8 32 4236157 1 åä. ÑGSE1� 2 0 4 1 20 0 0 0 9999671818( , ) , /� �

� 91095394 9109534 10 31, ( , ) � � êã.

Ñêîðîñòü ñâåòà êàê îäíà èç ôóíäàìåíòàëüíûõ ôèçè÷åñêèõ âåëè÷èí ÿâëÿ-
åòñÿ ìèðîâîé êîíñòàíòîé. Ñ÷èòàÿ, ÷òî ñêîðîñòü ñâåòà çàâèñèò îò îòíîøåíèÿ
ïëîòíîñòè ýíåðãèé èçëó÷åíèÿ è âåùåñòâà â ïðîöåññå ðàçâèòèÿ Âñåëåííîé,
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ò.å. îò ïëîòíîñòè óïàêîâêè â íèõ ýëåìåíòîâ äèñêðåòíîñòè è ñòðóêòóðû, ïðåä-
ñòàâèì åå â âèäå

ñ dM ñ� ( / )
 
 
 

è â , (9)

ãäå d, Ì – ðàçìåðíîñòü ïðîñòðàíñòâà (d = 3) è åäèíèöà èçìåðåíèÿ ñêîðîñòè
ñâåòà, Ì = 108 ì/ñ;

è è 
â – ïëîòíîñòü óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè èçëó÷åíèÿ è âå-
ùåñòâà;

c è 
– ñîîòâåòñòâåííî êðèòè÷åñêàÿ ïëîòíîñòü ñëó÷àéíîé óïàêîâêè ýëåìåí-
òîâ äèñêðåòíîñòè âåùåñòâà (
ñ � 0,1…0,2549) è àìïëèòóäíàÿ ïëîòíîñòü èõ
óïàêîâêè.

Àìïëèòóäíûå (â ïëîòíîé ôàçå ôëóêòóàöèé) ïëîòíîñòè ñëó÷àéíîé óïà-
êîâêè ýëåìåíòîâ äèñêðåòíîñòè òîïîëîãè÷åñêèõ ïðîñòðàíñòâ ïîëó÷àþò èç âû-
ðàæåíèÿ (3), çàïèñàííîãî â âèäå:


 
 
= ,ê max[ , /( / ) ] /01 1
1n m (10)

ãäå 
ê , 
1max – êàíîíè÷åñêàÿ è íàèáîëüøàÿ ïëîòíîñòè ñëó÷àéíîé óïàêîâêè
ýëåìåíòîâ äèñêðåòíîñòè èçëó÷åíèÿ è âåùåñòâà;
n – óðîâíè ðàçâèòèÿ ñòðóêòóðû òîïîëîãè÷åñêèõ ïðîñòðàíñòâ, n = 0…5;
m – ïîêàçàòåëü, îïðåäåëÿþùèé ïåðèîä ðàçâèòèÿ òîïîëîãè÷åñêîãî ïðîñòðàí-
ñòâà Âñåëåííîé, m = 0…5; m = 0…1; 2…4 – â ðàííèé è â ïîçäíèå ïåðèîäû ðàç-
âèòèÿ Âñåëåííîé, m = 5 – â íàñòîÿùèé ïåðèîä ðàçâèòèÿ.

Èç âûðàæåíèÿ (9) ñëåäóåò, ÷òî ïðè 
 
ñ : 0 â ðàííèé ïåðèîä ðàçâè-
òèÿ Âñåëåííîé ñêîðîñòü ñâåòà ðàâíà 108d ì/ñ = 300 000 êì/ñ. Èç âûðàæå-
íèÿ (10) íà ðàííåé ñòàäèè ðàçâèòèÿ Âñåëåííîé (m = 1, n = 0) ïîëó÷èì: 
� 0,1.
Ñêîðîñòü ñâåòà â íàñòîÿùèé ïåðèîä ðàçâèòèÿ Âñåëåííîé (
ñ � 0,1,

� 0,646587) ðàâíà:

ñ = 3 · 108ì/ñ (0,633472840524/0,640289423105)0,064658736384 =
= 2,9979245577 · 108 ì/ñ.

Âåëè÷èíû ñîäåðæàíèÿ ýíåðãèè âåùåñòâà � 1 , ìåæãàëàêòè÷åñêîãî ãàçà,
çâåçä è íåéòðèíî � ã , ýíåðãèè òåìíîé ìàòåðèè � 2 è òåìíîé ýíåðãèè âàêóó-
ìà � 3 ìîæíî ïîëó÷èòü íåïîñðåäñòâåííî ïî óðàâíåíèþ ÔÒÏ (1) ïðè
B 
max ( )1 � 0,9999671818564 è B 
max ( )1 1� â ðÿäó ãëàâíîé ïîñëåäîâàòåëüíî-
ñòè ôàçîâîãî èçìåíåíèÿ âåùåñòâà è ñîäåðæàíèÿ ìàòåðèàëüíûõ ñóáñòàíöèé
â õîëîäíîé, ÿ÷åèñòîé ñòðóêòóðå Âñåëåííîé:

1: 0,930465076654: 0,86050635728386: 0,7895528450:

: 0,7166952664 : 0,64032674326744 : 0,5571091981 :

: 0,457738137416 : <=CDA;E;DC@CFFF : 0,22092884,

0 : 0,0695349 : 0,13949364 : 0,210447155 : 0,2833047 :

: 0,359673257: 0,4428908: 0,542262:

: 0,714383175784…: 0,77907116, (11)

0,9999671818564 G 0,93043216287 G 0,86047312695 G

G 0,7895189656627 G 0,7166601858958 G 0,640289423105:

: 0,5570672723: 0,457683678247: 0,285467268311: …: 0,220928,

Òîïîëîãè÷åñêèå ñâîéñòâà êðóïíîìàñøòàáíûõ ñòðóêòóð

95



0 : 0,069567837(0,069535019) : 0,13952687 :

: 0,2104810343473 : 0,283339814 : 0,359673257 :

: 0,4429327277 : 0,54231632175 : 0,714532731689… : 0,779072. (12)

Ñîäåðæàíèå ýíåðãèè âåùåñòâà � 1 âî Âñåëåííîé ðàâíî:

� B B 
 B1 � �( ) /( )max max1
i

� 100 %, (13)

ãäåB max , B – ïëîòíîñòè óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè ñóáñòàíöèé â òî÷-
êàõ «ïåðåãðåòîãî» è «ïåðåîõëàæäåííîãî» èõ ñîñòîÿíèé, ò.å. B max �1, à B �1
ïðè âîñõîæäåíèè ïî óðàâíåíèþ (1) îò äàííîãî çíà÷åíèÿ 


i
(âåëè÷èíû èõ

âûäåëåíû æèðíî).

� 1 � 100(1,022405 – 0,9529177)0,7404805/(1…1,022405) = 5,145…5,033 %,

� 1 � 100(0,9999672 – 0,930432)0,640289431/(1…0,9999672) = 4,45 %,

� 1 � 100(1 – 0,930465)0,640326745/1 = 4,45 %,

� 1 � 100(0,999710249 – 0,93017443)0,63999651/(1…0,999710249) = 4,45 %.

Ñîäåðæàíèå ýíåðãèè ìåæãàëàêòè÷åñêîãî ãàçà, çâåçä è íåéòðèíî � ã âî Âñå-
ëåííîé:

� � � B B 
 Bã max max� � � � �1 1 1( )( )/( ... )
i

. (14)

� ã � 100(1,02240 – 0,9529177)(1 – 0,7404805)/(1…1,02240) = 1,80…1,76 %,

� ã � 100(0,99971 – 0,930174)(1 – 0,63999651)/(1…0,99971) = 2,5 %,

� ã � 100(0,9999672 – 0,930432)(1 – 0,6402894)/(1…0,999967) = 2,5 %,

� ã � 100(1–0,930465)(1–0,640326743)/1 = 2,5 %.

Ñîäåðæàíèå ýíåðãèè òåìíîé ìàòåðèè â ñîâðåìåííîé Âñåëåííîé îïðåäå-
ëÿåòñÿ ïî âåëè÷èíå ïåðâîé êðèòè÷åñêîé ïëîòíîñòè óïàêîâêè ýëåìåíòîâ åå
äèñêðåòíîñòè:

� 
 
2 1 1100� �
ñ

n %. (15)

Èç ýòîãî âûðàæåíèÿ äëÿ êîíäåíñàòà – âåùåñòâà ïðè 
1 = 0,6340528…0,74048
ïîëó÷èì:

� 2
10 3 10 3 3 45100 0 634053 0 640289 0 64976� ( , ... , ... , ../ / , . , ) %0 74055 �

= (21,90…22,625…22,59…22,26) %.

Ïðè ýòîì ñîäåðæàíèå ýíåðãèè âåùåñòâà �1 è ìåæãàëàêòè÷åñêîãî ãàçà � ã , òåì-
íîé ìàòåðèè �2 è ýíåðãèè âàêóóìà �3 âî Âñåëåííîé ñîîòâåòñòâåííî ðàâíî:

� �1 1 0 930465 4 45 2 5 0 0695� � � � � �ã ( , ) ( , , ) , ; � 2 = 21,05 è � 3 = 71,45 %,

÷òî íàõîäèòñÿ â ïðåäåëàõ:

� 3 100 6 95 2105 22 26 72 0 70 78� � � �% ( , , ... , ) % , ... , %,

ãäå 
1 � 0,21050,2 …0,222620,2 = 0,7322…0,7405.
Ïî äàííûì Â.À. Ðóáàêîâà [6], ñîäåðæàíèå ýíåðãèè òåìíîé ìàòåðèè â

ñîâðåìåííîé Âñåëåííîé ñîñòàâëÿåò 20–25 %, òåìíîé ýíåðãèè âàêóóìà –
70–75 %, ýíåðãèè âåùåñòâà – 5 %, ýíåðãèè çâåçä – 0,5 % è íåéòðèíî – 1–0,3 %.
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Êîëè÷åñòâî îáìåííîé ýíåðãèè èçëó÷åíèÿ ñ òåìíîé ìàòåðèåé è ñ òåìíîé
ýíåðãèåé âàêóóìà â ñîâðåìåííîé Âñåëåííîé ðàâíî ñîîòâåòñòâåííî:

�� 2
0 2 0 20 7404805 0 21045 0 22262 100 0 8282� � �( , , ... , ) % ,, , 36 0... %.

Ëèáî
�� 2 � 100 % / [ ( ) ... , ],2000 3 1 0 222629 0 2� = 0,828131…0 %,

�� 3 0 7404805 0 7143832 100 2 6097� � �( , , ) % , %,

�� 3 0 7404805 0 7145327 100 2 5948� � �( , , ) % , %.

Êîëè÷åñòâà îáìåííîé ýíåðãèè èçëó÷åíèÿ ñ ýíåðãèåé âàêóóìà è òåìíîé
ìàòåðèåé îïðåäåëÿþò ñîäåðæàíèå âîäîðîäà è ãåëèÿ â ñîâðåìåííîé Âñå-
ëåííîé:

Í = 0,026097/(0,00828 + 0,026097)100 % = 75,91 %,

Íå = 100 % – 75,91 % = 24,09 %.

Ïîñòîÿííàÿ Õàááëà îäíà èç íåîäíîçíà÷íûõ âåëè÷èí ñî âðåìåíè åå îò-
êðûòèÿ.

Îöåíî÷íàÿ âåëè÷èíà ïîñòîÿííîé Õàááëà ñîâðåìåííîé Âñåëåííîé:

Í
ñ ñ0 1 2

133 1� � 3
 
/ ( )2

3 (0,2549…0,2542) êì/(ñ � Ìïê)/2 · 0,1 ( ) , ... ,3 1 73 5 73 313� 3 �êì / (ñ Ìïê).

Óòî÷íèì âåëè÷èíó ïîñòîÿííîé Õàááëà ïî ñîäåðæàíèþ òåìíîé ýíåðãèè
âàêóóìà âî Âñåëåííîé è ïî çíà÷åíèþ âåëè÷èí ðÿäà (11, 12), ãäå 
 �1 è

�0 9999671818, ñîîòâåòñòâåííî:

Í
ñ ñ

m

0 1 2
2

1
5

1 12� ( / ) / )
 
 
 
 
(
max

� � �H
 
 
 

ñ

m

1 1
5

1 12 0 01/ , )( / )max

� � �( / ) / )
 
 
 

ñ

mz1 1
5

1 12 (
max

� (0,2542 êì/(ñ � Ìïê)/2 · 0,01 · 0,7143835) · (0,7404805/0,714383)2 �

� 68,5(0,7404805/0,714383)2 � 73,3943649822 êì/(ñ · Ìïê),

ãäå 
 

ñ ñ1 2, – êàíîíè÷åñêèå çíà÷åíèÿ ïåðâîé è âòîðîé êðèòè÷åñêîé ïëîòíî-

ñòè óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè: 

ñ1

30 63347284 0 0� �, ,2542 494767 –
äëÿ èçëó÷åíèÿ è 


ñ1
30 634052826� �, 0,2549038106 – äëÿ âåùåñòâà; 


ñ 2 01� , ;

1 – ñîâðåìåííàÿ ïëîòíîñòü èõ óïàêîâêè – âûäåëåíû æèðíî â ðÿäó (11)
ëèáî (12);
m – ïîêàçàòåëü âçàèìîäåéñòâèÿ ýëåìåíòîâ äèñêðåòíîñòè: äëÿ êóëîíîâñêîãî
m = 2, à äëÿ ñèëüíîãî èõ âçàèìîäåéñòâèÿ m � 16/3;



1 max
– ïëîòíîñòü ñèñòåìàòè÷åñêîé óïàêîâêè ñôåðè÷åñêèõ ýëåìåíòîâ äèñ-

êðåòíîñòè, 

1 max

= � / 3 2 = 0,7404805;

z – îòíîñèòåëüíàÿ âåëè÷èíà óìåíüøåíèÿ ÷àñòîòû ýëåêòðîìàãíèòíûõ
âîëí (êðàñíîå ñìåùåíèå) íà ðàññòîÿíèè ðàñïðîñòðàíåíèÿ ñâåòà îò èñòî÷íèêà
( )80 ê ïðèåìíèêó ( )8 â ðåçóëüòàòå äèññèïàöèè èõ ýíåðãèè, z � �( )/8 8 80 =
= 8 8n / .
Íà áîëüøèõ è ìàëûõ ðàññòîÿíèÿõ ñîãëàñíî Ñ.Á. Àëåìàíîâó z 3 0,01 [7].
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Âîçðàñò âàêóóìíîé ñîñòàâëÿþùåé Âñåëåííîé ðàâåí:

t0 = 1/H0 � 1/73,3943649822 êì/(ñ � Ìïê) � 13,6250242 · 109 ëåò �

� 13,6250242 ìëðä ëåò.

Âåëè÷èíó ïîñòîÿííîé Õàááëà îòíîñèòåëüíî ñîäåðæàíèÿ òåìíîé ìàòåðèè âî
Âñåëåííîé ïðè ñèëüíîì (n = 16/3) âçàèìîäåéñòâèè ýëåìåíòîâ åå äèñêðåòíî-
ñòè âû÷èñëèì ïî ôîðìóëå:

H z
c ñ c

m

c c0 1 2
2

1 1 1 1 1 12 2� � � �( / )( / ) ( / )( /max max
 
 
 
 
 
 
 
 
1 )m �

� � �( / , )( / ) ,max
 
 
 

c c

m

1 1 1 12 0 01

ãäå �

ñ1 – óñòàíîâèâøàÿñÿ êðèòè÷åñêàÿ ïëîòíîñòü óïàêîâêè ýëåìåíòîâ äèñ-

êðåòíîñòè ïðè òîïîëîãè÷åñêèõ ïåðåõîäàõ âåùåñòâà, îïðåäåëÿåìàÿ â ðÿäó (11)
èëè (12).

Í0 = (0,2549 êì/(ñ�Ìïê)/2 · 0,01 · 0,210447)(0,7404805/0,714383)16/3 =

= 60,562427321(0,7404805/0,714383)16/3 = 73,3346827717723 êì/(ñ � Ìïê).

Âîçðàñò òåìíîé ìàòåðèè Âñåëåííîé:

t0 = 1/H0 = 1/73,3346827717723 = 13,63611271234565 ìëðä ëåò.

Îòíîñèòåëüíî òåìíîé ýíåðãèè âàêóóìà è çíà÷åíèþ âåëè÷èí ðÿäà (12),
ãäå (k) 
1 max = 0,9999671818564, ïîëó÷èì:

Í0 = (0,2542/k2 êì/(ñ � Ìïê)/

/2 · 0,01 · 0,7145327316895)(0,7404805/0,71453273)2/k2 =

= 68,2406827938951(0,7404805/0,71453273)2/k2 =

= (73,28689937461/0,99996722) = 73,29170989139245 êì/(ñ � Ìïê).

Âîçðàñò âàêóóìíîé ñîñòàâëÿþùåé Âñåëåííîé ïðè ýòîì ðàâåí:

t0 = 1/H0 = 1/73,29170989139245 êì/(ñ � Ìïê) = 13,6441079281934 ìëðä ëåò.

Îòíîñèòåëüíî ñîäåðæàíèÿ òåìíîé ìàòåðèè âî Âñåëåííîé ïîëó÷èì:

Í0 = (0,2549/k16/3 êì/(ñ � Ìïê) /

/ 2 · 0,01 · 0,210481037)(0,7404805/0,71453273)16/3 =

= 60,563278 · 1,20954294 = 73,2538855 êì/(ñ � Ìïê).

Âîçðàñò òåìíîé ìàòåðèè ñîâðåìåííîé Âñåëåííîé ðàâåí:

t0 = 1/H0 = 1/73,2538853 êì/(ñ � Ìïê) = 13,651153 ìëðä ëåò.

Ñðåäíèå çíà÷åíèÿ âåëè÷èí, ïîëó÷åííûõ îòíîñèòåëüíî ýíåðãèè âàêóóìà
è òåìíîé ìàòåðèè, è âîçðàñòû èõ ñîîòâåòñòâåííî ðàâíû:

Í0 = (73,3943649822 · 73,29170989139245)0,5 = 73,343019476555 êì/(ñ � Ìïê),

t0 = 1/H0 = 1/73,343019476555 êì/(ñ � Ìïê) = 13,6345627319 ìëðä ëåò,

Í0 = (73,3346827723 · 73,2538855)0,5 = 73,2942729 êì/(ñ � Ìïê),

t0 = 1/H0 = 1/73,2942729 êì/(ñ � Ìïê) = 13,643631 ìëðä ëåò.
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Íàèáîëåå âåðîÿòíûå çíà÷åíèÿ âåëè÷èí ïîñòîÿííîé Õàááëà, âû÷èñëåííûå ïî
òîïîëîãè÷åñêèì ïàðàìåòðàì âàêóóìà è òåìíîé ìàòåðèè, à òàêæå âîçðàñò âà-
êóóìíîãî îáðàçîâàíèÿ è òåìíîé ìàòåðèè ñîîòâåòñòâåííî ñîñòàâÿò:

Í0 = 73,343019476555 êì/(ñ � Ìïê), t0 = 13,634562732 ìëðä ëåò,

Í0 = 73,2942729 êì/(ñ � Ìïê), t0 = 13,643631 ìëðä ëåò.

Èç ðåçóëüòàòîâ ðàñ÷åòà ñëåäóåò, ÷òî âîçðàñò òåìíîé ìàòåðèè íà 8–10 ìëí ëåò
áîëüøå âàêóóìíîãî îáðàçîâàíèÿ ïðè ðàñøèðåíèè Âñåëåííîé. Íà ñåãîäíÿø-
íèé äåíü ñ÷èòàåòñÿ, ÷òî íàèáîëåå âåðîÿòíîå çíà÷åíèå Í0 = 73,2 ± 0,2 [8].

Êðàòíîñòü ÿðêîñòè çâåçä ïðè óñòàíîâëåíèè çâåçäíîé âåëè÷èíû îïðåäå-
ëÿåòñÿ ïî âåëè÷èíå ïëîòíîñòè ñëó÷àéíîé (ïðîèçâîëüíîé) óïàêîâêè îäèíà-
êîâûõ øàðîâ:

D d
n n� � � � �1 1

310 3 1 3 923 0 640326745 0 640289/ [ ( ) ] ( , , ... ,
 4231 2 5121 1) , .n n� ��

Ïëîòíîñòü óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè òåìíîé ìàòåðèè, ê âåëè÷èíå
êîòîðîé ïðèâåäåò âàêóóìíîå ðàñøèðåíèå, 
 �

ñ1
16 32�( ) //3 = 0 740480516 3, / =

= 0 20140611, ñîâïàäàåò ñ ìàêñèìóìîì äëèíû âîëíû 1 3 0,201406, ïîëó÷àå-
ìîé èç óðàâíåíèÿ Ïëàíêà äëÿ èçëó÷åíèÿ ÷åðíîãî òåëà.

Îñòàâøååñÿ âðåìÿ íà ðàñøèðåíèå Âñåëåííîé äî íà÷àëà åå ñæàòèÿ:
– îòíîñèòåëüíî âàêóóìíîãî ïðîñòðàíñòâà âî Âñåëåííîé

�t = 1/(0,2542 êì/(ñ � Ìïê)/2 · 0,01 · 0,20145 · 3/16)(0,7404805/0,20143/16)2 –

–13,634562732 ìëðä ëåò = 17,51515952968 – 13,634562732 3 ���� ìëðä ëåò,

ïîëíûé öèêë ðàñøèðåíèÿ è ñæàòèÿ ïóëüñèðóþùåé îäíîðîäíîé Âñåëåííîé
ñîñòàâëÿåò:

tï = 17,51515953 · 2 3 35,03 ìëðä ëåò;

– îòíîñèòåëüíî òåìíîé ìàòåðèè

�t = 1/(0,2549k5 êì/(ñ � Ìïê)/2 · 0,01 · 0,20145 · 3/16) (0,7404805/0,20143/16)16/3 –

– 13,63611271375 ìëðä ëåò = 17,47000 – 13,636 3 3,834 ìëðä ëåò,

ïîëíûé öèêë ðàñøèðåíèÿ è ñæàòèÿ ïóëüñèðóþùåé Âñåëåííîé:

tï = 17,47 · 2 3 34,94 ìëðä ëåò.

Äëÿ ïîëíîãî âîçðàñòà ïóëüñèðóþùåé Âñåëåííîé, íà÷èíàÿ îò òî÷êè
ñèíãóëÿðíîñòè, ãäå 0 1� �n , à m� : �16 3/ , ìîæåò áûòü ïîëó÷åíî íåñêîëüêî
ðåøåíèé (äëÿ ïåðèîäîâ åå ðàçâèòèÿ):

T k n n� � � �1 0 2549 0 0 0 2014 0 7404805/( , / / , , )( ,êì /(ñ Ìïê) 2 1 / 0 2014, ) .n m

Ïðè m = 16/3, m = 23/3 è m : �:

T � � � �1 0 2549 0 0 0 2014 0 7404805 00/( , / , , )( , ,êì /(ñ Ìïê) 2 1 / 20140 16 3) / =

= 15,8 ìëðä ëåò,

T � � � �1 0 2549 0 0 0 7404805 0 7404805/( , / , , )( ,êì /(ñ Ìïê) 2 1 / 0 20143 16 16 3, )/ / =

= 58,1 ìëðä ëåò,

T � � � �1 0 2549 0 0 0 7404805 0 7404805/( , / , , )( ,êì /(ñ Ìïê) 2 1 /0 20140 23 3, ) / =

= 581,5 ìëðä ëåò,
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T � � � �1 0 2549 0 0 0 2014 0 7404805 00/( , / , , )( , ,êì /(ñ Ìïê) 2 1 / 20140 23 3) / =

= 785,325 ìëðä ëåò,

T � � � �1 0 2549 0 0 0 2014 0 7404805 00/( , / , , )( , ,êì /(ñ Ìïê) 2 1 / 20140 )m:� : �.

Òàêèì îáðàçîì, ìåòîäû äèñêðåòíîé òîïîëîãèè ïîçâîëÿþò ðàññ÷èòàòü
ñîäåðæàíèÿ ýíåðãèè âåùåñòâà, òåìíîé ìàòåðèè è òåìíîé ýíåðãèè âàêóóìà
âî Âñåëåííîé è èõ âçàèìîñâÿçü, êîòîðàÿ äî íàñòîÿùåãî âðåìåíè íå áûëà óñ-
òàíîâëåíà. Èõ âåëè÷èíû âïèñûâàþòñÿ â èíòåðâàë ëèòåðàòóðíûõ äàííûõ [6].
Ìîæíî ïðåäïîëîæèòü, ÷òî ñîäåðæàíèå ýíåðãèè ñóáñòàíöèé Âñåëåííîé
ëó÷øèì îáðàçîì îòðàæàåò åå ñòðóêòóðó, òàê êàê ðàçáðîñ èõ âåëè÷èí íàõî-
äèòñÿ â áîëåå óçêîì èíòåðâàëå.

Ñîäåðæàíèå ýíåðãèè âåùåñòâà ñ óïîðÿäî÷åííîé ñòðóêòóðîé âî Âñåëåí-
íîé � 1 5153 , %, à ñ íåóïîðÿäî÷åííîé ñòðóêòóðîé � 1 4 453 , %. Ñîäåðæàíèå
ýíåðãèè ìåæãàëàêòè÷åñêîãî ãàçà, çâåçä è íåéòðèíî ñ óïîðÿäî÷åííîé ñòðóêòó-
ðîé � ã 3 18, %, ÷òî ïðîòèâîðå÷èò èõ ôèçè÷åñêîìó ñîñòîÿíèþ, à ñ íåóïîðÿäî-
÷åííîé ñòðóêòóðîé � ã 3 2 5, % è ñîîòâåòñòâóåò åìó.

Ïëîòíîñòü óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè òåìíîé ìàòåðèè
0,2105…0,2226 ñîîòâåòñòâóåò êðèòè÷åñêîìó ñîñòîÿíèþ âåùåñòâà. Ïðè íèç-
êîé òåìïåðàòóðå è ãëóáîêîì âàêóóìå ñëåäóåò ïðåäïîëîæèòü, ÷òî êðèòè÷åñêîå
ñîñòîÿíèå òåìíîé ìàòåðèè ÿâëÿåòñÿ ïîñòîÿííûì èñòî÷íèêîì ýëåêòðîìàãíèò-
íîãî èçëó÷åíèÿ, ïîäîáíî òîìó, êàê âáëèçè òåðìîäèíàìè÷åñêîé êðèòè÷åñêîé
òî÷êè âåùåñòâà íàáëþäàåòñÿ çâóêîâîé øóì. Âçàèìîäåéñòâèå ýëåìåíòîâ
äèñêðåòíîñòè òåìíîé ìàòåðèè (ïîêàçàòåëü ñòåïåíè â åå óðàâíåíèÿõ m)
áîëüøå, ÷åì êóëîíîâñêîãî âçàèìîäåéñòâèÿ èõ â òåìíîé ýíåðãèè âàêóóìà.
Â äàííûõ óñëîâèÿõ òåìíàÿ ìàòåðèÿ ïðîÿâëÿåò íåîáû÷íîå ñâîéñòâî – ãðàâè-
òàöèîííîå îòòàëêèâàíèå íàðÿäó ñ ìåñòíûì ãðàâèòàöèîííûì ïðèòÿæåíèåì
êîñìè÷åñêèõ òåë, ÷òî îáåñïå÷èâàåò èõ îðáèòàëüíóþ è ãàëàêòè÷åñêóþ îòíî-
ñèòåëüíóþ óñòîé÷èâîñòü.

Âçàèìîäåéñòâèå èçëó÷åíèÿ ñ òåìíîé ýíåðãèåé âàêóóìà è ñ òåìíîé ìàòå-
ðèåé ïðèâîäèò ê ðàçâèòèþ â íèõ ôëóêòóàöèé ïëîòíîñòè è ñíèæåíèþ ñðåäíåé
ïëîòíîñòè óïàêîâêè ýëåìåíòîâ äèñêðåòíîñòè ñ îáðàçîâàíèåì âåùåñòâà. Ãðà-
âèòàöèÿ îòðèöàòåëüíîãî äàâëåíèÿ âàêóóìà è òåìíîé ìàòåðèè âåäåò ê ãðàâèòà-
öèîííîìó ðàñøèðåíèþ Âñåëåííîé ñ âîçðàñòàþùåé ñêîðîñòüþ. Íàáëþäàåìîå
âîçðàñòàíèå ñêîðîñòè óäàëåííûõ çâåçä è ãàëàêòèê ñâÿçàíî ñ êðóãîâûì äâèæå-
íèåì èõ íà ïåðèôåðèè, ÷òî ïðåäîïðåäåëÿåò ïîñëåäóþùåå ñæàòèå Âñåëåííîé.

Â íàñòîÿùåå âðåìÿ âîçðàñò Âñåëåííîé 13,6441–13,6361 ìëðä ëåò, à íà
çàêàòå åå ðàñøèðåíèÿ äîñòèãíåò 17,5 ìëðä ëåò. Ïîëíûé öèêë ðàñøèðåíèÿ
è ñæàòèÿ ïóëüñèðóþùåé Âñåëåííîé ñîñòàâèò 35 ìëðä ëåò. Åñòü îñíîâàíèÿ
ïîëàãàòü, ÷òî ïåðâè÷íûì ÿâëÿåòñÿ ìàòåðèÿ, êîòîðàÿ áåñêîíå÷íà âî âðåìåíè
è â ïðîñòðàíñòâå, à âòîðè÷íûì – âàêóóì Âñåëåííîé.
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TOPOLOGICAL PROPERTIES
OF LARGE-SCALE STRUCTURES

Results of calculation of the basic topological properties of discrete systems are resulted:
disperse materials, simple substances and radiation. Methods of discrete topology receive
sizes of fundamental physical constants: Planck’s constant, modern value of a constant of
Hubble, speed of distribution of light and others. The maintenance of hydrogen and helium,
a dark matter, dark energy of vacuum in the modern Universe is calculated.

K e y w o r d s: disperse materials, topological transformations, dark matter and dark
energy, speed of light, Planck’s constant, Hubble’s constant.
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Â ËÀÁÎÐÀÒÎÐÈßÕ ÂÓÇÎÂ

ÓÄÊ 620.194.8

Ã.Ô. ÐÓÄÇÅÉ, Ë.À. ÀÄÅÃÎÂÀ, Â.Â. ÄÓÁÈÍÈÍ

ÂËÈßÍÈÅ ÊÎÐÐÎÇÈÎÍÍÎÉ ÑÐÅÄÛ
ÍÀ ÈÇÌÅÍÅÍÈÅ ÓÑÒÀËÎÑÒÍÎÉ ÄÎËÃÎÂÅ×ÍÎÑÒÈ ÎÁÐÀÇÖÎÂ
Ñ ÎÒÂÅÐÑÒÈÅÌ ÏÎÑËÅ ÓÏÐÎ×ÍßÞÙÈÕ ÒÅÕÍÎËÎÃÈÉ

Èññëåäîâàíû õàðàêòåðèñòèêè óñòàëîñòíîé äîëãîâå÷íîñòè îáðàçöîâ èç ëèñòîâîãî
ìàòåðèàëà ÀÊ4-1ÀÒ1 ñ äîðíèðîâàííûì îòâåðñòèåì è îáðàçöîâ ñ çàêëåïêîé, óñòà-
íîâëåííîé ñ íàòÿãîì ïîñëå ïðåäâàðèòåëüíîãî âîçäåéñòâèÿ àãðåññèâíîé ñðåäû
(3%-ãî ðàñòâîðà NaCl) è ñòàòè÷åñêîé ñèëîâîé íàãðóæåííîñòè â ïðîöåññå ýêñïî-
çèöèé. Ïðè ìîäåëèðîâàíèè ïðîãðàììû èñïûòàíèé ñòðîèòåëüíîé êîíñòðóêöèè
ñ ïðèìåíåíèåì ìåòîäà êîíå÷íûõ ýëåìåíòîâ îñóùåñòâëåí ðàñ÷åò óñòàëîñòíîé
äîëãîâå÷íîñòè. Âûÿâëåíî çíà÷èòåëüíîå âëèÿíèå êîððîçèîííîé ñðåäû íà ðåñóðñ
îáðàçöîâ.

Ê ë þ ÷ å â û å ñ ë î â à: îáðàçöû ñ îòâåðñòèåì, êîýôôèöèåíòû óðàâíåíèé ðåãðåññèè,
ðåñóðñíûå õàðàêòåðèñòèêè, íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå, êîððîçèÿ,
êðèâûå óñòàëîñòè.

Àêòóàëüíîé çàäà÷åé ÿâëÿåòñÿ ïîâûøåíèå ðåñóðñíûõ õàðàêòåðèñòèê
ýëåìåíòîâ êîíñòðóêöèé ñ êîíöåíòðàòîðàìè íàïðÿæåíèé. Ñóùåñòâóþò
ðàçëè÷íûå ñïîñîáû ðåøåíèÿ äàííîé ïðîáëåìû: äîðíèðîâàíèå îòâåðñòèé
ñ ïîìîùüþ ïðîòÿæêè øòèôòà ñ íàòÿãîì, óñòàíîâêà êðåïåæà ñ ãàðàíòèðî-
âàííûì íàòÿãîì, ñîçäàíèå ñ ïîìîùüþ ëîêàëüíîãî ïëàñòè÷åñêîãî äåôîðìè-
ðîâàíèÿ ñòîïîðîâ íà ïóòè ðàçâèòèÿ óñòàëîñòíîé òðåùèíû è äð. Îáîáùàÿ
îïûò êîíòàêòîâ Boeing ñ ÍÈÀÒ, Î.Ñ. Ñèðîòêèí â ðàáîòå [1] îñîáî ïîä-
÷åðêíóë, ÷òî íàèáîëåå èíòåðåñíûìè îêàçàëèñü ðàçðàáîòêè â îáëàñòè óï-
ðàâëåíèÿ íàïðÿæåííî-äåôîðìèðîâàííûì ñîñòîÿíèåì â âûñîêîðåñóðñíûõ
êîíñòðóêöèÿõ.

Îïðåäåëåíû äèàïàçîíû ïîëîæèòåëüíîãî âëèÿíèÿ âûøåèçëîæåííûõ
òåõíîëîãè÷åñêèõ îïåðàöèé íà ðåñóðñíûå õàðàêòåðèñòèêè êîíñòðóêòèâíûõ
îáðàçöîâ ñ îòâåðñòèåì è îáðàçöîâ çàêëåïî÷íûõ ñîåäèíåíèé. Ïîêàçàíî, íà-
ïðèìåð, ÷òî ïðè äîðíèðîâàíèè îòâåðñòèé óäàåòñÿ ïîâûñèòü óñòàëîñòíóþ
äîëãîâå÷íîñòü îáðàçöîâ ïî÷òè íà ïîðÿäîê. Òåõíîëîãè÷åñêèå ïàðàìåòðû
äîðíèðîâàíèÿ äîëæíû áûòü îïðåäåëåíû ñ ó÷åòîì êðèòåðèåâ ñòàòè÷åñêîé
ïðî÷íîñòè è óñòàëîñòíîé äîëãîâå÷íîñòè êîíñòðóêòèâíûõ ýëåìåíòîâ. Ïðè
ïîñòàíîâêå çàêëåïîê ñ íàòÿãîì â ïëàñòèíå â îáëàñòè îòâåðñòèÿ âîçíèêàþò
çíà÷èòåëüíûå îñòàòî÷íûå ñæèìàþùèå íàïðÿæåíèÿ. Ïðèìåíåíèå çàêëåïîê
ñ êîìïåíñàòîðîì ïðèâîäèò ê ïîâûøåíèþ óñòàëîñòíîé äîëãîâå÷íîñòè îá-
ðàçöîâ çàêëåïî÷íîãî ñîåäèíåíèÿ ïðè öèêëè÷åñêîì ðàñòÿæåíèè â ðàáî÷åì
äèàïàçîíå íàãðóçîê â 3–4 ðàçà. Îäíàêî íåîáõîäèìî îöåíèòü, êàê âëèÿþò
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âûøåóêàçàííûå òåõíîëîãèè íà ñîïðîòèâëåíèå óñòàëîñòè êîíñòðóêòèâíûõ
ýëåìåíòîâ, ðàáîòàþùèõ â àãðåññèâíûõ ñðåäàõ.

Â äàííîé ðàáîòå èñïûòàíû îáðàçöû ñ îòâåðñòèåì d = 6 ìì íà óñòàëîñòü
â èñõîäíîì ñîñòîÿíèè, ïîñëå ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ îáëàñòè îò-
âåðñòèÿ åäèíè÷íîé íàãðóçêîé Ð = 0,7 Ðð (ãäå Ðð – ðàçðóøàþùàÿ íàãðóçêà)
è ïîñëå ïðîòÿæêè øòèôòà ñ íàòÿãîì ÷åðåç îòâåðñòèå (ðàäèàëüíûé íàòÿã 5 %).
Îáðàçöû ñ ðàçëè÷íîé ïðåäûñòîðèåé ïîäâåðæåíû ýêñïîçèöèè íà âîçäóõå
è â 3%-ì âîäíîì ðàñòâîðå NaCl â òå÷åíèå � = 180 ñóò. Ïàðòèÿ îáðàçöîâ ñ óï-
ðî÷íåííûì îòâåðñòèåì áûëà òàêæå ïðåäâàðèòåëüíî âûäåðæàíà â àã-
ðåññèâíîé ñðåäå ïîä íàïðÿæåíèåì Bñò = 80 ÌÏà (êîððîçèÿ ïîä íàïðÿæå-
íèåì). Îáðàçöû èçãîòîâëåíû èç ëèñòîâîãî ìàòåðèàëà ÀÊ4-1ÀÒ1 òîëùèíîé
3 ìì, øèðèíà ðàáî÷åé çîíû 80 ìì. Äëÿ ðåñóðñíûõ èñïûòàíèé èñïîëüçî-
âàíà ìàøèíà ÖÄÌ-Ïó-10 (÷àñòîòà íàãðóæåíèÿ 12,5 Ãö, Bmax = 160 ÌÏà,
Bmin = 30 ÌÏà).

Äëÿ îöåíêè ðåñóðñíûõ õàðàêòåðèñòèê ýëåìåíòîâ ñ îòâåðñòèåì ïðè
ïðîãðàììíîì èëè ñëó÷àéíîì íàãðóæåíèè íóæíû êðèâûå óñòàëîñòè. Íà
îñíîâàíèè ðåçóëüòàòîâ èñïûòàíèé íà óðîâíå íàïðÿæåíèÿ Bmax = 160 ÌÏà
îñóùåñòâëåíî ìîäåëèðîâàíèå êðèâûõ óñòàëîñòè. Ìåòîäèêà ðàñ÷åòà êðèâûõ
óñòàëîñòè ïî ðåçóëüòàòàì îãðàíè÷åííîãî îáúåìà èñïûòàíèé ñ ïîìîùüþ
ëèíåéíîãî ðåãðåññèîííîãî àíàëèçà [2, 3] ïðåäñòàâëåíà â ðàáîòàõ [4, 5]. Äëÿ
èññëåäóåìûõ îáðàçöîâ ïðè îòíóëåâîì íàãðóæåíèè óðàâíåíèå êðèâîé óñòà-
ëîñòè çàïèñàíî â âèäå:

lg lg lgN a b a a
i i i
� � � � �B Bmax max( , , ) .168 0 41 (1)

Èñïûòàâ îáðàçöû íà îäíîì óðîâíå íàãðóæåíèÿ è ïîëó÷èâ çíà÷åíèå Ni, ìîæíî
âû÷èñëèòü êîýôôèöèåíòû óðàâíåíèÿ a, b è ðàññ÷èòàòü çíà÷åíèÿ äîëãî-
âå÷íîñòè ïðè äðóãèõ óðîâíÿõ íàïðÿæåíèÿ. Âàæíî òîëüêî íå âûéòè çà ïðå-
äåëû ëèíåéíîñòè ôóíêöèè lgN = f(lg ómax).

Âû÷èñëåííûå êîýôôèöèåíòû óðàâíåíèé ðåãðåññèè a è b, ýêñïåðèìåí-
òàëüíûå è ðàñ÷åòíûå çíà÷åíèÿ óñòàëîñòíîé äîëãîâå÷íîñòè îáðàçöîâ ïðè
äåéñòâèè êîððîçèîííîé ñðåäû ïðèâåäåíû â òàáëèöå. Êðèâûå óñòàëîñòè
ïðåäñòàâëåíû íà ðèñ. 1.
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Ðèñ. 1. Êðèâûå óñòàëîñòè îáðàçöîâ
1 � èñõîäíîå ñîñòîÿíèå; 2 � ïîñëå åäèíè÷íîãî äåôîðìèðîâàíèÿ Ð = 0,7 Ðð;
3 � ïîñëå íàòÿãà 5 %; 4 � ïîñëå íàòÿãà 5 % è âûäåðæêè â 3%-ì ðàñòâîðå NaCl

ïðè óñò = 80 ÌÏà, ô = 180 ñóò



Ðàñ÷åò ðåñóðñíûõ õàðàêòåðèñòèê îáðàçöà ïîñëå êîððîçèîííîé ïðåäûñòî-
ðèè ïðè ïðîãðàììíîì íàãðóæåíèè ïðîâåäåí íà îñíîâàíèè òðàäèöèîííîé
ìåòîäèêè [6, 7], âêëþ÷àþùåé â ñåáÿ ñëåäóþùèå ýòàïû:

1. Ñîçäàíèå êîíå÷íî-ýëåìåíòíîé ìîäåëè;
2. Îïðåäåëåíèå ãðàíè÷íûõ óñëîâèé;
3. Çàäàíèå öèêëîãðàììû íàãðóæåíèÿ;
4. Àíàëèç íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ. Îïðåäåëåíèå

íàèáîëåå íàãðóæåííûõ (êðèòè÷åñêèõ) çîí êîíñòðóêöèè;
5. Îáðàáîòêà öèêëîãðàìì íàïðÿæåíèé ìåòîäîì «ïîëíûõ öèêëîâ» äëÿ

êàæäîé êðèòè÷åñêîé çîíû ñ ïîëó÷åíèåì ñïåêòðà íàïðÿæåíèé â âèäå àñèì-
ìåòðè÷íûõ öèêëîâ ñ ýêñòðåìóìàìè ómax, ómin;

6. Ïðèâåäåíèå àñèììåòðè÷íûõ öèêëîâ ê ýêâèâàëåíòíûì ïî âíîñèìîìó
óñòàëîñòíîìó ïîâðåæäåíèþ îòíóëåâûì öèêëàì ïî ôîðìóëå:

B

B B B B

B B B B0

0

2 0 6 0 4 0
i

m

m�

� �

� 0
max max min

max min m

( ) ,

( , , ), , ax

max

,

,

'
�

,

-
..

/
.
.

0

0 0B
(2)

çäåñü B
B B

m �
�max min

2
– ñðåäíåå íàïðÿæåíèå öèêëà;

7. Îïðåäåëåíèå ñîãëàñíî ãèïîòåçå ëèíåéíîãî ñóììèðîâàíèÿ ïîâðåæäå-
íèé ìàêñèìàëüíîãî çíà÷åíèÿ îäíîãî îòíóëåâîãî öèêëà, ýêâèâàëåíòíîãî ïî
âíîñèìîìó óñòàëîñòíîìó ïîâðåæäåíèþ âñåìó áëîêó íàãðóæåíèÿ:

B B0 0max �  H In
i i

mm , (3)

ãäå n
i

– ÷èñëî îòíóëåâûõ öèêëîâ ñ ìàêñèìàëüíûì çíà÷åíèåì B 0 i
; m – ïîêà-

çàòåëü êðèâîé óñòàëîñòè;
8. Ïîäáîð áàçîâûõ êðèâûõ óñòàëîñòè ñòàíäàðòíûõ îáðàçöîâ, îïèñûâàå-

ìûõ óðàâíåíèåì:
N ÀmB áð áð� , (4)

çäåñü Àáð – ïàðàìåòð êðèâîé óñòàëîñòè, çàâèñÿùèé îò ñâîéñòâ ìàòåðèàëà
è êîíñòðóêòèâíî-òåõíîëîãè÷åñêèõ îñîáåííîñòåé êîíñòðóêöèè; B áð – íàïðÿ-
æåíèå îáðàçöà â ñå÷åíèè áðóòòî;

Âëèÿíèå êîððîçèîííîé ñðåäû íà èçìåíåíèå óñòàëîñòíîé äîëãîâå÷íîñòè îáðàçöîâ...
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Ðèñ. 2. Ðàñïðåäåëåíèå ìàêñèìàëüíûõ ãëàâíûõ íàïðÿæåíèé, ÌÏà
Íàãðóæåíèå ïî òîðöàì ìîäåëè ïðè ómax = 150 (à), 130 (á), 110 (â) ÌÏà



9. Âû÷èñëåíèå ðàñ÷åòíîé äîëãî-
âå÷íîñòè èç ñîîòíîøåíèÿ:

N
À

K

max

m tg

m

ð
áð�

B 0

, (5)

çäåñü K tg � 3 02, – êîýôôèöèåíò êîí-
öåíòðàöèè íàïðÿæåíèé (ïðè ðàñ÷åòå
ïî ñå÷åíèþ áðóòòî).

Ïðîãðàììíûé áëîê íàãðóæåíèÿ
ñòðîèòåëüíîé êîíñòðóêöèè ïðåä-
ñòàâëÿåò ñîáîé îòíóëåâîå íàãðóæå-
íèå (ómin = 0) è ñîñòîèò èç îäíîãî
öèêëà ómax = 150 ÌÏà, 20 000 öèêëîâ
ómax = 130 ÌÏà è 100 000 öèêëîâ
ómax = 110 ÌÏà.

Áûë ïðîâåäåí êîíå÷íî-ýëåìåíò-
íûé àíàëèç, è íà ðèñ. 2 ïðåäñòàâëåíî
ðàñïðåäåëåíèå ìàêñèìàëüíûõ ãëàâ-
íûõ íàïðÿæåíèé äëÿ ðàçëè÷íûõ ñëó-
÷àåâ íàãðóæåíèÿ.

Ðàñ÷åòíàÿ îöåíêà äîëãîâå÷íî-
ñòè ïðè ïðîãðàììíîì íàãðóæåíèè
îáðàçöîâ ñ ðàçëè÷íîé êîððîçèîííîé
ïðåäûñòîðèåé ïðîâåäåíà íà îñíîâà-
íèè ôîðìóë (1�5) è ïðåäñòàâëåíà
â òàáëèöå.

Ïî ðåçóëüòàòàì ðàáîòû ìîæíî
ñäåëàòü âûâîä, ÷òî îïåðàöèè óïðî÷-
íåíèÿ ïðèâåëè ê óâåëè÷åíèþ äîëãî-
âå÷íîñòè â äèàïàçîíå 140 ÌÏà �
� ómax � 180 ÌÏà â ñðåäíåì ñîîò-
âåòñòâåííî â 1,9 è 3,3 ðàçà. Ïîñëå
íàòÿãà 5 % è ïîñëåäóþùåé âû-
äåðæêè â ñðåäå 3%-ãî ðàñòâîðà NaCl
â òå÷åíèå 180 ñóò ïðè Bñò = 80 ÌÏa
îòìå÷åíî ñíèæåíèå äîëãîâå÷íîñòè
(ïî ñðàâíåíèþ ñ ðåçóëüòàòàìè ïîñëå
íàòÿãà) â 1,5 ðàçà, íî äîëãîâå÷íîñòü
ïî ñðàâíåíèþ ñ èñõîäíûì ñîñòîÿíè-
åì îáðàçöîâ âûøå â 2,2 ðàçà.

Ðàññìîòðåííûå ìåòîäû è ðå-
çóëüòàòû èññëåäîâàíèé ìîãóò áûòü
èñïîëüçîâàíû ïðè âûáîðå óïðî÷-
íÿþùèõ òåõíîëîãèé ïî êðèòåðèþ
óñòàëîñòíîé äîëãîâå÷íîñòè ïðè
îöåíêå ðåñóðñíûõ õàðàêòåðèñòèê èç-
äåëèé.
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IMPACT ON CHANGE CORROSIVE ENVIRONMENTS
FATIGUE LIFE OF SAMPLES WITH HOLES AFTER
STRENGTHENING TECHNOLOGY

The characteristics of the fatigue life of samples of sheet material with AK4-1AT1
dornirovannym hole and samples with rivets installed with interference after prior exposure
to aggressive environment (solution 3 % NaCl) and static force loading during the
exposures. In the simulation test program building structure using the finite element method
Implemented calculation of the fatigue life. Revealed a significant effect of corrosive
environment on resource images.

K e y w o r d s: images with a hole, the coefficients of the regression equations, resource
characteristics, stress-strain state, corrosion, durability curves.

Âëèÿíèå êîððîçèîííîé ñðåäû íà èçìåíåíèå óñòàëîñòíîé äîëãîâå÷íîñòè îáðàçöîâ...
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ùåñòâ ¹ 4
Åðîôååâ Â.Ò., Ñòàðöåâ Î.Â., Ñìèðíîâ È.Â., Ìàêñèìîâà È.Í., Åðàñòîâ Â.Â., Ìà-
õîíüêîâ À.Þ. Óäàðíàÿ ïðî÷íîñòü ýïîêñèäíûõ ïîëèìåðáåòîíîâ ¹ 11�12
Èñëàìîâ À.Ì., Ôàõðóòäèíîâà Â.Õ., Àáäðàõìàíîâà Ë.À., Ñòàðîñòèíà È.À.,
ßãóíä Ý.Ì., Êóçíåöîâà Ë.Ì. Ïîâåðõíîñòíîå óñèëåíèå ÏÂÕ ïîëèèçîöèàíàòîì ¹ 3
Êàðà-ñàë Á.Ê., Ñåðåí Ø.Â., Ìîíãóø Ä.Ñ. Ïîëåâîøïàòîöåîëèòîâàÿ ïîðîäà êàê ñû-
ðüå äëÿ èçãîòîâëåíèÿ êåðàìè÷åñêèõ ñòåíîâûõ ìàòåðèàëîâ ¹ 2
Êàðàñ¸â Í.Ï., Ñåáåëåâ È.Ì. Ñòàòèñòè÷åñêèå ìåòîäû êîíòðîëÿ êà÷åñòâà öåìåíòà â
ÃÎÑÒ 30515–2013 ¹ 5
Êîëïàêîâ À.Â., Àáäðàõèìîâ Â.Ç. Èññëåäîâàíèå ïðîöåññîâ ãîðåíèÿ ïðè îáæèãå òåï-
ëîèçîëÿöèîííîãî èçäåëèÿ èç ìåæñëàíöåâîé ãëèíû è çîëîøëàêîâîãî ìàòåðèàëà ¹ 7
Êîïàíèöà Í.Î., Ñàôðîíîâ Â.Í., Êîâàëåâà Ì.À., Ñàðêèñîâ Þ.Ñ. Àêòèâàöèÿ ñûðü-
åâûõ êîìïîíåíòîâ è ôîðìîâî÷íûõ ñìåñåé â ïðîèçâîäñòâå òåïëîèçîëÿöèîííûõ ìàòå-
ðèàëîâ ¹ 5
Êóçíåöîâà È.Í., Êîñà÷ À.Ô., Ðàùóïêèíà Ì.À., Ãóòàðåâà Í.À. Âëèÿíèå îñíîâíûõ
ìèíåðàëîâ öåìåíòíîãî êàìíÿ íà åãî ñòðóêòóðó è ñâîéñòâà ¹ 8
Ëîãàíèíà Â.È., Ïûøêèíà È.Ñ. Ñòîéêîñòü èçâåñòêîâûõ ïîêðûòèé ñ äîáàâêîé íà îñ-
íîâå ñèíòåçèðîâàííûõ ãèäðîñèëèêàòîâ ¹ 1
Ìàêñèìîâà È.Í., Åðîôååâ Â.Ò., Ìàêðèäèí Í.È., Ïîëóáàðîâà Þ.Â. Êîìïëåêñ-
íàÿ îöåíêà ïàðàìåòðîâ êà÷åñòâà ñòðóêòóðû è ìåõàíèêè ðàçðóøåíèÿ öåìåíòíîãî
êàìíÿ ¹ 3
Ìàøêèí À.Í., Áåðäîâ Ã.È., Âèíîãðàäîâ Ñ.À., Õðèòàíêîâ Â.Ô. Äèýëüêîìåòðè÷å-
ñêèé àíàëèç ïðîöåññà ãèäðàòàöèîííîãî òâåðäåíèÿ öåìåíòíîãî êàìíÿ ¹ 2
Ìàøêèí À.Í., Áåðäîâ Ã.È., Âèíîãðàäîâ Ñ.À., Õðèòàíêîâ Â.Ô. Äèýëüêîìåòðè÷å-
ñêîå èññëåäîâàíèå âëèÿíèÿ ðåæèìîâ òåïëîâëàæíîñòíîé îáðàáîòêè íà ñâîéñòâà öå-
ìåíòíîãî êàìíÿ ¹ 3
Ìèðþê Î.À. Ìàãíåçèàëüíûå êîìïîçèòû ðàçëè÷íîé ñòðóêòóðû ¹ 5
Îâ÷àðåíêî Ã.È., Âèêòîðîâ À.Â., Âåñåëêîâà Ì.Ï. Ñìåøàííûé øëàêîïîðòëàíäöå-
ìåíò íà øëàêàõ ðàçíîé òîíêîñòè ïîìîëà ¹ 9
Îâ÷àðåíêî Ã.È., Âèêòîðîâ À.Â., Ñàäðàøåâà À.Î. Âëèÿíèå âèäà òîíêîèçìåëü÷åí-
íûõ ìèíåðàëüíûõ äîáàâîê íà ïðî÷íîñòü öåìåíòíîãî êàìíÿ. ×àñòü 2 ¹ 1
Ïèìåíîâ Ñ.È., Èáðàãèìîâ Ð.À. Îñîáåííîñòè ãèäðàòàöèè öåìåíòà è êèíåòèêà
òâåðäåíèÿ òÿæåëîãî áåòîíà â çàâèñèìîñòè îò ïàðàìåòðîâ òåïëîâëàæíîñòíîé îáðà-
áîòêè ¹ 9
Ðàõèìáàåâ Ø.Ì., Ïîëîâíåâà À.Â., Àíèêàíîâà Ò.Â. Âëèÿíèå íîâûõ äîáàâîê ýëåê-
òðîëèòîâ íà ñâîéñòâà ìåëêîçåðíèñòîãî áåòîíà ¹ 11�12
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Ðàõèìîâ Ð.Ç., Ðàõèìîâà Í.Ð., Ãàéôóëëèí À.Ð. Âëèÿíèå äîáàâîê â ïîðòëàíäöåìåíò
ïðîêàëåííîé è ìîëîòîé ãëèíû ñ ñîäåðæàíèåì 62 % êàîëèíèòà íà ïðî÷íîñòü öåìåíò-
íîãî êàìíÿ ¹ 2
Ñåëÿåâ Â.Ï., Êóïðèÿøêèíà Ë.È., Ñåäîâà À.À., Îñèïîâ À.Ê., Íåâåðîâ Â.À., Íóð-
ëûáàåâ Ð.Å. Ìîäåëèðîâàíèå òåõíîëîãè÷åñêèõ ðåæèìîâ ìîäèôèêàöèè ïðèðîäíîãî
äèàòîìèòà äëÿ óâåëè÷åíèÿ ñîäåðæàíèÿ àìîðôíîãî äèîêñèäà êðåìíèÿ ¹ 3
Ñåëÿåâ Â.Ï., Ñåäîâà À.À., Êóïðèÿøêèíà Ë.È., Îñèïîâ À.Ê. Âëèÿíèå êîíöåíòðà-
öèè ôîñôîðíîé êèñëîòû è ñòåïåíè íàïîëíåíèÿ öåîëèòñîäåðæàùåé ïîðîäû íà ïðî÷-
íîñòü öåìåíòíîãî êàìíÿ ¹ 8
Ñòîëáîóøêèí À.Þ., Èâàíîâ À.È., Ñûðîìÿñîâ Â.À., Ôîìèíà Î.À., Äðóæè-
íèí Ì.Ñ., Çëîáèí Â.È. Âëèÿíèå òåìïåðàòóðû îáæèãà íà ñïåêàíèå êåðàìè÷åñêîãî ÷å-
ðåïêà èç îòõîäîâ îáîãàùåíèÿ óãëèñòûõ àðãèëëèòîâ ¹ 10
ßäûêèíà Â.Â., Òîáîëåíêî Ñ.Ñ., Òðàóòâàèí À.È. Ñòàáèëèçèðóþùàÿ äîáàâêà äëÿ
ùåáåíî÷íî-ìàñòè÷íîãî àñôàëüòîáåòîíà íà îñíîâå îòõîäîâ öåëëþëîçíî-áóìàæíîé
ïðîìûøëåííîñòè ¹ 2

ÝÊÎÍÎÌÈÊÀ È ÎÐÃÀÍÈÇÀÖÈß ÑÒÐÎÈÒÅËÜÑÒÂÀ.
ÀÂÒÎÌÀÒÈÇÀÖÈß È ÒÅÕÍÎËÎÃÈß ÑÒÐÎÈÒÅËÜÍÎÃÎ ÏÐÎÈÇÂÎÄÑÒÂÀ

Àâäååâ Þ.Â., Êîíîíîâ À.Ä., Êîíîíîâ À.À., Âàðäàíÿí Í.À. Ê âîïðîñó îáðàáîòêè
ñèãíàëîâ íàâèãàöèîííîé ñèñòåìû ïðè àâòîìàòè÷åñêîì äèñòàíöèîííîì óïðàâëåíèè
ìàøèíàìè äîðîæíî-ñòðîèòåëüíîãî êîìïëåêñà ¹ 8
Ãåðàñèìîâ Â.Â., Êîðîáîâà Î.À., Èñàêîâ À.Ê., Ìèõàëü÷åíêî Î.Þ. Óïðàâëåíèå
áåçîïàñíîñòüþ òåððèòîðèàëüíûõ ñòðîèòåëüíûõ ñèñòåì ¹ 4
Ãåðàñèìîâ Â.Â., Êîðîáîâà Î.À., Èñàêîâ À.Ê., Ñàôàðÿí Ã.Á. Óïðàâëåíèå áåçîïàñ-
íîñòüþ ýêñïëóàòàöèîííîãî ïåðèîäà ñòðîèòåëüíûõ îáúåêòîâ ¹ 6
Ãðóçèí Â.Â., Àáðàìåíêîâ Ä.Ý., Åñáåðãåíîâ Ê.Á., Áîãàòûðåâà Ò.Â. Òåõíîëîãèÿ
ïîäãîòîâêè îñíîâàíèé ïëîùàäîê îòêðûòîãî õðàíåíèÿ ìàòåðèàëüíûõ ñðåäñòâ ¹ 2
Ãðóçèíöåâà Í.À., Ëûñîâà Ì.À., Íèêèôîðîâà Å.Í., Ãóñåâ Á.Í. Ðàçðàáîòêà ìåòîäè-
êè ôîðìèðîâàíèÿ êîíêóðåíòîñïîñîáíîãî àññîðòèìåíòà ïðåäïðèÿòèÿ ïî ïðîèçâîäñò-
âó ñòðîèòåëüíûõ ìàòåðèàëîâ ¹ 6
Çëîäååâ À.Â., Òèòîâ Ì.Ì., Âîëêîâ Ì.Ñ. Ðàñ÷åò òåõíîëîãèè çèìíåãî áåòîíèðîâàíèÿ
ïî ìåòîäó «òåðìîñ» ñ èñïîëüçîâàíèåì êðèòåðèåâ ïîäîáèÿ ¹ 2
Êàëóãèí Þ.Á. Ãðàôîàíàëèòè÷åñêàÿ ìîäåëü è ïðèáëèæåííûé ìåòîä îöåíêè ñðîêîâ
âûïîëíåíèÿ ïðîåêòà ñ âåðîÿòíîñòíûìè âðåìåííûìè ïàðàìåòðàìè ¹ 7
Êàëóãèí Þ.Á. Óíèâåðñàëüíûé ìåòîä îöåíêè ñðîêîâ âûïîëíåíèÿ ïðîåêòà ñ âåðîÿò-
íîñòíûìè âðåìåííûìè ïàðàìåòðàìè ¹ 1
Êàëóãèí Þ.Á., Æàðûé Ä.À. Îñîáåííîñòè îïòèìèçàöèè êàëåíäàðíûõ ãðàôèêîâ ñ âå-
ðîÿòíîñòíûìè âðåìåííûìè ïàðàìåòðàìè ¹ 3
Ôåäîñîâ Ñ.Â., Ãðóçèíöåâà Í.À., Ëûñîâà Ì.À., Ãóñåâ Á.Í. Êîìïëåêñíàÿ îöåíêà
êîíêóðåíòíûõ ïðåèìóùåñòâ ïðåäïðèÿòèÿ ïî ïðîèçâîäñòâó ñòðîèòåëüíûõ ìàòå-
ðèàëîâ ¹ 3
Ôåäîñîâ Ñ.Â., Ãðóçèíöåâà Í.À., Ëûñîâà Ì.À., Ãóñåâ Á.Í., Íèêèòèíà Ò.Þ., Íèêè-
ôîðîâà Å.Í. Ìåòîäèêà îöåíêè îïòèìàëüíîãî àññîðòèìåíòà ïðåäïðèÿòèÿ ïî ïðîèç-
âîäñòâó ãåîòåêñòèëüíûõ ñòðîèòåëüíûõ ìàòåðèàëîâ ¹ 10

ÃÈÄÐÎÒÅÕÍÈ×ÅÑÊÎÅ ÑÒÐÎÈÒÅËÜÑÒÂÎ

Àòàâèí À.À., Äåãòÿðåâ Â.Â., ßíåíêî À.Ï. Íåñòàöèîíàðíûå ïðîöåññû â ñóäîïðî-
ïóñêíûõ ñîîðóæåíèÿõ ¹ 8
Ãàðèáèí Ï.À., Îëüõîâèê Å.Î., Øàáàíîâ Ñ.Â. Ìåòîäîëîãèÿ îðãàíèçàöèè íåïðå-
ðûâíîãî ìîíèòîðèíãà òåõíè÷åñêîãî ñîñòîÿíèÿ ÃÒÑ âîäíîãî òðàíñïîðòà ¹ 2
Ãàõîâà Ë.Í., Êóçíåöîâà Þ.À. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå íàïðÿæåííîãî ñî-
ñòîÿíèÿ ñòàëåæåëåçîáåòîííûõ òóðáèííûõ âîäîâîäîâ â òðåõìåðíîé ïîñòàíîâêå ¹ 6
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Äçþáåíêî Ë.Ô., Êóçíåöîâà Þ.À., Ñîêîëîâà Â.À. Îïûò ïðîåêòèðîâàíèÿ õâîñòîõðà-
íèëèùà êîìáèíèðîâàííîãî òèïà ¹ 9
Êóçíåöîâ Ã.È. Íàêîïèòåëè ïðîìûøëåííûõ îòõîäîâ â çîíå âå÷íîé ìåðçëîòû ¹ 4

ÑÀÍÈÒÀÐÍÀß ÒÅÕÍÈÊÀ

Àçàðîâ Â.Í., Êîøêàðåâ Ñ.À. Ê ìîäåëè óëàâëèâàíèÿ ïûëè â ñåïàðàöèîííûõ óñòðîé-
ñòâàõ ñ ôèëüòðóþùå-âçâåøåííûì ñëîåì â ñòðîéèíäóñòðèè ¹ 2
Áàãîóòäèíîâà À.Ã., Çîëîòîíîñîâ ß.Ä. Çìååâèêîâûå òåïëîîáìåííèêè è èõ ìàòåìà-
òè÷åñêîå îïèñàíèå ¹ 7
Áðîéäà Â.À. Õàðàêòåðèñòèêè ñòàáèëèçàòîðà ðàñõîäà âåíòèëÿöèîííîãî âîçäóõà ïðÿ-
ìîãî äåéñòâèÿ ¹ 7
Âàðñåãîâà Å.Â., Ïîñîõèí Â.Í. Îá óñëîâèÿõ ïðåäåëüíîãî óëàâëèâàíèÿ ïîòîêà âðåä-
íûõ âûäåëåíèé ìåñòíûì îòñîñîì ¹ 11�12

Ãâîçäêîâ À.Í. Òåïëî- è âëàãîîáìåí â ñèñòåìå «âîçäóõ�âîäà» ñ ïîçèöèè òåîðèè ïî-
òåíöèàëà âëàæíîñòè ¹ 11�12
Äåíèñèõèíà Ä.Ì. Èññëåäîâàíèå ðàçëè÷íûõ ñõåì âîçäóõîðàñïðåäåëåíèÿ ëåäîâûõ
àðåí ¹ 5
Èâàíîâà Ñ.Ä., Àìáðîñîâà Ã.Ò., Êñåíîôîíòîâà Î.Â., Ôóíê À.À., Ãàíçîðèã Øîí-
õîð, Ëåîíîâà Å.Í. Ê âîïðîñó îïðåäåëåíèÿ ñòåïåíè ðåöèðêóëÿöèè àêòèâíîãî èëà ïðè
î÷èñòêå ñòî÷íûõ âîä ìåòîäîì íèòðèôèêàöèè è äåíèòðèôèêàöèè ¹ 3
Êîâàëåíêî Ê.À., Ïóøêàðåâà Ã.È. Ñîðáöèîííîå óäàëåíèå èîíîâ òÿæåëûõ ìåòàëëîâ
èç âîäíûõ ñðåä ñ èñïîëüçîâàíèåì ïðèðîäíîãî îêñèäà ìàðãàíöà ¹ 11�12
Êîñòèí Â.È. Âëèÿíèå íåñòàöèîíàðíûõ âíóòðåííèõ òåïëîïîñòóïëåíèé íà âûáîð îã-
ðàæäàþùèõ êîíñòðóêöèé ¹ 4
Êîñòèí Â.È. Ðåãóëèðîâàíèå íàñîñîâ è âåíòèëÿòîðîâ â ñèñòåìàõ òåïëîñíàáæåíèÿ è
êëèìàòèçàöèè ¹ 11–12
Êóëüêîâ Â.Í., Ñîëîïàíîâ Å.Þ., Ñîñíà Â.Ì. Ìåõàíè÷åñêàÿ ðåãåíåðàöèÿ èììîáèëè-
çîâàííîãî èëà â áèîðåàêòîðå ñ äâóðÿäíîé ïðîäîëüíîé àýðàöèåé ¹ 5
Ìàëÿâèíà Å.Ã., Öûãàíêîâ À.Â. Âëèÿíèå ðàçëè÷íûõ ôàêòîðîâ íà òåìï îñòûâàíèÿ
ïîìåùåíèÿ ïîñëå îòêëþ÷åíèÿ òåïëîñíàáæåíèÿ ¹ 1
Ðîõëåöîâà Ò.Ë., Ñàâåëüåâ Å.Ã., Êèÿíèöà Ë.À. Ïðèìåíåíèå ïîýòàæíûõ êîëëåêòî-
ðîâ äëÿ êâàðòèðíûõ ñèñòåì îòîïëåíèÿ ¹ 3
Ñàêàø Ã.Â. Îñîáåííîñòè î÷èñòêè âîäû âîäîõðàíèëèù-îõëàäèòåëåé ÒÝÑ îò îðãàíè-
÷åñêèõ âåùåñòâ ¹ 1
Ñàëüâà À.Ì. Ìàãèñòðàëüíîå è ãðóïïîâîå âîäîñíàáæåíèå íàñåëåííûõ ïóíêòîâ â çà-
ðå÷íûõ ðàéîíàõ Öåíòðàëüíîé ßêóòèè ¹ 6
Ñêîëóáîâè÷ Þ.Ë., Âîéòîâ Å.Ë., Êðóòêîâ À.Å. Ïîâûøåíèå ýôôåêòèâíîñòè î÷èñòêè
ñòî÷íûõ âîä ïðåäïðèÿòèé óãëåäîáûâàþùåé ïðîìûøëåííîñòè ¹ 4
Ñêîëóáîâè÷ Þ.Ë., Ñîïïà Ì.Ñ., Ñèíååâà Í.Â. Ìîäåëèðîâàíèå íåñòàöèîíàðíûõ õà-
ðàêòåðèñòèê äâèæåíèÿ ÷àñòèö êîíòàêòíîé ìàññû â ðåàêòîðå-îñâåòëèòåëå ¹ 7
Ñòåïàíîâ Â.Ñ., Ñóõàðåâà Î.Â., Áàéìà÷åâ Å.Ý., Ëèíêåâè÷ Ä.Ñ. Èññëåäîâàíèå ýíåð-
ãîýôôåêòèâíîñòè ñïëèò-ñèñòåì êîíäèöèîíèðîâàíèÿ âîçäóõà ¹ 2
Óëÿøåâà Â.Ì., Åðìîëåíêî Í.Ì., Êîøêàðåâ À.Þ. ×èñëåííîå ìîäåëèðîâàíèå
òåïëîîáìåíà ÷åðåç íåóòåïëåííûå ïîëû íà ãðóíòå ¹ 7
Øàöêèé Â.Ï., Ãóëåâñêèé Â.À. Îá ýôôåêòèâíîñòè ðàáîòû âîäîèñïàðèòåëüíûõ ïëà-
ñòèí÷àòûõ îõëàäèòåëåé âîçäóõà â êîìáèòîííåëüíîé ñèñòåìå âåíòèëÿöèè ïòèöåâîä-
÷åñêîãî ïîìåùåíèÿ ¹ 10
Øèëÿåâ Ì.È., Õðîìîâà Å.Ì. Ê âîïðîñó î âëèÿíèè ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ è
äèíàìè÷åñêîé âÿçêîñòè âîäíûõ ðàñòâîðîâ ïîëèìåðîâ íà ïàðàìåòðû îáåçâîæèâàíèÿ
óãîëüíûõ ñóñïåíçèé ¹ 10
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Øèëÿåâ Ì.È., Õðîìîâà Å.Ì., Áîãîìîëîâ À.Ð., Øèðîêîâà Ñ.Í. Àäàïòàöèÿ ìîäåëè
àáñîðáöèîííîé î÷èñòêè ãàçîâ â ôîðñóíî÷íûõ ñêðóááåðàõ íà õåìîñîðáöèîííûå ïðî-
öåññû ¹ 3
Øèëÿåâ Ì.È., Õðîìîâà Å.Ì., Øèðîêîâà Ñ.Í. Îöåíêà ýôôåêòèâíîñòè äâóõñòóïåí-
÷àòîé èíåðöèîííî-êîíäåíñàöèîííî-àáñîðáöèîííîé ïûëå- è ãàçîî÷èñòêè äûìîâûõ
ãàçîâ êîòåëüíûõ è ÒÝÑ, ðàáîòàþùèõ íà óãëå ¹ 2
Ùèííèêîâ Ï.À., Ñèíåëüíèêîâ Ä.Ñ. Ýíåðãîñíàáæåíèå ïðè ìàëîýòàæíîì ñòðîè-
òåëüñòâå ïðè îòñóòñòâèè èíôðàñòðóêòóðû ¹ 7

ÑÒÐÎÈÒÅËÜÑÒÂÎ ÀÂÒÎÌÎÁÈËÜÍÛÕ ÄÎÐÎÃ È ÌÎÑÒÎÂ

Åôèìåíêî Ñ.Â., Ñóõîðóêîâ À.Â., Åôèìåíêî Â.Í. Îáîñíîâàíèå ðàñ÷åòíûõ çíà÷å-
íèé õàðàêòåðèñòèê ãëèíèñòûõ ãðóíòîâ Çàïàäíî-Ñèáèðñêîãî ðåãèîíà ¹ 7
Êèñåë¸â Â.Ï., Øåâ÷åíêî Â.À., Âàñèëîâñêàÿ Ã.Â., Èâàíîâà Ë.À., Âîðîí÷èõèí Â.Ä.
Ìîäèôèêàöèÿ ñâîéñòâ íåôòÿíîãî äîðîæíîãî áèòóìà ¹ 5
Êèñåë¸â Â.Ï., Øåâ÷åíêî Â.À., Âàñèëîâñêàÿ Ã.Â., Èâàíîâà Ë.À., Âîðîí÷èõèí Â.Ä.
Óñòîé÷èâîñòü ê ñòàðåíèþ íåôòÿíîãî äîðîæíîãî áèòóìà, ìîäèôèöèðîâàííîãî ìàëî-
êàðáîêñèëèðîâàííûìè ïîëèáóòàäèåíàìè ¹ 3
Ùåïîòèí Ã.Ê., Ìàøêèí Í.À. Ïîâûøåíèå ìîðîçîóñòîé÷èâîñòè çåìëÿíîãî ïîëîòíà
àâòîìîáèëüíûõ äîðîã ¹ 3

ÑÒÐÎÈÒÅËÜÍÛÅ È ÄÎÐÎÆÍÛÅ ÌÀØÈÍÛ

Àáðàìåíêîâ Ý.À. Ñîçäàíèå ýôôåêòèâíûõ ñðåäñòâ ìåõàíèçàöèè òåõíîëîãè÷åñêèõ
ïðîöåññîâ â ñòðîèòåëüñòâå ¹ 4
Àáðàìåíêîâ Ä.Ý., Àáðàìåíêîâ Ý.À., Äåäîâ À.Ñ., Äìèòðèåâ Ì.Ï., Ìàëûøåâ Ì.Ñ.,
×îåí Îëçèéáàÿð. Ïíåâìîóäàðíûé ìåõàíèçì ñ ïåðåïóñêîì ìåæäó êàìåðàìè ðàáî÷å-
ãî è õîëîñòîãî õîäà è åãî ôèçèêî-ìàòåìàòè÷åñêîå îïèñàíèå ¹ 8
Àáðàìåíêîâ Ý.À., Êóòóìîâ À.À., Êîðíååâ À.Í., Àáðàìåíêîâ Ä.Ý. Áàðî- è òåðìîäè-
íàìèêà ïðîöåññà ïåðåïóñêà âîçäóõà ìåæäó ðàáî÷èìè êàìåðàìè ïíåâìîóäàðíîãî ìå-
õàíèçìà è åãî ôèçèêî-ìàòåìàòè÷åñêîå îïèñàíèå ¹ 10
Àáðàìåíêîâ Ý.À., Êóòóìîâ À.À., Êîðíååâ À.Í., Àáðàìåíêîâ Ä.Ý. Äðîññåëüíûé
ïíåâìîóäàðíûé ìåõàíèçì ñ ôóíêöèåé óïðàâëåíèÿ ïåðåïóñêîì â êàìåðó õîëîñòîãî
õîäà è åãî ôèçèêî-ìàòåìàòè÷åñêîå îïèñàíèå ¹ 11�12
Äìèòðèåâ Ì.Ï., Àáðàìåíêîâ Ä.Ý., Ãàéäó÷èê Ì.È., Ãýíäýí Áàòòóëãà, Ìàëû-
øåâ Ì.Ñ., Àáðàìåíêîâ Ý.À. Ïíåâìàòè÷åñêèé óäàðíûé ìåõàíèçì ìîëîòà ñ àêêóìó-
ëÿöèîííîé è òîðìîçíîé êàìåðàìè è åãî ôèçèêî-ìàòåìàòè÷åñêîå îïèñàíèå ¹ 9

ÍÀÓ×ÍÛÅ ÏÐÎÁËÅÌÛ ÀÐÕÈÒÅÊÒÓÐÛ È ÝÊÎËÎÃÈÈ

Àêèìîâà Ì.È. Ñèñòåìà çàñòðîéêè ãëàâíûõ ïëîùàäåé ãîðîäîâ Çàïàäíîé Ñèáèðè ¹ 7
Àêèìîâà Ì.È., ×å÷óëèíà À.Ñ. Óïëîòíåííàÿ çàñòðîéêà êðóïíûõ ãîðîäîâ: çàðóáåæ-
íûé è îòå÷åñòâåííûé îïûò ¹ 6
Áàëüçàííèêîâà Å.Ì., Ñàìîãîðîâ Â.À. Àðõèòåêòóðíûå îñîáåííîñòè ïðîìûøëåí-
íûõ îáúåêòîâ Ñàìàðñêîé ãóáåðíèè êîíöà XIX – íà÷àëà XX â. ¹ 5
Ãîðîäêîâ À.Â., Ñàìîõîâà Í.À. Àêóñòè÷åñêèé ðåæèì ðåêðåàöèîííûõ òåððèòîðèé ãî-
ðîäà è åãî îïòèìèçàöèÿ ñðåäñòâàìè îçåëåíåíèÿ ïåðèôåðèéíûõ çîí ¹ 9
Êàðèìîâ À.Ì. Ìåòîäîëîãè÷åñêèå, èíôðàñòðóêòóðíûå è îðãàíèçàöèîííûå ïðåäïî-
ñûëêè ìîäåðíèçàöèè ãðàäîñòðîèòåëüíîé äåÿòåëüíîñòè â ñîâðåìåííûõ ñîöèàëü-
íî-ýêîíîìè÷åñêèõ óñëîâèÿõ ¹ 4
Êåòîâà Å.Â., Íèæåãîðîäöåâà Þ.Å. Îñíîâíûå îñîáåííîñòè âîçíèêíîâåíèÿ è ðàçâè-
òèÿ èíæåíåðíûõ ñèñòåì âîäîçàáîðà íà òåððèòîðèè Ñèáèðñêîãî ðåãèîíà ñ êîíöà XVII
äî íà÷àëà XX â. ¹ 5

Óêàçàòåëü ñòàòåé

113



Êîëïàêîâà Ì.Ð., Òóìàíèê Ã.Í. Ïðîãíîç ïåðñïåêòèâíîãî ðàññåëåíèÿ â Ñèáèðè è íà
Äàëüíåì Âîñòîêå ¹ 4
Ïàí÷óêîâ Í.À. Îá îäíîì âèäå ïðîñòðàíñòâåííîé êîíñòðóêöèè è îñîáåííîñòÿõ åå èñ-
ïîëüçîâàíèÿ ÷åðåç èíôîðìàöèîííîå ìîäåëèðîâàíèå ¹ 6
Ñåìèêèí Ï.Ï., Áàöóíîâà Ò.Ï. Îñîáåííîñòè îáúåìíî-ïðîñòðàíñòâåííûõ ðåøåíèé
âûñîòíûõ çäàíèé ñ âîçîáíîâëÿåìûìè èñòî÷íèêàìè ýíåðãèè ¹ 1
Ñåìèêèí Ï.Ï., Áàöóíîâà Ò.Ï., Ñåìèêèí Ï.Â. Ìîäóëüíîñòü â àðõèòåêòóðå âûñîò-
íûõ çäàíèé ¹ 5
Ñòðîåâà Í.Í., Áàöóíîâà Ò.Ï. Êëàññèôèêàöèÿ âåëíåñ-öåíòðîâ â ãîðîäñêîé
ñðåäå ¹ 9
Õóíèí ßí, Öçÿíüõàî ×ýíü, Õóàí÷æîó ×æàî, Òèíöçÿ Ãàî, Ñÿîþíü Öàé,
Öçÿíüâàíü ×ýíü. Âçðûâ ãàçà â Ãàîñþíå � ïîäðîáíûé àíàëèç òðàãåäèè â ïîðòîâîì
ãîðîäå (îðèãèíàë íà àíãëèéñêîì ÿçûêå) ¹ 11�12

ÍÀÓ×ÍÎ-ÌÅÒÎÄÈ×ÅÑÊÈÉ ÐÀÇÄÅË

Àäåãîâà Ë.À. Ïðèìåíåíèå ìîäèôèöèðîâàííûõ êðèâûõ óñòàëîñòè äëÿ ðàñ÷åòíîé
îöåíêè äîëãîâå÷íîñòè òîíêîñòåííûõ ýëåìåíòîâ êîíñòðóêöèé ¹ 3
Àäèùåâ Â.Â., Êàðïîâ Å.Â., Äåìåøêèí À.Ã., Êàðïèöêàÿ Þ.Ð., Ìàëüöåâ Â.Â., Èâà-
íîâ À.È. Ïðèìåíåíèå îïòè÷åñêîé ñèñòåìû Correlated Solutions Vic 3D äëÿ ïîñòðîå-
íèÿ äèàãðàìì äåôîðìèðîâàíèÿ áåòîíà ¹ 8
Àçàðîâ Â.Í., Êîøêàðåâ Ñ.À. Ê îïèñàíèþ ñóøêè äèñïåðñíûõ ñòðîèòåëüíûõ ìàòå-
ðèàëîâ ïðè îáåñïûëèâàíèè âûáðîñîâ ñèñòåì àñïèðàöèè ñòðîéèíäóñòðèè â ñåïàðàöè-
îííûõ óñòðîéñòâàõ ñ ôèëüòðóþùå-âçâåøåííûì ñëîåì ¹ 3
Áîãäàíîâ Â.Ñ., Àëåêñàíäðîâà Å.Á., Ðóäàêîâà Å.Â., Áîãäàíîâ Ä.Â. Ðàñ÷åò ïîòðåá-
ëÿåìîé ìîùíîñòè âèíòîâîãî ãðîõîòà ¹ 7
Áóêðååâ Â.È., Äåãòÿðåâ Â.Â., ×åáîòíèêîâ À.Â. Âëèÿíèå íåìîíîòîííîé çàâèñèìî-
ñòè ïëîòíîñòè îò òåìïåðàòóðû íà äâèæåíèå ñîëåíîé âîäû ¹ 8
Áóêðååâ Â.È., Äåãòÿðåâ Â.Â., ×åáîòíèêîâ À.Â. Ãðàâèòàöèîííûå âîëíû â ïðîäîëüíî
êîëåáëþùåìñÿ êîíòåéíåðå ¹ 6
Áóêðååâ Â.È., Äåãòÿðåâ Â.Â., ×åáîòíèêîâ À.Â. Ãðàâèòàöèîííûå ïîâåðõíîñòíûå
âîëíû ïðè ïðîäîëüíîé êà÷êå êîíòåéíåðà, ÷àñòè÷íî çàïîëíåííîãî æèäêîñòüþ ¹ 1
Âåñåëîâ Â.Â., Áåëÿêîâ Â.À., Ñàëüíèêîâ Â.Á. Ðåøåíèå íåñòàöèîíàðíîé è íåëèíåé-
íîé òåïëîâîé çàäà÷è ïðîìåðçàíèÿ–îòòàèâàíèÿ ãðóíòà ìåòîäîì êîíå÷íûõ ýëå-
ìåíòîâ ¹ 2
Âûñîöêèé Ë.È. Çàìå÷àíèÿ ê îïðåäåëåíèþ ýêâèâàëåíòíîé øåðîõîâàòîñòè ¹ 8
Âûñîöêèé Ë.È. Î êîíñòàíòå Êàðìàíà. × à ñ ò ü I ¹ 6
Âûñîöêèé Ë.È. Î êîíñòàíòå Êàðìàía. × à ñ ò ü II ¹ 7
Ãàëüïåðèí Å.Ì. Óñòàíîâëåíèå ñîñòàâà è êîëè÷åñòâà ïîêàçàòåëåé, îïðåäåëÿþùèõ
ñîñòîÿíèå ñèñòåìû ïîäà÷è è ðàñïðåäåëåíèÿ âîäû ¹ 7
Ãíûðÿ À.È., Êîðîáêîâ Ñ.Â., Ìîêøèí Ä.È., Êîøèí À.À., Ãàóññ Ê.Ñ., Àíîøêè-
íà Î.Î., Òåðåõîâ Â.È. Èññëåäîâàíèå òåïëîîáìåíà ìîäåëåé ñèñòåìû çäàíèé.
× à ñ ò ü 1. Îòäåëüíî ñòîÿùèå ïðèçìû ðàçëè÷íîé âûñîòû ¹ 8
Ãíûðÿ À.È., Êîðîáêîâ Ñ.Â., Ìîêøèí Ä.È., Êîøèí À.À., Ãàóññ Ê.Ñ., Òåðåõîâ Â.È.
Èññëåäîâàíèå òåïëîîáìåíà ìîäåëåé ñèñòåìû çäàíèé. × à ñ ò ü 2. Äâå ïðèçìû, íàõî-
äÿùèåñÿ â ñëåäå ¹ 9
Ãíûðÿ À.È., Êîðîáêîâ Ñ.Â., Ìîêøèí Ä.È., Êîøèí À.À., Ãàóññ Ê.Ñ., Àíîøêè-
íà Î.Î., Òåðåõîâ Â.È. Èññëåäîâàíèå òåïëîîáìåíà ìîäåëåé ñèñòåìû çäàíèé.
× à ñ ò ü 3. Äâå ïðèçìû ïðè ïîïåðå÷íîì èõ ñìåùåíèè ¹ 10
Çèãàíøèí À.Ì., Ïîñîõèí Â.Í., Áàäûêîâà Ë.Í., Ãèìàäèåâà Ã.À. ×èñëåííîå ìîäå-
ëèðîâàíèå òå÷åíèÿ â äâóõìåðíîì òðîéíèêå ¹ 5
Êàëèíè÷ È.Â., Ñìîëüíèêîâ Ã.Â., Ñàêàø Ã.Â. Òåïëîîòäà÷à îò ïîâåðõíîñòè íàãðå-
òûõ ìàòåðèàëîâ ïðè êîíâåéåðíîé òðàíñïîðòèðîâêå ¹ 11�12
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Êíÿçåâà È.À., Çîëîòîíîñîâ ß.Ä., Ëèñîâñêèé Â.À. Èçãîòîâëåíèå òåïëîîáìåííûõ
ýëåìåíòîâ íà áàçå ïðóæèííî-âèòûõ êàíàëîâ ¹ 8
Êîøåëåâà Î.Ý., Áîðèñîâñêàÿ Í.Å. Èññëåäîâàíèå ñâîéñòâ ìàãíèòíîé æèäêîñòè ¹ 1
Êîÿíêèí À.À., Èëèçàðîâ À.Ã. Ðàçâèòèå ìåòîäèêè ðàñ÷åòà áàëêè êóñî÷íî-ïîñòîÿí-
íîãî ñå÷åíèÿ, âûïîëíÿåìîãî ñ èñïîëüçîâàíèåì ïðåðûâàòåëåé Ãåðñåâàíîâà ¹ 3
Êóçàâîâ Â.Ò. Êàâèòàöèîííîå ðàçðóøåíèå ìàòåðèàëîâ â ñïèðàëüíûõ ñòðóêòóðàõ â ïî-
ñòàíîâêå âèáðàöèîííîé ýðîçèè ¹ 6
Êóðãóçîâ Â.Ä., Äåìåøêèí À.Ã. Çàðîæäåíèå òðåùèí íà ïîâåðõíîñòè êîíöåíòðàòîðîâ
íàïðÿæåíèé â âèäå êðóãîâûõ îòâåðñòèé ïðè ñæàòèè îáðàçöîâ èç êâàçèõðóïêîãî ìàòå-
ðèàëà ¹ 9
Ëåíèâöåâ À.Ã., Äóäàíîâ È.Â., Ëàïòåâà È.Â. Ïðîöåññ íàêîïëåíèÿ ìåõàíè÷åñêèõ
ïðèìåñåé â ñèëîâûõ ïåðåäà÷àõ ìàøèí ñ ó÷åòîì âîçäóõîîáìåíà ñ îêðóæàþùåé
ñðåäîé ¹ 1
Ìàòóñ Å.Ï., Ïè÷óãèí À.Ï. Òðåùèíîñòîéêîñòü ñòàëåôèáðîáåòîíà ñ ìàëûì ïðî-
öåíòîì àðìèðîâàíèÿ ¹ 11�12
Íåìèðîâñêèé Þ.Â., Àæåðìà÷åâ À.Â. Ñèíòåç ãèáðèäíûõ ôåðìåííûõ êîíñò-
ðóêöèé ¹ 1
Íåìèðîâñêèé Þ.Â., Áàòóðèí À.À. Ìåòîä ðàñ÷åòà äåôîðìàòèâíîñòè è ïðî÷íîñòè
îäíîòàâðîâûõ è äâóòàâðîâûõ æåëåçîáåòîííûõ ñòåðæíåé ¹ 10
Ïëåâêîâ Â.Ñ., Óòêèí Ä.Ã. Ðàáîòà ñòàëåôèáðîæåëåçîáåòîííûõ ýëåìåíòîâ ïðè êðàò-
êîâðåìåííîì äèíàìè÷åñêîì íàãðóæåíèè ¹ 6
Ðîäåâè÷ Â.Â., Àðçàìàñöåâ Ñ.À. Ê ðàñ÷åòó æåëåçîáåòîííûõ ýëåìåíòîâ íà èçãèá ñ
êðó÷åíèåì ¹ 9
Ðîìàíåíêî Â.Ñ., Áîãäàíîâ Â.Ñ. Ìåòîäèêà ðàñ÷åòîâ êîíñòðóêòèâíî-òåõíîëîãè÷å-
ñêèõ ïàðàìåòðîâ ãîðèçîíòàëüíîé âàëêîâîé ìåëüíèöû ¹ 6
Ñàðêèñîâ Þ.Ñ., Ãîðëåíêî Í.Ï., Ñàôðîíîâ Â.Í., Êóãàåâñêàÿ Ñ.À. Âëèÿíèå ìàã-
íèòíîãî ïîëÿ íà ñâîéñòâà äèñïåðñíûõ ñèñòåì ¹ 7
Ñàôèóëëèí Ð.Ã., Ïîñîõèí Â.Í. ×èñëåííîå ìîäåëèðîâàíèå äâèæåíèÿ êàïåëü
ïðè ðàñïûëèâàíèè æèäêîñòè ïîðèñòûìè âðàùàþùèìèñÿ ðàñïûëèòåëÿìè.
× à ñ ò ü 1. Ðåçóëüòàòû ðàñ÷åòà òðàåêòîðèé äâèæåíèÿ êàïåëü â íåïîäâèæíîì
âîçäóõå ¹ 9
Ñàôèóëëèí Ð.Ã., Ïîñîõèí Â.Í. ×èñëåííîå ìîäåëèðîâàíèå äâèæåíèÿ êàïåëü ïðè
ðàñïûëèâàíèè æèäêîñòè ïîðèñòûìè âðàùàþùèìèñÿ ðàñïûëèòåëÿìè.
× à ñ ò ü 2. Ðàñ÷åò òðàåêòîðèé êàïåëü â àïïàðàòàõ ñ ÏÂÐ ¹ 10
Ñåìèêîïåíêî È.À., Âîðîíîâ Â.Ï., Æóêîâ À.À. Òåîðåòè÷åñêîå èññëåäîâàíèå ïðî-
öåññà ñìåøèâàíèÿ êîìïîíåíòîâ â ïîìîëüíî-ñìåñèòåëüíîì àãðåãàòå íà áàçå ìåëüíè-
öû äåçèíòåãðàòîðíîãî òèïà ¹ 5
Òèõîìèðîâ Â.Ì., Àñòàõîâ Þ.Â., Ñàìîøêèí À.Ñ. Ìîäåëèðîâàíèå óïðóãîïëàñòè÷å-
ñêîãî ñöåïëåíèÿ àðìàòóðû ñ áåòîíîì ¹ 2
Ôåäîðîâà Í.Í., Âàëüãåð Ñ.À. Ìîäåëèðîâàíèå âçàèìîäåéñòâèÿ ïîòîêà âîçäóõà ñ
ãèáêîé ïëàñòèíîé ¹ 4
Õàðõàðäèí À.Í. Òîïîëîãè÷åñêèå ñâîéñòâà äèñêðåòíûõ ñèñòåì ¹ 5

Õàpõàðäèí À.Í. Òîïîëîãè÷åñêèå ñâîéñòâà êðóïíîìàñøòàáíûõ ñòðóêòóð ¹ 11�12
Õàðõàðäèí À.Í., Íåëþáîâà Â.Â., Ñòðîêîâà Â.Â. Òîïîëîãè÷åñêèå ñâîéñòâà äèñïåðñ-
íûõ ìàòåðèàëîâ è äðóãèõ äèñêðåòíûõ ñèñòåì ¹ 10
Õàðõàðäèí À.Í., Ñòðîêîâà Â.Â., Íåëþáîâà Â.Â. Äèñêðåòíàÿ òîïîëîãèÿ äèñïåðñíûõ
ìàòåðèàëîâ è ïðîñòûõ âåùåñòâ ¹ 2
Øèëÿåâ Ì.È., Õðîìîâà Å.Ì., Ãëàäêîâà Þ.Ñ. Ñðàâíåíèå ýíåðãîçàòðàò íà îáåç-
âîæèâàíèå óãîëüíîãî êîíöåíòðàòà â öåíòðèôóãàõ, âàêóóì-ôèëüòðàõ è ôèëüòð-
ïðåññàõ ¹ 9
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Â ËÀÁÎÐÀÒÎÐÈßÕ ÂÓÇÎÂ

Ïè÷êóðîâà Í.Ñ., Êàðåëèí Â.Ä. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ æåëåçîáåòîííûõ
èçãèáàåìûõ ýëåìåíòîâ ñ çàìîäåëèðîâàííûìè òðåùèíàìè ¹ 5
Ðóäçåé Ã.Ô., Àäåãîâà Â.Â., Äóáèíèí Â.Â. Âëèÿíèå êîððîçèîííîé ñðåäû íà èçìå-
íåíèå óñòàëîñòíîé äîëãîâå÷íîñòè îáðàçöîâ ñ îòâåðñòèåì ïîñëå óïðî÷íÿþùèõ òåõ-
íîëîãèé ¹ 11�12

ÂÍÅÄÐÅÍÈÅ ÍÀÓ×ÍÛÕ ÄÎÑÒÈÆÅÍÈÉ Â ÏÐÎÈÇÂÎÄÑÒÂÎ

Æóëèí À.Ã., Åëèçàðîâà Î.Ä. Óäàëåíèå æåëåçà èç ñàïðîïåëåâûõ ñòîêîâ ¹ 7
Ñàëåíêî Ñ.Ä., Ãîñòååâ Þ.À. Ê îöåíêå âåòðîâûõ âîçäåéñòâèé íà ñîîðóæåíèÿ ¹ 1

ÍÀÓ×ÍÀß ÈÍÔÎÐÌÀÖÈß

Âëàäèìèðîâ Ñ.À. Óíèêàëüíûé îïûò ÎÀÎ «Ãàçïðîì» ïî óïðàâëåíèþ ñëîæíåéøèìè
êðóïíîìàñøòàáíûìè èíâåñòèöèîííûìè ïðîåêòàìè ¹ 9
Íóæäèí Ë.Â. Àêòóàëüíàÿ êíèãà ïî ñâàéíûì ôóíäàìåíòàì ¹ 10

ÍÀØÈ ÞÁÈËßÐÛ

Çàìå÷àòåëüíûé ó÷åíûé-ïðàêòèê è èííîâàòîð (ê 80-ëåòèþ Âëàäèìèðà Èâàíî-
âè÷à Êîñòèíà) ¹ 1
Âûäàþùèéñÿ ó÷åíûé ìåæäóíàðîäíîãî ìàñøòàáà â îáëàñòè ãèäðîäèíàìèêè
(Îëåãó Ôåäîðîâè÷ó Âàñèëüåâó – 90 ëåò) ¹ 8
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ÏÐÀÂÈËÀ ÎÔÎÐÌËÅÍÈß, ÏÐÅÄÑÒÀÂËÅÍÈß
È ÐÅÄÀÊÖÈÎÍÍÎÉ ÎÁÐÀÁÎÒÊÈ ÐÓÊÎÏÈÑÅÉ ÑÒÀÒÅÉ

1. Ðóêîïèñü ïðåäñòàâëÿåòñÿ â ðåäàêöèþ íà ðóññêîì ÿçûêå. Çàðóáåæíûå àâòîðû ìîãóò ïðèñûëàòü ñòà-
òüè íà àíãëèéñêîì ÿçûêå. Âîçìîæíà ïóáëèêàöèÿ ñòàòüè îäíîâðåìåííî â äâóõ âàðèàíòàõ — íà ðóññêîì
è àíãëèéñêîì ÿçûêàõ. Â ýòîì ñëó÷àå îôîðìëÿþòñÿ äâà òåêñòà ñòàòüè — íà ðóññêîì ÿçûêå è òî÷íûé ïåðåâîä
íà àíãëèéñêèé. Âìåñòå ñ ðóêîïèñüþ ïðåäñòàâëÿþòñÿ:
— ñîïðîâîäèòåëüíîå ïèñüìî ðóêîâîäñòâà îðãàíèçàöèè, îòêóäà èñõîäèò ðóêîïèñü;
— ðåêîìåíäàöèÿ ñîîòâåòñòâóþùåãî àêàäåìè÷åñêîãî (êàôåäðû) èëè íàó÷íîãî ïîäðàçäåëåíèÿ (çàâåðåí-

íàÿ âûïèñêà èç ïðîòîêîëà çàñåäàíèÿ ïîäðàçäåëåíèÿ);
— ýêñïåðòíîå çàêëþ÷åíèå î âîçìîæíîñòè îïóáëèêîâàíèÿ, îôîðìëåííîå â îðãàíèçàöèè, îòêóäà èñõîäèò

ðóêîïèñü.
Åñëè ñòàòüÿ áûëà èëè áóäåò íàïðàâëåíà â äðóãîå èçäàíèå, èëè æå áûëà ðàíåå îïóáëèêîâàíà, íåîáõî-

äèìî îáÿçàòåëüíî ñîîáùèòü îá ýòîì ðåäàêöèè.

2. Ðóêîïèñü äîëæíà ãîòîâèòüñÿ íà êîìïüþòåðå â ðåäàêòîðå Microsoft Word äëÿ Windows (âåðñèè îò
Word 97 äî Word 10; îò Windows XP äî Windows 10). Òåêñò íàáèðàþò øðèôòîì Times New Roman Cyr ðàç-
ìåðîì 14 ïò ñ ìåæñòðî÷íûì èíòåðâàëîì 1,5, âñå ïîëÿ — 20 ìì. Îáÿçàòåëüíà íóìåðàöèÿ ñòðàíèö âíèçó
ïîñðåäèíå. Îáúåì ðóêîïèñè — äî 12 ñòðàíèö À4, âêëþ÷àÿ èëëþñòðàöèè, òàáëèöû, áèáëèîãðàôè÷åñêèé
ñïèñîê è ñâåäåíèÿ îá àâòîðàõ.

3. Ñîñòàâ ðóêîïèñè ñòàòüè, ïðàâèëà è îáðàçåö îôîðìëåíèÿ ñì. íà Internet-ñàéòå æóðíàëà
http://izvuzstr.sibstrin.ru/sample_of_article/à)
à) ðóññêîÿçû÷íàÿ ÷àñòü:

— èíäåêñ ÓÄÊ — â ëåâîì âåðõíåì óãëó, ïðîïèñíûìè áóêâàìè;
— èíèöèàëû, ôàìèëèè àâòîðîâ;
— íàçâàíèå ñòàòüè;— àííîòàöèÿ îáúåìîì äî 1/3 ñòðàíèöû òåêñòà (íå ìåíåå 80 ñëîâ);
— êëþ÷åâûå ñëîâà (íå ìåíåå 5);
— òåêñò ñòàòüè;

• ñëåäóåò ïðèìåíÿòü ôèçè÷åñêèå âåëè÷èíû è èõ îáîçíà÷åíèÿ ñîãëàñíî ìåæäóíàðîäíîé ñèñòåìå ÑÈ;
• àááðåâèàòóðû è ñîêðàùåíèÿ ðàñøèôðîâûâàþòñÿ ïðè ïåðâîì èñïîëüçîâàíèè;
• ô î ð ì ó ë û íàáèðàòü øðèôòîì Times New Roman â ðåäàêòîðå ôîðìóë MS Equation èëè MathType, â

ñòàòüå äîëæåí áûòü íåîáõîäèìûé ìèíèìóì ôîðìóë; âñå âòîðîñòåïåííûå è ïðîìåæóòî÷íûå ìàòå-
ìà-òè÷åñêèå ïðåîáðàçîâàíèÿ âûíîñÿòñÿ â ïðèëîæåíèå ê ñòàòüå (äëÿ ðåöåíçåíòà);

• ðóññêèå è ãðå÷åñêèå áóêâû è èíäåêñû, à òàêæå öèôðû, àááðåâèàòóðû è ñòàíäàðòíûå ôóíêöèè (Re, cos
è äð.) íàáèðàþòñÿ ïðÿìûì øðèôòîì; ëàòèíñêèå áóêâû — êóðñèâîì;

• âî èçáåæàíèå ñìåøåíèÿ ñõîäíûõ èçîáðàæåíèé ïðîïèñíûõ è ñòðî÷íûõ áóêâ V è v, S è s, O è o, K è k

è äð., à òàêæå òðóäíîðàçëè÷èìûõ áóêâ è ñèìâîëîâ l, e è 1 (öèôðà), n è ï, I è J è ò.ï. ïîÿñíåíèÿ âûïîëíÿ-
þòñÿ ïðîñòûì êàðàíäàøîì íà ïîëÿõ;

• è ë ë þ ñ ò ð à ö è è ïðåäñòàâëÿþòñÿ â ðåäàêöèþ â âèäå ôàéëîâ, ñîçäàííûõ â Corel Draw èëè Microsoft
Word, çàïèñàííûõ ñ ðàçðåøåíèåì 300 dpi, ñ ðàñøèðåíèåì cdr (ïðåäïî÷òèòåëüíî) èëè .doc, ôîòîãðà-
ôèè — TIFF èëè JPEG; íàäïèñè è öèôðû íàáèðàòü øðèôòîì Times New Roman, èëëþñòðàöèè, â òîì
÷èñëå ôîòîãðàôèè, äîëæíû èìåòü õîðîøóþ ïðîðàáîòêó äåòàëåé è äîëæíû áûòü âûïîëíåíû òàê, ÷òî-
áû èõ ìîæíî áûëî îòðåäàêòèðîâàòü (èçìåíèòü øðèôò, èñïðàâèòü âîçìîæíûå îðôîãðàôè÷åñêèå îøèá-
êè);

• èëëþñòðàöèè ðàñïå÷àòûâàþòñÿ â äâóõ ýêçåìïëÿðàõ, ñ ïîäïèñÿìè ê íèì, ðàçìåð èëëþñòðàöèè — íå
áîëåå 20�30 ñì, èõ îáùåå ÷èñëî, êàê ïðàâèëî, íå áîëåå 4;

• ò à á ë è ö û ïå÷àòàþòñÿ êàæäàÿ íà îòäåëüíîì ëèñòå, âñå íàèìåíîâàíèÿ â íèõ äàþòñÿ ïîëíîñòüþ, áåç
ñîêðàùåíèÿ ñëîâ;

• á è á ë è î ã ð à ô è ÷ å ñ ê è é ñ ï è ñ î ê (íå ìåíåå 8 ññûëîê), ñîñòàâëÿåòñÿ ïî ñëåäóþùèì ïðàâèëàì:
â ñïèñîê âêëþ÷àþòñÿ òîëüêî îïóáëèêîâàííûå ðàáîòû, â ïîðÿäêå óïîìèíàíèÿ â ñòàòüå, ññûëêè íà
íèõ â òåêñòå ñòàòüè äàþòñÿ àðàáñêèìè öèôðàìè â êâàäðàòíûõ ñêîáêàõ, â ñïèñêå íå äîëæíî áûòü
íîðìàòèâíûõ äîêóìåíòîâ (ÃÎÑÒîâ, ÑÍèÏîâ, òåõíè÷åñêèõ ðåãëàìåíòîâ, ïðàâîâûõ àêòîâ è ò.ï. íå-
àâòîðèçîâàííûõ èñòî÷íèêîâ) — ññûëêè íà íèõ äàþòñÿ â òåêñòå ñòàòüè â ðàçâåðíóòîì âèäå èëè
â ôîðìå ïîäñòðî÷íûõ ñíîñîê, áèáëèîãðàôè÷åñêèé ñïèñîê ñëåäóåò îôîðìëÿòü ïî ÃÎÑÒ Ð 7.0.5–2008
(ïðèìåðû ñì. íà ñàéòå http://izvuzstr.sibstrin.ru/oformlen/rules_and_examples_of_design_bibilogra-
ficheskogo_list/), ññûëêè íà èíòåðíåò-ñàéòû íå äîïóñêàþòñÿ;

• äëÿ ñòàòåé èç çàðåãèñòðèðîâàííûõ ýëåêòðîííûõ æóðíàëîâ óêàçûâàþòñÿ ôàìèëèè è èíèöèàëû àâòî-
ðîâ, íàçâàíèå ñòàòüè, íàçâàíèå æóðíàëà, âûõîäíûå äàííûå âûïóñêà, àäðåñ ñàéòà æóðíàëà è äàòà îáðà-
ùåíèÿ ê ýëåêòðîííîìó ðåñóðñó;

— ñ â å ä å í è ÿ î á à â ò î ð à õ: ïîñëåäîâàòåëüíî äëÿ êàæäîãî — ôàìèëèÿ, èìÿ, îò÷åñòâî (ïîëíîñòüþ),
ó÷åíàÿ ñòåïåíü, çâàíèÿ (çâàíèÿ â íåãîñóäàðñòâåííûõ àêàäåìèÿõ íàóê è ïî÷åòíûå çâàíèÿ íå óêàçû-
âàòü), íàèìåíîâàíèå ó÷ðåæäåíèÿ, â êîòîðîì ðàáîòàåò àâòîð, e-mail àâòîðà, ñòðàíà (åñëè íå Ðîññèéñêàÿ
Ôåäåðàöèÿ);

á) àíãëîÿçû÷íàÿ ÷àñòü:

— ñâåäåíèÿ îá àâòîðàõ — ïîñëåäîâàòåëüíî äëÿ êàæäîãî:
• ôàìèëèÿ, èìÿ, îò÷åñòâî ïîëíîñòüþ, òðàíñëèòåðèðîâàííûå â ëàòèíñêèå ñèìâîëû ïî ñèñòåìå BGN (èñ-

ïîëüçîâàòü òàáëèöó «ïðàâèëà òðàíñëèòåðàöèè» ñì. íà ñàéòå http://izvuzstr.sibstrin.ru/oformlen/
BGN_PCGN_romanization/);
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• ó÷åíàÿ ñòåïåíü (DSc — äîêòîð íàóê, PhD — êàíäèäàò íàóê, MSc — ìàãèñòð, áåç óêàçàíèÿ íàó÷íîãî íà-
ïðàâëåíèÿ), ó÷åíûå çâàíèÿ (Professor, Assistant Professor, Academician of…, Cor. Member of… — ïðî-
ôåññîð, äîöåíò, àêàäåìèê …, ÷ëåí-êîððåñïîíäåíò …), äðóãîå — Senior Lecturer (ñò. ïðåïîäàâàòåëü),
Engineer (èíæåíåð), Post-graduate Student (àñïèðàíò), Student (ñòóäåíò);

• îôèöèàëüíîå àíãëîÿçû÷íîå íàçâàíèå îðãàíèçàöèè (ó÷ðåæäåíèÿ), ãîðîäà (åñëè íå óïîìèíàåòñÿ â íà-
çâàíèè îðãàíèçàöèè), ñòðàíû;

— íàçâàíèå ñòàòüè;
— àííîòàöèÿ;
— êëþ÷åâûå ñëîâà (Keywords);
— áèáëèîãðàôè÷åñêèé ñïèñîê:

• äëÿ çàðóáåæíûõ èñòî÷íèêîâ íà ëàòèíèöå — ñ ñîõðàíåíèåì îðèãèíàëüíîãî îïèñàíèÿ;
• äëÿ ññûëîê íà ðóññêîÿçû÷íûå èñòî÷íèêè — òðàíñëèòåðèðîâàííûå ñ ðóññêèõ áóêâ íà ëàòèíñêèå ñèì-

âîëû (ïî ñèñòåìå BGN) ôàìèëèè è èíèöèàëû âñåõ àâòîðîâ è íàçâàíèå ñòàòüè; çàòåì â êâàäðàòíûõ
ñêîáêàõ — íàçâàíèå ñòàòüè â ïåðåâîäå íà àíãëèéñêèé ÿçûê; îñòàëüíûå ýëåìåíòû áèáëèîãðàôè÷åñêîãî
îïèñàíèÿ íà àíãëèéñêîì ÿçûêå, ñ èñêëþ÷åíèåì ðàçäåëèòåëåé /, — , // è çàìåíîé ¹, c. è C. ñîîòâåòñò-
âåííî íà No., p. è Ðp., â êîíöå — (rus.).
4. Ñòàòüÿ äîëæíà áûòü òùàòåëüíî îòðåäàêòèðîâàíà è ïîäïèñàíà âñåìè àâòîðàìè (ñ óêàçàíèåì äàòû

îòïðàâêè ñòàòüè).
5. Ðåöåíçåíòîâ äëÿ ñòàòåé ðåäàêöèÿ íàçíà÷àåò ïî ñâîåìó óñìîòðåíèþ; àâòîðû ìîãóò ñîîáùèòü ðåäàê-

öèè äàííûå î ñïåöèàëèñòàõ ïî ïðîôèëþ ñòàòüè. Äîðàáîòàííóþ ïîñëå ðåöåíçèè ñòàòüþ ïðèñûëàòü â ýëåê-
òðîííîì âèäå.

6. Êîððåêòóðà ñòàòüè ìîæåò ïðåäîñòàâëÿòüñÿ ïî çàïðîñó àâòîðà.
7. Ãîíîðàð çà îïóáëèêîâàíèå ñòàòüè íå âûïëà÷èâàåòñÿ.
8. Æóðíàë ïóáëèêóåò èíôîðìàöèþ î íàó÷íî-òåõíè÷åñêèõ ðàçðàáîòêàõ â îáëàñòè ñòðîèòåëüñòâà îáúå-

ìîì 1 ñ., âêëþ÷àÿ 1–2 èëëþñòðàöèè. Óêàçûâàþòñÿ ðàçðàáîò÷èêè ô. è. î. ïîëíîñòüþ, çâàíèÿ è êîí-òàêòíàÿ
èíôîðìàöèÿ. Ýëåêòðîííàÿ âåðñèÿ îáÿçàòåëüíà.

9. Ðóêîïèñè, íå ïðèíÿòûå ê îïóáëèêîâàíèþ, àâòîðàì íå âûñûëàþòñÿ.

J
K
.

L.
ïåðåâîä, èäåíòè÷íûé ðóññêîìó âàðèàíòó;

ÍÀÓ×ÍÎ-ÒÅÎÐÅÒÈ×ÅÑÊÈÉ ÆÓÐÍÀË

ÈÇÂÅÑÒÈß
ÂÛÑØÈÕ Ó×ÅÁÍÛÕ ÇÀÂÅÄÅÍÈÉ

«ÑÒÐÎÈÒÅËÜÑÒÂÎ»
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Íà 2-å ïîëóãîäèå 2015 ã.

êàòàëîæíàÿ öåíà çà 6 ìåñÿöåâ — 3300 ð.

öåíà îòäåëüíîãî íîìåðà — 550 ð.

Ñòðîèòåëüñòâî àâòîìîáèëüíûõ äîðîã
è ìîñòîâ

Ñòðîèòåëüíûå è äîðîæíûå ìàøèíû

Íàó÷íûå ïðîáëåìû àðõèòåêòóðû

è ýêîëîãèè

Íàó÷íî-ìåòîäè÷åñêèé ðàçäåë
Â ëàáîðàòîðèÿõ âóçîâ
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