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Ðàññìîòðåíà çàäà÷à ìàòåìàòè÷åñêîãî è ÷èñëåííîãî ìîäåëèðîâàíèÿ íåñòà-
öèîíàðíûõ ïðîöåññîâ â çàìêíóòîé ãàçîòóðáèííîé óñòàíîâêå â ñîñòàâå áëîêà
ïðåîáðàçîâàíèÿ ýíåðãèè ðåàêòîðà ñî ñâèíöîâûì òåïëîíîñèòåëåì. Çàäà÷à ðå-
øàåòñÿ â îáùåé ïîñòàíîâêå, â êîòîðîé ãàçîâûé êîíòóð ìîæåò âêëþ÷àòü â ñåáÿ
ïðîèçâîëüíîå êîëè÷åñòâî òóðáèí ñ ïðåäâàðèòåëüíûì íàãðåâîì ãàçà, ïðîèç-
âîëüíîå ÷èñëî êîìïðåññîðîâ ñ ïðåäâàðèòåëüíûì îõëàæäåíèåì ãàçà è òåïëî-
îáìåííèê ðåãåíåðàòèâíîãî ïîäîãðåâà ãàçà. Ðàññìîòðåíû âàðèàíòû îäíîâàëü-
íîé è äâóõâàëüíîé ãàçîòóðáèííûõ óñòàíîâîê. Èñïîëüçóåòñÿ òî÷å÷íàÿ èäåàëè-
çàöèÿ ïðè ìîäåëèðîâàíèè ïðîòî÷íîé ÷àñòè òóðáèíû è êîìïðåññîðà.

Òåïëîìàññîïåðåíîñ â êîíòóðàõ öèðêóëÿöèè ñâèíöîâîãî è ãàçîâîãî òåïëî-
íîñèòåëåé îïèñàí â îäíîìåðíîì ïðèáëèæåíèè. Ó÷èòûâàåòñÿ âîçìîæíîñòü âçà-
èìíûõ ôàçîâûõ ïðåâðàùåíèé ðàñïëàâ–òâåðäàÿ ôàçà â ñâèíöîâîì òåïëîíîñè-
òåëå. Ðàñ÷åò òåïëîìàññîïåðåíîñà â êîíòóðàõ îñóùåñòâëÿåòñÿ â ðàìêàõ åäèíî-
ãî ïîäõîäà, â êîòîðîì öèðêóëÿöèîííûé êîíòóð ïðåäñòàâëåí â âèäå íàáîðà âçà-
èìîñâÿçàííûõ òåïëîãèäðàâëè÷åñêèõ ýëåìåíòîâ (êàíàëîâ). Èíòåãðèðîâàíèå
ñèñòåìû óðàâíåíèé òåïëîìàññîïåðåíîñà â êîíòóðå îñóùåñòâëÿåòñÿ ñ èñïîëü-
çîâàíèåì áûñòðîäåéñòâóþùåãî àëãîðèòìà ñêàëÿðíîé ïðîãîíêè. Â ðàñ÷åòíîì
àëãîðèòìå ïðåäóñìîòðåíà âîçìîæíîñòü ó÷åòà èñòî÷íèêîâ èìïóëüñà è ìàññû â
ïðîèçâîëüíûõ óçëîâûõ òî÷êàõ êîíòóðà. Ýòî äàåò âîçìîæíîñòü «ñêâîçíîãî»
ñ÷åòà ïðè èíòåãðèðîâàíèè ñèñòåìû óðàâíåíèé ãàçîâîé äèíàìèêè ïî çàìêíó-
òîìó êîíòóðó ñ ó÷åòîì èçìåíåíèÿ àäèàáàòè÷åñêèõ ïåðåïàäîâ äàâëåíèé â òî÷-
êàõ ðàñïîëîæåíèÿ òóðáèí è êîìïðåññîðîâ íà êàæäîì âðåìåííîì øàãå.

Ðàññìîòðåíà âîçìîæíîñòü ïðèìåíåíèÿ èíòåãðàëüíîé ôîðìû óðàâíåíèÿ
êîëè÷åñòâà äâèæåíèÿ ïðè ìîäåëèðîâàíèè òåïëîìàññîïåðåíîñà â ãàçîâîì êîí-
òóðå.

Äëÿ ðåàêòîðà òèïà SSTAR ñî ñâèíöîâûì òåïëîíîñèòåëåì è ãàçîòóðáèí-
íûì öèêëîì ïðåîáðàçîâàíèÿ ýíåðãèè âûïîëíåí ðàñ÷åò àâàðèéíîãî ïðîöåññà
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ñ ðàçðûâîì ãîðÿ÷åãî ãàçîïðîâîäà. Ïîëó÷åíî, ÷òî, â îòëè÷èå îò ðåàêòîðà ñ ïà-
ðîòóðáèííûì öèêëîì ïðåîáðàçîâàíèÿ ýíåðãèè òèïà ÁÐÅÑÒ, çàòâåðäåâàíèå
ñâèíöà â ãàçîíàãðåâàòåëÿõ â äàííîé àâàðèè íå âîçíèêàåò.

Ðåçóëüòàòû èññëåäîâàíèÿ ìîãóò áûòü èñïîëüçîâàíû ïðè ðàçðàáîòêå ïðî-
åêòîâ ðåàêòîðîâ ñî ñâèíöîâûì òåïëîíîñèòåëåì è âûñîêîòåìïåðàòóðíûõ ãàçî-
âûõ ðåàêòîðîâ.

Êëþ÷åâûå ñëîâà: ãàçîòóðáèííàÿ óñòàíîâêà, ãàçîíàãðåâàòåëü, êîìïðåññîð,
òåïëîìàññîïåðåíîñ, ìàòåìàòè÷åñêàÿ ìîäåëü, ðàñ÷åòíûé àëãîðèòì, ðåàêòîð,
ðåãåíåðàòîð, ñâèíöîâûé òåïëîíîñèòåëü.

Ââåäåíèå

Ñòàòüÿ ïîñâÿùåíà ðàçðàáîòêå ìàòåìàòè÷åñêîãî è ïðîãðàììíîãî îáåñïå÷åíèÿ äëÿ
èññëåäîâàíèÿ ïåðåõîäíûõ è àâàðèéíûõ ïðîöåññîâ â ðåàêòîðíûõ óñòàíîâêàõ IV ïî-
êîëåíèÿ íà áûñòðûõ íåéòðîíàõ ñî ñâèíöîâûì æèäêîìåòàëëè÷åñêèì òåïëîíîñèòå-
ëåì – Lead-cooled Fast Reactor (LFR).

Ïðîåêòû LFR àêòèâíî ðàçðàáàòûâàþòñÿ âî ìíîãèõ ñòðàíàõ [1–8] è íàïðàâëåíû,
â ïåðâóþ î÷åðåäü, íà äîñòèæåíèå êà÷åñòâåííî íîâîãî óðîâíÿ áåçîïàñíîñòè ðåàêòî-
ðà íà îñíîâå ïðèíöèïà åñòåñòâåííîé ñàìîçàùèùåííîñòè. Ïîä ýòèì òåðìèíîì ïî-
íèìàþò ñïîñîáíîñòü ðåàêòîðíîé óñòàíîâêè (ÐÓ) ê àâòîíîìíîìó ïåðåõîäó (áåç ó÷à-
ñòèÿ àêòèâíûõ ñðåäñòâ óïðàâëåíèÿ è çàùèòû) â ïîäêðèòè÷åñêîå ñîñòîÿíèå è äàëü-
íåéøåìó áåçîïàñíîìó ðàñõîëàæèâàíèþ (áåç ïðåâûøåíèÿ äîïóñòèìûõ çíà÷åíèé
òåìïåðàòóð è äàâëåíèé) ïðè ñàìûõ òÿæåëûõ àâàðèÿõ. Àâòîíîìíîñòü ïðîöåññà äîëæ-
íà áûòü îáåñïå÷åíà âíóòðåííèìè îáðàòíûìè ñâÿçÿìè, äåéñòâóþùèìè â ðåàêòîð-
íîé óñòàíîâêå, êîòîðûå îñíîâàíû íà åñòåñòâåííûõ ñâîéñòâàõ ÿäåðíîãî òîïëèâà,
òåïëîíîñèòåëÿ è ðåàëèçîâàííûõ ñõåìíûõ ðåøåíèÿõ.

Ðàçðàáîòêà êîìïîçèöèè è êîìïîíîâêè àêòèâíîé çîíû è òåïëîãèäðàâëè÷åñêèõ
ñõåì öèðêóëÿöèè òåïëîíîñèòåëÿ îñóùåñòâëÿåòñÿ íà ðàííåé ñòàäèè ïðîåêòèðîâàíèÿ
ÐÓ. Ïàðàëëåëüíî ïðîâîäèòñÿ ðàñ÷åòíûé àíàëèç ñàìîçàùèùåííîñòè ÐÓ. Äëÿ ýòîãî
îöåíèâàþòñÿ ìàêñèìàëüíûå è àñèìïòîòè÷åñêèå çíà÷åíèÿ ïàðàìåòðîâ â ïðîåêòíûõ
è çàïðîåêòíûõ àâàðèÿõ. Äëÿ ïðîâåäåíèÿ òàêèõ èññëåäîâàíèé â ðàñïîðÿæåíèè ðàç-
ðàáîò÷èêîâ äîëæíû áûòü ñðåäñòâà êîìïüþòåðíîãî ìîäåëèðîâàíèÿ äèíàìèêè ÐÓ,
êîòîðûå, âî-ïåðâûõ, äîëæíû àäåêâàòíî îòðàæàòü îñíîâíûå ôèçè÷åñêèå ïðîöåññû è
îáðàòíûå ñâÿçè â ÐÓ, âî-âòîðûõ, èìåòü ãèáêóþ îòêðûòóþ àðõèòåêòóðó, ïîçâîëÿþ-
ùóþ ëåãêî îòñëåæèâàòü èçìåíåíèÿ, âíîñèìûå â ïðîåêò. Òàêèå ïðîãðàììû ìîãóò
áûòü îñíîâàíû íà óïðîùåííîì îïèñàíèè íåéòðîííî-ôèçè÷åñêèõ ïðîöåññîâ â ðåàê-
òîðå è òåïëîãèäðàâëè÷åñêèõ ïðîöåññîâ â êîíòóðàõ öèðêóëÿöèè òåïëîíîñèòåëåé, à
èìåííî íà òî÷å÷íîé ìîäåëè íåéòðîííîé êèíåòèêè è îäíîìåðíîì îïèñàíèè òåïëî-
ìàññîïåðåíîñà. Â êà÷åñòâå ïðèìåðîâ òàêèõ ìîäåëåé è ïðîãðàìì ìîæíî ïðèâåñòè
ðàçðàáîòêè [9–12]. Èç íèõ Relay-2 [9] ôèðìû General Atomics è ñèìóëÿòîð íà îñíîâå
êîäà GTMHR [10] ÎÊÁÌ «Àôðèêàíòîâ» ïðåäíàçíà÷åíû äëÿ ïðîåêòèðîâàíèÿ ÐÓ ñ
âûñîêîòåìïåðàòóðíûì ãàçîâûì ðåàêòîðîì, à ïðîãðàììíûé êîìïëåêñ (ÏÊ) «Ðàñïëàâ»
[11, 12] ÍÈÈ ìåõàíèêè Íèæåãîðîäñêîãî ãîñóíèâåðñèòåòà ïðåäíàçíà÷åí äëÿ ìîäåëè-
ðîâàíèÿ íåñòàöèîíàðíûõ ïðîöåññîâ â ðåàêòîðàõ LFR.

Ñ ïîìîùüþ ÏÊ «Ðàñïëàâ» äëÿ ÐÓ òèïà ÁÐÅÑÒ áûë èññëåäîâàí ñïåöèôè÷åñêèé
äëÿ ðåàêòîðîâ LFR êëàññ àâàðèé ñ îáðàçîâàíèåì òâåðäîé ôàçû â ñâèíöîâîì òåïëî-
íîñèòåëå [13]. ÁÐÅÑÒ-ÎÄ-300 – ýòî ðåàêòîð LFR ñ ïàðîòóðáèííûì öèêëîì ïðåîá-
ðàçîâàíèÿ ýíåðãèè [1, 2]. Â [13] ïîêàçàíî, ÷òî âîçìîæíû ñöåíàðèè ñ ïîëíûì ïåðå-
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êðûòèåì òâåðäîé ôàçîé ñâèíöà ïðîõîäíûõ ñå÷åíèé ïàðîãåíåðàòîðîâ, ÷òî ïðèâîäèò
ê êàòàñòðîôè÷åñêèì ïîñëåäñòâèÿì. Èññëåäîâàíèå ïîçâîëèëî ñôîðìóëèðîâàòü óñ-
ëîâèÿ, âûïîëíåíèå êîòîðûõ èñêëþ÷àåò âîçíèêíîâåíèå òàêèõ ïîñëåäñòâèé.

Íàðÿäó ñ ïðîåêòàìè LFR ñ ïàðîòóðáèííûì öèêëîì ïðåîáðàçîâàíèÿ ýíåðãèè
ñóùåñòâóþò ïðîåêòû LFR ñ ãàçîâûìè òóðáèíàìè [4, 14]. Èññëåäîâàíèå êëàññà àâà-
ðèé, ïðåäñòàâëåííîå â [13], äëÿ LFR ñ ãàçîòóðáèííûì öèêëîì ïðåîáðàçîâàíèÿ ýíåð-
ãèè ÿâëÿåòñÿ ñòîëü æå àêòóàëüíûì. Â ñâÿçè ñ ýòèì âîçíèêàåò çàäà÷à ðàçðàáîòêè ìà-
òåìàòè÷åñêîãî è àëãîðèòìè÷åñêîãî îáåñïå÷åíèÿ äëÿ ÏÊ «Ðàñïëàâ», ðåàëèçàöèÿ êî-
òîðîãî ïîçâîëèò ïðîâîäèòü óêàçàííûå èññëåäîâàíèÿ.

Êîíòóð çàìêíóòîé ãàçîòóðáèííîé óñòàíîâêè (ÇÃÒÓ) êîíñòðóêòèâíî ñóùåñòâåí-
íî îòëè÷àåòñÿ îò êîíòóðà ïàðîòóðáèííîé óñòàíîâêè, ïîýòîìó ìîäåëèðîâàíèå íå-
ñòàöèîíàðíûõ ïðîöåññîâ â íåì òðåáóåò ñïåöèàëüíîãî ðàññìîòðåíèÿ. Ïîñêîëüêó
ñóùåñòâóåò ìíîæåñòâî âàðèàíòîâ òåïëîãèäðàâëè÷åñêèõ ñõåì ÇÃÒÓ, çàäà÷à ìàòåìà-
òè÷åñêîãî è ÷èñëåííîãî ìîäåëèðîâàíèÿ äèíàìèêè ÇÃÒÓ áûëà ñôîðìóëèðîâàíà â
äîñòàòî÷íî îáùåì âèäå. Íà îñíîâå ðàçðàáîòàííûõ ìîäåëåé è ðàñ÷åòíûõ àëãîðèò-
ìîâ ñîçäàíà ðàñøèðåííàÿ âåðñèÿ ÏÊ «Ðàñïëàâ», îðèåíòèðîâàííàÿ íà ðàñ÷åò äèíà-
ìèêè LFR êàê ñ ïàðîòóðáèííûì, òàê è ñ ãàçîòóðáèííûì öèêëîì ïðåîáðàçîâàíèÿ
ýíåðãèè.

Òåñòîâûå ðàñ÷åòû âûïîëíåíû äëÿ LFR òèïà SSTAR (Small SecureTransportable
Autonomous Reactor) [4] ñ ãàçîòóðáèííûì öèêëîì ïðåîáðàçîâàíèÿ ýíåðãèè, ïðîåêò
êîòîðîãî ðàçðàáàòûâàåòñÿ â êîîïåðàöèè òðåìÿ íàöèîíàëüíûìè ëàáîðàòîðèÿìè ÑØÀ
(Argonne, Livermore, Los Alamos). Â ïðîåêòå äâóõêîíòóðíîé ðåàêòîðíîé óñòàíîâêè
SSTAR ñ íîìèíàëüíîé ìîùíîñòüþ 20 ÌÂò ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü äîñ-
òèæåíèÿ âûñîêîãî ÊÏÄ (~44%) ïðè èñïîëüçîâàíèè ÇÃÒÓ ñî ñâåðõêðèòè÷åñêîé äâó-
îêèñüþ óãëåðîäà.

1. Ìàòåìàòè÷åñêàÿ ìîäåëü

Îáùèé ïîäõîä. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññà âçàèìîäåéñòâèÿ ïî-
òîêà ãàçà ñ ëîïàòêàìè òóðáèíû ïðåäñòàâëÿåò ñîáîé âåñüìà ñëîæíóþ çàäà÷ó, êîòîðàÿ
òðåáóåò ñîâìåñòíîãî ðåøåíèÿ óðàâíåíèé òðåõìåðíîé ãàçîâîé äèíàìèêè, äâèæåíèÿ
ðîòîðà òóðáèíû è óðàâíåíèé ýëåêòðîäèíàìèêè ýëåêòðîãåíåðàòîðà. Íà ïðàêòèêå äëÿ
ðàñ÷åòà ïàðàìåòðîâ òóðáèíû â ïåðåõîäíûõ ïðîöåññàõ ïðèìåíÿåòñÿ çàâèñèìîñòü Ñòî-
äîëû – Ôëþãåëÿ [15]. Äëÿ äîçâóêîâûõ ñîïåë ýòà çàâèñèìîñòü èìååò âèä
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äåêñ ∗ çäåñü è äàëåå îáîçíà÷àåò ñòàöèîíàðíîå çíà÷åíèå ïàðàìåòðà. Íåñòàöèîíàð-
íûå ïðîöåññû â ïðîòî÷íîé ÷àñòè òóðáèíû áóäåì ðàññìàòðèâàòü â ðàìêàõ èäåàëèçà-
öèè (1), (1' ).
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Ðàññìîòðèì â îáùåì âèäå òåïëîãèäðàâëè÷åñêóþ ñõåìó îäíîâàëüíîé ÇÃÒÓ, êî-
òîðàÿ âêëþ÷àåò â ñåáÿ NT òóðáèí è ãàçîíàãðåâàòåëåé, NÊ êîìïðåññîðîâ è õîëîäèëü-
íèêîâ, à òàêæå ðåãåíåðàòîð (ðèñ. 1). Ñèñòåìà ðåãóëèðîâàíèÿ íå ðàññìàòðèâàåòñÿ.

Â ñîîòâåòñòâèè ñî ñõåìîé öèðêóëÿöèÿ ãàçà â êîíòóðå îñóùåñòâëÿåòñÿ ñëåäóþ-
ùèì îáðàçîì. Ãàç ïðîõîäèò NT ïîñëåäîâàòåëüíûõ öèêëîâ íàãðåâà â ãàçîíàãðåâàòå-
ëÿõ ÃÍi è ñîâåðøåíèÿ ïîëåçíîé ðàáîòû íà ñòóïåíÿõ òóðáèíû Òi. Ñ âûõîäà ïîñëåä-
íåé òóðáèíû ãàç ïîñòóïàåò â ðåãåíåðàòîð Ð. Ðåãåíåðàòîð – ýòî òåïëîîáìåííèê, â
êîòîðîì ãàç îòäàåò îñòàâøååñÿ òåïëî âñòðå÷íîìó ïîòîêó ãàçà, ïîñòóïàþùåìó â ïåð-
âûé êîíòóð ñ âûõîäà ïîñëåäíåãî êîìïðåññîðà ÊNk

. Ïîâûøåíèå äàâëåíèÿ â êîíòóðå
îñóùåñòâëÿåòñÿ ïóòåì ñæàòèÿ ãàçà â êîìïðåññîðàõ Êj, ïåðåä ïîñòóïëåíèåì â êîìï-
ðåññîð ãàç îõëàæäàåòñÿ â ïðîìåæóòî÷íîì õîëîäèëüíèêå Õj. Òåðìîäèíàìè÷åñêèé
öèêë çàìûêàåòñÿ.

Äëÿ îïèñàíèÿ òåïëîìàññîïåðåíîñà ãàçà â êîíòóðå ÇÃÒÓ âîñïîëüçóåìñÿ îäíî-
ìåðíîé ñèñòåìîé óðàâíåíèé ãàçîâîé äèíàìèêè, âûáðàâ â êà÷åñòâå íåçàâèñèìûõ
ïåðåìåííûõ ýíòðîïèþ è äàâëåíèå [16, 17]. Â ýíåðãåòè÷åñêîì áàëàíñå ïîòîêà ãàçà
áóäåì ïðåíåáðåãàòü íåîáðàòèìûìè ïîòåðÿìè ýíåðãèè çà ñ÷åò âÿçêîãî òðåíèÿ è òåïëî-
îáìåíà ñ îêðóæàþùåé ñðåäîé ïî ïðè÷èíå èõ ìàëîñòè ïî ñðàâíåíèþ ñ òåïëîâûìè
ïîòîêàìè â ÃÍ è àäèàáàòè÷åñêèìè òåïëîïåðåïàäàìè. Ïîòåðè äàâëåíèÿ íà òðåíèå â
êîíòóðå ÇÃÒÓ áóäåì ó÷èòûâàòü òîëüêî â ãàçîíàãðåâàòåëÿõ è ñîåäèíèòåëüíûõ ãàçî-
ïðîâîäàõ. Â ïðîòî÷íûõ ÷àñòÿõ òóðáèí è êîìïðåññîðîâ ãèäðàâëè÷åñêèìè ïîòåðÿìè
áóäåì ïðåíåáðåãàòü â ñèëó èõ ìàëîñòè ïî ñðàâíåíèþ ñ ïåðåïàäàìè äàâëåíèé â ýòèõ
ýëåìåíòàõ êîíòóðà.

Òàêèì îáðàçîì, ïðîöåññ òåïëîìàññîïåðåíîñà â êîíòóðå ÇÃÒÓ çà èñêëþ÷åíèåì
ó÷àñòêîâ àêòèâíîãî òåïëîîáìåíà â ãàçîíàãðåâàòåëÿõ ìîæíî ñ÷èòàòü èçîýíòðîïèé-
íûì. Êðîìå òîãî, áóäåì èñïîëüçîâàòü ñîñðåäîòî÷åííóþ èäåàëèçàöèþ òóðáèíû è
êîìïðåññîðà, êîòîðàÿ ïðåäïîëàãàåò ñòóïåí÷àòîå èçìåíåíèå äàâëåíèÿ â ñîîòâåòñòâóþ-
ùèõ òî÷êàõ êîíòóðà. Òîãäà ñ ó÷åòîì èñòî÷íèêîâ òåïëà è èìïóëüñà ñèñòåìà óðàâíå-
íèé îäíîìåðíîãî òå÷åíèÿ ãàçà äëÿ êàíàëà ñ ïëîùàäüþ ñå÷åíèÿ F ñ ó÷åòîì çàìûêàþ-
ùèõ ñîîòíîøåíèé ìîæåò áûòü çàïèñàíà â âèäå:

V0

Ê1 ÊNk

ÕNk

Õ1

Ð

Ò1
ÒNÒ

ÑÐÊ

Pb Pb

ÃÍ1 ÃÍNÒ

Ðèñ. 1
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Çäåñü îáîçíà÷åíî: τ – âðåìÿ; z – ïðîäîëüíàÿ êîîðäèíàòà; ρ – ïëîòíîñòü ãàçà; s –
óäåëüíàÿ ýíòðîïèÿ; q – òåïëîâàÿ ìîùíîñòü, ïåðåäàâàåìàÿ íà ó÷àñòêå êàíàëà åäè-
íè÷íîé äëèíû; P – äàâëåíèå; gz – ïðîåêöèÿ óñêîðåíèÿ ñâîáîäíîãî ïàäåíèÿ íà íà-
ïðàâëåíèå äâèæåíèÿ; ξ – êîýôôèöèåíò ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ òðåíèÿ; dÃ –
ãèäðàâëè÷åñêèé äèàìåòð; ΔPj – ïåðåïàä äàâëåíèÿ íà j-ì êîìïðåññîðå èëè òóðáèíå;
δ(z) – äåëüòà-ôóíêöèÿ Äèðàêà; T – àáñîëþòíàÿ òåìïåðàòóðà; v = 1/ρ – óäåëüíûé
îáúåì ãàçà; Ï – ïåðèìåòð ïîâåðõíîñòè òåïëîîáìåíà; α – êîýôôèöèåíò òåïëîîòäà-
÷è; C – óäåëüíàÿ òåïëîåìêîñòü ñòàëè; δ – òîëùèíà ñòåíêè òåïëîîáìåííîé òðó-
áû; z1k, z2k – âõîäíàÿ è âûõîäíàÿ êîîðäèíàòû k-ãî òåïëîîáìåííèêà. Íèæíèå èíäåêñû
îáîçíà÷àþò: w – ïðèíàäëåæíîñòü ê ñòåíêå òåïëîîáìåííîé òðóáû; k – íîìåð òåïëî-
îáìåííèêà (õîëîäèëüíèêà, ãàçîíàãðåâàòåëÿ, ðåãåíåðàòîðà). Âåðõíèé èíäåêñ òèëüäà
îáîçíà÷àåò ïðèíàäëåæíîñòü äðóãîìó êîíòóðó k-ãî òåïëîîáìåííèêà.

Èç óðàâíåíèé ñîõðàíåíèÿ ìàññû è ýíåðãèè äëÿ îáúåìà õîëîäíîãî ãàçà íà âûõî-
äå õîëîäèëüíèêà Õ1, çàïèñàííûõ â ôîðìå
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ìîæíî ïîëó÷èòü ãðàíè÷íûå óñëîâèÿ äëÿ ñèñòåìû (2):

),(),(),,()( 0ex0en10en τ=τ=ω+τ= PPssGHPP (3)

ãäå H1 – íàïîð êîìïðåññîðà Ê1; G01, G02 – ðàñõîäû ãàçà íà âõîäå â ãàçîâûé îáúåì V0
è âûõîäå èç íåãî; i1 – óäåëüíàÿ ýíòàëüïèÿ ãàçà íà âûõîäå èç õîëîäèëüíèêà Õ1.

Ïåðåïàä äàâëåíèÿ íà êîìïðåññîðå Êj â (2) ΔPj = –Hj (G,ω) âûðàæàåòñÿ ÷åðåç
åãî íàïîðíóþ õàðàêòåðèñòèêó
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ãäå ω – ÷àñòîòà âðàùåíèÿ âàëà êîìïðåññîðà; hij – êîýôôèöèåíòû íàïîðíîé õàðàêòå-
ðèñòèêè.
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Íà ðèñ. 2 ïîêàçàí õàðàêòåðíûé âèä íàïîðíîé õàðàêòåðèñòèêè êîìïðåññîðà [18].

Êðèâàÿ À îáîçíà÷àåò ãðàíèöó îáëàñòè óñòîé÷èâûõ ðåæèìîâ, êðèâàÿ η = 0,8 –
ëèíèÿ ïîñòîÿííîãî ÊÏÄ.

Â ñîîòâåòñòâèè ñ (1), (1' ) ïåðåïàä äàâëåíèÿ íà òóðáèíå â (2) äëÿ äîçâóêîâûõ
ñîïåë îïðåäåëÿåòñÿ çàâèñèìîñòüþ

,
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äëÿ ñâåðõçâóêîâûõ ñîïåë â ïðåíåáðåæåíèè ïîòåðÿìè äàâëåíèÿ â ÃÍ – çàâèñèìîñòüþ
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Óðàâíåíèå âðàùåíèÿ ðîòîðà îäíîâàëüíîé ÇÃÒÓ èìååò âèä [18]

,EÊT MMM
dt
dJ −−=
ω (5)

ãäå J – ìîìåíò èíåðöèè ðîòîðà;
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– ìîìåíò ñîïðîòèâëåíèÿ êîìïðåññîðà;

ME – ìîìåíò ñîïðîòèâëåíèÿ ýëåêòðîãåíåðàòîðà.

Çäåñü ΔI – òåïëîïåðåïàä, η – êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ, îòíîñÿùèåñÿ ê j-é
òóðáèíå (èíäåêñ Ò) èëè êîìïðåññîðó (èíäåêñ Ê). Â äâóõâàëüíîì âàðèàíòå ÇÃÒÓ âàë
êîìïðåññîðîâ è âàë òóðáîãåíåðàòîðà ðàçáëîêèðîâàíû è èìåþò ñîáñòâåííûå ïðè-
âîäíûå òóðáèíû. Óðàâíåíèÿ äëÿ ÷àñòîò êîìïðåññîðîâ è ãåíåðàòîðà ñëåäóþò èç (5) è
äîñòàòî÷íî î÷åâèäíû.

Òåïëîïåðåïàäû â (5) ìîãóò áûòü íàéäåíû ëèáî ñ ïîìîùüþ óðàâíåíèÿ ñîñòîÿ-
íèÿ i = i(P, s)
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ω = 0,2
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ω = 0,6
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ω = 1
Α
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0             0,2        0,4        0,6       0,8       1,0        G/G*

H/H*

1

2

3

Ðèñ. 2

Îáëàñòü
óñòîé÷èâîñòè
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ëèáî íåïîñðåäñòâåííî èç (4), (4' ). Äåéñòâèòåëüíî, â ñèëó Tds = dI – vdP è èçîýíòðî-
ïèéíîñòè ïðîöåññîâ ðàñøèðåíèÿ-ñæàòèÿ ãàçà â òóðáèíå è êîìïðåññîðå, ñâÿçü ìåæ-
äó òåïëîïåðåïàäîì è ïåðåïàäîì äàâëåíèÿ ìîæåò áûòü çàäàíà ñîîòíîøåíèåì:
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Òåìïåðàòóðà ñâèíöîâîãî òåïëîíîñèòåëÿ ),,~(~~ τ= zTT  êîòîðàÿ èñïîëüçóåòñÿ äëÿ
ðàñ÷åòà òåïëîâîãî ïîòîêà â ÃÍ j â (2), âû÷èñëÿåòñÿ ñ èñïîëüçîâàíèåì ìîäåëè ïåðâî-
ãî êîíòóðà, îíà ïîäðîáíî îïèñàíà â [11, 12]. Òåìïåðàòóðó îõëàæäàþùåé âîäû â
õîëîäèëüíèêàõ áóäåì ñ÷èòàòü ïîñòîÿííîé .∗∞T

×àñòíûé ñëó÷àé. Äëÿ ãàçîâûõ òóðáèí ìàëîé ìîùíîñòè, ïðîòÿæåííîñòü ãàçî-
âîãî êîíòóðà êîòîðûõ ìàëà, â (2) ìîæíî ïåðåéòè ê èíòåãðàëüíîé ôîðìå óðàâíåíèÿ
êîëè÷åñòâà äâèæåíèÿ. Åñëè îòíåñòè âñå ãèäðàâëè÷åñêèå ïîòåðè íà ó÷àñòîê êîíòóðà
äî ïåðâîé òóðáèíû, òî èíòåãðàë ýòîãî óðàâíåíèÿ ïî çàìêíóòîìó êîíòóðó äëèíîé L
áóäåò èìåòü âèä:
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Ïðåäïîëàãàÿ, ÷òî ïðîìåæóòî÷íûå õîëîäèëüíèêè îáëàäàþò äîñòàòî÷íûì çàïà-
ñîì òåïëîîáìåííîé ïîâåðõíîñòè, êîòîðàÿ ïîçâîëÿåò îáåñïå÷èòü ðàâåíñòâî òåìïå-
ðàòóðû ãàçà íà âûõîäå èç õîëîäèëüíèêà òåìïåðàòóðå êîíå÷íîãî ïîãëîòèòåëÿ ,∗∞T
ãðàíè÷íûå óñëîâèÿ (3) ìîæíî çàïèñàòü â áîëåå ïðîñòîì âèäå:

.),,(, 0en0en10en
∗∗

∞
∗∗ ==+= PPTPssHPP (6)

Äëÿ ðàñ÷åòîâ ïåðåõîäíûõ ïðîöåññîâ èñïîëüçóþòñÿ óðàâíåíèÿ ñîñòîÿíèÿ ðàñ-
ïëàâà ñâèíöà [19] è ðåàëüíîãî ãàçà ÑÎ2 [20]. Ðàñ÷åò ñòàöèîíàðíîãî ðåæèìà ÇÃÒÓ
îñóùåñòâëÿåòñÿ ñ ïîìîùüþ èòåðàöèîííîãî àëãîðèòìà, ñóòü êîòîðîãî èçëîæåíà â [21].

2. Ðàñ÷åòíàÿ ìîäåëü

Ðàñ÷åòíàÿ ìîäåëü ÇÃÒÓ (2) ñòðîèòñÿ â ðàìêàõ òåõ ïîäõîäîâ, êîòîðûå ðåàëèçîâà-
íû â ÏÊ «Ðàñïëàâ». Öèðêóëÿöèîííûé êîíòóð (ðèñ. 3) â ðàñ÷åòíîé ìîäåëè ïðåäñòàâ-
ëåí â âèäå íàáîðà âçàèìîñâÿçàííûõ òåïëîãèäðàâëè÷åñêèõ ýëåìåíòîâ (êàíàëîâ), êî-
òîðûå îáîçíà÷åíû íîìåðàìè 1–15.

Ðàñ÷åò òåïëîìàññîïåðåíîñà â êàíàëå îñóùåñòâëÿåòñÿ ñ èñïîëüçîâàíèåì ÿâíî-
íåÿâíîé ðàçíîñòíîé ñõåìû è áûñòðîäåéñòâóþùåãî àëãîðèòìà ñêàëÿðíîé ïðîãîí-
êè [22]. ×èñëî óçëîâûõ òî÷åê ïî ïðîñòðàíñòâåííîé êîîðäèíàòå ìîæåò áûòü ïðîèç-
âîëüíûì. Ïîñëåäîâàòåëüíîñòè êàíàëîâ îáðàçóþò çàìêíóòûé òðàêò öèðêóëÿöèè ãàçà.
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Íà âõîäå è âûõîäå òðàêòà çàäàþòñÿ ãðàíè÷íûå óñëîâèÿ (3) èëè (6). Â ðàñ÷åòíîì
àëãîðèòìå [22] ïðåäóñìîòðåíà âîçìîæíîñòü ó÷åòà èñòî÷íèêîâ èìïóëüñà (à òàêæå
ìàññû) â ïðîèçâîëüíûõ óçëîâûõ òî÷êàõ êîíòóðà. Ýòî äàåò âîçìîæíîñòü «ñêâîçíîãî»
ñ÷åòà ïðè èíòåãðèðîâàíèè ñèñòåìû (2) ïî çàìêíóòîìó êîíòóðó ñ ó÷åòîì àäèàáàòè-
÷åñêèõ ïåðåïàäîâ äàâëåíèé â òî÷êàõ ðàñïîëîæåíèÿ òóðáèí è êîìïðåññîðîâ íà êàæ-
äîì âðåìåííîì øàãå.

Ðåàëèçàöèÿ ðàñ÷åòíîãî àëãîðèòìà â ÏÊ «Ðàñïëàâ» ïîçâîëèëà ïðîâåñòè ÷èñëåí-
íîå ìîäåëèðîâàíèå äèíàìèêè ÐÓ òèïà SSTAR [4]. Â êà÷åñòâå ãàçîòóðáèííîé óñòà-
íîâêè ðåàêòîðà SSTAR ðàññìàòðèâàåòñÿ âàðèàíò îäíîâàëüíîé ÇÃÒÓ ñ îäíîé òóðáè-
íîé è ÷åòûðüìÿ êîìïðåññîðàìè: NT = 1 è NÊ = 4. Ðåàêòîðíàÿ óñòàíîâêà SSTAR
ñîäåðæèò ÷åòûðå îäèíàêîâûõ ãàçîíàãðåâàòåëÿ. Â ðàññìîòðåííîì âàðèàíòå ñõåìû
ÇÃÒÓ âñå ÷åòûðå ÃÍ ðàáîòàþò ïàðàëëåëüíî íà îäíó òóðáèíó è, ïî ñóòè, ïðåäñòàâëÿ-
þò ñîáîé ÷åòûðå ñåêöèè îäíîãî ãàçîíàãðåâàòåëÿ. T–s äèàãðàììà òåðìîäèíàìè÷åñ-
êîãî öèêëà íîìèíàëüíîãî ðàáî÷åãî ðåæèìà ÇÃÒÓ (T – òåìïåðàòóðà, s – óäåëüíàÿ
ýíòðîïèÿ) ïîêàçàíà íà ðèñ. 4. Îñíîâíûå äàííûå íîìèíàëüíîãî ðàáî÷åãî ðåæèìà
ÐÓ SSTAR ïðèâåäåíû â òàáëèöå 1.
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Òàáëèöà 1
Èñõîäíûå äàííûå íîìèíàëüíîãî ðàáî÷åãî ðåæèìà ÐÓ SSTAR

Ýëåìåíò ðàñ÷åòíîé Äàâëåíèå/ïåðåïàä, Òåìïåðàòóðà, °C Ðàñõîä òåïëîíîñèòåëÿ,
ñõåìû  ÌÏà (âõîä/âûõîä) êã/ñ

Ðåãåíåðàòîð
I êîíòóð 1/0,05 322/114,8 170
II êîíòóð 16/0,001 102,1/321 170

Ãàçîíàãðåâàòåëü:
I êîíòóð 0,1/0,007 563/420 2168
II êîíòóð 16/0,005 321/553,5 170

Òóðáèíà 16/14 553,5/322 170
Õîëîäèëüíèê 1 2/0,001 114,8/30 170
Êîìïðåññîð 1 2/2 30/68,5 170
Õîëîäèëüíèê 2 4/0,001 68,5/30 170
Êîìïðåññîð 2 4/3 30/86,6 170
Õîëîäèëüíèê 3 7/0,001 86,6/30 170
Êîìïðåññîð 3 7/5 30/122 170
Õîëîäèëüíèê 4 12/0,001 122/30 170
Êîìïðåññîð 4 12/4 30/102,1 170

3. Ðàñ÷åò àâàðèéíîãî ïðîöåññà

Íà ðèñ. 5–7 ïðåäñòàâëåí ðàñ÷åò ïåðåõîäíîãî ïðîöåññà â ÇÃÒÓ ðåàêòîðà òèïà
SSTAR, âûçâàííîãî ðàçðûâîì ãàçîñáîðíîãî êîëëåêòîðà íà âûõîäå ÃÍ. Âðåìÿ ðàç-
ãåðìåòèçàöèè ïðèíÿòî ðàâíûì 0,01 ñ. Òåñòèðîâàíèå ÏÊ «Ðàñïëàâ» ïðè ðàñ÷åòå ðàç-
ðûâà òðóáîïðîâîäà âûñîêîãî äàâëåíèÿ ïðîâåäåíî â [12] íà ýêñïåðèìåíòàëüíûõ äàí-
íûõ [23]. Ñêîðîñòü çâóêà äâóîêèñè óãëåðîäà â ñå÷åíèè ðàçðûâà ñîñòàâëÿåò ~300 ì/ñ,
è ðàñõîä ãàçà ÷åðåç ÃÍ â ðàçðûâ (ðèñ. 5) âîçðàñòàåò â ïåðâûå ñîòûå ñåêóíäû äî
~1000%. Äàëåå çà ñ÷åò óìåíüøåíèÿ äàâëåíèÿ ïðîèñõîäèò óìåíüøåíèå ðàñõîäà äî
ïîëíîãî îïîðîæíåíèÿ êîíòóðà.

Ïðè âûñîêèõ ñêîðîñòÿõ ãàçà ïðîèñõîäèò ñðûâ êîìïðåññèè. Ôèçè÷åñêè ýòî îç-
íà÷àåò, ÷òî êîãäà ñêîðîñòü ãàçà ñóùåñòâåííî ïðåâûøàåò ñêîðîñòü ëîïàòîê, ñæàòèå
ãàçà íå ïðîèñõîäèò è êîìïðåññîð ðàáîòàåò êàê ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå. Â
èòîãå äàâëåíèå íà âõîäå ÃÍ (ðèñ. 6, êðèâàÿ 2) ðåçêî ïàäàåò äî çíà÷åíèÿ äàâëåíèÿ
õîëîäíîãî ãàçà ~3 ÌÏà, à íà âûõîäå ÃÍ (ðèñ. 6, êðèâàÿ 1) – äî àòìîñôåðíîãî äàâëå-
íèÿ. Ïîñëå îïîðîæíåíèÿ êîíòóðà íà âòîðîé ñåêóíäå äàâëåíèå â êîíòóðå ñòàíîâèòñÿ
ðàâíûì àòìîñôåðíîìó.
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Íåñìîòðÿ íà òî, ÷òî òåìïåðàòóðà ãàçà íà âõîäå â ÃÍ ðåçêî óìåíüøàåòñÿ äî çíà-
÷åíèÿ òåìïåðàòóðû êîíå÷íîãî ïîãëîòèòåëÿ (ðèñ. 7, êðèâàÿ 3), òåìïåðàòóðû ñâèíöà â
ÃÍ çà êîðîòêîå âðåìÿ ïåðåõîäíîãî ïðîöåññà íå óñïåâàþò ñóùåñòâåííî èçìåíèòüñÿ
(ðèñ. 7, êðèâûå 1, 2). Ïîñëå îïîðîæíåíèÿ êîíòóðà òåìïåðàòóðû â ïåðâîì è âî âòî-
ðîì êîíòóðàõ ÃÍ âûðàâíèâàþòñÿ (ðèñ. 7, êðèâûå 1, 4 ). Òàêèì îáðàçîì, ïðè ðàçðûâå
ãîðÿ÷åãî ãàçîïðîâîäà óãðîçû çàòâåðäåâàíèÿ ñâèíöà â ïåðâîì êîíòóðå ÐÓ SSTAR íå
âîçíèêàåò.

Îòìåòèì, ÷òî â àíàëîãè÷íîé àâàðèè â ÐÓ ÁÐÅÑÒ ñ ïàðîòóðáèííûì öèêëîì ïðå-
îáðàçîâàíèÿ ýíåðãèè ïðîèñõîäèò ïîëíîå ïåðåêðûòèå ïðîõîäíûõ ñå÷åíèé ïàðîãåíå-
ðàòîðîâ òâåðäîé ôàçîé ñâèíöà. Îäíàêî âûâîä î òîì, èñêëþ÷åíà ëè ïîëíîñòüþ âîç-
ìîæíîñòü çàòâåðäåâàíèÿ ñâèíöà â ÃÍ ïðè ãàçîòóðáèííîì öèêëå ïðåîáðàçîâàíèÿ
ýíåðãèè, íà îñíîâàíèè äàííîãî ðàñ÷åòà äåëàòü ïðåæäåâðåìåííî. Íåîáõîäèìî ïðî-
âåñòè ïîëíîå èññëåäîâàíèå ýòîãî êëàññà àâàðèé, àíàëîãè÷íîå [13].

Çàêëþ÷åíèå

Ðàçðàáîòàíû ìàòåìàòè÷åñêàÿ ìîäåëü è àëãîðèòì ðàñ÷åòà íåñòàöèîíàðíûõ ïðî-
öåññîâ â çàìêíóòîé ãàçîòóðáèííîé óñòàíîâêå, ðåàëèçàöèÿ êîòîðûõ â ÏÊ «Ðàñïëàâ»
ïîçâîëèëà ðàñøèðèòü åãî ôóíêöèîíàëüíûå âîçìîæíîñòè.

Ñ ïîìîùüþ ðàñøèðåííîé âåðñèè ÏÊ «Ðàñïëàâ» ïðîâåäåíî ÷èñëåííîå ìîäåëè-
ðîâàíèå àâàðèéíîãî ïðîöåññà c ðàçðûâîì ãîðÿ÷åãî ãàçîïðîâîäà â LFR òèïà SSTAR
ñ ãàçîòóðáèííîé óñòàíîâêîé. Ïîëó÷åíî ÷òî, â îòëè÷èå îò LFR òèïà ÁÐÅÑÒ ñ ïàðî-
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òóðáèííîé óñòàíîâêîé, óãðîçû çàòâåðäåâàíèÿ ñâèíöîâîãî òåïëîíîñèòåëÿ íå âîç-
íèêàåò.

Â ñèëó óíèâåðñàëüíîñòè ðàçðàáîòàííûõ ìàòåìàòè÷åñêîé è ðàñ÷åòíîé ìîäåëåé
ÇÃÒÓ îíè ìîãóò áûòü èñïîëüçîâàíû ïðè ðàçðàáîòêå ïðîåêòîâ ðåàêòîðîâ ðàçëè÷íî-
ãî òèïà ñ ãàçîòóðáèííûìè óñòàíîâêàìè.
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NUMERICAL SIMULATION OF NON-STATIONARY PROCESSES
IN THE GAS TURBINE CIRCUIT OF THE SSTAR LEAD-COOLED REACTOR

Chistov A.S.1, Savikhin O.G.2, Savikhin I.O.3

1Research Institute for Mechanics, National Research Lobachevsky State University
of Nizhny Novgorod, Nizhny Novgorod, Russian Federation
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Nizhny Novgorod, Russian Federation

3SiriusXM Radio Inc, Deerfield Beach, Florida, USA

The problem of mathematical and numerical modeling of non-stationary processes in a closed gas
turbine installation as part of an energy conversion unit of a lead-cooled reactor is considered. The
problem is solved in a fairly General formulation, in which the gas circuit can include an arbitrary
number of turbines with gas preheating, an arbitrary number of compressors with gas pre-cooling,
as well as a heat exchanger for regenerative gas heating. Variants of both single-shaft and two-
shaft gas turbine installations are considered. Point idealization is used when modeling the flow
part of the turbine and compressor. Heat and mass transfer in the circuits of lead and gas coolants
is described in a one-dimensional approximation. The possibility of mutual phase transformations
of a melt-solid phase in the lead coolant is taken into account. Calculation of heat and mass transfer
in the circuits is carried out within the single approach, in which the circulation circuit is represented
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as a set of interconnected heat-hydraulic elements (channels). Integration of the system of heat and
mass transfer equations in the contour is performed using a fast scalar sweeping algorithm. The
calculation algorithm provides the ability to take into account the sources of impulse and mass at
arbitrary nodal points of the contour. This makes it possible to “end-to-end” computation when
integrating the system of equations of gas dynamics along a closed loop, taking into account changes
in adiabatic pressure drops at the points of turbines and compressors at each time step. The possibility
of using the integral form of the momentum equation for modeling heat and mass transfer in a gas
circuit is considered. For the SSTAR-type reactor with a lead coolant and a gas-turbine energy
conversion cycle, the calculation of an emergency process with a rupture of a hot gas pipeline was
performed. It was found that, in contrast to a reactor with a steam-turbine cycle of energy conversion
of the BREST type, lead solidification in gas heaters does not occur in this accident. The study
results can be used in elaborating the designs of lead cooled reactors and high-temperature gas
reactors.

Keywords: gas turbine installation, gas heater, compressor, heat and mass transfer, mathematical
model, computational algorithm, reactor, regenerator, lead coolant.


