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ÓÄÊ 517.958:536.2ÓÏÐÎÙÅÍÍÛÅ ÐÅØÅÍÈß ÇÀÄÀ× ÔËÅÊÀÂ. Â. Çàâüÿëîâ, À. À. Øåñòàêîâ(ÐÔßÖ-ÂÍÈÈÒÔ)Ïîñòðîåíû àíàëèòè÷åñêèå ðåøåíèÿ äëÿ ñòàöèîíàðíîé ñèñòåìû óðàâíåíèé ñïåêòðàëü-íîãî ïåðåíîñà èçëó÷åíèÿ ñ óñëîâèÿìè, âçÿòûìè èç çàäà÷ Ôëåêà. Ïðèâåäåíî ñðàâíåíèå ñ÷èñëåííûì ðàñ÷åòîì. Ïîêàçàíî, ÷òî òåìïåðàòóðà âåùåñòâà, ïîëó÷åííàÿ èç ÷èñëåííûõðàñ÷åòîâ, õîðîøî ñîãëàñóåòñÿ ñ âû÷èñëåííîé ïî ïîñòðîåííûì àíàëèòè÷åñêèì ôîðìó-ëàì.Êëþ÷åâûå ñëîâà: ïåðåíîñ èçëó÷åíèÿ, çàäà÷è Ôëåêà.ÂâåäåíèåÂ 1971 ãîäó Ä. Ôëåêîì [1], ñïåöèàëèñòîì ïî ïåðåíîñó èçëó÷åíèÿ èç Ëèâåðìîðñêîé íàöèîíàëüíîéëàáîðàòîðèè ÑØÀ, áûëè ïðåäëîæåíû ÷åòûðå çàäà÷è, êîòîðûå ñî âðåìåíåì ñòàëè êëàññè÷åñêèìèòåñòîâûìè çàäà÷àìè ïî ïåðåíîñó èçëó÷åíèÿ.Èõ äîñòîèíñòâàìè ÿâëÿþòñÿ:� ïðîñòîòà ïîñòàíîâêè ãðàíè÷íûõ è íà÷àëüíûõ óñëîâèé, ÷òî ïîçâîëÿåò âûïîëíÿòü ðàñ÷åòû âðàçëè÷íûõ ïðèáëèæåíèÿõ;� ïðîñòûå àíàëèòè÷åñêèå ôîðìóëû äëÿ ñïåêòðàëüíûõ ïðîáåãîâ;� øèðîêèé äèàïàçîí èçìåíåíèÿ ñïåêòðàëüíîãî êîýôôèöèåíòà ïîãëîùåíèÿ;� ìîäåëèðîâàíèå ðàçðûâîâ ñïåêòðàëüíîãî êîýôôèöèåíòà ïîãëîùåíèÿ ïî ïðîñòðàíñòâó è ýíåðãå-òè÷åñêîìó ñïåêòðó;� ïðîñòåéøåå óðàâíåíèå ñîñòîÿíèÿ èäåàëüíîãî ãàçà.Ìíîãèå ìåòîäèêè, ñîçäàâàåìûå äëÿ ðåøåíèÿ çàäà÷ ïåðåíîñà èçëó÷åíèÿ, èñïîëüçóþò çàäà÷è Ôëåêàäëÿ òåñòèðîâàíèÿ, è, ïî ìíåíèþ àâòîðîâ, ïî ðåéòèíãó öèòèðóåìîñòè â ñòàòüÿõ ïî ïåðåíîñó èçëó÷åíèÿðàáîòà [1] çàíèìàåò ïåðâîå ìåñòî.Âî âñåõ çàäà÷àõ Ôëåêà ïëîñêèé ñëîé ïðîãðåâàåòñÿ ïîòîêîì èçëó÷åíèÿ, ñîîòâåòñòâóþùèì òåìïå-ðàòóðå 1 êýÂ. Íà÷àëüíàÿ òåìïåðàòóðà ðàâíà íóëþ, ïëîòíîñòü âåùåñòâà åäèíè÷íàÿ, çàäà÷à ðàññìàò-ðèâàåòñÿ áåç ó÷åòà ãàçîäèíàìè÷åñêîãî äâèæåíèÿ è ðàññåÿíèÿ, èñïîëüçóåòñÿ óðàâíåíèå ñîñòîÿíèÿèäåàëüíîãî ãàçà. Êîýôôèöèåíò ïîãëîùåíèÿ ñâåòà çàäàåòñÿ â âèäå ôîðìóëû�" = �0"3 �1� e�"=T� ;ãäå T � òåìïåðàòóðà; " � ýíåðãèÿ ôîòîíîâ; �0 � íåêîòîðàÿ êîíñòàíòà.×àñòîå èñïîëüçîâàíèå â ÷èñëåííûõ ìåòîäèêàõ òåñòîâ Ôëåêà ïðèâîäèò ê ïîòðåáíîñòè èìåòü àíà-ëèòè÷åñêèå ôîðìóëû äëÿ ðåøåíèÿ ýòèõ çàäà÷. Â äàííîé ðàáîòå ñäåëàíà ïîïûòêà ïîñòðîèòü àíàëè-òè÷åñêèå ðåøåíèÿ ñòàöèîíàðíîé ñèñòåìû óðàâíåíèé ïåðåíîñà ñïåêòðàëüíîãî èçëó÷åíèÿ è ýíåðãèèäëÿ ïåðâîé è âòîðîé çàäà÷ Ôëåêà.
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Â. Â. Çàâüÿëîâ, À. À. ØåñòàêîâÀíàëèòè÷åñêîå ðåøåíèå ñèñòåìû óðàâíåíèé ïåðåíîñà ñïåêòðàëüíîãî èçëó÷åíèÿè ýíåðãèè â ñòàöèîíàðíîì ñëó÷àåÐàññìîòðèì ñïåêòðàëüíóþ ñèñòåìó óðàâíåíèé ïåðåíîñà èçëó÷åíèÿ è ýíåðãèè â îáùåì ñëó÷àå:1c @I�@t + ~
rI� + (�� + ��) I� = 14� 0@��B� + �� Z
 I� �t; ~r; ~
� d~
1A ;@E@t = 1Z0 �� Z
 �I� � 14�B�� d~
d�:Çäåñü t � âðåìÿ; c � ñêîðîñòü ñâåòà; ~
 � åäèíè÷íûé âåêòîð â íàïðàâëåíèè äâèæåíèÿ ôîòîíîâ; � �÷àñòîòà; I� �t; ~r; ~
� � èíòåíñèâíîñòü èçëó÷åíèÿ ôîòîíîâ; �� � êîýôôèöèåíò ïîãëîùåíèÿ ôîòîíîâ;�� � êîýôôèöèåíò ðàññåÿíèÿ ôîòîíîâ; B� = 4�2hc2 �3eh�=T � 1 = p0"3e"=T � 1 � ôóíêöèÿ Ïëàíêà ñ ìíî-æèòåëåì p0 = ph, ãäå h � ïîñòîÿííàÿ Ïëàíêà, p = 8�c2h3 ; " = h� � ýíåðãèÿ ôîòîíà; 1Z0 B�d� = c�T 4,� � ïîñòîÿííàÿ Ñòåôàíà�Áîëüöìàíà.Â ñòàöèîíàðíîì ñëó÷àå ïðè �� = 0 (óñëîâèÿ çàäà÷ Ôëåêà) ïîëó÷àåì~
rI� + ��I� = ��Ip�; (1)1Z0 �� Z
 (I� � Ip�) d~
d� = 0: (2)Çàïèøåì óðàâíåíèå (1) â îïåðàòîðíîì âèäåLI� = Ip� ;ãäå L = E + �~
; ��1� r�; EI� = I� ; Ip� = 14�B� â îáùåì ñëó÷àå, Ip� = 0;5B� â ïëîñêîé è ñôåðè÷åñêè-ñèììåòðè÷íîé ãåîìåòðèÿõ. Òîãäà òî÷íîå çíà÷åíèå èíòåíñèâíîñòè ìîæíî çàïèñàòü â âèäåI� = L�1Ip� :Ñëåäóÿ ðàáîòå [2], ðàçëîæèì â ðÿä Íåéìàíà ðåçîëüâåíòó îïåðàòîðà �~
; ��1� r�:hE + �~
; ��1� r�i�1 = 1Xn=0 (�1)n �~
; ��1� r�n = E � �~
; ��1� r�+ �~
; ��1� r�2 � : : : : (3)Òîãäà òî÷íîå çíà÷åíèå èíòåíñèâíîñòè ìîæíî çàïèñàòü â âèäå áåñêîíå÷íîãî ðÿäàI� = 1Xn=0 (�1)n �~
; ��1� r�n Ip� = Ip� � �~
; ��1� r� Ip� + �~
; ��1� r�2 Ip� � : : : : (4)Â ïëîñêîé ãåîìåòðèè ýòî âûðàæåíèå èìååò âèäI� = Ip� � ��� @Ip�@r + �2�� @@r � 1�� @Ip�@r �� �3�� @@r � 1�� @@r � 1�� @Ip�@r ��+ : : : : (5)� 46 �



Óïðîùåííûå ðåøåíèÿ çàäà÷ ÔëåêàÐàçëîæåíèå (3) èìååò ìåñòî äëÿ íåïðåðûâíûõ îïåðàòîðîâ ñ íîðìîé ìåíüøå åäèíèöû. Îáîñíîâàíèåïðèìåíåíèÿ ðÿäà Íåéìàíà äëÿ ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà ïðèâåäåíî â ðàáîòàõËàðñåíà [3, 4].Åñëè èçâåñòíà ðàâíîâåñíàÿ èíòåíñèâíîñòü Ip�, êîòîðàÿ îïðåäåëÿåòñÿ ðàñïðåäåëåíèåì òåìïåðàòó-ðû T (r), òî ïî çàäàííîìó êîýôôèöèåíòó ðàññåÿíèÿ ìîæíî ñðàçó íàéòè àíàëèòè÷åñêîå âûðàæåíèåèíòåíñèâíîñòè I� . Èç (5) âèäíî, ÷òî â îïòè÷åñêè ïëîòíûõ ñðåäàõ ïðè �� ! 1 è â íàïðàâëåíèÿõ,áëèçêèõ ê � = 0, ïîëó÷àåì I� ! Ip�.Äëÿ íàõîæäåíèÿ òåìïåðàòóðû ïîäñòàâèì âûðàæåíèå (4) â (2):1Z0 �� Z
 " 1Xn=1 (�1)n �~
; ��1� r�nIp�#d~
d� = 0:Èñïîëüçóÿ èçâåñòíûå ñîîòíîøåíèÿ [2]Z
 �~
; ��1� r�nd~
 = 8<: 0 äëÿ n = 1; 3; 5; : : : ;4�n+ 1 ���1� r�n = Mn äëÿ n = 0; 2; 4; : : : ;ïîëó÷àåì 1Z0 ��  1Xn=1M2nIp�! d� = 0: (6)Íàïðèìåð, äëÿ ïåðâîãî îïåðàòîðà M2M2Ip� = Z
 �~
; ��1� r�2 Ip�d~
 = 4�3�� �r; ��1� rIp�� :Â ïëîñêîé ãåîìåòðèè îïåðàòîð Mn, n = 0; 2; 4; : : : ; èìååò âèäMn = 1Z�1 ��; ��1� r�n d� = 2n+ 1 ���1� r�n ;è âìåñòî óðàâíåíèÿ (6) ïîëó÷àåì1Z0 �13 @@r � 1�� @Ip�@r �+ 15 @@r � 1�� @@r � 1�� @@r � 1�� @Ip�@r ���+ : : :� d� = 0: (7)Ñíà÷àëà ðàññìîòðèì ðåøåíèå â ñàìîì ïðîñòîì ñëó÷àå � ïëîñêîé ãåîìåòðèè ïðè ïîñòîÿííîì �� .Äëÿ íàõîæäåíèÿ òåìïåðàòóðû èç (7) ïîëó÷àåì óðàâíåíèå13� d2 �T 4�dr2 + 15�3 d4 �T 4�dr4 + 17�5 d6 �T 4�dr6 + : : : = 0:Åãî ðåøåíèÿìè ÿâëÿþòñÿ ðåøåíèÿ óðàâíåíèÿ Ëàïëàñà d2 �T 4�dr2 = 0.Ðåøåíèåì óðàâíåíèÿ Ëàïëàñà ÿâëÿåòñÿ ëèíåéíàÿ ôóíêöèè îò r äëÿ T 4:T 4 = T0r + T1;ãäå T0; T1 � íåêîòîðûå êîíñòàíòû. � 47 �



Â. Â. Çàâüÿëîâ, À. À. ØåñòàêîâÄëÿ îäíîçíà÷íîñòè ýòîãî ðåøåíèÿ íàäî ïîñòàâèòü ãðàíè÷íûå óñëîâèÿ. Íà îäíîé ãðàíèöå çàäàäèìðàâíîâåñíóþ èíòåíñèâíîñòü I� = Igr = Ip� (Tgr), çàâèñÿùóþ îò ãðàíè÷íîé òåìïåðàòóðû Tgr, à íàäðóãîé � óñëîâèå ñâîáîäíîé ïîâåðõíîñòè I� = 0 ïðè �~
; ~n� < 0. Ñ ó÷åòîì óðàâíåíèÿ (5), åñëè íàãðàíèöå çàäàâàòü âõîäÿùèé ïîòîê �I� , òî ïðè � > 0 ïîëó÷àåì1Z0 �I�d� = Ip� 1Z0 �d�� 1� @Ip�@r 1Z0 �2d�+ 1�2 @2Ip�@r2 1Z0 �3d�� : : : = 12 Ip� � 13� @Ip�@r + 14�2 @2Ip�@r2 � : : : :Ïðè � < 00Z�1 �I�d� = Ip� 0Z�1 �d�� 1� @Ip�@r 0Z�1 �2d�+ 1�2 @2Ip�@r2 0Z�1 �3d�� : : : = �12 Ip� � 13� @Ip�@r � 14�2 @2Ip�@r2 + : : : :Ïîñëå èíòåãðèðîâàíèÿ ïî ñïåêòðó íà ëåâîé ãðàíèöå (r = 0) ïðè Tgr = 1 ïîëó÷àåì T12 � T03� = 12 , íàïðàâîé ãðàíèöå (r = R) ïîëó÷àåì T0R+ T12 + T03� = 0. Òîãäà âûðàæåíèÿ äëÿ òåìïåðàòóðû è ïîòîêàïðèíèìàþò âèä T = 4vuuuutR� r + 23�R+ 43� ; S = c�3�R + 4 = const:Ñðàâíèì òåìïåðàòóðû, ïîëó÷åííûå èç àíàëèòè÷åñêèõ è ÷èñëåííûõ ðàñ÷åòîâ. Íà ðèñ. 1 ïðèâåäåíûïðîôèëè òåìïåðàòóðû âåùåñòâà, ïîñ÷èòàííîé ïî TVD-ñõåìå âòîðîãî ïîðÿäêà ïðè � = 10, R = 4è ïî àíàëèòè÷åñêîé ôîðìóëå. Â ðàñ÷åòàõ ðàññìàòðèâàëàñü îáëàñòü 1 = r0 � r � r1 = 5, ïîýòîìó

Ðèñ. 1. Ïðîôèëè òåìïåðàòóðû âåùåñòâà: � ÷èñëåííûé ðàñ÷åò; �H� � àíàëèòè÷åñêîå ðåøåíèå� 48 �



Óïðîùåííûå ðåøåíèÿ çàäà÷ Ôëåêàâ àíàëèòè÷åñêîé ôîðìóëå r çàìåíÿëàñü íà r � r0, R çàìåíÿëàñü íà r1 � r0. Èç ðèñ. 1 âèäíî, ÷òîàíàëèòè÷åñêàÿ ôîðìóëà õîðîøî îïèñûâàåò ÷èñëåííîå ðåøåíèå.Ìîæíî ðàññìîòðåòü áîëåå ñëîæíûå ôîðìóëû äëÿ êîýôôèöèåíòà ïîãëîùåíèÿ. Ïðè � = �0T�m,m > 0 èç óðàâíåíèÿ ýíåðãèè (7) ïîëó÷àåì1Z0 �13 @@r � 1�� @Ip�@r �+ 15 @@r � 1�� @@r � 1�� @@r � 1�� @Ip�@r ���+ : : :� d� == 13 ddr �Tm�0 dT 4dr �+ 15 ddr �Tm�0 ddr �Tm�0 ddr �Tm�0 dT 4dr ���+ : : : == 4m+ 4 � 13�0 d2Tm+4dr2 + 15�30 ddr �Tm ddr �Tmd2Tm+4dr2 ��+ : : :� = 0:Åñëè çàíóëèòü ïåðâûé ÷ëåí ýòîãî ðÿäà, ðàññìîòðåâ óðàâíåíèå Ëàïëàñà d2Tm+4dr2 = 0, âñå îñòàëüíûå÷ëåíû ðÿäà çàíóëÿòñÿ àâòîìàòè÷åñêè, ò. å. ðåøåíèÿìè äèôôåðåíöèàëüíîãî óðàâíåíèÿ ÿâëÿþòñÿ âñåãàðìîíè÷åñêèå ôóíêöèè Tm+4 = T0 (r � r0) + T1.Ðåøåíèå äëÿ ïåðâîé çàäà÷è ÔëåêàÏðîèíòåãðèðóåì óðàâíåíèå (7) ïî ÷àñòîòå äëÿ êîýôôèöèåíòà ïîãëîùåíèÿ �" = �0"3 �1� e�"=T �,ðàññìîòðåííîãî â ðàáîòå Ôëåêà [1]. Òîãäà óðàâíåíèå (7) ïðèíèìàåò âèä d2T 7dr2 +O� 1�30� = 0:Âìåñòî ðåøåíèÿ ýòîãî óðàâíåíèÿ ðàññìîòðèì ðåøåíèå óðàâíåíèÿ d2T 7dr2 = 0, êîòîðîå ÿâëÿåòñÿóðàâíåíèåì Ëàïëàñà äëÿ ôóíêöèè T 7. Ïðè ðåøåíèè óðàâíåíèÿ Ëàïëàñà ïîëó÷àåìT 7 = T0 (r � r0) + T1;ãäå T0, T1 � íåêîòîðûå êîíñòàíòû.Â çàäà÷å Ôëåêà íà îäíîé ãðàíèöå çàäàåòñÿ âõîäÿùèé ïîòîê îò åäèíè÷íîé òåìïåðàòóðû, à íàäðóãîé � óñëîâèå ñâîáîäíîé ïîâåðõíîñòè: I� = 0 ïðè �~
; ~n� < 0. Òàêèì îáðàçîì, èìååì:c�T 44 � m3 dT 7dr = c�T 4=714 � mT03 = c�4 ; m � 230 737�0 ïðè r = r0;c�T 44 + m3 dT 7dr = c�4 (T0R+ T1)4=7 + mT03 = 0 ïðè r = R+ r0:Èç ýòèõ óñëîâèé ïîëó÷àåì óðàâíåíèå äëÿ íàõîæäåíèÿ T0:�1 + 4mT03c� �7=4 ���4mT03c� �7=4 + T0R = 0:Ýòî óðàâíåíèå ìîæíî ðåøèòü ÷èñëåííî èòåðàöèîííûì ìåòîäîì Íüþòîíà.Îòñþäà, íàïðèìåð, ïðè �0 = 1000T0 � �0;24191; T1 = �1 + 4mT03c� �7=4 � 0;968:Òîãäà äëÿ òåìïåðàòóðû è ïîòîêà ïîëó÷àåìT = 7pT0 (r � r0) + T1 � 7p0;968 � 0;242 (r � r0); S = �2mT03 � 37;2:� 49 �



Â. Â. Çàâüÿëîâ, À. À. ØåñòàêîâÏðè �0 = 10 000T = 7pT0 (r � r0) + T1 � 7p0;997 � 0;249 (r � r0); S = �2mT03 � 3;83;ãäå T0 � �0;24918; T1 = �1 + 4mT03c� �7=4 � 0;99674.Íà ðèñ. 2 ïðèâåäåíû ïðîôèëè òåìïåðàòóðû âåùåñòâà, ðàññ÷èòàííîé ïî TVD-ñõåìå ïðè r0 = 1,R = 4 è ïî àíàëèòè÷åñêîé ôîðìóëå. ×èñëî òî÷åê ïî ïðîñòðàíñòâó âûáðàíî èç ðàñ÷åòîâ íà ïîëó÷åíèåñõîäèìîñòè ÷èñëåííîãî ðåøåíèÿ. Âèäíî, ÷òî òåìïåðàòóðà âåùåñòâà, ðàññ÷èòàííàÿ ÷èñëåííî, õîðîøîñîãëàñóåòñÿ ñ ïîëó÷åííîé ïî àíàëèòè÷åñêîé ôîðìóëå.Ðåøåíèå äëÿ âòîðîé çàäà÷è ÔëåêàÂî âòîðîé çàäà÷å Ôëåêà â öåíòðå ñèñòåìû ââîäèòñÿ îïòè÷åñêè ïëîòíàÿ îáëàñòü 1 (r0 � r � r0 ++R1) ñ �2 = 10 000. Â îáëàñòè 2 (r0 +R1 � r � r0 +R2) è îáëàñòè 3 (r0 +R2 � r � r0 +R) �1 = 27.Èñïîëüçóÿ â êàæäîé îáëàñòè ïðèáëèæåííîå ðåøåíèå, ïîëó÷åííîå äëÿ ïåðâîé çàäà÷è Ôëåêà, èìååì:� â îáëàñòè 1 T 7 = T0 (r � r0) + T1; S = �2m1T03�1 ;� â îáëàñòè 2 T 7 = T2 (r � r0) + T3; S = �2m1T23�2 ;� â îáëàñòè 3 T 7 = T4 (r � r0) + T5; S = �2m1T43�1 ,ãäå T0, T1, T2, T3, T4, T5 � êîíñòàíòû, îïðåäåëÿåìûå èç ãðàíè÷íûõ óñëîâèé;m1 = pm014 � 230 737; m0 = 1Z0 x7e2x(ex � 1)3dx = 2520� (7) + 83�6 � 5 103;9; �� = �i (ex � 1)"3ex ; i = 1; 2;

Ðèñ. 2. Ïåðâàÿ çàäà÷à Ôëåêà. Ïðîôèëè òåìïåðàòóðû ïðè �0 = 1000: � àíàëèòè÷åñêîå ðåøåíèå; � � �÷èñëåííîå ðåøåíèå � 50 �



Óïðîùåííûå ðåøåíèÿ çàäà÷ Ôëåêàx = "=T ; � (p) = 1Pn=1n�p � ôóíêöèÿ Ðèìàíà.Íà ãðàíèöàõ ìåæäó îáëàñòÿìè áóäåì òðåáîâàòü âûïîëíåíèÿ óñëîâèÿ íåïðåðûâíîñòè ïîòîêàT2 = �2�1T0; T4 = T0è óñëîâèé íåïðåðûâíîñòè òåìïåðàòóðûT0R1 + T1 = T2R1 + T3; T2R2 + T3 = T4R2 + T5:Åñëè íà ëåâîé è ïðàâîé ãðàíèöàõ çàäàâàòü îäíîñòîðîííèå ïîòîêè, òî ïîëó÷àåìT1 = �1 + 4m1T03c��1 �7=4 ; T2 = �2�1T0; T3 = �1 + 4m1T03c��1 �7=4 ���2�1 � 1�T0R1;T4 = T0; T5 = ��4m1T03c��1 �7=4 � T0R:Êîíñòàíòà T0 íàõîäèòñÿ èç óðàâíåíèÿF = �1 + 4m1T03c��1 �7=4 ���4m1T03c��1 �7=4 +��2�1 � 1�T0 (R2 �R1) + T0R = 0:Ïðè r0 = 0; R1 = 2; R2 = 2;4; R = 4; �1 = 27; �2 = 10 000 èìååìT0 � �0;00638; T1 = (1 + 2;7724T0)7=4 � 0;96925; T2 = �2�1T0 � �2;3630;T3 = T1 � 19 94627 T0 � 5;6824; T4 = T0; T5 � (�2;7724T0)7=4 � 4T0 � 0;02637:Â èòîãå ïîëó÷àåì:� â îáëàñòè 1 T � 7p0;96925 � 0;00638 (r � r0); S � 36;35;� â îáëàñòè 2 T � 7p5;6824 � 2;363 (r � r0); S � 36; 35;� â îáëàñòè 3 T � 7p0;02637 � 0;00638 (r � r0); S � 36; 35.Åùå áîëåå ïðîñòûå ôîðìóëû äëÿ òåìïåðàòóðû ìîæíî ïîëó÷èòü, èñïîëüçóÿ ñëåâà çíà÷åíèå òåìïå-ðàòóðû T = 1, à ñïðàâà T = 0. Õîòÿ â ïðåäûäóùåì ñëó÷àå òåìïåðàòóðà íà ãðàíèöå íå îáðàùàåòñÿâ íóëü, ïîâåäåíèå ïðîôèëåé òåìïåðàòóð â îáîèõ ñëó÷àÿõ î÷åíü áëèçêî.Ñëåâà èç óñëîâèÿ T = 1 ïîëó÷àåì T1 = 1. Ñïðàâà èç óñëîâèÿ T = 0 ïîëó÷àåì T4R + T5 = 0, èëèT5 = �T0R. Èç óñëîâèé íåïðåðûâíîñòè òåìïåðàòóðû ñëåäóåòT3 = 1���2�1 � 1�T0R1; T0 = � 1R+��2�1 � 1� (R2 �R1) :Ïðè r0 = 0; R1 = 2; R2 = 2;4; R = 4; �1 = 27; �2 = 10 000 èìååìT0 � �0;00659; T1 = 1; T2 = �2�1T0 � �2;44; T3 = 1� 2997327 T0 � 5;8683; T4 = T0; T5 = �4T0:Â èòîãå ïîëó÷àåì:� â îáëàñòè 1 T � 7p1� 0;00659 (r � r0); S � 37; 54;� â îáëàñòè 2 T � 7p5;8683 � 2;44 (r � r0); S � 37; 54;� â îáëàñòè 3 T � 7p0;00659 (4 + r0 � r); S � 37; 54.Â ðàñ÷åòàõ ðàññìàòðèâàëàñü îáëàñòü 1 = r0 � r � r0 + R = 5. ×èñëî òî÷åê ïî ïðîñòðàíñòâóâûáðàíî èç ðàñ÷åòîâ íà ïîëó÷åíèå ñõîäèìîñòè ÷èñëåííîãî ðåøåíèÿ.Íà ðèñ. 3 ïðèâåäåíû ïðîôèëè òåìïåðàòóðû âåùåñòâà, ðàññ÷èòàííîé ïî TVD-ñõåìå è àíàëèòè-÷åñêèì ôîðìóëàì. Bèäíî, ÷òî ýòè ïðîôèëè õîðîøî ñîãëàñóþòñÿ ìåæäó ñîáîé. Çíà÷åíèÿ òåì-ïåðàòóðû, ïîëó÷åííûå èç ÷èñëåííûõ ðàñ÷åòîâ, â òî÷êàõ îêîëî ãðàíèö îáëàñòåé ïðèìåðíî ðàâíûT (1;001) � 0;999; T (3;000) � 0;993; T (3;401) � 0;526; T (4;999) � 0;208.� 51 �
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Ðèñ. 3. Âòîðàÿ çàäà÷à Ôëåêà. Ïðîôèëè òåìïåðàòóðû âåùåñòâà: � ÷èñëåííîå ðåøåíèå; � àíàëèòè÷å-ñêîå ðåøåíèå Ñïèñîê ëèòåðàòóðû1. Fleck J. A., Cummings J. D. An implicit Monte Carlo scheme for calculating time and frequencydependent nonlinear radiation transport // J. Comp. Phys. 1971. Vol. 8. P. 313�342.2. Larsen E. W., Thommes G., Klar A. et al. Simpli�ed PN approximations to the equations ofradiative heat transfer and applications // Ibid. 2002. Vol. 183. P. 652�675.3. Larsen E. W., Morel J. E., McGhee J. M. Asymptotic derivation of the multigroup P1 and simpli�edPN equations with anisotropic scattering // Nucl. Sci. and Eng. 1996. Vol. 123. P. 328�342.4. Brantley P. S., Larsen E. W. The simpli�ed P3 approximation // Ibid. 2000. Vol. 134. P. 1�21.Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 20.06.12.




