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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÀÊÓÑÒÈÊÈ Ñ ÏÎÌÎÙÜÞ ÏÀÐÀËËÅËÜÍÎÃÎ

ÀËÃÎÐÈÒÌÀ

À.Ó. Àáäèáåêîâ, Ä.Á. Àêïàí

Êàçàõñêèé Íàöèîíàëüíûé Óíèâåðñèòåò èìåíè àëü-Ôàðàáè

Abstract. Work is devoted to numerical model operation of an advance of waves in the homoge-

neous plane. In present work the parallel algorithm for calculation of dynamics of an advance of

waves is investigated. Numerical model operation is carried out on the basis of a �nite-di�erence

method with absorbing borders. Are o�ered algorithm of a parallelizing of numerical calculations,

based on the MPI technology. Analyzed dependence of parallel algorithm on number of knots of a

grid and processes.

Keywords: acoustic, MPI.

À­äàòïà. Á´ë æ´ìûñ áiðòåêòi æàçû©òû©òà òîë©ûíäàðäû­ òàðàëóûí ñàíäû© ºäiñïåí ïiøiíäå-

óãå àðíàë¡àí. Æ´ìûñòà òîë©ûíäàðäû­ òàðàëó äèíàìèêàñûí åñåïòåóãå ïàðàëëåëüäiê àëãîðèò-

ìi çåðòòåëãåí. Ñàíäû© ïiøiíäåó øåêòi àéûðûìäû ºäiñïåí ïåí øà¡ûëìàéòûí øåêàðàëàðìåí

íåãiçäåëãåí. MPI òåõíîëîãèÿñû íåãiçiíäå ñàíäû© åñåïòåóëåðäi ïàðàëëåëüäåó àëãîðèòìi ´ñû-

íûëàäû. Á´ë æ´ìûñûíäà ïàðàëëåëüäi àëãîðèòìíi­ òîðäû­ °ëøåìi ìåí ïðîöåññòåðäi­ ñàíûíà

òºóåëäiëiãi çåðòòåëãåí.

Êiëòòiê ñ°çäåð: àêóñòèêà, MPI.

Àííîòàöèÿ. Ðàáîòà ïîñâÿùåíà ÷èñëåííîìó ìîäåëèðîâàíèþ ðàñïðîñòðàíåíèÿ âîëí â îäíî-

ðîäíîé ïëîñêîñòè. Â ðàáîòå èññëåäóåòñÿ ïàðàëëåëüíûé àëãîðèòì äëÿ âû÷èñëåíèÿ äèíàìèêè

ðàñïðîñòðàíåíèÿ âîëí. ×èñëåííîå ìîäåëèðîâàíèå ïðîâîäèòñÿ íà îñíîâå êîíå÷íî-ðàçíîñòíîãî

ìåòîäà ñ ïîãëîùàþùèìè ãðàíèöàìè. Ïðåäëàãàþòñÿ àëãîðèòì ðàñïàðàëëåëèâàíèÿ ÷èñëåííûõ

ðàñ÷åòîâ, íà îñíîâå òåõíîëîãèè MPI. Â ðàáîòå èññëåäîâàíû çàâèñèìîñòü ïàðàëëåëüíîãî àëãî-

ðèòìà îò êîëè÷åñòâà óçëîâ ñåòêè è ïðîöåññîâ.

Êëþ÷åâûå ñëîâà: àêóñòèêà, MPI.

Ââåäåíèå

Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ ìåòîäàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ ïðîöåññîâ

ðàñïðîñòðàíåíèÿ çâóêîâûõ âîëí â îäíîðîäíûõ ïðîñòðàíñòâ. Â êà÷åñòâå áàçîâîé ñèñòåìû óðàâíå-

íèé, îïèñûâàþùèõ ïðîöåññ ðàñïðîñòðàíåíèÿ çâóêîâûõ âîëí âçÿòî âîëíîâîå óðàâíåíèå, õîðîøî

îïèñûâàþùåå ðàñïðîñòðàíåíèå âîëí â ñðåäå. Ïîëó÷åííûå ãèïåðáîëè÷åñêèå óðàâíåíèÿ ðåøàþòñÿ

÷èñëåííî ñ ïðèìåíåíèåì ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ êîìïëåêñîâ. Ðàçðàáîòàííàÿ ïàðàëëåëü-

íàÿ ïðîãðàììà ïðåäíàçíà÷åíà äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ âîëí â äâóìåðíî

îäíîðîäíûõ ìîäåëÿõ ñðåä, èñïîëüçóÿ êîíå÷íî ðàçíîñòíûé ìåòîä. Îñíîâíûìè öåëÿìè äàííîé ðà-

áîòû ÿâëÿåòñÿ ðàçðàáîòêà êîìïëåêñà ïðîãðàìì äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ

çâóêîâûõ âîëí îãðàíè÷åííîì ïðîñòðàíñòâå, à òàêæå â äåòàëüíîì èçó÷åíèè ïðîöåññîâ ðàçâèòèÿ

âîëíîâîé êàðòèíû â îäíîðîäíûõ ñëó÷àÿõ. Â ìîäåëè ðåàëèçîâàíû òî÷å÷íûå èñòî÷íèêè íà÷àëüíîãî

âîçìóùåíèÿ.



Âû÷èñëèòåëüíûå òåõíîëîãèè 9 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Ìàòåìàòè÷åñêàÿ ìîäåëü

Ìàòåìàòè÷åñêàÿ ìîäåëü ðàñïðîñòðàíåíèÿ çâóêîâûõ êîëåáàíèé â äâóìåðíîì ñëó÷àå îäíîðîä-

íîé ñðåäå ìîæåò áûòü ïðåäñòàâëåíà â âèäå ãèïåðáîëè÷åñêîé ñèñòåìû óðàâíåíèé â ÷àñòíûõ ïðî-

èçâîäíûõ âòîðîãî ïîðÿäêà â ôîðìå [1]

1

a2

∂2u

∂t2
=
∂2u

∂x2
+
∂2u

∂y2
+ f (1)

ãäå a−ýòî ñêîðîñòü ðàñïðîñòðàíåíèÿ çâóêà â îäíîðîäíîé ñðåäå. Ôóíêöèÿ f(t, x, y) â ïðàâîé

÷àñòè óðàâíåíèÿ îïèñûâàåò âîçìóùåíèå, ïîáóæäàþùèå àêóñòè÷åñêèå êîëåáàíèÿ â îäíîðîäíîé

ñðåäå. Äëÿ îïèñàíèÿ äèíàìèêè ðàñïðîñòðàíåíèÿ âîëí â íåêîòîðîé ñðåäå, èñïîëüçóåì íåîòðà-

æàþùèå ãðàíè÷íûå óñëîâèÿ. Ãðàíè÷íûå óñëîâèÿ íà ãðàíèöàõ äîëæíû îáëàäàòü "ïîãëîùàþùè-

ìè"ñâîéñòâàìè, ò.å. òàêèìè, ÷òîáû ðåøåíèå ãðàíè÷íîé çàäà÷è áûëî òî÷íûì ðåøåíèåì íà÷àëüíîé

çàäà÷è.[2] Â ïîëíîé ìåðå äàííûé ïîäõîä èçëîæåí â ðàáîòàõ [1]-[2]

∂u

∂x
− ∂u

∂t
= 0, x = 0 (2)

∂u

∂y
− ∂u

∂t
= 0, y = 0 (3)

∂u

∂x
+
∂u

∂t
= 0, x = 1 (4)

∂u

∂y
+
∂u

∂t
= 0, y = 1 (5)

Â íà÷àëüíûé ìîìåíò ñèñòåìà íàõîäèòñÿ â íå âîçìóùåííîì ñîñòîÿíèè, ò.å. íà÷àëüíîå ïîëå

áóäåò ðàâíî íóëþ.

u(x, y, 0) = 0, ut(x, y, 0) = 0 (6)

×èñëåííûé àëãîðèòì

Â ÷èñëåííîì ðåøåíèè (1) äèôôåðåíöèàëüíîãî óðàâíåíèÿ èñïîëüçóåòñÿ ìåòîä êîíå÷íûõ ðàç-

íîñòåé ñ èñïîëüçîâàíèåì ÿâíîé ñõåìû. Êîíå÷íî-ðàçíîñòíûé ìåòîä ñ ÿâíîé ñõåìîé äëÿ âîëíîâîãî

óðàâíåíèÿ èìååò ñëåäóþùèé âèä[4]

un+1
ij − 2unij + un−1

ij

∆t2
= c2(

uni+1j − 2unij + uni−1j

∆x2
+
unij+1 − 2unij + unij−1

∆y2
+ f) (7)

Ðåøèâ ýòî óðàâíåíèå îòíîñèòåëüíî un+1
ij , ïîëó÷èì

un+1
ij = 2unij − un−1

ij + c2∆t2(
uni+1j − 2unij + uni−1j

∆x2
+
unij+1 − 2unij + unij−1

∆y2
+ f) (8)

çäåñü n = 1, T − 1; i, j = 1, N − 1

Àïïðîêñèìàöèÿ ãðàíè÷íûõ óñëîâèé

un+1
Nj = unNj −∆t(

unNj − unN−1j

∆x
), un+1

0j = un0j −∆t(
un1j − un0j

∆x
);un+1

iN =

= uniN −∆t(
uniN − uniN−1

∆x
), un+1

i0 = uni0 −∆t(
uni1 − uni0

∆x
)

(9)
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Ïîñêîëüêó èñïîëüçóåòñÿ ÿâíàÿ ñõåìà íåîáõîäèìî óäîâëåòâîðåíèå óñëîâèå óñòîé÷èâîñòè

c
∆t

∆x
≤ 1 (10)

Ïðè ïàðàëëåëüíîì âû÷èñëåíèè äàííîé çàäà÷è êàæäûé ïðîöåññîð ïðîâåðÿåò ñõîäèìîñòü óðàâ-

íåíèÿ ñëåäóþùèì îáðàçîì

∥∥un+1 − un
∥∥ ≤ ε (11)

Ìåòîäèêà ðàñïàðàëëåëèâàíèÿ

Ïîñòàâëåííàÿ çàäà÷à ðåñóðñîåìêîé, ïîýòîìó ëîãè÷íî ïðîâîäèòü ñòîëü ìàññèâíûå âû÷èñëåíèÿ

íà ñîâðåìåííûõ ñóïåðêîìïüþòåðàõ. Äëÿ ðåàëèçàöèè îïèñàííîãî êîíå÷íîðàçíîñòíîãî ìåòîäà áûë

ðàçðàáîòàí ïàðàëëåëüíûé àëãîðèòì, ñïîñîá ðàñïàðàëëåëèâàíèÿ êîòîðûé áóäåò èçëîæåí äàëåå.

Äëÿ ñîçäàíèÿ ïàðàëëåëüíîãî âàðèàíòà àëãîðèòìà ðàññìàòðèâàëñÿ ïîäõîä äåêîìïîçèöèè îáëà-

ñòè.[5] Äàííûé ïîäõîä çàêëþ÷àåòñÿ â òîì, ÷òî èñõîäíàÿ îáëàñòü ðàñ÷åòîâ äðîáèòñÿ íà ìåëêèå

ïîäîáëàñòè â êîëè÷åñòâå ðàâíîìó êîëè÷åñòâó âû÷èñëèòåëüíûõ óçëîâ, èìåþùåìóñÿ â ðàñïîðÿæå-

íèè ïîëüçîâàòåëÿ. Êàæäàÿ ïîäîáëàñòü çàêðåïëÿåòñÿ çà îòäåëüíûì ïðîöåññîðîì ìíîãîïðîöåññîð-

íîé ñèñòåìû. Âû÷èñëåíèå äèíàìèêè âîëíîâîãî ïîëÿ âêëþ÷àåò â ñåáÿ íåçàâèñèìûå âû÷èñëåíèÿ

âíóòðè ïîäîáëàñòåé è îáìåí äàííûìè ìåæäó ñîñåäíèìè ïîäîáëàñòÿìè íà ãðàíèöàõ èõ ñîïðèêîñ-

íîâåíèÿ.

Ðàçáèåíèå îáëàñòè âû÷èñëåíèé äîëæíî îáåñïå÷èâàòü ðàâíîìåðíóþ çàãðóçêó íåçàâèñèìûõ

ïðîöåññîðîâ è ìèíèìèçèðîâàòü îáúåì ïåðåäàâàåìîé ìåæäó íèìè èíôîðìàöèè.[6] Äëÿ ýòîãî îá-

ëàñòü âû÷èñëåíèé ðàçðåçàåòñÿ ëèíèÿìè ïî äâóì íàïðàâëåíèÿ íà ìåíüøèå ÷åòûðåõóãîëüíèêè

òàêèì îáðàçîì, ÷òîáû ïîëó÷åííûå ïîäîáëàñòè èìåëè áëèçêèå äðóã äðóãó ðàçìåðû, à ïî ôîðìå

áûëè áû áëèçêè ê êâàäðàòó. Ïðè òàêîì ïîäõîäå, êàæäûé ïðîöåññîð îáìåíèâàåòñÿ èíôîðìàöèåé

ñ 3-4 ñîñåäÿìè.

Íà ðèñ. 1 ïðåäñòàâëåí ñïîñîá äåêîìïîçèöèè, ãäå çåëåíûì öâåòîì îáîçíà÷åíû òåíåâûå ãðàíèöû,

êðàñíûì öâåòîì èìïîðòèðîâàííûå ýëåìåíòû.

Ðåçóëüòàòû

Áûëè ïðîèçâåäåíû ÷èñëåííûå ðàñ÷åòû ìîäåëèðîâàíèÿ àêóñòè÷åñêèõ êîëåáàíèé â îäíîðîäíîé

ñðåäå ñ ðàçëè÷íûì ïîëîæåíèåì èñòî÷íèêà. Íà ðèñ 2. îòîáðàæåíû äèíàìèêà ðàñïðîñòðàíåíèÿ

àêóñòè÷åñêèõ êîëåáàíèé èñòî÷íèêîì, ðàñïîëîæåííûì íà ãðàíèöå.

Ðàñïðîñòðàíåíèå âîëí, êîãäà èñòî÷íèê íàõîäèòñÿ íà ñåðåäèíå ïëîñêîñòè, îòîáðàæåíû íà ðèñ.

3. Íà ðèñóíêå îòîáðàæåíî êàê ðàâíîìåðíî ðàñïðîñòðàíÿþòñÿ âîëíû âî âñåõ íàïðàâëåíèÿõ è

ïîãëîùàþòñÿ íà ãðàíèöàõ.

Ðàñïðîñòðàíåíèå âîëí ïðè íåñêîëüêèõ âîçìóùàþùèõ ñèë îòîáðàæåíû íà ðèñ. 4. Íà äàííûõ

êàðòèíêàõ ïîêàçàíà äèíàìèêà ðàñïðîñòðàíåíèÿ âîëí ïðè âîçìóùåíèè ïëîñêîñòè äâóìÿ èñòî÷íè-

êàìè.

Íèæå ïðåäñòàâëåíû çíà÷åíèÿ âðåìåíè çàòðà÷åííûå íà ðàñ÷åò çàäà÷è ñ ðàçíûìè ðàçìåðàìè

ñåòêè.
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Ðèñóíîê 1 Ñõåìà îðãàíèçàöèè îáìåíîâ äëÿ 2D äåêîìïîçèöèè

Ðèñóíîê 2 Ðàñïðîñòðàíåíèå âîëí ñ îäíèì èñòî÷íèêîì

Çàêëþ÷åíèå

Ðàçðàáîòàí àëãîðèòì è ñîçäàíà ïàðàëëåëüíàÿ ïðîãðàìì äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ ðàñ-

ïðîñòðàíåíèÿ çâóêîâûõ êîëåáàíèé â äâóìåðíûõ ìîäåëÿõ îäíîðîäíûõ ñðåä. Ñ ïîìîùüþ ñîçäàííîé

ïðîãðàììû ìîäåëèðîâàíèÿ, ïðîâåäåíû ðàñ÷åòû íà ìíîãîïðîöåññîðíûõ âû÷èñëèòåëüíûõ ñèñòå-

ìàõ. Ðàçðàáîòàííûé ïàðàëëåëüíûé àëãîðèòì äëÿ ìîäåëèðîâàíèÿ âîëíîâûõ ïîëåé â äâóìåðíîì

îäíîðîäíîé ñðåäå äàåò âîçìîæíîñòü äåòàëüíî èññëåäîâàòü àêóñòè÷åñêèå ñâîéñòâà ïðîñòðàíñòâà.
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Ðèñóíîê 3 Ðàñïðîñòðàíåíèå âîëí ñ îäíèì èñòî÷íèêîì, ðàñïîëîæåííûì ïîñåðåäèíå

Ðèñóíîê 4 Ðàñïðîñòðàíåíèå âîëí ñ äâóìÿ èñòî÷íèêàìè

Òàáëèöà 1 Ñêîðîñòü âûïîëíåíèÿ ïàðàëëåëüíîé ïðîãðàììû äëÿ äâóìåðíîãî âîëíîâîãî óðàâíåíèÿ

Nproc / N 100*100 200*200 500*500 1000*1000
1 0.000814 0.001997 0.00639 0.022109
2 0.0012485 0.001159 0.003691 0.008838
4 0.000502 0.001121 0.004688 0.009023
8 0.000587 0.0009 0.003828 0.010067
16 0.000237 0.000916 0.003222 0.007542
25 0.000410 0.000339 0.002291 0.004459

Ïðè àíàëèçå ïàðàëëåëüíîãî àëãîðèòìà áûëî çàêëþ÷åíî ñëåäóþùèå ÷òî, ñ òå÷åíèåì óâåëè÷åíèè

êîëè÷åñòâà ïðîöåññà óâåëè÷èâàåòñÿ óñêîðåíèå. Áûëî íàáëþäåíî ÷òî íå âñåãäà óâåëè÷åíèå êîëè-
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Ðèñóíîê 5 Ãðàôèê ñêîðîñòè

Òàáëèöà 2 Ïîêàçàòåëè óñêîðåíèå ïðîöåññîðîâ

Nproc / N 100*100 200*200 500*500 1000*1000
1 1 2.453316953 7.85012285 27.16093366
2 1 0.928313977 2.956347617 7.078894674
4 1 2.233067729 9.338645418 17.97410359
8 1 1.533219761 6.521294719 17.14991482
16 1 3.864978903 13.59493671 31.82278481
25 1 0.826829268 5.587804878 10.87560976

Ðèñóíîê 6 Ãðàôèê óñêîðåíèÿ

Òàáëèöà 3 Ïîêàçàòåëè ýôôåêòèâíîñòè

Nproc / N 100*100 200*200 500*500 1000*1000
1 1 0.07611417 0.127386541 0.036817586
2 0.5 0.538610871 0.169127608 0.070632496
4 0.25 0.111953613 0.026770478 0.013908899
8 0.125 0.081527778 0.019167973 0.007288666
16 0.0625 0.016170852 0.0045973 0.001964002
25 0.04 0.048377581 0.007158446 0.003677955

÷åñòâà ïðîöåññà äàåò ýôôåêòèâíîñòü. Ñàìûì îïòèìàëüíûì êîëè÷åñòâîì ïðîöåññîâ îêàçàëîñü 16,

ïîñêîëüêó ïðè òàêîì çàäàííîì êîëè÷åñòâå ïðîöåññîâ íàáëþäàëîñü ìàêñèìàëüíîå çíà÷åíèå óñêî-

ðåíèÿ. Ïðè ðàâíîìåðíûì ðàñïðåäåëåíèè îáëàñòè íà ïîäîáëàñòè âû÷èñëåíèÿ ïîëó÷èëèñü áîëåå

ýôôåêòèâíûìè ïî âðåìåíè, ÷åì ïðè íå ðàâíîìåðíîì ðàñïðåäåëåíèè.
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Ðèñóíîê 7 Ãðàôèê ýôôåêòèâíîñòè
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ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÖÅÑÑÀ ÂÛÐÎÆÄÅÍÈß ÈÇÎÒÐÎÏÍÎÉ

ÒÓÐÁÓËÅÍÒÍÎÑÒÈ Â ÑÐÅÄÅ Ñ ÏÀÑÑÈÂÍÎÉ ÏÐÈÌÅÑÜÞ

Ó.Ñ. Àáäèáåêîâ, Ä.Á. Æàêåáàåâ, Î.Ë. Êàðóíà

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè àëü-Ôàðàáè

Abstract. In this paper we investigated the process of degeneration of isotropic turbulence with

passive scalar �eld. Turbulent process is modeled with �ltered Navier-Stokes equations and passive

scalar transport equation. Transport equations closed with turbulent viscosity model.

Keywords: isotropic turbulence, turbulent viscosity model.

À­äàòïà. Îñû æ´ìûñòà ïàññèâ ©îñïàñû áàð îðòàäà èçîòðîïòû òóðáóëåíòòiëiêòi­ °øó ïðî-

öåññi çåðòòåëãåí. Òóðáóëåíòòi ïðîöåññ ôèëüòðëåíãåí Íàâüå Ñòîêñ òå­äåóëåði àð©ûëû æºíå

ïàññèâ ©îñïà òàðàëó òå­äåói àð©ûëû ïiøiíäåëãåí. Òå­äåóëåðäi ò´éû©òàó ³øií òóðáóëåíòòi

ò´ò©ûðëû© ïiøiíi ©îëäàíûë¡àí.

Êiëòòiê ñ°çäåð: èçîòðîïòû òóðáóëåíòòiëiê, òóðáóëåíòòi ò´ò©ûðëû© ìîäåëi.
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Àííîòàöèÿ. Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ ïðîöåññ âûðîæäåíèÿ èçîòðîïíîé òóðáóëåíò-

íîñòè â ñðåäå ñ ïàññèâíîé ïðèìåñüþ. Ìîäåëèðîâàíèå òóðáóëåíòíîãî ïðîöåññà ïðîâîäèòñÿ íà

îñíîâå îòôèëüòðîâàííîãî íåñòàöèîíàðíîãî òðåõìåðíîãî óðàâíåíèÿ Íàâüå-Ñòîêñà è óðàâíåíèÿ

äëÿ ïåðåíîñà ïàññèâíîé ïðèìåñè. Äëÿ çàìûêàíèÿ îñíîâíûõ óðàâíåíèé èñïîëüçóåòñÿ âÿçêîñò-

íàÿ ìîäåëü òóðáóëåíòíîñòè.

Êëþ÷åâûå ñëîâà: èçîòðîïíàÿ òóðáóëåíòíîñòü, âÿçêîñòíàÿ ìîäåëü òóðáóëåíòíîñòè.

Èññëåäîâàíèå ïðîöåññà âûðîæäåíèÿ èçîòðîïíîé òóðáóëåíòíîñòè â ñðåäå ñ ïàññèâíîé ïðèìå-

ñüþ èìååò áîëüøîå ïðèêëàäíîå çíà÷åíèå. Íåäîñòàòî÷íîå ïîíèìàíèå ýâîëþöèè ïîëÿ ñêîðîñòåé è

ñòðóêòóðû âûðîæäåíèÿ òóðáóëåíòíîñòè â öåëîì ñóùåñòâåííî çàòðóäíÿåò ïðîöåññ ìàòåìàòè÷åñêî-

ãî ìîäåëèðîâàíèÿ è ÷èñëåííóþ ðåàëèçàöèþ óêàçàííîãî ïðîöåññà. Çíà÷èòåëüíûå òåîðåòè÷åñêèå

ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîñâÿùåíû èçó÷åíèþ ïîâåäåíèÿ ïàññèâíîé ïðèìåñè â îäíîðîä-

íîé èçîòðîïíîé òóðáóëåíòíîñòè [1].

Îñíîâíîé ðÿä ýêñïåðèìåíòîâ ïî èçó÷åíèþ äâèæåíèÿ ïàññèâíîé ïðèìåñè â òóðáóëåíòîíîì ïî-

òîêå áûëè îñóùåñòâëåíû òàêèìè ó÷åíûìè êàê Ëèí (Lin, 1973), Ìèëëñ (Mills, 1958), Ñåðïè (Sepri,

1978), à òàêæå Âàðõàâò (Warhaft, 1978), Ëþìëåé (Lumley, 1978) è äð. Âñå îíè ðàññìàòðèâàëè

äîñòàòî÷íî ìàëåíüêóþ àìïëèòóäó ïóëüñàöèé, ÷òî äàëî âîçìîæíîñòü ïðåíåáðå÷ü âûòàëêèâàþ-

ùåé ñèëîé è èçìåíåíèå òåìïåðàòóðû, ñ òî÷êè çðåíèÿ ìàòåìàòèêè, ðàññìàòðèâëîñü êàê äâèæåíèå

ïàññèâíîé ïðèìåñè. Óñëîâèÿ, â êîòîðûé ïðîâîäèëèñü ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ, áûëè

áëèçêèìè ê îäíîðîäíîé èçîòðîïíîé òóðáóëåíòíîñòè [2].

Íà îñíîâå ïðÿìîãî ÷èñëåííîãî ìîäåëèðîâàíèÿ Ñ.Ã. ×óìàêîâ â ðàáîòå [3] ïðîâîäèë èçó÷åíèå

îäíîðîäíîé èçîòðîïíîé òóðáóëåíòíîñòè ïðè íàëè÷èè ïàññèâíîé ïðèìåñè. Èì áûëè ïîñòðîåíû

ìîäåëè ïîäñåòî÷íîãî ìàñøòàáà, ïîëó÷åíî ïðèáëèæåííîå óðàâíåíèå ïåðåíîñà äëÿ ïîäñåòî÷íîãî

ìàñøòàáà, ïðîàíàëèçèðîâàíû ïðåäëàãàåìûå ìîäåëè.

Ìíîãî âíèìàíèÿ òóðáóëåíòíîìó ïåðåíîñó â ñðåäå ñ ïàññèâíîé ïðèìåñüþ óäåëåíî â ðàáîòå [4].

Èì ïðåäëîæåíî íåÿâíîå ìîäåëèðîâàíèå ïîäñåòî÷íîãî ìàñøòàáà (SGS), êàê àäàïòèâíûé ìåòîä

ëîêàëüíîé ñâåðòêè.

Èñïîëüçîâàíèåì è îáîñíîâàíèåì ðàçëè÷íûõ ãèïîòåç ïîäîáèÿ äëÿ ìîäåëèðîâàíèÿ òóðáóëåíòíî-

ãî ïåðåìåøèâàíèÿ â ñðåäå ñ ïàññèâíîé ïðèìåñüþ èññëåäîâàë Âàíã. Èì òàêæå ïðîâåäåí ïîäðîáíûé

àíàëèç ðàçëè÷íûõ ñòàòèñòè÷åñêèõ äàííûõ äëÿ ñëó÷àÿ îäíîðîäíîé èçîòðîïíîé òóðáóëåíòíîñòè â

ñðåäå ñ ïàññèâíîé ïðèìåñüþ [5].

Íàñòîÿùåå èññëåäîâàíèå ïîñâÿùåíî ÷èñëåííîìó ìîäåëèðîâàíèþ ïðîöåññà òóðáóëåíòíîãî ïå-

ðåìåøèâàíèÿ â ñðåäå ñ ïàññèâíîé ïðèìåñüþ. Ðåàëèçîâàí èäåàëèçèðîâàííûé ñëó÷àé, êîãäà îä-

íîðîäíàÿ èçîòðîïíàÿ òóðáóëåíòíîñòü èìååò ìåñòî â ñðåäå ñ ïàññèâíîé ïðèìåñüþ. Èçó÷åí ïðî-

öåññ âûðîæäåíèÿ èçîòðîïíîé òóðáóëåíòíîñòè â ðåçóëüòàòå êîíâåêöèè ïðèìåñè. Ïîêàçàí ïðîöåññ

âûðîæäåíèÿ òóðáóëåíòíûõ ñòðóêòóð ïðè áîëüøèõ è ìàëûõ ÷èñëàõ Pe, à òàêæå âûÿâëåíû çà-

êîíîìåðíîñòè âëèÿíèÿ ïðèìåñè â áîëüøîì äèàïàçîíå èçìåíåíèÿ ÷èñëà Ðå. Ïîêàçàíà äèíàìèêà

ïðîöåññà ïðè ðàçíûõ ÷èñëàõ Fr è Re, ÷òî òîæå îïðåäåëÿåò íîâèçíó íàñòîÿùåãî èññëåäîâàíèÿ.

Íà âñåõ ãðàíèöàõ ðàññìàòðèâàåìîé îáëàñòè äëÿ êîìïîíåíòîâ ñêîðîñòè è êîíöåíòðàöèè ïàñ-

ñèâíîé ïðèìåñè âûáðàíû ïåðèîäè÷åñêèå ãðàíè÷íûå óñëîâèÿ. Íà÷àëüíûå çíà÷åíèÿ äëÿ êàæäîãî

êîìïîíåíòà ñêîðîñòè è êîíöåíòðàöèè çàäàþòñÿ â âèäå ôóíêöèé, çàâèñÿùèõ îò âîëíîâûõ ÷èñåë â

ôàçîâîì ïðîñòðàíñòâå. Íà÷àëüíûå óñëîâèÿ äëÿ èçîòðîïíîé òóðáóëåíòíîñòè ðàññìîòðåíû â ðàáîòå

[6].
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Â ðåçóëüòàòå ðåøåíèÿ îïèñàííîé âûøå çàäà÷è, îïðåäåëåíû õàðàêòåðèñòèêè èçìåíåíèÿ êèíå-

òè÷åñêîé ýíåðãèè îäíîðîäíîé òóðáóëåíòíîñòè, êîìïîíåíòû ñêîðîñòè ïîòîêà æèäêîñòè ñ ïàññèâ-

íîé ïðèìåñüþ è ïðîäîëüíî-ïîïåðå÷íûå êîððåëÿöèîííûå ôóíêöèé ïî âðåìåíè.
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À.Ó. Àáäèáåêîâ, Ê.Ê. Êàðæàóáàåâ

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè àëü-Ôàðàáè

Abstract. A parallel algorithm for simulation of �uid dynamics was developed. Numerical solution

of the complete Navier-Stokes equations for a multiprocessor system was investigated. The results

of the research on the e�ectiveness of the parallel algorithm on an example calculation of viscous

�ow around a square cylinder are presented.

Keywords: Parallel algorithm, Navier-Stokes equations.
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Àííîòàöèÿ. Ðàçðàáîòàí ïàðàëëåëüíûé àëãîðèòì ìîäåëèðîâàíèÿ çàäà÷ ãèäðîäèíàìèêè. Ðàñ-

ñìàòðèâàåòñÿ ÷èñëåííîå ðåøåíèå ïîëíîé ñèñòåìû óðàâíåíèé Íàâüå-Ñòîêñà äëÿ ìíîãîïðîöåñ-

ñîðíîé âû÷èñëèòåëüíîé ñèñòåìû. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ýôôåêòèâíîñòè ïà-

ðàëëåëüíîãî àëãîðèòìà íà ïðèìåðå ðàñ÷åòîâ âÿçêîãî îáòåêàíèÿ êâàäðàòíîãî öèëèíäðà.

Êëþ÷åâûå ñëîâà: ïàðàëëåëüíûé àëãîðèòì, óðàâíåíèÿ Íàâüå-Ñòîêñà.

Ââåäåíèå

Áûñòðûé ðîñò ïðîèçâîäèòåëüíîñòè ìíîãîïðîöåññîðíûõ âû÷èñëèòåëüíûõ ñèñòåì ïðèâåë ê íî-

âîìó ýòàïó ðàçâèòèÿ âû÷èñëèòåëüíîãî ýêñïåðèìåíòà, à òàêæå ê ïðîáëåìå ïåðåõîäà íà ìíîãîïðî-

öåññîðíûå ñèñòåìû. Ýòîò ïåðåõîä ñâÿçàí ñ àäàïòàöèåé ñóùåñòâóþùèõ àëãîðèòìîâ è ïîñëåäîâà-

òåëüíûõ êîìïëåêñîâ ïðîãðàìì, ðàññ÷èòàííûõ íà îäíîïðîöåññîðíûé ðåæèì ðàáîòû, ê ïàðàëëåëü-

íûì âû÷èñëåíèÿì, ÷òî ÿâëÿåòñÿ äîñòàòî÷íî ñëîæíîé çàäà÷åé äëÿ ìíîãîïðîöåññîðíûõ ñèñòåì â

öåëîì, à äëÿ ñèñòåì ñ ðàñïðåäåëåííîé ïàìÿòüþ â îñîáåííîñòè [1, 2]. Ê ïðèìåðó, îäíîé èç ïðî-

áëåì ÿâëÿåòñÿ áàëàíñèðîâêà çàãðóçêè, òî åñòü îáåñïå÷åíèå ðàâíîìåðíîé çàãðóçêè ïðîöåññîðîâ

ïðè ïàðàëëåëüíûõ âû÷èñëåíèÿõ [3], à òàêæå ìèíèìèçàöèÿ ìåæïðîöåññîðíîãî îáìåíà äàííûìè,

÷òî îñîáåííî ñëîæíî â ñëó÷àå èñïîëüçîâàíèÿ íåñòðóêòóðèðîâàííûõ ñåòîê è îáøèðíûõ ïðîñòðàí-

ñòâåííûõ øàáëîíîâ [4]. Ìåòîä ãåîìåòðè÷åñêîãî ïàðàëëåëèçìà, íàèáîëåå øèðîêî ïðèìåíÿåìûé â

çàäà÷àõ ïàðàëëåëüíîé âû÷èñëèòåëüíîé äèíàìèêè æèäêîñòè, ïðåäïîëàãàåò ðàçáèåíèå ðàñ÷åòíîé

îáëàñòè íà ìíîæåñòâî ïîäîáëàñòåé, ñîîòâåòñòâóþùèõ ïðîöåññîðàì. Êàæäûé ïðîöåññîð ïðîèçâî-

äèò âû÷èñëåíèÿ äëÿ ïîëó÷åíèÿ ðåøåíèÿ íà óçëàõ ñâîåé ïîäîáëàñòè. Â ýòîì ñëó÷àå òðåáóåòñÿ ìè-

íèìèçèðîâàòü îáúåì îáìåíà äàííûìè è â òîæå âðåìÿ êàê ìîæíî áîëåå ðàâíîìåðíî ðàñïðåäåëèòü

âû÷èñëåíèÿ ìåæäó ïðîöåññîðàìè, ÷òîáû ìàêñèìàëüíî ñîêðàòèòü âðåìÿ âû÷èñëåíèé. Ñóùåñòâóåò

ìíîæåñòâî ïîñëåäîâàòåëüíûõ êîìïëåêñîâ ïðîãðàìì, îñíîâàííûõ íà ÿâíûõ ÷èñëåííûõ ìåòîäàõ è

ðåàëèçóþùèõ ýôôåêòèâíûå ÷èñëåííûå àëãîðèòìû, ïðîøåäøèõ âåðèôèêàöèþ, íî óñòàðåâøèõ è

íåïðèìåíèìûõ ê àêòóàëüíûì ñîâðåìåííûì çàäà÷àì èç-çà îãðàíè÷åíèé ïðîèçâîäèòåëüíîñòè îä-

íîãî ïðîöåññîðà. Ïðè ýòîì, íà ðàçðàáîòêó ïîäîáíûõ êîìïëåêñîâ ïðîãðàìì â ñâîå âðåìÿ áûëî

çàòðà÷åíî ìíîæåñòâî ðåñóðñîâ, è áûëî áû íåðàöèîíàëüíî ïðîñòî îòêàçûâàòüñÿ îò èõ èñïîëüçî-

âàíèÿ. Òàêèì îáðàçîì, âîçíèêàåò ïðîáëåìà ýôôåêòèâíîãî ðàñïàðàëëåëèâàíèÿ ñóùåñòâóþùåãî

ïîñëåäîâàòåëüíîãî êîäà, ðàçðàáîòàííîãî áåç ó÷åòà ñïåöèôèêè ïàðàëëåëüíûõ âû÷èñëåíèé. Ïðè

ýòîì, ïîä ýôôåêòèâíîñòüþ ðàñïàðàëëåëèâàíèÿ ïîíèìàåòñÿ íå òîëüêî ýôôåêòèâíîñòü âû÷èñëå-

íèé, íî è ìèíèìèçàöèÿ òðóäîçàòðàò íà ðàçðàáîòêó ïàðàëëåëüíîé âåðñèè.

Ïîñòàíîâêà çàäà÷è

Èññëåäîâàíèå âÿçêîãî îáòåêàíèÿ ïðÿìîóãîëüíîãî öèëèíäðà îñóùåñòâëÿåòñÿ â ïðÿìîóãîëüíîé

îáëàñòè èçîáðàæåííîé íà ðèñ. 1. Â êà÷åñòâå íà÷àëüíîãî ðàñïðåäåëåíèÿ ïîëÿ ñêîðîñòè âçÿòî íå

âîçìóùåííîå ñîñòîÿíèå, ãäå êîìïîíåíòû ñêîðîñòè ðàâíû íóëþ. Ìîäåëèðîâàíèå íåñòàöèîíàðíîãî

äâèæåíèÿ íåñæèìàåìîé ñðåäû îñóùåñòâëÿåòñÿ íà îñíîâå ñèñòåìû îáåçðàçìåðåííûõ óðàâíåíèé

Íàâüå-Ñòîêñà, çàïèñàííûõ â äåêàðòîâîé ñèñòåìå êîîðäèíàò:

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂2xj

(1)
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Ðèñóíîê 1 Ñõåìà ðàñ÷åòíîé îáëàñòè

∂ui
∂xi

= 0 (2)

ãäå èñïîëüçóòñÿ ïðàâèëî ñóììèðîâàíèÿ ïî ïîâòîðÿþùèìñÿ èíäåêñàì.

Íà ñòåíêàõ ïàðàëëåëüíûõ íàïðàâëåíèþ îñè OX èñïîëüçóåòñÿ óñëîâèÿ ïðèëèïàíèÿ äëÿ êîìïî-

íåíò ñêîðîñòè. Äâèæåíèÿ ïîòîêà ïàðàëëåëüíî íàïðàâëåíèþ îñè ÎÕ. Ñêîðîñòü íà âõîäå çàäàíà è

ðàâíà u0. Íà âûõîäå äëÿ ñêîðîñòè ñòàâèòüñÿ óñëîâèÿ Íåéìàíà. Àïðîêñèìàöèÿ ïðîèçâîäèòüñÿ íà

ðàíîìåðíîé, ðàçíåñåííîé ñåòêå, ñîñòîÿùåé èç êóáè÷åñêèõ ÿ÷ååê.

Àëãîðèòì ðåøåíèÿ

Äëÿ ÷èñëåííîãî ðåøåíèÿ ñèñòåìû (1)-(2) èñïîëüçóåòñÿ ñõåìà ðàñùåïëåíèÿ ïî ôèçè÷åñêèì

ïàðàìåòðàì:
u∗ − un

τ
= −(un∇)u∗ + ν∆u∗ (3)

∆p =
∇u∗

τ
(4)

un+1 − u∗

τ
= −∇p (5)

Ïðåäëàãàåòñÿ ñëåäóþùàÿ ôèçè÷åñêàÿ èíòåðïðåòàöèÿ ïðèâåäåííîé ñõåìû ðàñùåïëåíèÿ. Íà ïåð-

âîì ýòàïå (6) ïðåäïîëàãàåòñÿ, ÷òî ïåðåíîñ êîëè÷åñòâà äâèæåíèÿ îñóùåñòâëÿåòñÿ òîëüêî çà ñ÷åò

êîíâåêöèè è äèôôóçèè. Ïðîìåæóòî÷íîå ïîëå ñêîðîñòè íàõîäèòñÿ ñ èñïîëüçîâàíèåì ìåòîäà äðîá-

íûõ øàãîâ[5]:
fn+ 1

3 − fn

τ
=

1

2
Λ1f

n+ 1
3 +

1

2
Λ1f

n + Λ2f
n + Λ3f

n (6)

fn+ 2
3 − fn+ 1

3

τ
=

1

2
Λ2f

n+ 2
3 − 1

2
Λ2f

n (7)

f∗ − fn+ 2
3

τ
=

1

2
Λ3f

∗ − 1

2
Λ3f

n (8)

ãäå îïåðàòîðû çàïèñûâàþòñÿ â ñëåäóþùåì ââèäå:

Λ1f = −un1
∂f

∂x1
+

1

Re

∂2f

∂x2
1

(9)
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Λ2f = −un2
∂f

∂x2
+

1

Re

∂2f

∂x2
2

(10)

Λ3f = −un3
∂f

∂x3
+

1

Re

∂2f

∂x2
3

(11)

ãäå f = ui, i = 1, 2, 3.

Íà ñëåäóþùåì ýòàïå ïîëó÷åííîå ïðîìåæóòî÷íîå ïîëå ñêîðîñòè èñïîëüçóåòñÿ äëÿ íàõîæäåíèÿ

ïîëÿ äàâëåíèÿ. È íà ïîñëåäíåì ýòàïå òî÷íîå âûðàæåíèå äëÿ íîâîãî ïîëÿ ñêîðîñòåé ïîëó÷àåì çà

ñ÷åò äîáàâëåíèÿ ê ïðîìåæóòî÷íîìó ïîëþ ÷ëåíà, ñîîòâåòñâóþùåãî ãðàäèåíòó äàâëåíèÿ:

un+1
i = u∗i − τ

∂p

∂xi
(12)

ãäå i = 1, 2, 3.

Ïîäñòàâëÿÿ äàííûå çàìåíû â óðàâíåíèÿ íåðàçðûâíîñòè è ïðîâåäÿ ïðåîáðàçîâàíèÿ, ïîëó÷èì óðàâ-

íåíèå Ïóàññîíà äëÿ ïîëÿ äàâëåíèÿ.

∂2p

∂2x1
+

∂2p

∂2x2
+

∂2p

∂2x3
=

1

τ
(
∂u∗1
∂x1

+
∂u∗2
∂x2

+
∂u∗3
∂x3

) (13)

Ïîñêîëüêó ðàñ÷åòíàÿ âçÿòà ñåòêà ðàâíîìåðíàÿ, è ÿ÷åéêè ïðåäñòàâëÿþò ñîáîé êóá ∆x = ∆y =

∆z = h, ìîæíî (13) çàïèñàòü â âèäå ðàçðåæåííîé ñèñòåìû ëèíåéíûõ àëãåáðàé÷åñêèõ óðàâíåíèè:

Ap = ∆h2F (14)

ãäå

A = (B ⊗ I ⊗ I + I ⊗B ⊗ I + I ⊗ I ⊗B) (15)

B =


−2 1 0 0 . . .

1 −2 1 0 . . .

0 1 −2 1 . . .
...

...
...

...
. . .


I− åäèíè÷íàÿ ìàòðèöà.

Ïàðàëëåëüíûé àëãîðèòì

Äëÿ íàõîæäåíèÿ ïðîìåæóòî÷íîãî ïîëÿ ñêîðîñòè, êàæäûé êîìïîíåíò ñêîðîñòè ïî ñå÷åíèÿì

ïåðïåíäèêóëÿðíî îñè z ðàçáèâàåòñÿ íà ðàçíûå ïðîöåññîðû. Ïðè íàõîæäåíèé êîìïîíåíòà ñêîðî-

ñòè u
1
3 , v

1
3 , w

1
3 ïðîèçâîäèòüñÿ ïðîãîíêà âäîëü íàïðàâëåíèÿ îñè OX. Ïðè íàõîæäåíèé êîìïîíåíò

ñêîðîñòè u
2
3 , v

2
3 , w

2
3 ïðîèçâîäèòüñÿ ïðîãîíêà âäîëü íàïðàâëåíèÿ îñè OY . Ïðè íàõîæäåíèè êîìïî-

íåíò ñêîðîñòè u∗, v∗, w∗, êàê ïîêàçàíî íà ðèñ. 2 ðàçáèâàåì êàæäîå ñå÷åíèå âäîëü îñè OX íà áëîêè

ðàâíûå êîëè÷åñòâó ïðîöåññîðîâ è ïåðåñûëàåì ñîîòâåòñóþùåìó ïðîöåññîðó. Â ðåçóëüòàòå êàæäûé

ïðîöåññîð ïîëó÷èòü ñå÷åíèÿ âäîëü íàïðàâëåíèÿ îñè OZ, ÷òî äàåò íàì âîçìîæíîñòü ïðèìåíèòü

ïðîãîíêó.

Äëÿ ðåøåíèÿ ñèñòåìû (14) èñïîëüçóåì LU ðàçëîæåíèå:

Ap = ∆h2F = LUp = ∆h2F (16)
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Ðèñóíîê 2 Ñõåìà àëãîðèòìà ðàñïàðàëëåëèâàíèÿ

Ðèñóíîê 3 Ñõåìà ïåðåññûëêè áëîêîâ

Ly = ∆h2F (17)

Ux = y (18)

Ïðåæäå âñåãî, â ñàìîì íà÷àëå èòåðàöèè íåîáõîäèìî âûáðàòü âåäóùóþ ñòðîêó, êîòîðàÿ ïðè èñ-

ïîëüçîâàíèè ìåòîäà ãëàâíûõ ýëåìåíòîâ îïðåäåëÿåòñÿ ïîèñêîì ñòðîêè ñ íàèáîëüøèì ïî àáñîëþò-

íîé âåëè÷èíå çíà÷åíèåì ñðåäè ýëåìåíòîâ ñòîëáöà i, ñîîòâåòñòâóþùåãî èñêëþ÷àåìîé ïåðåìåííîé

xi. Çíàÿ âåäóùóþ ñòðîêó, ïîäçàäà÷è âûïîëíÿþò âû÷èòàíèå ñòðîê, îáåñïå÷èâàÿ òåì ñàìûì èñ-

êëþ÷åíèå ñîîòâåòñòâóþùåé íåèçâåñòíîé xi. Ïðè âûïîëíåíèè îáðàòíîãî õîäà ìåòîäà Lu ïîäçà-

äà÷è âûïîëíÿþò íåîáõîäèìûå âû÷èñëåíèÿ äëÿ íàõîæäåíèÿ çíà÷åíèÿ íåèçâåñòíûõ. Êàê òîëüêî

êàêàÿ-ëèáî ïîäçàäà÷à i, 1<i<n, îïðåäåëÿåò çíà÷åíèå ñâîåé ïåðåìåííîé xi, ýòî çíà÷åíèå äîëæíî

áûòü èñïîëüçîâàíî âñåìè ïîäçàäà÷àì ñ íîìåðàìè k, k<i: ïîäçàäà÷è ïîäñòàâëÿþò ïîëó÷åííîå çíà-

÷åíèå íîâîé íåèçâåñòíîé è âûïîëíÿþò êîððåêòèðîâêó çíà÷åíèé äëÿ ýëåìåíòîâ âåêòîðà ñòîÿùåé

â ïðàâîé ÷àñòè.

Âûäåëåííûå áàçîâûå ïîäçàäà÷è õàðàêòåðèçóþòñÿ îäèíàêîâîé âû÷èñëèòåëüíîé òðóäîåìêî-

ñòüþ. Îäíàêî ðàçìåð ìàòðèöû, îïèñûâàþùåé ñèñòåìó ëèíåéíûõ óðàâíåíèé, ÿâëÿåòñÿ ñóùåñòâåí-

íî áîëüøèì, ÷åì ÷èñëî ïîòîêîâ â ïðîãðàììå (ò.å.,n¾p), è áàçîâûå ïîäçàäà÷è ìîæíî óêðóïíèòü,

îáúåäèíèâ â ðàìêàõ îäíîé ïîäçàäà÷è íåñêîëüêî ñòðîê ìàòðèöû. Ïðè ýòîì ïðèìåíåíèå ïîñëåäî-

âàòåëüíîé ñõåìû ðàçäåëåíèÿ äàííûõ äëÿ ïàðàëëåëüíîãî ðåøåíèÿ ñèñòåì ëèíåéíûõ óðàâíåíèé

ïðèâåäåò ê íåðàâíîìåðíîé âû÷èñëèòåëüíîé íàãðóçêå ìåæäó ïîòîêàìè: ïî ìåðå èñêëþ÷åíèÿ (íà
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ïðÿìîì õîäå) èëè îïðåäåëåíèÿ (íà îáðàòíîì õîäå) íåèçâåñòíûõ â ìåòîäå Lu ôàêòîðèçàöèè äëÿ

áîëüøåé ÷àñòè ïîòîêîâ âñå íåîáõîäèìûå âû÷èñëåíèÿ áóäóò çàâåðøåíû è îíè îêàæóòñÿ ïðîñòàè-

âàþùèìè. Âîçìîæíîå ðåøåíèå ïðîáëåìû áàëàíñèðîâêè âû÷èñëåíèé ìîæåò ñîñòîÿòü â èñïîëüçî-

âàíèè ëåíòî÷íîé öèêëè÷åñêîé ñõåìû äëÿ ðàñïðåäåëåíèÿ äàííûõ ìåæäó óêðóïíåííûìè ïîäçàäà-

÷àìè. Â ýòîì ñëó÷àå ìàòðèöà A äåëèòñÿ íà íàáîðû (ïîëîñû) ñòðîê.

Ðèñóíîê 4 Ñõåìà ïàðàëëåëüíîãî àëãîðèòìà LU ôàêòîðèçàöèè

Ðåçóëüòàòû

Â ðåçóëüòàòå èñïîëüçîâàíèÿ ïàðàëëåëüíîãî àëãîðèòìà ÷èñëåííîãî ðåøåíèÿ ñèñòåìû óðàâíå-

íèè Íàâüå-Ñòîêñà ïîëó÷åíû äèíàìèêà ïîëÿ ñêîðîñòè ïðè ÷èñëå Ðåéíîëüäñà ðàâíîì 500 (ðèñ. 5).

Ðèñóíîê 5 Ìîäóëü ñêîðîñòè â ïëîñêîñòè XoY â ìîìåíò âðåìåíè t=1.029

Ðèñóíîê 6 Ñêîðîñòü âû÷èñëåíèè â çàâèñèìîñòè îò èñïîëüçóåìûõ ïðîöåññîðîâ äëÿ ðàçëè÷íûõ
ðàçìåðíîñòåé

Êàê âèäíî èç ðèñ. 6 ñêîðîñòè âû÷èñëåíèè, ñ óâåëè÷åíèåì ðàñ÷åòíûõ òî÷åê, âðåìÿ ðàñ÷å-

òà çíà÷èòåëüíî óâåëè÷èâàåòñÿ. Íî ñ óâåëè÷åíèåì êîëè÷åñòâà èñïîëüçóåìûõ ïðîöåññîðîâ, âðåìÿ



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 22 Âû÷èñëèòåëüíûå òåõíîëîãèè

Òàáëèöà 1 Ñêîðîñòü âû÷èñëåíèè â çàâèñèìîñòè îò èñïîëüçóåìûõ ïðîöåññîðîâ äëÿ ðàçëè÷íûõ
ðàçìåðíîñòåé

N / Nproc Np=4 Np=7 Np=10 Np=13 Np=16 NP=19 Np=22 Np=25
N=50 23,82 20,10 16,76 16,95 15,53 17,15 16,82 15,39
N=60 68,63 54,94 51,87 39,72 34,09 37,98 42,87 39,61
N=70 177,80 120,43 121,43 87,46 79,66 80,78 77,18 79,39

çàòðà÷èâàåìîå íà âû÷èñëåíèÿ ñîêðîùàåòñÿ. Äëÿ ðàçìåðíîñòè 70õ70õ70 äîñòàòî÷íî èñïîëüçîâà-

íèÿ 16 ïðîöåññîðîâ. Â äàëüíåéùåì ñ óâåëè÷åíèåì èñïîëüçóåìûõ ïðîöåññîðîâ âðåìÿ ðàñ÷åòà íå

óìåíüøàåòñÿ. Ýòî ñâÿçàíî óâåëè÷åíèåì íàãðóçêè íà ñåòü, è áîëüøóþ ÷àñòü âðåìåíè ïðîöåññîðû

îæèäàþò.
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KINEMATIC AND KINETOSTATIC RESEARCH THE MECHANISM OF

THE 4th CLASS IN THE MAPLE

A. E. Abduraimov, Y. M. Drakunov, T. A. Zmeikova

Al-Farabi Kazakh National university

Abstract. In this paper we consider the vector method of solving one of the most important tasks

of the dynamic analysis of the mechanism 4th class - kinetostatic analysis, which is to determine the

reactions in the kinematic pairs and the balancing point. We also consider the kinematic analysis

of the given mechanism by vector method. The solution of the given problem in the system is fully

automated by analytical computations Maple.

Keywords: kinematic, kinetostatic, mechanism, Maple.



Âû÷èñëèòåëüíûå òåõíîëîãèè 23 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Àííîòàöèÿ. Â äàííîé ðàáîòå ðàññìîòðåí âåêòîðíûé ìåòîä ðåøåíèÿ îäíîé èç âàæíûõ çàäà÷

äèíàìè÷åñêîãî àíàëèçà ìåõàíèçìà 4-ãî êëàññà � êèíåòîñòàòè÷åñêîãî àíàëèçà, êîòîðûé çàêëþ-

÷àåòñÿ â îïðåäåëåíèè ðåàêöèé â êèíåìàòè÷åñêèõ ïàðàõ è óðàâíîâåøèâàþùåãî ìîìåíòà. Òàêæå

ðàññìàòðèâàåòñÿ êèíåìàòè÷åñêèé àíàëèçìåõàíèçìà 4-ãî êëàññà âåêòîðíûì ìåòîäîì. Ðåøåíèå

äàííîé çàäà÷è ïîëíîñòüþ àâòîìàòèçèðîâàíî â ñèñòåìå àíàëèòè÷åñêèõ âû÷èñëåíèé Maple.

Êëþ÷åâûå ñëîâà: êèíåìàòèêà, êèíåòîñòàòèêà, ìåõàíèçì, Maple.

The kinematic research of the mechanism allows you to �nd the kinematic parameters of the desired

mechanism, in this case we consider the mechanism of high class, the mechanism of the 4th class [1].

Figure 1 The mechanism of 4th class

Projecting the two vector equations of the closed contours:{ −→a0 +−→a1 +−→a2 = −→rD +
−→
b3

−→a0 +
−→
b1 +−→a4 = −→rD +−→a3

(1)

on axis xand y, obtain four scalar equations:
a0 cos q + a1 cos γ1 + a4 cos γ4 = XB + a2 cos γ2

a0 sin q + a1 sin γ1 + a4 sin γ4 = YB + a2 sin γ2

a0 cos q + a1 cos γ1 + b4 cos(γ4 + α4) = XC + a3 cos γ3

a0 sin q + a1 sin γ1 + b4 sin(γ4 + α4) = YC + a3 sin γ3

(2)

Maple software package allows you to automatically obtain a system of equations for the analogs

of velocities, thus using the di� (), we obtain:
−a0 sin q − a1 sin γ1 · γ′1 − a4 sin γ4 · γ′4 = −a2 sin γ2 · γ′2
a0 cos q + a1 cos γ1 · γ′1 + a4 cos γ4 · γ′4 = a2 cos γ2 · γ′2
−a0 sin q − a1 sin γ1 · γ′1 − b4 sin(γ4 + α4) · γ′4 = −a3 sin γ3 · γ′3
a0 cos q + a1 cos γ1 · γ′1 + b4 cos(γ4 + α4) · γ′4 = a3 cos γ3 · γ′3

(3)

We di�erentiate again the previous system using by resources of Maple, we obtain a linear a system

is relatively analogs of acceleration (4):
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

−a0 cos q − a1(sin γ1 · γ′′1 + cos γ1 · γ
′2
1 )− a4(sin γ4 · γ

′′
4 + cos γ4 · γ

′2
4 ) = −a2(sin γ2 · γ

′′
2 + cos γ2 · γ

′2
2 )

−a0 sin q + a1(cos γ1 · γ′′1 − sin γ1 · γ
′2
1 ) + a4(cos γ4 · γ

′′
4 − sin γ4 · γ

′2
4 ) = a2(cos γ2 · γ

′′
2 − sin γ2 · γ

′2
2 )

−a0 cos q − a1(sin γ1 · γ′′1 + cos γ1 · γ
′2
1 )− b4(sin(γ4 + α4) · γ′′4 + cos(γ4 + α4) · γ′24 ) =

= −a3(sin γ3 · γ
′′
3 + cos(γ3 · γ

′2
3 )

−a0 sin q + a1(cos γ1 · γ′′1 − sin γ1 · γ
′2
1 ) + b4(cos(γ4 + α4) · γ′′4 − sin(γ4 + α4) · γ′24 ) =

= a3(cos γ3 · γ
′′
3 − sin(γ3 · γ

′2
3 )

(4)

The solution of systems (2), (3) and (4) in the program Maple allows to de�ne kinematic parameters

and build their graphs.

Figure 2 Graphs of the angular displacements, velocities and accelerations analogs of the mechanism
links

Consider the vector method of solving one of the most important tasks of the dynamic analysis of

mechanisms - kinetostatic analysis, which is to determine the reactions in the kinematic pairs and the

balancing torque (power) on the drive link of a given law of movement the mechanism.

Denote by ~Rij = −~Rjii, j = 0, 1, ..., 7 (reaction from i to j the link) the desired reaction in the

kinematic pairs and M an unknown balancing moment on the leading link 1. Suppose given the mass

of links mi, the moments of inertia of links relative to the centers of mass JSi and the force of gravity

of links ~Gi (not shown in Fig. 1) and the moment of resistance on output link 5 ~M5. Suppose that is

known law of motion of the driving link ϕ1 = ϕ1(t). From the solution of the kinematic analysis can

determine the laws of motion of the other links of the mechanism [2]. Then it is possible to �nd the

inertia forces of the centers of mass−mi
~WSi and moments of inertia forces of the links −JSiεi.

The equilibrium equations for the �ve movable links of the mechanism by the principle of d'Alembert

can be written in the form∑
j

~Fj,i −mi
~WSi = 0,

∑
j

MSi(
~Fj,i)− JSiεi~k = 0, i = 1, ..., 6 (5)

here ~Fj,i- active and reactive forces, acting on the i link. We write (1) for each link, considering statically

balanced leading link 1.
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~R01 + ~R21 + ~G1 = 0, ~l1 × ~R21 +My
~k − JS1ε1

~k = 0 (6)

~R12 + ~R32 + ~R42 + ~G2 −m2
~WS2 = 0,

(~l2 − ~r2)× ~R32 + (~l′2 − ~r2)× ~R42 − ~r2 × ~R12 − JS2ε2
~k = 0

(7)

~R23 + ~R53 + ~G3 −m3
~WS3 = 0, (~l3 − ~r3)× ~R53 − ~r3 × ~R23 − JS3ε3

~k = 0 (8)

~R24 + ~R54 + ~G4 −m4
~WS4 = 0, (~l4 − ~r4)× ~R54 − ~r4 × ~R24 − JS4ε4

~k = 0 (9)

~R35 + ~R45 + ~R05 + ~G5 −m5
~WS5 = 0,

(~l5 − ~r5)× ~R35 + (~l′5 − ~r5)× ~R45 − ~r5 × ~R05 −M5
~k − JS5ε5

~k = 0
(10)

For simplicity, we introduce some notation

~Qi = ~Gi −mi
~WSi ,

~Ji = JSiεi
~k, i = 1, 2, 3, 4, 5, 6

Transforming equation (7) - (10), which can be written in the following simpli�ed form:

~a2 × ~R32 + ~a
′
2 × ~R42 + ~r2 × ~Q2 − ~J2 = 0 (11)

~a3 × ~R53 + ~r3 × ~Q3 − ~J3 = 0 (12)

~a4 × ~R54 + ~r4 × ~Q4 − ~J4 = 0 (13)

~a5 × ~R35 + ~a
′
5 × ~R45 + ~r5 × ~Q5 − ~J5 −M5

~k = 0 (14)

The last three equations (12) - (14) can be written as:

~a3 × ~R35 = ~P3,where ~P3 = ~r3 × ~Q3 − ~J3

~a4 × ~R45 = ~P4,where ~P4 = ~r4 × ~Q4 − ~J4

~a5 × ~R35 + ~a
′
5 × ~R45 = ~P5,where ~P5 = ~r5 × ~Q5 − ~J5 −M5

~k

Express ~R32 = ~R53 + ~Q3, ~R24 = ~R54 + ~Q4 from (11),

obtain respectively: ~a2 × ~R32 + ~a
′
2 × ~R42 = ~P2, where ~P2 = ~r2 × ~Q2 − ~J2

Finally received vector equations, expressed through ~Pi(i = 1, 2, 3, 4):

~a1 × ~R21 = ~P1 (15)

~a2 × ~R32 + ~a
′
2 × ~R42 = ~P2 (16)

~a3 × ~R35 = ~P3 (17)

~a4 × ~R45 = ~P4 (18)

~a5 × ~R35 + ~a
′
5 × ~R45 = ~P5 (19)

Solving equations (17) and (18) may be written

~R35 = λ1~a3 + 1
/
a2

3(~P3 × ~a3) (20)

~R45 = λ2~a4 + 1
/
a2

4(~P4 × ~a4) (21)
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whereλ- arbitrary parameter

Substituting equation (20) - (21) into (16) and (19) we obtain the system of equations for the λ1,

λ2:

~a5 × ~a3λ1 − ~a
′
5 × ~a4λ2 = ~σ1 (22)

~a2 × ~a3λ1 + ~a
′
2 × ~a4λ2 = ~σ2 (23)

where

~σ1 = ~P2 +~b2 × ~R42, ~σ2 = ~P5 + ~a2 × ~Q0

Solving equations (22) � (23), we �nd λ1, λ2

λ1 =
D1

D
, λ2 =

D2

D
(24)

where

D =

∣∣∣∣∣ ~a5 × ~a3 ~a
′
5 × ~a4

~a2 × ~a3 ~a
′
2 × ~a4

∣∣∣∣∣D1 =

∣∣∣∣∣ ~σ1 ~a
′
5 × ~a4

~σ2 ~a
′
2 × ~a4

∣∣∣∣∣D2 =

∣∣∣∣∣ ~a5 × ~a3 ~σ1

~a2 × ~a3 ~σ2

∣∣∣∣∣
Then from formulas (20) - (21) and (16) - (19) determine the remaining desired reaction.

Figure 3 Hodograph reaction~R12 and equilibration momentMy

Figure 3 shows the hodograph of the reaction~R12 and the graph of equilibration timeMy.
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Æ�ÌÛÑÛ ÑÅÍIÌÑIÇ ÝËÅÌÅÍÒÒI ÆÀËÏÛ�À �ÛÇÌÅÒ Ê�ÐÑÅÒÓ

Æ�ÉÅÑIÍ ÌÎÄÅËÜÄÅÓ

À.À. Àäàìîâ, Í.Ê. Òàïàåâà

Ë.Í. Ãóìèëåâ àòûíäà¡û Åóðàçèÿ ´ëòòû© óíèâåðñèòåòi, Àñòàíà

Abstract. This paper is devoted to modelling and simulation of a Markov multi-server queuing

system subject to breakdowns and with an ample repair capacity, the system do not form the queue

of waiting customers. The degree project introduces a mathematical model of the studied system

and a simulation model created by using software CPN Tools. At the end of the degree project the

outcomes which were reached by both approaches will be shown and statistically evaluated.

Keywords: queuing system, breakdown.

À­äàòïà. �ñûíûëûï îòûð¡àí ìà©àëàäà Ìàðêîâòû© ê°ïêàíàëäû, æ´ìûñû ñåíiìñiç ýëåìåíòòi

æºíå ©àëïûíà êåëòiðóäi­ æåòêiëiêòi °òêiçó ©àáiëåòòi áàð æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåñií ìî-

äåëüäåó ñèïàòòàë¡àí. Æ³éå êëèåíòòåðäi­ êåçåêêå ò´ðóûí ©àðàñòûðìàéäû. Æ´ìûñòû­ áàñûí-

äà çåðòòåëåòií æ³éåíi­ ìàòåìàòèêàëû© ìîäåëi åíãiçiëiï, CPN Tools ïðîãðàììàñûíû­ ê°ìåãi-

ìåí èìèòàöèÿëû© ìîäåëüäåó iñêå àñûðûëäû. Íºòèæåñiíäå îñû åêi ´ñòàíûì áîéûíøà àëûí¡àí

ñàíäû© íºòèæåëåð òàëäàíûï, îëàðäû­ ñòàòèñòèêàëû© áàéëàíûñòàðûíà áà¡àëàó æàñàëûíäû.

Êiëòòiê ñ°çäåð: æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåñi, iñòåí øû¡ó.

Àííîòàöèÿ. Äàííàÿ ñòàòüÿ ïîñâÿùåíà ìîäåëèðîâàíèþ Ìàðêîâñêîé ìíîãîêàíàëüíîé ñèñòåìû

ìàññîâîãî îáñëóæèâàíèÿ ñ ó÷åòîì âûõîäà èç ñòðîÿ è äîñòàòî÷íîé ïðîïóñêíîé ñïîñîáíîñòüþ

âîññòàíîâëåíèÿ. Ñèñòåìà íå îáðàçóåò î÷åðåäè îæèäàíèÿ êëèåíòîâ. Â íà÷àëå ðàáîòû ââîäèòñÿ

ìàòåìàòè÷åñêàÿ ìîäåëü èññëåäóåìîé ñèñòåìû è ñîçäàåòñÿ èìèòàöèîííàÿ ìîäåëü ñ ïîìîùüþ

ïðîãðàììû CPN Tools. Â êîíöå ðàáîòû ïîêàçàíû ðåçóëüòàòû, êîòîðûå áûëè äîñòèãíóòû â

îáîèõ ïîäõîäàõ è ñòàòèñòè÷åñêàÿ îöåíêà.

Êëþ÷åâûå ñëîâà: ñèñòåìû ìàññîâîãî îáñëóæèâàíèÿ, âûõîä èç ñòðîÿ.

Æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåëåðiíäå, ºñiðåñå, ©àçiðãi çàìàí¡û à©ïàðàòòû©-òåëåêîììóíèêà-

öèÿëû© æ³éåëåðäå, ©´ðûë¡ûëàðäû­ ºðò³ðëi à©àóëû©òàð ìåí æàðàìñûçäû©òàð¡à äóøàð áîëàòûí

æà¡äàéëàðû æèi êåçäåñåäi. Á´ë ©ûçìåò ê°ðñåòóäi­ òèiìäiëiãií ò°ìåíäåòóìåí áiðãå ©´ðûë¡ûíû­

òîëû©òàé iñòåí øû¡óûíà àëûï êåëåäi. Ñîë ñåáåïòi ¡ûëûì ìåí òåõíèêàíû­ ºðò³ðëi ñàëàëàðûí-

äà æ´ìûñû ñåíiìñiç ýëåìåíòòi æ³éåëåðäi çåðòòåóãå ê°ï ê°­ië á°ëiíåäi. Çåðòòåó æ´ìûñû ìûíà

àâòîðëàðäû­ [1-4] æ´ìûñòàðûíà íåãiçäåëå îòûðûï æàñàëûí¡àí.

Æ�ÌÛÑÛ ÑÅÍIÌÑIÇ ÆÀËÏÛ�À �ÛÇÌÅÒ Ê�ÐÑÅÒÓ Æ�ÉÅÑIÍI� ÌÀÒÅÌÀÒÈÊÀ-

ËÛ� ÌÎÄÅËIÍI� ��ÐÛËÓÛ

n áiðòåêòi êàíàëäàðäàí ò´ðàòûí æºíå êàíàëäàðû ïàðàëëåëü îðíàëàñ©àí Ìàðêîâòû© ê°ïêà-

íàëäû æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåñií ©àðàñòûðàéû©. Æ³éå êëèåíòòåðäi­ êåçåêêå ò´ðóûí ©à-

ðàñòûðìàéäû, ñîë ñåáåïòåí, æ³éåäå áîñ êàíàë áîëìàñà, êëèåíòòåð òàïñûðûñû ©àáûëäàíáàéäû.

Òàïñûðûñ æ³éåãå λ ïàðàìåòðëi Ïóàññîíäû© à¡ûí àð©ûëû êiðåäi, ÿ¡íè, òàïñûðûñòàð ò³ñóiíi­

àðàñûíäà¡û èíòåðâàë ýêñïîíåíöèàëäû ³ëåñòiðiëãåí æºíå îíû­ îðòàøà ìºíi 1/λ -ãå òå­. Êëèåíò

òàïñûðûñûíà ©ûçìåò ê°ðñåòó óà©ûòû µ ïàðàìåòðëi ýêñïîíåíöèàëäû ³ëåñòiðiëiììåí ñèïàòòàëàäû

æºíå îðòàøà ©ûçìåò ê°ðñåòó óà©ûòû 1/µ -¡à òå­.
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1 ñóðåò Ê³éëåð àóûñóûíû­ äèàãðàììàñû

Æåêå êàíàëäàðäû­ iñòåí øû¡óûí °çàðà òºóåëñiç äåï áîëæàéû©. Ñîíûìåí ©àòàð, êàíàëäû­

iñòåí øû¡óû êåç êåëãåí óà©ûò ìåçåòiíäå áîëóû ì³ìêií. ß¡íè, êàíàë íå òàïñûðûñòû îðûíäàó

êåçiíäå, íå áîñ ò´ð¡àí óà©ûòòà iñòåí øû¡óû ì³ìêií. Êàíàëäû­ òî©òàóñûç æ´ìûñ æàñàó óà©ûòûη

ïàðàìåòðëi ýêñïîíåíöèàëäû êåçäåéñî© øàìà áîëûï òàáûëàäû æºíå îíû­ îðòàøà ìºíi 1/η -¡à

òå­. Êàíàëäû ©àëïûíà êåëòiðó óà©ûòû äà ýêñïîíåíöèàëäû êåçäåéñî© øàìà, áiðà© ξ ïàðàìåòðëi,

ñºéêåñiíøå îðòàøà ©àëïûíà êåëòiðó óà©ûòû 1/ξ -¡à òå­ áîëàäû. �ðáið êàíàëäû­ ©àëïûíà êåë-

òiðiëói îíû­ iñòåí øû©©àí áîéäà áàñòàëàäû äåï áîëæàï, îíû - ©àëïûíà êåëòiðóäi­ æåòêiëiêòi

°òêiçó ©àáiëåòi äåï àëàéû©.

Æàëïû¡à ©ûçìåò ê°ðñåòó ìîäåëií åêi °ëøåìäi Ìàðêîâ òiçáåãi ðåòiíäå ñèïàòòàéû©. Òiçáåêòi­

ê³éií (i, j) æ´áûìåí áåëãiëåéiê,ì´íäà¡û i ∈ {0, 1, . . . , n} - iñòåí øû©©àí êàíàëäàð ñàíû, àë j ∈
{0, . . . , n − 1}- êàíàëäà¡û êëèåíòòåð ñàíû. Æàëïû¡à ©ûçìåò ê°ðñåòó ìîäåëií ãðàôèêàëû© ò³ð-

äå ê³éëåð àóûñóûíû­ äèàãðàììàñû àð©ûëû ñèïàòòàéû© (1-ñóðåò). Ò°áåëåði æ³éåíi­ ê³éií, àë

áà¡ûòòàë¡àí ©àáûð¡àëàð ì³ìêií àóûñóëàðäû ñºéêåñ ñàëìà© êîýôôèöèåíòòåðiìåí áiðãå ê°ðñåòåäi.

Ê³éëåð àóûñóûíû­ äèàãðàììàñû ê°ìåãiìåí æ³éå ³øií áåëãiëi Êîëìîãîðîâ òå­äåóií, ÿ¡íè,

t óà©ûòûíà áàéëàíûñòû ºðáið ê³é ³øií P(i,j) (t) û©òèìàëäû©òàðäû­ à©ûð¡û äèôôåðåíöèàëäû

òåíäåóëåð æ³éåñií ©´ðó àð©ûëû æ³éåíi­ ºðáið ê³éi ³øií ò´ðà©òû ê³é û©òèìàëäûëû©òàðûí

òàáó¡à áîëàäû:

(λ+ nη)P(0,0) = µP(0,1) + ξP(1,0), (1)

(λ+ jµ+ nη)P(0,j) = λP(0,j−1) + (j + 1)µP(0,j+1) + ξP(1,j), j = 1, ..., n− 1, (2)

(nµ+ nη)P(0,n) = λP(0,n−1), (3)

[(λ+ (n− i)η + iξ)P(i,0) = µP(i,1) + (n− i+ 1)ηP(i−1,0) + (i+ 1)ξP(i+1,0), i = 1, ..., n− 1, (4)

(λ+ jµ+ (n− i)η + iξ)P(i,j) = λP(i,j−1) + (j + 1)µP(i,j+1) + (n− i+ 1)ηP(i−1,j)+

+(i+ 1)ξP(i+1,j), i = 1, ..., n− 2; j = 1, ..., n− i− 1,
(5)

[(n− i)µ+ (n− i)η + iξ]P(i,n−i) = λP(i,n−i+1) + (n− i+ 1)ηP(i−1,n−i)+

+(n− i+ 1)ηP(i−1,n−i+1), j = 1, ..., n− 1,
(6)

nξP(n,0) = ηP(n−1,0) + ηP(n−1,1) (7)
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P(i,j) (t) û©òèìàëäûëû©òàðû ìûíà òå­äiêòi ©àíà¡àòòàíäûðóû òèiñ:

n∑
i=0

n−i∑
j=0

P(i,j) = 1 (8)

Á´ë û©òèìàëäûëû©òàð ê°ìåãiìåí çåðòòåëåòií æ³éåãå ©àòûñòû êåëåñi òèiìäiëiê ê°ðñåòêiøòåði

åñåïòåëiíåäi:

1.�ûçìåò ê°ðñåòiëãåí êëèåíòòåðäi­ îðòàøà ñàíû:

ES =
n−1∑
i=0

n−i∑
j=1

jP(i,j) (9)

2.Êàíàëäû­ ïàéäàëàíûëóû:

χs =
ES

n
=

n−1∑
i=0

n−i∑
j=1

jP(i,j)

n
(10)

3.Iñòåí øû©©àí êàíàëäàðäû­ îðòàøà ñàíû:

EP =

n∑
i=1

i

n−i∑
j=0

P(i,j) (11)

4.�àëïûíà êåëòiðóäi­ æåòêiëiêòi °òêiçó ©àáiëåòi:

χr =
EP

n
=

n∑
i=1

i
n−i∑
j=0

P(i,j)

n
(12)

Æ�ÌÛÑÛ ÑÅÍIÌÑIÇÆÀËÏÛ�À �ÛÇÌÅÒ Ê�ÐÑÅÒÓÆ�ÉÅÑIÍI� ÈÌÈÒÀÖÈßËÛ�

ÌÎÄÅËIÍI� ��ÐÛËÓÛ

Æî¡àðûäà ê°ðñåòiëãåí ìàòåìàòèêàëû© ìîäåëü ê°ìåãiìåí àëûí¡àí íºòèæåëåðäi ðàñòàó ³øií

èìèòàöèÿëû© ìîäåëüäåóãå ©àæåòòi ©àðàñòûðûëàòûí æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåñiíi­ Ïåòðè

æåëiñi ìîäåëií CPN Tools � Version 2.2.0 ïðîãðàììàñûíû­ ê°ìåãiìåí ©´ðàìûç.

CPN Tools ïðîãðàììàëû© ©àìñûçäàíäûðóû ò³ðëi ò³ñòi Ïåòðè æåëiñií ìîäåëüäåó, òàëäàó æºíå

ðåäàêöèÿëàó¡à àðíàë¡àí. Èìèòàöèÿëû© ìîäåëüäåóäi­ Ïåòðè æåëiñiíi­ ©´ðûëûìû 2-ñóðåòòå ê°ð-

ñåòiëãåí. Ñóðåòòåãi ñ´ëáà æ´ìûñû ñåíiìñiç ýëåìåíòòi M/M/3 (ÿ¡íè n=3) æàëïû¡à ©ûçìåò ê°ðñåòó

æ³éåñií 1-á°ëiìäå ê°ðñåòiëãåí øàðòòàð¡à ñºéêåñ ìîäåëüäåéäi.

Æ´ìûñòà λ = 6 ñà¡ −1, µ = 2 ñà¡ −1, η = 150 −1 ñà¡ −1 æºíå ξ = 0,2 ñà¡ −1 äåï àëûí¡àí.

Êåçäåéñî© øàìàëàðäû­ íà©òû ìºíäåði èìèòàöèÿëû© ìîäåëüäåó êåçiíäå fun ET(EX)=round(ex-

ponential(1.0/EX)) ôóíêöèÿíû­ ê°ìåãiìåí ãåíåðàöèÿëàíàäû. Ôóíêöèÿíû­ ïàðàìåòðií ìèíóòòû©

óà©ûò áiðëiãiìåí àíû©òàéû©:

1/λ = 10 ìèí, 1/µ = 30 ìèí, 1/η = 9000 ìèí, 1/ξ = 300 ìèí.

ÆÀÑÀË�ÀÍ Ò�ÆIÐÈÁÅËÅÐ Æ�ÍÅ ÎËÀÐÄÛ ÁÀ�ÀËÀÓ

3 êàíàëäû æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåñií (n = 3) ©àðàñòûðàéû©. Êåçäåéñî© ïàðàìåòðëåðäi­

ìºíií êåëåñiäåé áîëñûí:

λ = 6 ñà¡ −1, µ = 2 ñà¡ −1, η = { 150 −1 , 125 −1, 100 −1, 75 −1, 50 −1 } ñà¡ −1 æºíå ξ =

0,2 ñà¡ −1 ÿ¡íè, áiç áið-áiðiíåí η ïàðàìåòði áîéûíøà åðåêøåëåíåòií 5 æ³éåëiê êîíôèãóðàöèÿíû

©àðàñòûðàìûç.
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2 ñóðåò Ïåòðè æåëiñiíi­ Ì/Ì/3 æàëïû¡à ©ûçìåò ê°ðñåòó æ³éåñií ìîäåëüäåói

Êîëìîãîðîâ òå­äåóiíåí àëûí¡àí ñûçû©òû òå­äåóëåð æ³éåñií MATLAB ïðîãðàììàñûí ©îë-

äàíó àð©ûëû øåøiëäi (1-êåñòå) æºíå òàáûë¡àí ìºíäåð ES æºíå EP òèiìäiëiê ê°ðñåòêiøòåðií

åñåïòåóäå ©îëäàíûëäû.

1 êåñòå Ê³éëåð àóûñóûíû­ û©òèìàëäûëû©òàðû

Ê³éëåð (0,0) (0,1) (0,2) (0.3) (1,0) (1,1) (1,2) (2,0) (2,1) (3,0)
Ð (û©ò) 0,0700 0,2097 0,3138 0,3128 0,0105 0,0318 0,0483 0,0007 0,0023 0,000

Àëûí¡àí íºòèæåëåð:

1. �ûçìåò ê°ðñåòiëãåí êëèåíòòåðäi­ îðòàøà ñàíû:

ES =

n−1∑
i=0

n−i∑
j=1

jP(i,j) = P(0,1) + 2P(0,2) + 3P(0,3) + P(1,1) + 2P(1,2) + P(2,1) (13)

2 .Êàíàëäû­ ïàéäàëàíûëóû:

χs =
ES

n
=
P(0,1) + 2P(0,2) + 3P(0,3) + P(1,1) + 2P(1,2) + P(2,1)

3
(14)

3. Iñòåí øû©©àí êàíàëäàðäû­ îðòàøà ñàíû:

EP =
n∑
i=1

i
n−i∑
j=0

P(i,j) = P(0,1) + 2P(0,2) + 3P(0,3) + P(1,1) + P(1,2) + 2P(2,1) (15)

4. �àëïûíà êåëòiðóäi­ æåòêiëiêòi °òêiçó ©àáiëåòi:

χr =
EP

n
=

n∑
i=1

i
n−i∑
j=0

P(i,j)

n
=
P(0,1) + 2P(0,2) + 3P(0,3) + P(1,1) + P(1,2) + 2P(2,1)

3
(16)

�ðò³ðëi η áîéûíøà àëûí¡àí íºòèæåëiê çåðòòåóëåð æºíå 2-á°ëiìäå ê°ðñåòiëãåí ò³ðëi ò³ñòi
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Ïåòðè æåëiñií èìèòàöèÿëû© ìîäåëüäåó àð©ûëû àëûí¡àí òèiìäiëiê ê°ðñåòêiøòåði 2-êåñòåäå êåë-

òiðiëäi.

2 êåñòå Òºæiðèáåëåðäåí àëûí¡àí íºòèæåëåð

η [1/ñà¡] Òèiìäiëiê Èìèòàöèÿëû© Òåîðèÿëû© Ñåíiì èíòåðâàëû 95% Àéûðì-© [%]
ê°ðñåò-ði íºòèæå íºòèæå

1/150 ES 1,91470 1,90637 (1,91299; 1,91641) 0,44
EP 0,09613 0,09677 (0,09423; 0,09803) -0,67
χ (s) 0,63823 0,63546 0,44
χ (r) 0,03204 0,03226 -0,67

1/125 ES 1,90641 1,89568 (1,90451; 1,90832) 0,56
EP 0,11394 0,11538 (0,11157; 0,11631) -1,26
χ (s) 0,63547 0,63189 0,56
χ (r) 0,03798 0,03846 -1,26

1/100 ES 1,88877 1,87985 (1,88696; 1,89058) 0,47
EP 0,14255 0,14286 (0,13994; 0,14516) -0,22
χ (s) 0,62959 0,62662 0,47
χ (r) 0,04752 0,04762 -0,22

1/75 ES 1,84642 1,85401 (1,86228; 1,86621) -0,41
EP 0,18555 0,18750 (0,18266; 0,18844) -1,05
χ (s) 0,61547 0,61800 -0,41
χ (r) 0,06185 0,06250 -1,05

1/50 ES 1,81101 1,80426 (1,80778; 1,81240) 0,37
EP 0,27627 0,27273 (0,27314; 0,27939) 1,28
χ (s) 0,60367 0,60142 0,37
χ (r) 0,09209 0,09091 1,28

Àëûí¡àí íºòèæåëåðäi ãðàôèêàëû© ò³ðäå áåéíåëåéiê (3, 4-ñóðåòòåð). Åêi ãðàôèêòå äå åêi

ñûçû© æ³ðãiçiëãåí. Áiðiíøi ñûçû© � ¾Analytic result¿ ìàòåìàòèêàëû© ìîäåëü áîéûíøà åñåïòåëãåí

ìºíäåðäi áåéíåëåéòií áîëñà, àë åêiíøiñi ñûçû© � ¾Simulation result¿ èìèìòàöèÿëû© òºæiðèáåëåð

íåãiçiíäå àëûí¡àí ìºíäåðäi áåéíåëåéäi.

3 ñóðåò ES æºíå 1/η àðàñûíäà¡û òºóåëäiëiê ãðàôèãi
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4 ñóðåò EP æºíå 1/η àðàñûíäà¡û òºóåëäiëiê ãðàôèãi

Àëûí¡àí íºòèæåëåð áîéûíøà àíàëèòèêàëû© æºíå èìèòàöèÿëû© ìîäåëüäåó íºòèæåëåði àðà-

ñûíäà áîëìàøû àéûðìàøûëû©òàð áàð åêåíií êåñòåíi­ ñî­¡û áà¡àíûíàí ê°ðóãå áîëàäû æºíå

îëàðäû òàëäàó àð©ûëû ìûíàäàé ©îðûòûíäû æàñàó¡à áîëàäû:

1. ES êàíàëäà¡û òàïñûðûñòàðäû­ îðòàøà ñàíû ìåí êàíàëäàðäû­ 1/η òî©òàóñûç æ´ìûñ ê³é-

iíi­ îðòàøà óà©ûòû àðàñûíäà¡û òºóåëäiëiãiíi­ áàéëàíûñûí, ÿ¡íè, 1/η ìºíiíi­ °ñói ES ìºíiíi­ äå

°ñóiíå ñºéêåñ êåëåòiíií ê°ðåìiç.

2. EP iñòåí øû©©àí êàíàëäàðäû­ îðòàøà ñàíû ìåí êàíàëäàðäû­ 1/η òî©òàóñûç æ´ìûñ ê³éiíi­

îðòàøà óà©ûòû àðàñûíäà¡û òºóåëäiëiãiíi­ áàéëàíûñûí, ÿ¡íè, 1/η ìºíiíi­ êåìói EÐ ìºíiíi­ äå

°ñóiíå ñºéêåñ êåëåòiíií ê°ðåìiç.
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ÊÐÈÒÅÐÈÉ ÓÏÐÀÂËßÅÌÎÑÒÈ ÍÅËÈÍÅÉÍÛÕ ÑÈÑÒÅÌ Ñ

ÎÃÐÀÍÈ×ÅÍÈßÌÈ

Ñ.À. Àéñàãàëèåâ, À.À .Êàáèäîëäàíîâà

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè àëü-Ôàðàáè

Abstract. Necessary and su�cient conditions of controllability for nonlinear systems with re-

strictions on initial and �nal states, control value, phase coordinates and integral restrictions are

obtained by reducing to optimal control problem with free right end.

Keywords: controllable system, controllability criterio, phase restrictions, integral restrictions,

optimal control problem with free right end.

À­äàòïà. Æ³éåíi­ áàñòàï©û æºíå ñî­¡û ê³éëåðiíå, ôàçàëû© êîîðäèíàòòàðûíà, áàñ©àðó

ìºíiíå æºíå èíòåãðàëäû© øåêòåóëåð ©îéûë¡àí ñûçû©òû åìåñ æ³éåíi­ áàñ©àðûäûëû¡ûíû­

©àæåòòi æºíå æåòêiëiêòi øàðòòàðû ©îéûë¡àí åñåïòi òèiìäi áàñ©àðóäû­ î­ øåòi åðêií åñåáiíå

êåëòiðó æîëûìåí òàáûë¡àí.

Êiëòòiê ñ°çäåð: áàñ©àðûìäû æ³éå, áàñ©àðûìäûëû© êðèòåðèi, ôàçàëû© øåêòåóëåð, èíòå-

ãðàëäû© øåêòåóëåð, òðàåêòîðèÿñûíû­ î­ øåòi åðêií òèiìäi áàñ©àðó åñåái.

Àííîòàöèÿ. Ïîëó÷åíû íåîáõîäèìûå è äîñòàòî÷íûå óñëîâèÿ óïðàâëÿåìîñòè íåëèíåéíûõ ñè-

ñòåì ñ îãðàíè÷åíèÿìè íà íà÷àëüíîå è êîíå÷íîå ñîñòîÿíèÿ, ôàçîâûå êîîðäèíàòû ñèñòåìû, íà

óïðàâëåíèå è ñ èíòåãðàëüíûìè îãðàíè÷åíèÿìè ïóòåì ñâåäåíèÿ ê îïòèìèçàöèîííîé çàäà÷å ñî

ñâîáîäíûì ïðàâûì êîíöîì òðàåêòîðèè.

Êëþ÷åâûå ñëîâà: óïðàâëÿåìàÿ ñèñòåìà, êðèòåðèé óïðàâëÿåìîñòè, ôàçîâûå îãðàíè÷åíèÿ,

èíòåãðàëüíûå îãðàíè÷åíèÿ, îïòèìèçàöèîííàÿ çàäà÷à ñî ñâîáîäíûì ïðàâûì êîíöîì òðàåêòî-

ðèè.

Ïîñòàíîâêà çàäà÷è

Ðàññìàòðèâàåòñÿ çàäà÷à óïðàâëÿåìîñòè ñëåäóþùåãî âèäà

ẋ = A(t)x+B(t)f(x, u, x0, x1, t), t ∈ I = [t0, t1], x(t0) = x0, (1)

x(t1) = x1, x0 ∈ S0, x1 ∈ S1, (2)

x(t) ∈ G(t) : G(t) = {x ∈ Rn|ω(t) ≤ F (x, t) ≤ ϕ(t), t ∈ I} , (3)

gj(u, x0, x1) ≤ cj , j = 1,m1, gj(u, x0, x1) = cj , j = m1 + 1,m2, (4)

gj(u, x0, x1) =

t1∫
t0

f0j(x, u, x0, x1, t)dt, j = 1,m2, (5)

u(t) ∈ U(t) : U(t) =
{
u(·) ∈ L2(I,Rm)|u(t) ∈ V1(t) ⊂ Rm ï. â. t ∈ I

}
. (6)
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ãäå A(t), B(t) � ìàòðèöû ñ êóñî÷íî-íåïðåðûâíûìè ýëåìåíòàìè ïîðÿäêîâ n×n, n×r, ñîîòâåòñòâåí-
íî, âåêòîð-ôóíêöèÿ f(x, u, x0, x1, t) = (f1(x, u, x0, x1, t), ..., fr(x, u, x0, x1, t)) íåïðåðûâíà ïî ñîâî-

êóïíîñòè ïåðåìåííûõ (x, u, x0, x1, t) ∈ Rn×Rm×Rn×Rn×I è óäîâëåòâîðÿåò óñëîâèÿì ñóùåñòâî-

âàíèÿ è åäèíñòâåííîñòè ðåøåíèÿ ñèñòåìû (1) ïðè ôèêñèðîâàííîì óïðàâëåíèè u(·) ∈ L2(I,Rm)

è çàäàííîì íà÷àëüíîì óñëîâèè, s− ìåðíàÿ âåêòîð-ôóíêöèÿ F (x, t) íåïðåðûâíà ïî ñîâîêóïíîñòè

ïåðåìåííûõ (x, t) ∈ Rn × I, à âåêòîð-ôóíêöèè ω(t), ϕ(t), t ∈ I, èìåþò íåïðåðûâíûå ýëåìåíòû.
Ôóíêöèÿ f0(x, u, x0, x1, t) = (f01(x, u, x0, x1, t), ..., f0m2(x, u, x0, x1, t)) óäîâëåòâîðÿåò óñëîâèþ

|f0(x, u, x0, x1, t)| ≤ c2(|x|+ |u|2 + |x0|+ |x1|) + c3(t), ∀(x, u, x0, x1, t) ∈ Rn ×Rm ×Rn ×Rn × I,

ãäå c2 = const ≥ 0, c3(t) ≥ 0, c3(·) ∈ L1(I,R1).

S0, S1 ⊂ Rn, U ⊂ L2(I,Rm) � çàäàííûå îãðàíè÷åííûå âûïóêëûå çàìêíóòûå ìíîæåñòâà, ìî-

ìåíòû âðåìåíè t0, t1 ôèêñèðîâàíû.

Çàäà÷à: Íàéòè íåîáõîäèìûå è äîñòàòî÷íûå óñëîâèÿ óïðàâëÿåìîñòè ñèñòåìû (1) ïðè óñëîâèÿõ

(2)�(6).

Îòìåòèì, ÷òî ñèñòåìà (1) ïðè óñëîâèÿõ (2)�(6) íàçûâàåòñÿ óïðàâëÿåìîé, åñëè ñóùåñòâóåò

òðîéêà (u(t), x0, x1) ∈ U(t)× S0 × S1, ïðè êîòîðîé ðåøåíèå ñèñòåìû (1) óäîâëåòâîðÿåò êðàåâîìó

óñëîâèþ (2), ôàçîâîìó îãðàíè÷åíèþ (3) è âûïîëíÿþòñÿ èíòåãðàëüíûå îãðàíè÷åíèÿ (4)�(5).

Êðèòåðèé óïðàâëÿåìîñòè

Ïóòåì ââåäåíèÿ äîïîëíèòåëüíûõ ïåðåìåííûõ èíòåãðàëüíûå îãðàíè÷åíèÿ (4)�(5) ìîãóò áûòü

çàìåíåíû ñèñòåìîé äèôôåðåíöèàëüíûõ óðàâíåíèé ñ êðàåâûìè óñëîâèÿìè. Ïîñëå èõ îáúåäèíå-

íèÿ ñ èñõîäíîé ñèñòåìîé (1) è êðàåâûìè óñëîâèÿìè (2) è âûäåëåíèÿ ìíîæåñòâà âñåõ óïðàâëåíèé,

ïåðåâîäÿùèõ òðàåêòîðèþ ïîëó÷åííîé ñèñòåìû èç çàäàííîãî íà÷àëüíîãî ñîñòîÿíèÿ â ëþáîå æå-

ëàåìîå ñîñòîÿíèå [1], çàäà÷à óïðàâëÿåìîñòè (1)�(6) ñâîäèòñÿ ê çàäà÷å îïòèìàëüíîãî óïðàâëåíèÿ

ñî ñâîáîäíûì ïðàâûì êîíöîì òðàåêòîðèè ñëåäóþùåãî âèäà:

J(θ) =
t1∫
t0

F1(q(t), t)dt→ inf (7)

ż = A1(t)z +B1(t)v1(t) +B2(t)v2(t), t ∈ I, z(t0) = 0, (8)

v1(·) ∈ L2(I,Rr), v2(·) ∈ L2(I,Rm2), (9)

p(t) ∈ V (t), u(t) ∈ U(t), x0 ∈ S0, x1 ∈ S1, d ∈ Γ, (10)

ãäå θ = (u(t), p(t), v1(t), v2(t), x0, x1, d), F1(q(t), t) = |w1(t) − f(P1y(t), u(t), x0, x1, t)|2 + |w2(t) −
f0(P1y(t), u(t), x0, x1, t)|2 + |p(t) − F (P1y(t), t)|2, q(t) = (z(t), z(t1), θ(t)), w1(t) ∈ W1, w2(t) ∈ W2,

W1 ×W2 - ìíîæåñòâî âñåõ óïðàâëåíèé, ïåðåâîäÿùèõ òðàåêòîðèþ ñèñòåìû èç çàäàííîãî íà÷àëü-

íîãî ñîñòîÿíèÿ â ëþáîå æåëàåìîå ñîñòîÿíèå, îïðåäåëÿåòñÿ ïî èñõîäíûì äàííûì ñèñòåìû è ïî

ïðîèçâîëüíî âûáðàííûì ôóíêöèÿì v1(·) ∈ L2(I,Rr), v2(·) ∈ L2(I,Rm2) :

W1 =
{
w1(·) ∈ L2(I,Rr)

/
w1(t) = v1(t) +B∗1(t)Φ∗(t0, t)T

−1(t0, t1)a−

−B∗1(t)Φ∗(t0, t)T
−1(t0, t1)Φ(t0, t1)z(t1, v), t ∈ I},
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W2 =
{
w2(·) ∈ L2(I,Rm2)

/
w2(t) = v2(t) +B∗2(t)Φ∗(t0, t)T

−1(t0, t1)a−

−B∗2(t)Φ∗(t0, t)T
−1(t0, t1)Φ(t0, t1)z(t1, v), t ∈ I},

ôóíêöèÿ

y(t) = z(t) + Φ(t, t0)T (t, t1)T−1(t0, t1)ξ0 + Φ(t, t0)T (t0, t)T
−1(t0, t1)Φ(t0, t1)ξ1−

−Φ(t, t0)T (t0, t)T
−1(t0, t1)Φ(t0, t1)z(t1, v), t ∈ I,

- ðåøåíèå ñèñòåìû áåç îãðàíè÷åíèé, ñîîòâåòñòâóþùåå óïðàâëåíèÿì èç W1 ×W2,

V (t) = {p(·) ∈ L2(I,Rs)|ω(t) ≤ p(t) ≤ ϕ(t), t ∈ I} , Γ = {d ∈ Rm1 |d ≥ 0} , t ∈ I,

P1 = (In, On,m2), A1(t) = (A(t), On,m2 ;Om2,n, Om2,m2), B1(t) = (B(t), Om2,r), B2(t) = (On,m2 , Im2),

ξ0 = (x0;Om2,1), ξ1 = (x1; c − d; c), c = (c1, ..., cm1), c = (cm1+1, ..., cm2), ìàòðèöà Φ(t, τ) =

θ(t)θ−1(τ), çäåñü θ(t) - ôóíäàìåíòàëüíàÿ ìàòðèöà ðåøåíèé ëèíåéíîé îäíîðîäíîé ñèñòåìû æ̇ =

A1(t)æ, t ∈ I,

a = Φ(t0, t1)ξ1 − ξ0, T (t0, t1) =

t1∫
t0

Φ(t0, t)B3(t)B∗3(t)Φ∗(t0, t)dt, B3(t) = (B1(t), B2(t)).

Òåîðåìà 1. Ïóñòü ìàòðèöà T (t0, t1) ïîëîæèòåëüíî îïðåäåëåíà. Äëÿ óïðàâëÿåìîñòè ñèñòåìû

(1) ïðè óñëîâèÿõ (2)�(6) íåîáõîäèìî è äîñòàòî÷íî, ÷òîáû çíà÷åíèå íèæíåé ãðàíè ôóíêöèîíàëà

(7) ïðè óñëîâèÿõ (8)�(10) áûëî ðàâíî íóëþ, ò.å. infJ(θ) = 0, θ ∈ X, X = U × V × L2(I,Rr) ×
L2(I,Rm2)× S0 × S1 × Γ.

Äîêàçàòåëüñòâî òåîðåìû ñëåäóåò èç òîãî, ÷òî W1 ×W2 - ìíîæåñòâî âñåõ óïðàâëåíèé, ïåðå-

âîäÿùèõ òðàåêòîðèþ ñèñòåìû èç çàäàííîãî íà÷àëüíîãî ñîñòîÿíèÿ â ëþáîå æåëàåìîå ñîñòîÿíèå,

à ôóíêöèÿ y(t), t ∈ I, - ðåøåíèå ñèñòåìû áåç îãðàíè÷åíèé, ñîîòâåòñòâóþùåå óïðàâëåíèÿì èç

W1 ×W2.

Òàêèì îáðàçîì, äëÿ óñòàíîâëåíèÿ óïðàâëÿåìîñòè ñèñòåìû (1) ïðè óñëîâèÿõ (2)�(6) íåîáõîäèìî

ðåøèòü îïòèìèçàöèîííóþ çàäà÷ó (7)�(10). Â ñëó÷àå ïîëîæèòåëüíîñòè çíà÷åíèÿ íèæíåé ãðàíè,

ñèñòåìà (1) ïðè óñëîâèÿõ (2)�(6) íå óïðàâëÿåìà. Çàäà÷à (7)�(10) ðåøàåòñÿ ïóòåì ïîñòðîåíèÿ

ìèíèìèçèðóþùèõ ïîñëåäîâàòåëüíîñòåé ìåòîäîì ïðîåêöèè ãðàäèåíòà.

Ïðîâåðêà âûïîëíåíèÿ óñëîâèÿ óïðàâëÿåìîñòè

Ïîñòðîåíèå ìèíèìèçèðóþùèõ ïîñëåäîâàòåëüíîñòåé äëÿ ïðîâåðêè íåîáõîäèìîãî è äîñòàòî÷-

íîãî óñëîâèÿ óïðàâëÿåìîñòè ñèñòåìû (1) ïðè óñëîâèÿõ (2)�(6) îñíîâàíî íà âû÷èñëåíèè ãðàäèåíòà

ôóíêöèîíàëà. Íèæå ïðèâåäåíà òåîðåìà, îïðåäåëÿþùàÿ ôîðìóëû ïî êîòîðûì âû÷èñëÿåòñÿ ãðà-

äèåíò ôóíêöèîíàëà (7) ïðè óñëîâèÿõ (8)�(10).

Ãðàäèåíò ôóíêöèîíàëà

Òåîðåìà 2. Ïóñòü ìàòðèöà T (t0, t1) ïîëîæèòåëüíî îïðåäåëåíà, ôóíêöèè f(x, u, t),

f0(x, u, x0, x1, t), F (x, t) íåïðåðûâíî äèôôåðåíöèðóåìû ïî ïåðåìåííûì (x, u, x0, x1), ÷àñòíàÿ ïðî-

èçâîäíàÿ F1q(q(t), t) óäîâëåòâîðÿåò óñëîâèþ Ëèïøèöà. Òîãäà ôóíêöèîíàë (7) ïðè óñëîâèÿõ (8)�
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(10) íåïðåðûâíî äèôôåðåíöèðóåì ïî Ôðåøå, ãðàäèåíò

J ′(θ) = (J ′u(θ), J ′p(θ), J
′
v1

(θ), J ′v2
(θ), J ′x0

(θ), J ′x1
(θ), J ′d(θ))

â ëþáîé òî÷êå θ ∈ X âû÷èñëÿåòñÿ ïî ôîðìóëàì

J
′
u(θ) =

∂F1(q(t), t)

∂u
, J

′
p(θ) =

∂F1(q(t), t)

∂p
, J

′
v1

(θ) =
∂F1(q(t), t)

∂v1
−B∗1(t)ψ(t),

J
′
v2

(θ) =
∂F1(q(t), t)

∂v2
−B∗2(t)ψ(t), (11)

J
′
x0

(θ) =

t1∫
t0

∂F1(q(t), t)

∂x0
dt, J

′
x1

(θ) =

t1∫
t0

∂F1(q(t), t)

∂x1
dt, J

′
d(θ) =

t1∫
t0

∂F1(q(t), t)

∂d
dt,

ãäå z(t) = z(t, v) = z(t, v1, v2), t ∈ I, - ðåøåíèå äèôôåðåíöèàëüíîãî óðàâíåíèÿ (8), ψ(t), t ∈ I �
ðåøåíèå ñîïðÿæåííîé ñèñòåìû

ψ̇ =
∂F1(q(t), t)

∂z
−A∗1(t)ψ, ψ(t1) = −

t1∫
t0

∂F1(q(t), t)

∂z(t1)
dt, t ∈ I. (12)

Êðîìå òîãî, ãðàäèåíò J ′(θ), θ ∈ X, óäîâëåòâîðÿåò óñëîâèþ Ëèïøèöà

‖J ′(θ1)− J ′(θ2)‖H ≤ l‖θ1 − θ2‖H , ∀θ1, θ2 ∈ X, l = const > 0, (13)

çäåñü H = L2(I,Rm)×Rs × L2(I,Rr)× L2(I,Rm2)×Rn ×Rn ×Rm1 .

Ìèíèìèçèðóþùèå ïîñëåäîâàòåëüíîñòè

Íà îñíîâå ôîðìóë (12)�(13) ñòðîèòñÿ ïîñëåäîâàòåëüíîñòü {θn} = {(un(t), pn(t), vn1 (t), vn2 (t),

xn0 , x
n
1 , dn)} ⊂ X ïî ñëåäóþùåìó ïðàâèëó:

θn+1 = PX [θn − αnJ ′(θn)], n = 0, 1, 2, ..., 0 < ε0 ≤ αn ≤
2

l + 2ε
, ε > 0, l = const > 0. (14)

Òåîðåìà 3. Ïóñòü âûïîëíåíû óñëîâèÿ òåîðåìû 2, ïîñëåäîâàòåëüíîñòü {θn} ⊂ X îïðåäåëÿåòñÿ

ïî ôîðìóëå (14), U, V, S0, S1,Γ � âûïóêëûå çàìêíóòûå ìíîæåñòâà. Òîãäà:

1. ÷èñëîâàÿ ïîñëåäîâàòåëüíîñòü J{θn} ñòðîãî óáûâàåò;

2. ‖θn − θn+1‖ → 0 ïðè n→∞;

Åñëè, êðîìå òîãî, âûïîëíåíî íåðàâåíñòâî

〈F1(q1, t)− F1(q2, t), q1 − q2〉RN1 ≥ 0, ∀q1, q2 ∈ RN1 , N1 = m+ s+ r +m2 + 2n+m1, (15)

ìíîæåñòâî Λ0 = {θ ∈ X
/
J(θ) ≤ J(θ0)} îãðàíè÷åíî, òî

3. ïîñëåäîâàòåëüíîñòü {θn} ⊂ X ÿâëÿåòñÿ ìèíèìèçèðóþùåé;

4. ïîñëåäîâàòåëüíîñòü {θn} ⊂ X ñëàáî ñõîäèòñÿ ê ìíîæåñòâó X∗, X∗ =
{
θ∗ ∈ X

/
J(θ∗) =

inf
θ∈X

J(θ) = J∗

}
;
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5. ñïðàâåäëèâà ñëåäóþùàÿ îöåíêà ñêîðîñòè ñõîäèìîñòè:

0 ≤ J1(θn)− J1(θ∗) ≤
m0

n
, m0 = const > 0, n = 1, 2, ....

Äîêàçàòåëüñòâî.Èç íåîáõîäèìîãî è äîñòàòî÷íîãî óñëîâèÿ òîãî, ÷òî θn+1 ÿâëÿåòñÿ ïðîåêöèåé

òî÷êè θn − αnJ ′(θn) ñëåäóåò âåðíîñòü íåðàâåíñòâà

〈J ′(θn), θ − θn+1〉L2 ≥
1

αn
〈θn − θn+1, θ − θn+1〉, ∀θ ∈ X. (16)

Òàê êàê ôóíêöèîíàë J(θ) ∈ C1,1(X), òî ñïðàâåäëèâà ôîðìóëà

J(θn)− J(θn+1) ≥ 〈J ′(θn), θn − θn+1〉 −
l

2
‖θn − θn+1‖2, n = 0, 1, 2, ... (17)

Èç ñîîòíîøåíèé (16)�(17), ñ ó÷åòîì (14), íå òðóäíî ïîëó÷èòü

J(θn)− J(θn+1) ≥ (
1

αn
− l

2
)‖θn − θn+1‖2 ≥ ε1‖θn − θn+1‖2, n = 0, 1, 2, ... (18)

Îòñþäà ñëåäóþò óòâåðæäåíèÿ 1)-2) òåîðåìû.

Èç íåðàâåíñòâà (14) ñëåäóåò, ÷òî ôóíêöèîíàë J(θ) âûïóêëûé. Òîãäà J(θ) ñëàáîïîëóíåïðå-

ðûâåí ñíèçó â ñèëó âûïóêëîñòè è ïîëóíåïðåðûâíîñòè ñíèçó. Ìíîæåñòâî Λ0 ñëàáîáèêîìïàêòíî,

ñëåäîâàòåëüíî, ìíîæåñòâî X∗ ⊂ Λ0 íå ïóñòî.

Èç âûïóêëîñòè ôóíêöèîíàëà J(θ) ∈ C1,1(X) ñëåäóåò, ÷òî

J(θn)− J(θ∗) ≤ m1‖θn − θn+1‖, m1 = const > 0. (19)

Îòñþäà èìååì lim
n→∞

J(θn) = J(θ∗) = J∗ = inf J1(θ), θ ∈ X, ò.å. ïîñëåäîâàòåëüíîñòü {θn} ⊂ X

ÿâëÿåòñÿ ìèíèìèçèðóþùåé. Ïîñêîëüêó Λ0 ñëàáîáèêîìïàêòíî, òî θn
cë−→ θ∗ ïðè n → ∞. Îöåíêà

ñêîðîñòè ñõîäèìîñòè ñëåäóåò èç (18) è (19). Òåîðåìà äîêàçàíà.

Òàêèì îáðàçîì, ïðè âûïîëíåíèè óñëîâèé òåîðåìû 3 ïîñëåäîâàòåëüíîñòü, ïîñòðîåííàÿ ïî ïðà-

âèëó (14), ïîçâîëÿåò íàéòè çíà÷åíèå íèæíåé ãðàíè ôóíêöèîíàëà äëÿ îïòèìèçàöèîííîé çàäà÷è

(7)�(10) è îòâåòèòü íà âîïðîñ îá óïðàâëÿåìîñòè ñèñòåìû (1) ïðè óñëîâèÿõ (2)�(6).

Èòàê, äëÿ ïðîâåðêè âûïîëíåíèÿ óñëîâèÿ óïðàâëÿåìîñòè íåîáõîäèìî

1. Ñâåñòè êðàåâóþ çàäà÷ó óïðàâëÿåìîñòè (1)�(6) ê íà÷àëüíîé îïòèìèçàöèîííîé çàäà÷å âèäà

(7)�(10) ïóòåì ïîñòðîåíèÿ ìàòðèö è âåêòîðîâ Φ(t, τ), T (t0, t1), a ïî èñõîäíûì äàííûì ñèñòå-

ìû;

2. Ðåøèòü îïòèìèçàöèîííóþ çàäà÷ó (7)�(10) ïóòåì ïîñòðîåíèÿ ìèíèìèçèðóþùåé ïîñëåäîâà-

òåëüíîñòè {θn} ïî ïðàâèëàì (14) è îïðåäåëèòü çíà÷åíèå íèæíåé ãðàíè J∗;

3. Óñòàíîâèòü óïðàâëÿåìîñòü ñèñòåìû ïî íàéäåííîìó çíà÷åíèþ íèæíåé ãðàíè: Åñëè J∗ > 0, òî

ñèñòåìà (1) ïðè óñëîâèÿõ (2)�(6) óïðàâëÿåìà, â ïðîòèâíîì ñëó÷àå, çàäà÷à (1)�(6) íå èìååò

ðåøåíèÿ.
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ÃËÎÁÀËÈÇÀÖÈÎÍÍÛÕ ÏÐÎÖÅÑÑÎÂ ÍÀ ÍÀÖÈÎÍÀËÜÍÓÞ

ÌÀÊÐÎÑÈÑÒÅÌÓ

Í.À. Àëäàáåðãåíîâ

ÊàçÍÓ èìåíè àëü- Ôàðàáè

Àííîòàöèÿ. Ñåãîäíÿ ìèð ïåðåæèâàåò ìíîãî÷èñëåííûå ãëóáîêèå ïðåîáðàçîâàíèÿ, îäíèì èç

êîòîðûõ ÿâëÿåòñÿ ãëîáàëèçàöèÿ. Íàäî îòìåòèòü, ÷òî ãëîáàëèçàöèÿ � ýòî ÿâëåíèå, êîòîðîå

àíàëèçèðóåòñÿ â ñîâðåìåííîé ëèòåðàòóðå âñåñòîðîííå, è ýòî ïîíÿòíî, òàê êàê îíî íàñòîëü-

êî ìíîãîãðàííî è ïðîòèâîðå÷èâî, ÷òî âûçûâàåò íåîäíîçíà÷íóþ ðåàêöèþ â ìèðå. Îòìå÷àÿ åå

êàê ïîëîæèòåëüíûå, òàê è îòðèöàòåëüíûå ñòîðîíû, íåîáõîäèìî îòìåòèòü ãëàâíîå � ãëîáàëè-

çàöèÿ ýòî îáúåêòèâíûé ïðîöåññ, è çàäà÷à ìèðîâîãî îáùåñòâà â öåëîì, à íàøåãî ãîñóäàðñòâà

� â ÷àñòíîñòè, àäàïòèðîâàòüñÿ â ýòèõ íîâûõ óñëîâèÿõ, ïðè÷åì ñ íàèìåíüøèìè ïîòåðÿìè äëÿ

íàöèîíàëüíîé ýêîíîìèêè.

Êëþ÷åâûå ñëîâà: ãëîáàëèçàöèÿ, ìèðîâàÿ ýêîíîìèêà, èíòåãðàöèÿ, íàöèîíàëüíàÿ ýêîíîìèêà

Áëàãîäàðÿ ðàçâèòèþ ìåæäóíàðîäíûõ îòíîøåíèé Êàçàõñòàíà ñ äðóãèìè ãîñóäàðñòâàìè â ðàì-

êàõ ìåæäóíàðîäíûõ îðãàíèçàöèé íåèçìåðèìî óìíîæàþòñÿ âîçìîæíîñòè íàðîäà Êàçàõñòàíà, áó-

äóò áîëåå ïîëíî ó÷èòûâàòüñÿ âñå ñòîðîíû åãî æèçíåäåÿòåëüíîñòè, ñîçäàâàòüñÿ óñëîâèÿ äëÿ ãàðìî-

íèçàöèè ñîöèàëüíî-ýêîíîìè÷åñêîé æèçíè. Ãëîáàëèçàöèÿ ìèðîâîé ýêîíîìèêè ñîçäàåò ñåðüåçíóþ

îñíîâó ðåøåíèÿ âñåîáùèõ ïðîáëåì ÷åëîâå÷åñòâà è ïðîáëåì Êàçàõñòàíà, â ÷àñòíîñòè.

Â êà÷åñòâå ïîçèòèâíûõ ïîñëåäñòâèé ãëîáàëèçàöèîííûõ ïðîöåññîâ ìîæíî íàçâàòü ñëåäóþùèå:

1. Ãëîáàëèçàöèÿ ñïîñîáñòâóåò óãëóáëåíèþ ñïåöèàëèçàöèè è ìåæäóíàðîäíîãî ðàçäåëåíèÿ òðó-

äà. Â ýòèõ óñëîâèÿõ áîëåå ýôôåêòèâíî ðàñïðåäåëÿþòñÿ ñðåäñòâà è ðåñóðñû, ÷òî, â êîíå÷íîì

ñ÷åòå, ñïîñîáñòâóåò ïîâûøåíèþ ñðåäíåãî óðîâíÿ æèçíè è ðàñøèðåíèþ æèçíåííûõ ïåðñïåê-

òèâ íàñåëåíèÿ (ïðè áîëåå íèçêèõ äëÿ íåãî çàòðàòàõ);

2. Âàæíûì ïðåèìóùåñòâîì ãëîáàëèçàöèîííûõ ïðîöåññîâ ÿâëÿåòñÿ ýêîíîìèÿ íà ìàñøòàáàõ

ïðîèçâîäñòâà, ÷òî ïîòåíöèàëüíî ìîæåò ïðèâåñòè ê ñîêðàùåíèþ èçäåðæåê è ñíèæåíèþ öåí,

à, ñëåäîâàòåëüíî, ê óñòîé÷èâîìó ýêîíîìè÷åñêîìó ðîñòó;

3. Ïðåèìóùåñòâà ãëîáàëèçàöèè ñâÿçàíû òàêæå ñ âûèãðûøåì îò ñâîáîäíîé òîðãîâëè íà âçàè-

ìîâûãîäíîé îñíîâå, óäîâëåòâîðÿþùåé âñå ñòîðîíû;

4. Ãëîáàëèçàöèÿ, óñèëèâàÿ êîíêóðåíöèþ, ïðîñòèìóëèðóåò äàëüíåéøåå ðàçâèòèå íîâûõ òåõíî-

ëîãèé è ðàñïðîñòðàíåíèå èõ ñðåäè ñòðàí. Â åå óñëîâèÿõ òåìïû ðîñòà ïðÿìûõ èíâåñòèöèé
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íàìíîãî ïðåâîñõîäÿò òåìïû ðîñòà ìèðîâîé òîðãîâëè, ÷òî ÿâëÿåòñÿ âàæíåéøèì ôàêòîðîì

â òðàíñôåðòå ïðîìûøëåííûõ òåõíîëîãèé, îáðàçîâàíèè òðàíñíàöèîíàëüíûõ êîìïàíèé, ÷òî

îêàçûâàåò íåïîñðåäñòâåííîå âîçäåéñòâèå íà íàöèîíàëüíûå ýêîíîìèêè. Ïðåèìóùåñòâà ãëî-

áàëèçàöèè îïðåäåëÿþòñÿ òåìè ýêîíîìè÷åñêèìè âûãîäàìè, êîòîðûå ïîëó÷àþòñÿ îò èñïîëü-

çîâàíèÿ ïåðåäîâîãî íàó÷íî-òåõíè÷åñêîãî, òåõíîëîãè÷åñêîãî è êâàëèôèêàöèîííîãî óðîâíÿ

âåäóùèõ â ñîîòâåòñòâóþùèõ îáëàñòÿõ çàðóáåæíûõ ñòðàí â äðóãèõ ñòðàíàõ, â ýòèõ ñëó÷à-

ÿõ âíåäðåíèå íîâûõ ðåøåíèé ïðîèñõîäèò â êðàòêèå ñðîêè è ïðè îòíîñèòåëüíî ìåíüøèõ

çàòðàòàõ;

5. Ãëîáàëèçàöèÿ ñïîñîáñòâóåò îáîñòðåíèþ ìåæäóíàðîäíîé êîíêóðåíöèè. Ïîä÷àñ óòâåðæäàåò-

ñÿ, ÷òî ãëîáàëèçàöèÿ âåäåò ê ñîâåðøåííîé êîíêóðåíöèè. Íà äåëå ðå÷ü ñêîðåå äîëæíà èäòè î

íîâûõ êîíêóðåíòíûõ ñôåðàõ è î áîëåå æåñòêîì ñîïåðíè÷åñòâå íà òðàäèöèîííûõ ðûíêàõ, êî-

òîðîå ñòàíîâèòñÿ íå ïîä ñèëó îòäåëüíîìó ãîñóäàðñòâó èëè êîðïîðàöèè. Âåäü ê âíóòðåííèì

êîíêóðåíòàì ïðèñîåäèíÿþòñÿ íåîãðàíè÷åííûå â äåéñòâèÿõ ñèëüíûå âíåøíèå êîíêóðåíòû.

Ãëîáàëèçàöèîííûå ïðîöåññû â ìèðîâîé ýêîíîìèêå âûãîäíû, ïðåæäå âñåãî, ïîòðåáèòåëÿì,

òàê êàê êîíêóðåíöèÿ äàåò èì âîçìîæíîñòü âûáîðà è ñíèæàåò öåíû;

6. Ãëîáàëèçàöèÿ ïðèâåäåò ê ïîâûøåíèþ ïðîèçâîäèòåëüíîñòè òðóäà â ðåçóëüòàòå ðàöèîíàëèçà-

öèè ïðîèçâîäñòâà íà ãëîáàëüíîì óðîâíå è ðàñïðîñòðàíåíèÿ ïåðåäîâûõ òåõíîëîãèé, à òàêæå

êîíêóðåíòíîãî äàâëåíèÿ â ïîëüçó íåïðåðûâíîãî âíåäðåíèÿ èííîâàöèé â ìèðîâîì ìàñøòàáå;

7. Ãëîáàëèçàöèÿ äàåò Êàçàõñòàíó âîçìîæíîñòü ìîáèëèçîâàòü áîëåå çíà÷èòåëüíûé îáúåì ôè-

íàíñîâûõ ðåñóðñîâ, ïîñêîëüêó èíâåñòîðû ìîãóò èñïîëüçîâàòü áîëåå øèðîêèé ôèíàíñîâûé

èíñòðóìåíòàðèé íà âîçðîñøåì êîëè÷åñòâå ðûíêîâ;

8. Ãëîáàëèçàöèÿ ñîçäàåò ñåðüåçíóþ îñíîâó äëÿ ðåøåíèÿ âñåîáùèõ ïðîáëåì ÷åëîâå÷åñòâà, â

ïåðâóþ î÷åðåäü, ýêîëîãè÷åñêèõ, ÷òî îáóñëîâëåíî îáúåäèíåíèåì óñèëèé ìèðîâîãî ñîîáùå-

ñòâà, êîíñîëèäàöèåé ðåñóðñîâ, êîîðäèíàöèåé äåéñòâèé â ðàçëè÷íûõ ñôåðàõ.

Êîíå÷íûì ðåçóëüòàòîì ãëîáàëèçàöèè, êàê íàäåþòñÿ ìíîãèå ñïåöèàëèñòû, äîëæíî ñòàòü âñå-

îáùåå ïîâûøåíèå áëàãîñîñòîÿíèÿ â ìèðå [1].

Àíàëèç ïðîöåññà ãëîáàëèçàöèè ïîêàçûâàåò, ÷òî â íàñòîÿùåå âðåìÿ â íåì ñóùåñòâóåò ðÿä ïðî-

áëåì.

1) Âî-ïåðâûõ, â íåì íàáëþäàåòñÿ íåãàòèâíàÿ òåíäåíöèÿ ê àìåðèêàíèçìó. Îñîáåííî íàãëÿäíî

îá ýòîì ñâèäåòåëüñòâóåò òî, ÷òî:

� ÑØÀ íàâÿçûâàþò ñâîè ñòàíäàðòû ïðàêòè÷åñêè âî âñåõ îáëàñòÿõ, îò ïðàâèë çàèìñòâîâàíèÿ

íà ôèíàíñîâûõ ðûíêàõ, äî êèíîáèçíåñà è îáðàçîâàíèÿ (äèïëîìû àìåðèêàíñêèõ óíèâåðñè-

òåòîâ - ãëàâíûé êðèòåðèé ïðèåìà íà ðàáîòó â ÒÍÊ è ìåæäóíàðîäíûå îðãàíèçàöèè);

� àìåðèêàíöû èãíîðèðóþò êóëüòóðíîå íàñëåäèå è ìèðîâîñïðèÿòèå äðóãèõ ãîñóäàðñòâ, îòêà-

çûâàÿñü àäàïòèðîâàòü ñâîè èäåé è ñâîå ìèðîîùóùåíèå ê äàííîé êîíêðåòíîé îáñòàíîâêå,

âìåñòî ýòîãî îíè ïðîâîäÿò ïëàíîâóþ ïîëèòèêó ïîäìåíû òðàäèöèîííûõ èäåé ãîñóäàðñòâ íà

ñâîè ñîáñòâåííûå (ê ïðèìåðó: ýêñïîðò äåìîêðàòèè â Òàäæèêèñòàí ïðèâåë ê ãðàæäàíñêîé

âîéíå).

ÑØÀ â 90-õ ãîäàõ, ïî îïðîñàì Ìåæäóíàðîäíîãî ýêîíîìè÷åñêîãî ôîðóìà, ïðàêòè÷åñêè íåèç-

ìåííî ïðèçíàþòñÿ íàèáîëåå êîíêóðåíòîñïîñîáíîé ñòðàíîé èç ÷èñëà íàèáîëåå ðàçâèòûõ ñòðàí
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ìèðà, óñòóïèâ Ôèíëÿíäèè, òîëüêî ñîâñåì íåäàâíî ñ íàñòóïëåíèåì íîâîãî âåêà. Â òîæå ñàìîå âðå-

ìÿ, ñ 1992 ïî 1997ãã. ßïîíèÿ â ýòîì ðåéòèíãå îïóñòèëàñü ñî âòîðîãî íà äåâÿòîå ìåñòî, Ãåðìàíèÿ

- ñ ïÿòîãî íà ÷åòûðíàäöàòîå, Ôðàíöèÿ ñ ïÿòíàäöàòîãî íà äåâÿòíàäöàòîå. Êàçàõñòàí ñåé÷àñ çàíè-

ìàåò 61 ìåñòî. Íåêîòîðîå îñëàáëåíèå ïîçèöèé âåäóùèõ Åâðîïåéñêèõ ñòðàí è ßïîíèè â ìèðîâîé

ýêîíîìèêå, è îäíîâðåìåííî âîçðàñòàíèå ðîëè ñòðàí Þãî-Âîñòî÷íîé Àçèè è Ëàòèíñêîé Àìåðèêè,

ãäå àìåðèêàíñêîå âëèÿíèå íàèáîëåå îùóòèìî, ñïîñîáñòâóåò àìåðèêàíîöåíòðèçìó. Î÷åâèäíî, ÷òî

â áëèæàéøåé ïåðñïåêòèâå ýòà òåíäåíöèÿ ñîõðàíèòñÿ, íåñìîòðÿ íà òî, ÷òî óäåëüíûé âåñ ÑØÀ â

ìèðîâîé ýêîíîìèêå îòíîñèòåëüíî ñîêðàùàåòñÿ.

Òàêèì îáðàçîì, î ïîëèöåíòðèçìå ðåàëüíî ìîæíî ãîâîðèòü ëèøü â îòäàëåííîé ïåðñïåêòèâå,

êîãäà íîâûå öåíòðû, òàêèå êàê ñòðàíû Þãî-Âîñòî÷íîé Àçèè è Ëàòèíñêîé Àìåðèêè â ýêîíîìè-

÷åñêîì è ïîëèòè÷åñêîì îòíîøåíèè äîñòèãíóò áîëåå âûñîêîãî óðîâíÿ, ÷òîáû èãðàòü áîëåå ñà-

ìîñòîÿòåëüíóþ ðîëü êàê ïðîòèâîâåñà ÑØÀ. Çíà÷èòåëüíîå âëèÿíèå íà ðàçâèòèå ïîëèöåíòðèçìà

ìîãóò îêàçàòü óñïåõè åâðîïåéñêîé èíòåãðàöèè è ïîâûøåíèå â áóäóùåì ðîëè Êèòàÿ â ìèðîâîé

ýêîíîìèêå.

2) Âî-âòîðûõ, ñ îäíîé ñòîðîíû, ïðîèñõîäèò �çàìûêàíèå� ïîñòèíäóñòðèàëüíîãî ìèðà, ñ äðó-

ãîé � íàðàñòàþùàÿ íåñïîñîáíîñòü äðóãèõ ñòðàí ïðåîáðàçîâàòü ñâîè õîçÿéñòâåííûå ñèñòåìû â

ñîîòâåòñòâèè ñ òðåáîâàíèÿìè âðåìåíè.

Â ñâÿçè ñ ýòèì ãëàâíûì íåãàòèâíûì ïîñëåäñòâèåì ÿâëÿåòñÿ ôîðìèðîâàíèå â ðàìêàõ âåäóùèõ

çàïàäíûõ ñòðàí çàìêíóòîé õîçÿéñòâåííîé ñèñòåìû. Ýòîò ïðîöåññ ìîæåò áûòü ïðîñëåæåí ïî ÷åòû-

ðåì íàïðàâëåíèÿì êîíöåíòðàöèè â ïîñòèíäóñòðèàëüíîì ìèðå áîëüøåé ÷àñòè èíòåëëåêòóàëüíîãî

è òåõíîëîãè÷åñêîãî ïîòåíöèàëîâ ÷åëîâå÷åñòâà; ñîñðåäîòî÷åíèè îñíîâíûõ òîðãîâûõ îáîðîòîâ â

ïðåäåëàõ ñîîáùåñòâà ðàçâèòûõ ãîñóäàðñòâ; çàìûêàíèè èíâåñòèöèîííûõ ïîòîêîâ è ðåçêîì îãðà-

íè÷åíèè ìèãðàöèîííûõ ïðîöåññîâ èç �òðåòüåãî ìèðà.

Êàê óòâåðæäàëîñü âûøå, ïðîöåññû ãëîáàëèçàöèè óíè÷òîæàþò íàöèîíàëüíóþ òðàäèöèþ â ãî-

ñóäàðñòâå, åãî äóõîâíûå è êóëüòóðíûå èäåàëû è ïðèíöèïû è, ñëåäîâàòåëüíî, óñòàíàâëèâàÿ ìî-

íîïîëèþ èäåé (âðîäå: âñå áóäåò â øîêîëàäå!), íåñóò ñ ñîáîé ÿâíî âûðàæåííûå íåãàòèâíûå ïî-

ñëåäñòâèÿ, êîñâåííî êàñàþùèåñÿ ýêîíîìèêè, íî ñèëüíî îò íåå çàâèñÿùèå, è âëèÿþùèå íà íåå â

íåìàëîé ñòåïåíè. Ýòîò íåãàòèâ, èìåþùèé ñâîéñòâî íàêàïëèâàòüñÿ â áóäóùåì, ìîæåò ïðîÿâèòüñÿ

â âèäå òðåõ âîçìîæíûõ ñöåíàðèåâ ðàçâèòèÿ ãëîáàëüíîãî ìèðîïîðÿäêà:

� Ïåðâûé ñöåíàðèé ïðåäïîëàãàåò ïåðåíîñ êîíòðîëÿ ñ óðîâíÿ íàöèîíàëüíîãî ãîñóäàðñòâà íà

óðîâåíü ìåæäóíàðîäíûõ îðãàíèçàöèé è ñîþçîâ. Îäíàêî ýòîò ñöåíàðèé ìàëîâåðîÿòåí, òàê

êàê äëÿ äååñïîñîáíîñòè ìåæäóíàðîäíûõ è òðàíñíàöèîíàëüíûõ îðãàíèçàöèé íåîáõîäèì êîí-

ñåíñóñ åãî íàöèîíàëüíûõ ïðåäñòàâèòåëåé. Èç-çà êîíôëèêòà èíòåðåñîâ áîëüøèíñòâî äàëåêî

èäóùèõ ïëàíîâ âÿçíåò â ìèíèìàëüíûõ êîìïðîìèññàõ èëè â ñîõðàíåíèè ñòàòóñ-êâî;

� Âòîðîé ñöåíàðèé çàêëþ÷àåòñÿ â òîì, ÷òî ïîäðûâ ãîñóäàðñòâåííîé ìîíîïîëèè íà íàñèëèå ïî-

âûøàåò îïàñíîñòü âîéíû - âîéíû íå ñòîëüêî ìåæäó íàöèîíàëüíûìè ãîñóäàðñòâàìè, ñêîëüêî

âíóòðè íàöèîíàëüíûõ ãîñóäàðñòâ. Âìåñòî ¾öèâèëèçîâàííûõ¿ ìèðîâûõ âîéí íàñèëèå ìîæåò

ïðèíÿòü ôîðìó ¾âàðâàðñêèõ¿ ãðàæäàíñêèõ âîéí. Ïîñëåäíèå äåñÿòèëåòèÿ áîãàòû òàêèìè

ïðèìåðàìè, äàæå â ¾öèâèëèçîâàííîé¿ Åâðîïå[8]. Äðóãàÿ ëèíèÿ ïîòåíöèàëüíûõ êîíôëèêòîâ

- ýòî, êîíå÷íî, íîâûå âíåøíèå ãðàíèöû ðåãèîíàëüíûõ ïðîñòðàíñòâ. Èìåííî çäåñü âîçíèêà-

åò ïîòåíöèàë òîðãîâûõ âîéí ìåæäó ýêîíîìè÷åñêèìè áëîêàìè. Ïðèìåðîì ýòîãî ÿâëÿåòñÿ

ýêîíîìèêî-ïîëèòè÷åñêîå ïðîòèâîñòîÿíèå ìåæäó ÑØÀ è ßïîíèåé, äðóãîé ïðèìåð - íàìå-

ðåíèÿ ÅÑ ñîçäàòü òàìîæíè ïðîòèâ íåýêîëîãè÷íîé äåøåâîé ïðîäóêöèè, ïîñòóïàþùåé èç
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ðàçâèâàþùèõñÿ ñòðàí. Áåçóñëîâíî, ñóùåñòâîâàíèå ÅÑ - ýòî òàêæå âûçîâ äëÿ ÑØÀ. Ýòè

ðåãèîíû èìåþò ðàçíóþ ýêîíîìè÷åñêóþ ñòðóêòóðó è èõ èíòåðåñû ðàñõîäÿòñÿ (ýêîíîìè÷å-

ñêîå ïðîñòðàíñòâî ÅÑ, â îòëè÷èå îò ýêîíîìè÷åñêîãî ïðîñòðàíñòâà ÑØÀ, ñèëüíî çàâèñèò îò

ýêñïîðòà), ÷òî ìîæåò ïðèâåñòè ê ïîëèòèêå ïðîòåêöèîíèçìà ñî ñòîðîíû ÑØÀ è òîðãîâîé

âîéíå;

� Âîçìîæíîñòü âîññòàíèÿ òðåòüåãî ìèðà ïðîòèâ èíäóñòðèàëüíûõ ñòðàí.

Ãëîáàëèçîâàííàÿ ýêîíîìèêà è îáùåñòâî õàðàêòåðèçóþòñÿ ïàäåíèåì çíà÷åíèÿ ïðîèçâîäÿùåé

ïðîìûøëåííîñòè è ðàñøèðåíèåì îáëàñòè óñëóã, îñîáåííî ôèíàíñîâîé è èíôîðìàöèîííîé ñôåð.

Ôèíàíñîâûé ðûíîê, ôóíêöèè êîòîðîãî íå îãðàíè÷èâàþòñÿ ïîñðåäíè÷åñòâîì ìåæäó ñïðîñîì è

ïðåäëîæåíèåì êàïèòàëà, ñåãîäíÿ ñàì ñîçäàåò ñâîé ïðîäóêò. Ïðàâäà, êàê è ðûíîê òðóäà, îí ÿâëÿ-

åòñÿ òåì ñàìûì ðûíêîì, êîòîðûé íå ñîîòâåòñòâóåò íåîêëàññè÷åñêîé îñíîâíîé ìîäåëè. Â ïîñëåä-

íèå äâà äåñÿòèëåòèÿ îáíàðóæèëèñü ñèëüíûå ïðîöåññû êîíöåíòðàöèè, ðûíîê ïðåäðàñïîëîæåí ê

ñïåêóëÿöèÿì, è ïðîãíîçû ñîäåðæàò î÷åíü ìíîãî îøèáîê. Áèðæà ñêîðåå îòðàæàåò îæèäàíèÿ, ÷åì

ðåàëüíîå ðàçâèòèå.

Ýêîíîìè÷åñêàÿ ãëîáàëèçàöèÿ ïðîõîäèò ñ ìîùíûì íàðàñòàíèåì êîìïëåêñíîñòè, íåçàùèùåí-

íîñòè è ðèñêà. Èñòîðè÷åñêè îáðàçîâàíèå ðûíî÷íîé ýêîíîìèêè, êîòîðîå áûëî òåñíî ñâÿçàíî ñ

ïðîöåññàìè îáðàçîâàíèÿ ãîñóäàðñòâà, îçíà÷àëî óâåëè÷åíèå ýêîíîìè÷åñêèõ âîçìîæíîñòåé èëè àëü-

òåðíàòèâ ïîâåäåíèÿ íà îñíîâàíèè äåïåðñîíàëèçàöèè îòíîøåíèé îáìåíà. Îäíàêî ïîòåðÿâøèå ñâîå

çíà÷åíèå òðàäèöèîííûå ìåõàíèçìû óïðàâëåíèÿ èíäèâèäóàëüíûìè äåéñòâèÿìè, êàê, íàïðèìåð,

íðàâñòâåííàÿ ýêîíîìèêà (äîâåðèå ê ïàðòíåðó ïî îáìåíó, äàâíî óñòàíîâëåííûå îòíîøåíèÿ è îïûò,

îáùåñòâåííîå äàâëåíèå, ëè÷íàÿ óãðîçà ïðèìåíåíèÿ ñèëû è ò.ä.) äîëæíû áûòü îäíîâðåìåííî äî-

ïîëíåíû ýôôåêòèâíûìè, ðàññ÷èòàííûìè èíñòèòóöèîíàëüíûìè óñëîâèÿìè (ïðàâèëàìè), îñîáåííî

áåçîïàñíîñòüþ ïðàâîâîé è â îáëàñòè ïëàíèðîâàíèÿ. Ýòà çàäà÷à íàöèîíàëüíûõ ãîñóäàðñòâ ïðèîá-

ðåëà â ðàìêàõ ãëîáàëèçàöèè íîâîå èçìåðåíèå [2].

Ïðîäîëæåííàÿ â ñòîðîíó ãëîáàëèçîâàííîé ýêîíîìèêè òðàíñôîðìàöèÿ îçíà÷àåò íîâîå ðàñ-

øèðåíèå âîçìîæíîñòåé. Îäíàêî äî ñèõ ïîð îòñóòñòâóþò ýôôåêòèâíûå, ðàññ÷èòàííûå ïðàâèëà,

óñòàíîâëåííûå íà ìåæäóíàðîäíîì óðîâíå. Âîçìîæíîñòè ïðèìåíåíèÿ ñàíêöèé â ãëîáàëèçîâàííîé

ýêîíîìèêå ìàëû è, ïðåæäå âñåãî, òðåáóþò âñå áîëüøèõ çàòðàò. Ìåæäóíàðîäíîå ïðàâî õîòÿ è ñó-

ùåñòâóåò, íî îíî ñëîæíîå è ãðîìîçäêîå. Íàì, îäíàêî, êàæåòñÿ ñïîðíûì òî, ÷òî îòñóòñòâóþùèå

èíñòèòóöèîíàëüíûå ïðàâèëà âîçíèêíóò êàê ñëåäñòâèå ãëîáàëèçàöèè, òàê êàê îíè íàõîäÿòñÿ â

îòíîøåíèÿõ êîíêóðåíöèè ñî ñòðóêòóðàìè íàöèîíàëüíîãî ãîñóäàðñòâà.

Ðàññìàòðèâàÿ ãëîáàëèçîâàííóþ ýêîíîìèêó, ìû õîòèì âûäâèíóòü òåçèñ î òîì, ÷òî íàðÿäó ñ

ïðîöåññàìè êîíöåíòðàöèè ïðîèñõîäÿò òàêæå ïðîöåññû îáðàòíîãî ïåðåõîäà îò íå çàâèñèìûõ îò

ëè÷íîñòè ê çàâèñèìûì îò ëè÷íîñòè îòíîøåíèÿì. Â ãëîáàëüíîé ýêîíîìèêå ñóùåñòâóþò ìíîãî÷èñ-

ëåííûå õîçÿéñòâåííûå ñâÿçè, êîòîðûå áàçèðóþòñÿ íà ëè÷íûõ îòíîøåíèÿõ. Ãëîáàëèçàöèÿ è ïåð-

ñîíàëèçàöèÿ ñ ýòîé òî÷êè çðåíèÿ - îäíîâðåìåííûå ïðîöåññû, è îáà ïðîöåññà ñòàâÿò ïîä âîïðîñ

íàöèîíàëüíîå ãîñóäàðñòâî è ãîñóäàðñòâåííîå ãðàæäàíñòâî êàê çíà÷èìûé, ñîçäàþùèé ñîëèäàð-

íîñòü îáðàçåö èäåíòè÷íîñòè [3].
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Ä.Ë. Àëîíöåâà, À.Ë. Êðàñàâèí, Í.Â. Ïðîõîðåíêîâà

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ä. Ñåðèêáàåâà

Abstract. This paper discusses the problem of mathematical modeling of the formation of the

temperature pro�les in two-layer metallic materials when heated by a moving source of radiation.

Simulation of the temperature distribution during irradiation of bilayer metal absorbers is necessary

to justify the optimal selection of such exposure parameters of modifying irradiation of protective

powder coatings on steel substrates as power density and the speed of the source. This paper

describes the developed by us numerical method for solving the problem of heating a two-layer

plate by a moving axially symmetric surface heat source used for implementation of the calculations

program based on the development environment Microsoft Visual Studio Express.

Keywords: mathematical modeling, temperature pro�les, bilayer metal absorbers.

À­äàòïà. Áåðiëãåí ìà©àëàíûí iøiíäå ©îç¡àëûñ ñºóëåëåíó ê°çiíi­ ©ûçóû êåçi­äå Òåìïåðàòó-

ðàëû© ïðîôèëüäi­ ìàòåìàòèêàëû© ©àëûïòàñòûðó ïðîöåññòåðäi­ åêi©àáàòòû ìåòàëäû ìàòå-

ðèàëäûðäû­ iøiíäåãi ³ëãiëåóû ©àðàñòûðûëàäû. Åêi©àáàòòû ìåòàëäû ñîð¡ûøòû­ ñºóëåëåíó

êåçi­äåãi òåìïåðàòóðàíû­ á°ëiíiñ ³ëãiëåóû, ©àæåòòi, îñûíäàé ïàðàìåòòåðäi ò³ðëåíäiðãiø ñºó-

ëåëåíó ©îð¡àéòûí ´íòà© òºðiçäi æàáûí áîëàò ³ñòiíäå ³éëåñiìäi òà­äàóäû­ íåãiçäåói, ©óàòòûí

òû¡ûçäû¡û æºíå ê°ç ©îç¡àëûñûíû­ øàïøàíäû¡û ñèÿ©òû. Áiçáåí ©´ðàñòûðûë¡àí ©îç¡àëû-

ñòû© ³ñòi­ãi îñèìåòðèÿëû© æûëó ê°çiìåí åêi©àáàòòû òiëiì ©ûçóû òóðàëû ñàíäû ºäiñiìåí

åñåïòi­ øåøóû ñèïàòòàíàäû, îíû­ ê°ìåãiìåí Microsoft Visual Studio Express êå­iñ °íäåó ïàé-

äàëàíûëûï åñåïòåó áà¡äàðëàìàñûíà ©îë æåòêiçäiê.

Êiëòòiê ñ°çäåð: ìàòåìàòèêàëû© ©àëûïòàñòûðó, òåìïåðàòóðàëû© ïðîôèëüäi­, åêi©àáàòòû

ìåòàëäû ñîð¡ûøòû­.

Àííîòàöèÿ. Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ çàäà÷à ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðî-

öåññîâ ôîðìèðîâàíèÿ òåìïåðàòóðíûõ ïðîôèëåé â äâóõñëîéíûõ ìåòàëëè÷åñêèõ ìàòåðèàëàõ

ïðè íàãðåâå äâèæóùèìñÿ èñòî÷íèêîì èçëó÷åíèÿ. Ìîäåëèðîâàíèå ðàñïðåäåëåíèÿ òåìïåðàòó-

ðû ïðè îáëó÷åíèè äâóõñëîéíûõ ìåòàëëè÷åñêèõ ïîãëîòèòåëåé, íåîáõîäèìî, ÷òîáû îáîñíîâàòü

îïòèìàëüíûé âûáîð òàêèõ ïàðàìåòðîâ ìîäèôèöèðóþùåãî îáëó÷åíèÿ çàùèòíûõ ïîðîøêîâûõ

ïîêðûòèé íà ñòàëüíûõ ïîäëîæêàõ, êàê ïëîòíîñòü ìîùíîñòè è ñêîðîñòü äâèæåíèÿ èñòî÷íèêà.

Â ñòàòüå îïèñûâàåòñÿ ðàçðàáîòàííûé àâòîðàìè ÷èñëåííûé ìåòîä ðåøåíèÿ çàäà÷è î íàãðåâàíèè

äâóõñëîéíîé ïëàñòèíû äâèæóùèìñÿ ïîâåðõíîñòíûì îñåñèììåòðè÷íûì èñòî÷íèêîì òåïëà, ïî

êîòîðîìó ðåàëèçîâàíà ïðîãðàììà âû÷èñëåíèé ñ èñïîëüçîâàíèåì ñðåäû ðàçðàáîòêè Microsoft
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Visual Studio Express.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, òåìïåðàòóðíûå ïðîôèëè, äâóõñëîéíûå

ìåòàëëè÷åñêèå ïîãëîòèòåëè.

Ââåäåíèå

Àêòóàëüíîñòü çàäà÷è íàõîæäåíèÿ òåìïåðàòóðíîãî ïîëÿ â äâóõñëîéíûõ ìåòàëëè÷åñêèõ ìà-

òåðèàëàõ, íàãðåâàåìûõ äâèæóùèìñÿ ïëîñêèì îñåñèììåòðè÷íûì èñòî÷íèêîì òåïëà, îáóñëîâëåíà

ïðîáëåìîé âûáîðà îïòèìàëüíûõ ðåæèìîâ ìîäèôèöèðóþùåãî îáëó÷åíèÿ çàùèòíûõ ïîðîøêîâûõ

ïîêðûòèé, íàíåñåííûõ âûñîêîñêîðîñòíîé ïëàçìåííîé ñòðóåé íà ñòàëüíûå ïîäëîæêè. Íà îñíîâå

öåëîãî ðÿäà ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ñòðóêòóðû è ñâîéñòâ òàêèõ ïîêðûòèé äî è ïîñëå

äîïîëíèòåëüíîãî îáëó÷åíèÿ ýëåêòðîííûì ïó÷êîì èëè ïëàçìåííîé ñòðóåé [1], ìû ïðèøëè ê âûâî-

äó, ÷òî íåîáõîäèìî ìîäåëèðîâàòü ðàñïðåäåëåíèå òåìïåðàòóðû ïðè îáëó÷åíèè, ÷òîáû îáîñíîâàòü

âûáîð òàêèõ ïàðàìåòðîâ îáëó÷åíèÿ, êàê ïëîòíîñòü ìîùíîñòè è ñêîðîñòü äâèæåíèÿ èñòî÷íèêà.

Çíà÷åíèÿ è ðàñïðåäåëåíèå òåìïåðàòóðû ïî ãëóáèíå îò ïîâåðõíîñòè, íàãðåâàåìîé èñòî÷íèêîì, èã-

ðàþò ðåøàþùóþ ðîëü â âûäåëåíèè ÷àñòèö óïðî÷íÿþùèõ ôàç èç òâåðäîãî ðàñòâîðà, óñêîðåíèè

äèôôóçèîííûõ ïðîöåññîâ ìåæäó ïîêðûòèåì è ïîäëîæêîé. Ñîïîñòàâëÿÿ äàííûå ýêñïåðèìåíòà ñ

ðàñ÷åòàìè òåìïåðàòóðíîãî ïðîôèëÿ, ìû ìîæåì ïðåäëîæèòü îïòèìàëüíûå ðåæèìû îáëó÷åíèÿ,

íå ïðèâîäÿùèå ê ÷ðåçìåðíîìó íàãðåâó ïîêðûòèÿ, íî, â òî æå âðåìÿ ïðèâîäÿùèå ê èçìåíåíèþ

ôàçîâîãî ñîñòàâà (ê ôîðìèðîâàíèþ óïðî÷íÿþùèõ ÷àñòèö) è ê óëó÷øåíèþ àäãåçèè ïîêðûòèé ê

ïîäëîæêå çà ñ÷åò óñêîðåíèÿ äèôôóçèîííûõ ïðîöåññîâ ìåæäó ïîêðûòèåì è ïîäëîæêîé.

Â ïðîöåññå ðàäèàöèîííîé îáðàáîòêè ïîêðûòèé äîñòèãàþòñÿ âûñîêèå òåìïåðàòóðû ïîâåðõíî-

ñòè ïîêðûòèÿ (îïëàâëåíèå ïîâåðõíîñòè ïîêðûòèÿ � ÷àñòî âîçíèêàþùåå ÿâëåíèå), ïðè÷åì òåì-

ïåðàòóðà ïîäëîæêè íà ñðàâíèòåëüíî íåáîëüøîé ãëóáèíå ïîâûøàåòñÿ íåçíà÷èòåëüíî. Òàê êàê

òåïëîôèçè÷åñêèå õàðàêòåðèñòèêè ìåòàëëîâ, òàêèå, êàê êîýôôèöèåíò òåïëîïðîâîäíîñòè è óäåëü-

íàÿ òåïëîåìêîñòü, ñóùåñòâåííî çàâèñÿò îò òåìïåðàòóðû, àäåêâàòíîå ìîäåëèðîâàíèå ïðîöåññîâ

òåïëîïåðåíîñà ïðè îáðàáîòêå ïîêðûòèé èçëó÷åíèåì ïðèâîäèò ê ðåøåíèþ íåñòàöèîíàðíîé çàäà÷è

òåîðèè íåëèíåéíîé òåïëîïðîâîäíîñòè. Çàäà÷è íåëèíåéíîé òåîðèè òåïëîïðîâîäíîñòè ðåøàþòñÿ

ïî÷òè èñêëþ÷èòåëüíî ÷èñëåííûìè ìåòîäàìè, ââèäó êðàéíåé ñëîæíîñòè íàõîæäåíèÿ àíàëèòè÷å-

ñêîãî ðåøåíèÿ âîçíèêàþùèõ çàäà÷ [2, 3]. Ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ êðàéíå âàæíî ó÷èòûâàòü

ñëåäóþùåå îáñòîÿòåëüñòâî: ìàòåìàòè÷åñêè ñòðîãîå îáîñíîâàíèå êîððåêòíîñòè ïðèáëèæåííûõ ìå-

òîäîâ, ïðèìåíÿåìûõ äëÿ ðåøåíèÿ çàäà÷ íåëèíåéíîé òåïëîïðîâîäíîñòè, â áîëüøèíñòâå ñëó÷àåâ

îòñóòñòâóåò, è ïîòîìó äî íàñòîÿùåãî âðåìåíè îñíîâíûì êðèòåðèåì ïðèãîäíîñòè òîãî èëè èíîãî

ïðèáëèæåííîãî ìåòîäà ÿâëÿåòñÿ åãî ïðîâåðêà íà ìîäåëüíûõ çàäà÷àõ, ðåøåííûõ êëàññè÷åñêèìè

ìåòîäàìè ëèíåéíîé òåîðèè òåïëîïðîâîäíîñòè. Ðàçóìååòñÿ, ïðîâåðêà íà ìîäåëüíûõ çàäà÷àõ íåîá-

õîäèìà òàêæå â ïðîöåññå ðàçðàáîòêè ïðîãðàììíîãî îáåñïå÷åíèÿ, ïðåäíàçíà÷åííîãî äëÿ ìîäåëè-

ðîâàíèÿ ïðîöåññîâ òåïëîïåðåíîñà. Òàêèì îáðàçîì, ðåøåíèå çàäà÷è ëèíåéíîé òåïëîïðîâîäíîñòè î

íàãðåâàíèè äâóñëîéíîé ïëàñòèíû äâèæóùèìñÿ ïîâåðõíîñòíûì èñòî÷íèêîì òåïëà ÿâëÿåòñÿ íåîá-

õîäèìûì äëÿ ðåøåíèÿ çíà÷èòåëüíî áîëåå ñëîæíûõ çàäà÷ ìîäåëèðîâàíèÿ ïðîöåññîâ òåïëîïåðåíî-

ñà ïðè ðàäèàöèîííîé îáðàáîòêå ïîêðûòèé. Êðîìå òîãî, ðåøåíèå ýòîé çàäà÷è ïîëåçíî äëÿ âûáîðà

¾ïåðâûõ îðèåíòèðîâ¿ ïðè âûáîðå òåõíîëîãè÷åñêèõ ïàðàìåòðîâ ïðîöåññà îáëó÷åíèÿ (ìîùíîñòè è

ñêîðîñòè äâèæåíèÿ ïó÷êà), à ïîòîìó ïðåäñòàâëÿåò ñàìîñòîÿòåëüíûé èíòåðåñ.
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Ôèçèêî-ìàòåìàòè÷åñêàÿ ïîñòàíîâêà çàäà÷è

Ïîñêîëüêó òîëùèíà ñëîÿ ïîêðûòèÿ, â êîòîðîì ïðîèñõîäèò âûäåëåíèå òåïëà ïðè ðàäèàöèîí-

íîé îáðàáîòêå ïîêðûòèé âåñüìà ìàëà ïî ñðàâíåíèþ ñ òîëùèíîé ïîêðûòèÿ, ìû èñïîëüçóåì ìîäåëü

ïëîñêîãî èñòî÷íèêà òåïëà. Òàê êàê â áîëüøèíñòâå ïðàêòè÷åñêèõ ñëó÷àåâ ãåîìåòðè÷åñêèå ðàçìå-

ðû çîíû èíòåíñèâíîãî íàãðåâà ìàëû â ñðàâíåíèè ñ ðàçìåðàìè îáðàçöà, ìû ìîäåëèðóåì ïîäëîæêó

ïîëóáåñêîíå÷íûì òåëîì, à ïîêðûòèå íåîãðàíè÷åííîé ïëàñòèíîé, òîëùèíîé h.Ââåäåì äåêàðòîâû

êîîðäèíàòû êàê ïîêàçàíî íà ðèñ.1 (îñè X è Y ëåæàò â ïëîñêîñòè ïîâåðõíîñòè ïîêðûòèÿ, îñü

Z íàïðàâëåíà âãëóáü îáðàçöà). Ïóñòü â íà÷àëüíûé ìîìåíò âðåìåíè t0 âêëþ÷àåòñÿ ïëîñêèé îñå-

ñèììåòðè÷íûé èñòî÷íèê òåïëà, äâèæóùèéñÿ ñî ñêîðîñòüþ V , íàïðàâëåííîé ïî îñè X, ïðè÷åì â

ìîìåíò âðåìåíè t0 îñü ïó÷êà ïðîõîäèò ÷åðåç òî÷êó (x0, 0, 0), ãäå x0 = V t0.

Ðèñóíîê 1 Ñõåìàòè÷åñêîå èçîáðàæåíèå äâóñëîéíîé ïëàñòèíû, íàãðåâàåìîé äâèæóùèìñÿ

ïëîñêèì èñòî÷íèêîì òåïëà, ñ óêàçàíèåì âûáîðà ñèñòåìû êîîðäèíàò

Òîãäà ìû ïðèõîäèì ê êðàåâîé çàäà÷å òåîðèè òåïëîïðîâîäíîñòè, çàäàâàåìîé ñèñòåìîé äèôôå-

ðåíöèàëüíûõ óðàâíåíèé è êðàåâûõ óñëîâèé

∂2Ti
∂x2 + ∂2Ti

∂y2 + ∂2Ti
∂z2 = 1

ai
· ∂Ti
∂t

Ti(x, y, z, t0) = 0(
∂T1

∂z

)
z=0

= f(x, y, t)

k1 ·
(
∂T1

∂z

)
z=h

= k2 ·
(
∂T2

∂z

)
z=h

T1(x, y, h, t) = T2(x, y, h, t)


(1)

ãäå T1(x, y, z, t) è T2(x, y, z, t) � òåïëîâûå ïîëÿ â ïîêðûòèè è ïîäëîæêå, a1 è k1 � êîýôôèöèåíòû

òåìïåðàòóðîïðîâîäíîñòè è òåïëîïðîâîäíîñòè ìàòåðèàëà ïîêðûòèÿ, a2 è k2 � êîýôôèöèåíòû

òåìïåðàòóðîïðîâîäíîñòè è òåïëîïðîâîäíîñòè ìàòåðèàëà ïîäëîæêè, à ïîâåðõíîñòíûé èñòî÷íèê

òåïëà îïèñûâàåòñÿ óðàâíåíèåì:

f(x, y, t) = Q(r(x, y, t)) · ϕ(t− t0) (2)

â êîòîðîì r(x, y, t) =
√

(x− x0 − V · (t− t0))2 + y2, Q(r) � ôóíêöèÿ, îïèñûâàþùàÿ ðàñïðåäåëå-

íèå ïîâåðõíîñòíîé ïëîòíîñòè ìîùíîñòè èñòî÷íèêà (àðãóìåíò r çàäàåò ðàññòîÿíèå äî îñè èñòî÷-
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íèêà), à ôóíêöèÿ ϕ(t) çàäàåòñÿ ñèñòåìîé:

ϕ(t) =

{
0, åñëè t < 0

1, åñëè t > 0
(3)

Ìåòîä ðåøåíèÿ

Ïóñòü íà ïîâåðõíîñòè âûøåîïèñàííîãî ñîñòàâíîãî òâåðäîãî òåëà äåéñòâóåò íåïîäâèæíûé

ïëîñêèé èñòî÷íèê òåïëà, ñ ïëîòíîñòüþ ìîùíîñòè

N(r, t) = Q(r) · ϕ(t− t0) (4)

Åñëè ìû ìîæåì ðàññ÷èòàòü òåìïåðàòóðíîå ïîëå T ∗(r, z, t) (â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò,

îñü Z êîòîðîé ñîâïàäàåò ñ îñüþ èñòî÷íèêà è íàïðàâëåíà âãëóáü ïëàñòèíû), ñîçäàâàåìîå ýòèì

èñòî÷íèêîì, ìû ñìîæåì íàéòè ïîëå äâèæóùåãîñÿ èñòî÷íèêà ñ ïîìîùüþ âû÷èñëåíèÿ êâàäðàòóð.

Äåéñòâèòåëüíî, òåìïåðàòóðà TA â òî÷êå A(x, y, z) îáðàçöà, íàãðåâàåìîãî ïîäâèæíûì èñòî÷íèêîì,

â ìîìåíò âðåìåíè t îïðåäåëÿåòñÿ ðàâåíñòâîì [3]:

TA =

t∫
t0

∂T ∗
(√

(x− x0 − u · (τ − t0))2 + y2, z, τ
)

∂τ

 dτ (5)

Äëÿ íàõîæäåíèÿ ïîëÿ T ∗(r, z, t) ðàññìîòðèì ñëåäóþùóþ çàäà÷ó òåïëîïðîâîäíîñòè: èìååòñÿ ñî-

ñòàâíîå òâåðäîå òåëî, ïðåäñòàâëÿþùåå ñîáîé ïîëóáåñêîíå÷íûé öèëèíäð ðàäèóñà R (îáëàñòü ïðî-

ñòðàíñòâà îïðåäåëÿåìàÿ íåðàâåíñòâàìè r ≤ R, z > h), ìàòåðèàë êîòîðîãî îáëàäàåò êîýôôèöè-

åíòîì òåïëîïðîâîäíîñòè k2 è êîýôôèöèåíòîì òåìïåðàòóðîïðîâîäíîñòè a2, êîíòàêòèðóþùèé ñ

öèëèíäðîì ðàäèóñà R è âûñîòû h, èçãîòîâëåííûì èç ìàòåðèàëà ñ êîýôôèöèåíòàìè òåïëîïðîâîä-

íîñòè è òåìïåðàòóðîïðîâîäíîñòè k1 è a1, ñîîòâåòñòâåííî. Â íà÷àëüíûé ìîìåíò âðåìåíè íà ïî-

âåðõíîñòè òåëà íà÷èíàåò äåéñòâîâàòü ïëîñêèé îñåñèììåòðè÷íûé èñòî÷íèê òåïëà ñ ïîâåðõíîñòíîé

ïëîòíîñòüþ ìîùíîñòè, çàäàâàåìîé ôóíêöèåé N(r, t) = Q(r) · ϕ(t), ïðè÷åì òåìïåðàòóðà áîêîâîé

ïîâåðõíîñòè ñîñòàâíîãî öèëèíäðà ïîääåðæèâàåòñÿ ðàâíîé íóëþ. Òåìïåðàòóðà òåëà â íà÷àëüíûé

ìîìåíò âðåìåíè ðàâíà íóëþ. Íàéòè ïîëå òåìïåðàòóð âåðõíåãî öèëèíäðà, çàäàâàåìîå ôóíêöèåé

T1(r, z, t) è òåìïåðàòóðíîå ïîëå â ïîëóáåñêîíå÷íîì öèëèíäðå �� ôóíêöèþ T1(r, z, t).

Ìû â ïðàâå ïðåäïîëîæèòü, ÷òî åñëè ôóíêöèÿ Q(r) ôèíèòíà, ò.å. ñóùåñòâóåò òàêîå rmax, ÷òî

Q(r) = 0 ïðè r > rmax è r << R, òî ðåøåíèå ýòîé çàäà÷è áóäåò õîðîøèì ïðèáëèæåíèåì ê ïîëþ

T ∗(r, z, t− t0). Àïïðîêñèìèðóåì ôóíêöèþ ïåðâûìè ÷ëåíàìè åå ðàçëîæåíèÿ â ðÿä Ôóðüå-Áåññåëÿ

ïî ôóíêöèÿì Áåññåëÿ J0(r):

Q(r) ≈
N∑
k=0

akJ0(ζkr) (6)

ãäå ζk = λk
R (λk � k-ûé êîðåíü ôóíêöèè J0()). Ðåøåíèå çàäà÷è áóäåò èìåòü âèä T1 =

N∑
k=0

akT1k,

T2 =
N∑
k=0

akT2k, ãäå ôóíêöèè T1k è T2k óäîâëåòâîðÿþò äèôôåðåíöèàëüíîìó óðàâíåíèþ òåïëîïðî-
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âîäíîñòè ∆Tik = 1
ai
· ∂Ti∂t , êðàåâûì óñëîâèÿì

k1 ·
(
∂T1k

∂z

)
z=0

= −ϕ(t)J0(ζkr), k1 ·
(
∂T1k

∂z

)
z=h

= k2 ·
(
∂T2k

∂z

)
z=h

, T1k(r, h, t) = T2k(r, h, t),

(7)

à òàêæå óñëîâèþ T2k(r,∞, t) = 0 è íà÷àëüíûì óñëîâèÿì T1k(r, h, 0) = 0 è T2k(r, h, 0) = 0.

Âûïîëíèì ïðåîáðàçîâàíèå Ëàïëàñà ïî ïåðåìåííîé t, îáîçíà÷èâ T̂ik(s, r, z) =
∞∫
0

Tik(r, z, t)e
−stdt.

Â äàëüíåéøåì ìû áóäåì îáîçíà÷àòü ñîîòâåòñòâèå îðèãèíàëà èçîáðàæåíèþ ïðè ïðåîáðàçîâà-

íèè Ëàïëàñà çíà÷êîì ¾7→¿, òàê, íàïðèìåð, T1k 7→ T̂1k. Äèôôåðåíöèàëüíûå óðàâíåíèÿ òåïëî-

ïðîâîäíîñòè äëÿ îðèãèíàëîâ ïåðåõîäÿò â óðàâíåíèÿ ñîáñòâåííûõ ôóíêöèé îïåðàòîðà Ëàïëàñà

∆Tik = s
ai

∆T̂ik. Çàìåòèì, ÷òî ôóíêöèÿ f(s, r, z) = J0(ζkr) exp(ηz) è g(s, r, z) = J0(ζkr) exp(−ηz),

ãäå ηi =
√
ζ2
k + s

ai
áóäóò ñîáñòâåííûìè ôóíêöèÿìè îïåðàòîðà Ëàïëàñà ñ ñîáñòâåííûì çíà÷åíèåì

s
ai
. Áóäåì èñêàòü T̂1k è T̂2k â âèäå [6]:

T̂1k = J0(ζkr)(f1 exp(η1z) + f2 exp(−η1z)) T̂2k = J0(ζkr)(f3 exp(−η2(z − h)). (8)

C ó÷åòîì òîãî, ÷òî ϕ(t) 7→ 1
s [4], êðàåâûå óñëîâèÿ äàþò ñèñòåìó óðàâíåíèé äëÿ îïðåäåëåíèÿ

f1, f2, f3

k1η1f1 − k1η1f2 = −1
s

exp(hη1)f1 + exp(−hη1)f2 = f3

k1η exp(hη1)f1 − k1η exp(−hη1)f2 = −k2η2f3

 (9)

Ðåøàÿ êîòîðóþ ïîëó÷èì:

f3 =
1

s(k1η1 sh(hη1) + k2η2 ch(hη1))
(10)

f1 =
(k1η1 − k2η2)

2k1η1

exp(−hη1)f3 (11)

f2 =
(k1η1 + k2η2)

2k1η1

exp(hη1)f3 (12)

Ïîñêîëüêó äëÿ ðàñ÷åòà òåìïåðàòóðíîãî ïîëÿ äâèæóùåãîñÿ èñòî÷íèêà íàì íåîáõîäèìû íå òåì-

ïåðàòóðíûå ïîëÿ T1(r, z, t) è T2(r, z, t) êàê òàêîâûå, à èõ ïðîèçâîäíûå ïî âðåìåíè, âîñïîëüçóåìñÿ

ñâîéñòâîì ïðåîáðàçîâàíèÿ Ëàïëàñà: åñëè f(t) 7→ F (s), òî df(t)
dt 7→ s · F (s) − f(0). Ñ ó÷åòîì

íà÷àëüíûõ óñëîâèé (11) è (12) ïîëó÷àåì ïðåäñòàâëåíèå

∂Ti
∂t

=
N∑
k=0

ak · J0(ζkr) · yi(t) (13)

ãäå

y1 7→ F1 exp(η1z) + F2 exp(−η1z) y2 7→ Y exp(−η2(z − h)) (14)
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à Y, F1 è F2 îïðåäåëÿþòñÿ ðàâåíñòâàìè

Y =
1

k1η1 sh(hη1) + k2η2 ch(hη1)
(15)

F1 =
(k1η1 − k2η2)

2k1η1

exp(−hη1)Y (16)

F2 =
(k1η1 + k2η2)

2k1η1

exp(hη1)Y (17)

Êàê èçâåñòíî, ïðè ðåøåíèè çàäà÷ òåïëîïðîâîäíîñòè ñ ïðèìåíåíèåì ïðåîáðàçîâàíèÿ Ëàïëàñà ïî

âðåìåíè íàèáîëüøóþ ñëîæíîñòü ïðåäñòàâëÿåò îáðàùåíèå ïðåîáðàçîâàíèÿ [4-6]. Â íàøåì ñëó÷àå

êëþ÷åâóþ ðîëü èãðàåò çàäà÷à íàõîæäåíèÿ îðèãèíàëà ôóíêöèè (15). Äåéñòâèòåëüíî, çíàÿ îðèãè-

íàë ýòîãî èçîáðàæåíèÿ y(t), ëåãêî íàéòè y2, êàê ñâåðòêó ôóíêöèé y(t) è îðèãèíàëà èçîáðàæåíèÿ.

G(s) = exp(−η2(z − h)) g(z, t) 7→ exp(−η2(z − h)) (18)

Äëÿ íàõîæäåíèÿ îðèãèíàëà Y (s) áûë èñïîëüçîâàí ñëåäóþùèé ìåòîä: çàïèøåì Y (s) â âèäå:

Y (s) =
1

α · θ1 · sh(γ · θ1) + βθ2 ch(γ · θ1)
(19)

ãäå α = k1√
a1
, β = k2√

a2
, γ = h√

a1
, θi =

√
ζ2
kai + s. Ââåäåì â ðàññìîòðåíèå ôóíêöèþ

Y ∗(s) =
1

α · θ1 · sh(γ · θ1) + βθ2 ch(γ · θ1)
(20)

Ïðåäñòàâèì Y (s) â âèäå Y (s) = Y ∗(s) +D(s).

Ìîæíî äîêàçàòü, ÷òî ôóíêöèÿ D(it) âåùåñòâåííîãî àðãóìåíòà t èíòåãðèðóåìà ñ êâàäðàòîì, è

â ñèëó ýòîãî, åå ìîæíî ðàññìàòðèâàòü êàê Ôóðüå-ñïåêòð íåêîòîðîé ôóíêöèè d(t). Â òàêîì ñëó÷àå,

îðèãèíàë èçîáðàæåíèÿ Y (s) ìîæíî íàéòè êàê

y(t) = y∗(t) + d(t), (21)

ãäå y∗(t) îðèãèíàë èçîáðàæåíèÿ Y ∗(s). Íåîáõîäèìî îòìåòèòü, ÷òî ïðè áëèçêèõ äðóã ê äðóãó

çíà÷åíèÿõ êîýôôèöèåíòîâ òåìïåðàòóðîïðîâîäíîñòè ìàòåðèàëîâ ïîêðûòèÿ è ïîäëîæêè, ôóíêöèÿ

Y ∗(s) ñ âûñîêîé òî÷íîñòüþ àïïðîêñèìèðóåò ôóíêöèþ Y (t) â ïðàâîé ïîëóïëîñêîñòè, è ìû ìîæåì

ñ÷èòàòü, ÷òî y(t) ≈ y∗(t).

Îðèãèíàë èçîáðàæåíèÿ Y ∗(s) ìîæíî íàéòè àíàëèòè÷åñêè. Äëÿ ýòîãî ïðåäñòàâèì Y ∗(s) â âèäå

Y ∗(s) =
1

ν · θ1 · exp(γ · θ1)(1 + ε · exp(2γ · θ1))
(22)

ãäå ε = µ/ν, è ïðåäñòàâèì âûðàæåíèå 1/(1 + ε · exp(2γ · θ1)) â âèäå ñóììû ãåîìåòðè÷åñêîé

ïðîãðåññèè. Òîãäà

Y ∗(s) =
1

ν

(
exp(−γ · θ1)

θ1

+
N∑
k=1

(−ε)k · exp(−(2k + 1) · γ · θ1)

θ1

)
(23)
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Îòêóäà ïîëó÷èì

y(t) =
1

ν

N∑
k=0

(−ε)k · exp
(
− (2k+1)·γ

4t
− (2k + 1) · ζk · a1 · t

)
√
4π · t

(24)

Òàêèì îáðàçîì, îðèãèíàë Y (s) íàõîäèòñÿ êàê ñóììà âèäà (21), ãäå ôóíêöèÿ d(t) ðàññ÷èòûâàåòñÿ

ñ ïîìîùüþ ÷èñëåííîãî îáðàùåíèÿ ïðåîáðàçîâàíèÿ Ôóðüå ôóíêöèè D(i · t).

Ðåàëèçàöèÿ ìåòîäà è ïðàêòè÷åñêîå ïðèìåíåíèå

Ìåòîä ðåàëèçîâàí â ïðîãðàììå äëÿ ÏÊ, íàïèñàííîé íà ÿçûêå ïðîãðàììèðîâàíèÿ C++ â ñðåäå

ðàçðàáîòêè Microsoft Visual Studio Express.

Íà ðèñ. 2 è ðèñ. 3 ïðèâîäÿòñÿ ñêðèíøîòû, ñäåëàííûå âî âðåìÿ ðàáîòû ïðîãðàììû, ðåàëèçó-

þùåé îïèñàííûé âûøå ìåòîä ðàñ÷åòà òåïëîâîãî ïîëÿ äâèæóùåãîñÿ èñòî÷íèêà ïðè ñëåäóþùèõ

âõîäíûõ äàííûõ: èñòî÷íèê òåïëà � Ãàóññîâñêîå ðàñïðåäåëåíèå ïîâåðõíîñòíîé ïëîòíîñòè ìîù-

íîñòè, ýôôåêòèâíûé äèàìåòð ïó÷êà � 10ìì, ìîùíîñòü èñòî÷íèêà � 500Âò, ñêîðîñòü äâèæåíèÿ

- 4ìì/c. Ïîêðûòèå: òîëùèíà 300ìêì, ìàòåðèàë � íèêåëü, ïëîòíîñòü 8900 êã/ì3, êîýôôèöèåíò

òåïëîïðîâîäíîñòè 90.4 Âò/ìÊ, óäåëüíàÿ òåïëîåìêîñòü 443 Äæ/êãÊ. Ïîäëîæêà: ìàòåðèàë-æåëåçî,

ïëîòíîñòü 7870 êã/ì3, êîýôôèöèåíò òåïëîïðîâîäíîñòè 79.9 Âò/ìÊ, óäåëüíàÿ òåïëîåìêîñòü 447.0

Äæ/êãÊ.

Ðèñóíîê 2 Êàðòà èçîëèíèé òåìïåðàòóðíîãî ïîëÿ íà ãðàíèöå ïîêðûòèÿ è ïîäëîæêè
(ãîðèçîíòàëüíûé ñðåç)

Íà îñíîâàíèè ðàñ÷åòîâ òåìïåðàòóðíûõ ïðîôèëåé äëÿ äâóõñëîéíûõ ïîãëîòèòåëåé, ãäå ñëîé

ïîêðûòèÿ èíòåðïðåòèðîâàëñÿ êàê íèêåëü èëè êîáàëüò, à ïîäëîæêà - êàê æåëåçî, íàìè áûëè ïðåä-

ëîæåíû îïðåäåëåííûå ðåæèìû ìîäèôèêàöèè çàùèòíûõ ïîðîøêîâûõ ïîêðûòèé íà îñíîâå Ni è íà

îñíîâå Ñî, íàíåñåííûõ âûñîêîñêîðîñòíîé ïëàçìåííîé ñòðóåé íà ñòàëüíûå ïîäëîæêè. Îáîñíîâàíèå

èíòåðïðåòàöèè ìíîãîêîìïîíåíòíûõ ïîêðûòèé íà ñòàëüíîé ïîäëîæêå äâóõñëîéíûìè ïîãëîòèòå-
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ëÿìè Ni-Fe è Ñî-Fe îñíîâàíî íà äàííûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ñòðóêòóðíî-ôàçîâîãî

ñîñòàâà äàííûõ ïîêðûòèé è ðàçðàáîòàííîé íàìè ìîäåëè èõ ñòðîåíèÿ [1]. Âûáèðàëèñü ðåæèìû

äîïîëíèòåëüíîé îáðàáîòêè ïëàçìåííîé ñòðóåé, ïðèâîäÿùèå ê îïëàâëåíèþ ïîâåðõíîñòíîãî ñëîÿ

ïîêðûòèÿ, áåç ïðîïëàâëåíèÿ ïîêðûòèÿ íà âñþ åãî ãëóáèíó. Óëó÷øåíèå ñòîéêîñòè ìîäèôèöè-

ðîâàííûõ ïîêðûòèé ê èçíîñó äîñòèãàëîñü çà ñ÷åò óìåíüøåíèÿ øåðîõîâàòîñòè ïîâåðõíîñòè ïðè

îïëàâëåíèè è óëó÷øåíèÿ àäãåçèè ïîêðûòèÿ ê ïîäëîæêå çà ñ÷åò óñêîðåíèÿ äèôôóçèîííûõ ïðî-

öåññîâ ïðè îáëó÷åíèè [1,7].

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû èññëåäîâàíèÿ ñòðóêòóðû è ñâîéñòâ ìîäèôèöèðî-

âàííûõ ïî ðàñ÷åòíûì ðåæèìàì ïîêðûòèé ïîäòâåðæäåíû äâóìÿ àêòàìè ïðîèçâîäñòâåííûõ èñïû-

òàíèé â Ñóìñêîì èíñòèòóòå ìîäèôèêàöèè ïîâåðõíîñòè (ã. Ñóìû, Óêðàèíà) è íàõîäÿòñÿ â õîðîøåì

ñîãëàñèè ñ äàííûìè äðóãèõ èññëåäîâàòåëåé. Â ÷àñòíîñòè, â ðàáîòå [8] ýêñïåðèìåíòàëüíî óñòàíîâ-

ëåíî ôîðìèðîâàíèå óïðî÷íÿþùèõ èíòåðìåòàëëèäîâ ïðè îáëó÷åíèè ïîêðûòèé, à â ìîíîãðàôèè [9]

ïîäòâåðæäàåòñÿ âîçíèêíîâåíèå ðàäèàöèîííî-ñòèìóëèðîâàííîé äèôôóçèè â ìàòåðèàëàõ ñ ÃÖÊ-

ðåøåòêîé ïðè îáëó÷åíèè, ïðèâîäÿùåì ê íàãðåâó äî ðàññ÷èòàííûõ íàìè òåìïåðàòóð.

Ðèñóíîê 3 Êàðòà èçîëèíèé òåìïåðàòóðíîãî ïîëÿ (ñðåç ïëîñêîñòüþ ïåðïåíäèêóëÿðíîé

ïîâåðõíîñòè îáðàçöà, âåêòîð ñêîðîñòè ïåðåìåùåíèÿ ïó÷êà ïàðàëëåëåí ïëîñêîñòè ñðåçà)

Áëàãîäàðíîñòè

Ïðîâåäåíèå èññëåäîâàíèé ôèíàíñèðîâàëîñü çà ñ÷åò ñðåäñòâ ãðàíòà ÀÎ ÍÀÒÐ (äîãîâîð �389

(188-418-11) îò 10.02.2012) ïî òåìå ¾Ðàçðàáîòêà òåõíîëîãèè ïîëó÷åíèÿ ìíîãîôóíêöèîíàëüíûõ

íàíîñòðóêòóðèðîâàííûõ çàùèòíûõ ïîêðûòèé ñ ïîâûøåííûìè ýêñïëóàòàöèîííûìè ñâîéñòâàìè¿.

Àâòîðû òàêæå áëàãîäàðÿò Ëàòêèíà È.Â. çà áîëüøóþ ïîìîùü â ïîäãîòîâêå ìàòåðèàëîâ â ïå-

÷àòü â èçäàòåëüñêîé ñèñòåìå LATEX.
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ÓÄÊ 517.957

K ÀÑÈÌÏÒÎÒÈÊÅ ÀÂÒÎÌÎÄÅËÜÍÛÕ ÐÅØÅÍÈÉ ÎÄÍÎÉ

ÍÅËÈÍÅÉÍÎÉ ÇÀÄÀ×È ÏÎËÈÒÐÎÏÈ×ÅÑÊÎÉ ÔÈËÜÒÐÀÖÈÈ Ñ

ÍÅËÈÍÅÉÍÛÌ ÃÐÀÍÈ×ÍÛÌ ÓÑËÎÂÈÅÌ

Ì.Ì. Àðèïîâ, Ç.Ð. Ðàõìîíîâ

Íàöèîíàëüíûé Óíèâåðñèòåò Óçáåêèñòàíà

Abstract. In this paper we study the asymptotic behavior of self-similar solutions of the nonlinear

problem polytrophic �ltration with nonlinear boundary and initial conditions. We obtain the critical

global exponent by constructing various self-similar super solutions and sub solutions. The main

member of asymptotic of the self similar solutions are established.

Keywords: polytropic �ltration, critical global exponent, supersolution, subsolution, asymptotic .

Àííîòàöèÿ. Â äàííîé ðàáîòå èçó÷åíû àñèìïòîòè÷åñêè ïîâåäåíèå àâòîìîäåëüíûõ ðåøåíèé

îäíîé íåëèíåéíîé çàäà÷è ïîëèòðîïè÷åñêîé ôèëüòðàöèè ñ íåëèíåéíûì ãðàíè÷íûì è íà÷àëü-

íûì óñëîâèåì. Ïîëó÷àåì êðèòè÷åñêè çíà÷åíèÿ ïóòåì ïîñòðîåíèÿ ðàçëè÷íûõ àâòîìîäåëüíîìó

âåðõíèõ è íèæíèõ ðåøåíèÿõ. Ïîëó÷åíû ãëàâíûé ÷ëåí àñèìïòîòèêè ðåøåíèé â çàâèñèìîñòè

îò çíà÷åíèå ÷èñëîâûõ ïàðàìåòðîâ.

Êëþ÷åâûå ñëîâà: ïîëèòðîïè÷åñêîé ôèëüòðàöèè, êðèòè÷åñêè çíà÷åíèÿ, âåðõíèõ ðåøåíèÿ,
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íèæíèõ ðåøåíèÿ, àñèìïòîòèêà.

Â äàííîé ðàáîòå èçó÷àåòñÿ àñèìïòîòè÷åñêîå ïîâåäåíèå àâòîìîäåëüíûõ ðåøåíèé ñëåäóþùåãî

êâàçèëèíåéíîãî ïàðàáîëè÷åñêîãî óðàâíåíèÿ

∂u

∂t
=

∂

∂x

(∣∣∣∣∂um∂x
∣∣∣∣p−2 ∂uk

∂x

)
, (x, t) ∈ R × (0, +∞) , (1)

ñ íåëèíåéíûì ãðàíè÷íûì

−
∣∣∣∣∂um∂x

∣∣∣∣p−2 ∂uk

∂x
(0, t) = uβ (0, t) , t ∈ (0, +∞) , (2)

è íà÷àëüíûì óñëîâèåì

u (x, 0) = u0 (x) ≥ 0, x ∈ R, (3)

ãäå m, k, β, p - çàäàííûå ÷èñëîâûå ïàðàìåòðû, u = u(t, x) ≥ 0 - èñêîìîå ðåøåíèå.

Óðàâíåíèÿ (1) îïèñûâàåò ìíîãèå ôèçè÷åñêèå ïðîöåññû, òàê ïðè m > 1, p > 1, k > 1 - óðàâ-

íåíèå Íüþòîíîâñêîé ïîëèòðîïè÷åñêîé ôèëüòðàöèè, ïðè m = k = 1 - Íüþòîíîâñêóþ óïðóãóþ

ôèëüòðàöèþ [9]. Êðîìå òîãî, óðàâíåíèå (1) èçâåñòíî ïðè p = 2 êàê óðàâíåíèå ïîðèñòîé ñðåäè,

íåëèíåéíîé òåïëîïðîâîäíîñòè èëè íåëèíåéíîé äèôôóçèè [1, 3].

Èññëåäîâàíèþ çàäà÷è (1) - (3) â ñëó÷àå m = k = 1 ïîñâÿùåíî áîëüøîå êîëè÷åñòâî ðàáîò [3, 5]

(ïîäðîáíî ñì. áèáëèîãðàôèþ â [3, 4, 8]). Â ðàáîòå [7] ïîëó÷åíû óñëîâèå ãëîáàëüíîé ðàçðåøèìîñòè

è íåðàçðåøèìîñòè â öåëîì çàäà÷è (1) - (3) â ñëó÷àå áûñòðîé äèôôóçèè ïðè m = k > 0, à â ðàáîòå

[6] òàêæå ïîëó÷åíû óñëîâèå ãëîáàëüíîé ðàçðåøèìîñòè ïðè m = k > 1, p > 2. Êàê äîêàçàíî â

[6-7], ïðè (m+ 1) (p− 1) /p < β < (m+ 1) (p− 1) , k = m, âñÿêîå íåòðèâèàëüíîå ðåøåíèå u 6= 0

ÿâëÿåòñÿ íåîãðàíè÷åííûì, à ïðè β > (m+ 1) (p− 1) çàäà÷à (1) - (3) èìååò ãëîáàëüíîå ðåøåíèå

u → 0 ïðè t → +∞ â R, åñëè u0 äîñòàòî÷íî ìàëà. Â ðàáîòå [6] äîêàçàíà, ÷òî ïðè êðèòè÷åñêèì

çíà÷åíèåì β∗ = (m+ 1) (p− 1) çàäà÷à (1) - (3) ïðè k = m èìååò íåîãðàíè÷åííîå ðåøåíèå. Â

êà÷åñòâå êðèòè÷åñêîãî äëÿ çàäà÷è (1) -(3) ñëóæèò çíà÷åíèå

β∗ = m (p− 2) + k + p− 1.

Â íàñòîÿùåé ðàáîòå íà îñíîâå àâòîìîäåëüíîãî àíàëèçà è ìåòîäà ýòàëîííûõ óðàâíåíèé [1]

ïîëó÷åíû àñèìïòîòèêè ôèíèòíûõ è èñ÷åçàþùèõ íà áåñêîíå÷íîñòè ðåøåíèå çàäà÷è (1) - (3).

Óðàâíåíèå (1) äîïóñêàåò â îáëàñòè QT = {(t, x) : 0 < t < T, x ∈ R} àâòîìîäåëüíîå ðåøåíèå
âèäà

u = (T − t)−γ f (ξ) , ξ = x (T − t)−q (4)

ãäå

γ =
p− 1

βp−m (p− 2)− p− k + 1
, q =

β −m (p− 2)− k
βp−m (p− 2)− p− k + 1

,

à ôóíêöèÿ f(ξ) ÿâëÿåòñÿ ðåøåíèåì çàäà÷è

d

dξ

(∣∣∣∣dfmdξ
∣∣∣∣p−2 dfk

dξ

)
+ qξ

df

dξ
+ γf = 0 (5)

f ′ (0) = 0, f(0) = M > 0 (6)
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Îöåíêà ðåøåíèé

Ïðèìåíÿÿ ìåòîä [1] äëÿ ðåøåíèÿ çàäà÷è (5), (6) ïîëó÷èì ñëåäóþùèå îöåíêè ðåøåíèÿ çàäà÷è

(1)-(3):

Ñëó÷àé m (p− 2) + k − 1 > 0 (ìåäëåííàÿ äèôôóçèÿ). Îòìåòèì, ÷òî ôóíêöèÿ

θ (ξ) =
(
a− b |ξ|

p
p−1

) p−1
m(p−2)+k−1

+

ãäå b = m(p−2)+k−1
p

( q
mp−2k

)1/(p−1)
, a = M

m(p−2)+k−1
p−1 , y+ = max (y, 0) ïðè ξ < (a/b)(p−1)/p óäîâëå-

òâîðÿåò óñëîâèþ (6).

Òåîðåìà 1. Ïóñòü β > m (p− 2)+k+p−1, u0 (x) ≤ u+ (0, x), γ < 0, x ∈ R. Òîãäà çàäà÷à (1) - (3)
ñóùåñòâóåò ãëîáàëüíîå ðåøåíèå âQT è äëÿ íåãî ñïðàâåäëèâî ñëåäóþùàÿ îöåíêà u (t, x) ≤ u+ (t, x),

ãäå

u+ (t, x) = (T − t)−γ θ (ξ) (7)

Äîêàçàòåëüñòâî. Òåîðåìà 1 äîêàçûâàåòñÿ ìåòîäîì ñðàâíåíèÿ ðåøåíèé. Â êà÷åñòâå ñðàâíè-

âàåìîé âîçüìåì ôóíêöèþ u+ (t, x), îïðåäåëåííóþ ôîðìóëîé (7). Òîãäà â ñèëó (5) èìååì

Au+ = θ (−q + γ)

Èç ýòîãî âûðàæåíèÿ ñëåäóåò, ÷òî äëÿ âûïîëíåíèå óñëîâèÿ Au+ ≤ 0, äîñòàòî÷íî âûïîëíåíèÿ

óñëîâèÿ

− β −m (p− 2)− k
βp−m (p− 2)− p− k + 1

+
p− 1

βp−m (p− 2)− p− k + 1
≤ 0.

Îíî â ñèëó óñëîâèÿ òåîðåìû âûïîëíåíî. Òîãäà òåîðåìà ñðàâíåíèå ðåøåíèé äà¼ò íóæíûé ðåçóëü-

òàò.

Òåîðåìà 2. Ïóñòü (m (p− 2) + k + p− 1) /p < β < m (p− 2)+k+p−1, u0 (x) ≥ u+ (0, x), x ∈ R,
γ > 0. Òîãäà çàäà÷à (1) - (3) ñóùåñòâóåò íåîãðàíè÷åííîå ðåøåíèå â QT è äëÿ íåãî ñïðàâåäëèâî

ñëåäóþùàÿ îöåíêà u (t, x) ≥ u+ (t, x), ãäå

u+ (t, x) = (T − t)−γ θ (ξ) .

Òåîðåìà äîêàçûâàåòñÿ àíàëîãè÷íî äîêàçàòåëüñòâà òåîðåìû 1.

Àñèìïòîòèêà àâòîìîäåëüíûõ çàäà÷

Òåîðåìà 3. Ôèíèòíûå ðåøåíèÿ çàäà÷è (5), (6) ïðè ξ → (a/b)
(p−1)/p
− èìååò àñèìïòîòèêó

f(ξ)∼θ (ξ).

Äîêàçàòåëüñòâî. Èùåì ðåøåíèå óðàâíåíèÿ (5) â ñëåäóþùåì âèäå

f = θ (ξ)w(η) (8)

ãäå η = − ln
(
a− b |ξ|

p
p−1

)
, ïðè÷åì η → +∞ ïðè ξ → (a/b)

(p−1)/p
− , ÷òî ïîçâîëÿåò èññëåäîâàòü
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àñèìïòîòè÷åñêóþ óñòîé÷èâîñòü ðåøåíèÿ çàäà÷ó (5), (6) ïðè η → +∞. Ââåäåì îáîçíà÷åíèÿ s =

m (p− 2) + k − 1. Ïîñëå ïîäñòàíîâêè (8) â (5) äëÿ w(η) ïîëó÷èì ñëåäóþùåå óðàâíåíèå

d

dη
ws
∣∣∣∣ws − w′

p− 1

∣∣∣∣p−2(w
s
− w′

p− 1

)
+

(
φ1 (η)

φ2 (η)

p− 1

bp
− p− 1

s

)
ws
∣∣∣∣ws − w′

p− 1

∣∣∣∣p−2(w
s
− w′

p− 1

)
+

+
p− 1

(bmp)p−2 bpk

(
w

s
− w′

p− 1

)
− γw

(bmp)p−2 b2p2k

φ1 (η)

φ2 (η)
= 0

(9)

çäåñü

φ1 (η) = e−η,

φ2 (η) =
(
a− e−η

) /
b,

ãäå η îïðåäåëåíî âûøå.

Èçó÷åíèå ðåøåíèÿ ïîñëåäíèõ óðàâíåíèé ÿâëÿåòñÿ ðàâíîñèëüíûì èçó÷åíèþ òåõ ðåøåíèé óðàâ-

íåíèÿ (1), êàæäîå èç êîòîðûõ â íåêîòîðîì ïðîìåæóòêå [η0, +∞) óäîâëåòâîðÿåò íåðàâåíñòâó:

w (η) > 0,
w (η)

s
− w′ (η)

p− 1
6= 0

Ïîêàæåì, ïðåæäå âñåãî, ÷òî ðåøåíèÿ w (η) óðàâíåíèÿ (9) èìåþò êîíå÷íûé ïðåäåë w0 ïðè η →
+∞. Ââåäåì îáîçíà÷åíèÿ

ν (η) = ws
∣∣∣∣ws − w′

p− 1

∣∣∣∣p−2(w
s
− w′

p− 1

)
.

Òîãäà äëÿ óðàâíåíèÿ (9) èìååì âèä

v′ = −
(
φ1 (η)

φ2 (η)

p− 1

bp
− p− 1

s

)
v − p− 1

(bmp)p−2 bpk

(
w

s
− w′

p− 1

)
+

γw

(bmp)p−2 b2p2k

φ1 (η)

φ2 (η)

Ðàññìîòðèì âñïîìîãàòåëüíóþ ôóíêöèþ

ϑ (τ, η) = −
(
φ1 (η)

φ2 (η)

p− 1

bp
− p− 1

s

)
τ − p− 1

(bmp)p−2 bpk

(
w

s
− w′

p− 1

)
+

γw

(bmp)p−2 b2p2k

φ1 (η)

φ2 (η)

ãäå τ - âåùåñòâåííîå ÷èñëî. Îòñþäà ñëåäóåò, ÷òî ïðè êàæäîì çíà÷åíèè τ ôóíêöèÿ ϑ (τ, η) ñîõðà-

íÿåò çíàê íà íåêîòîðîì ïðîìåæóòêå [η1, +∞) ⊂ [η0, +∞) è ïðè âñåõ η ∈ [η1, +∞) âûïîëíÿåòñÿ

îäíî èç íåðàâåíñòâ

ν ′ (η) > 0, ν ′ (η) < 0.

Ïîýòîìó äëÿ ôóíêöèè ν (η) ñóùåñòâóåò ïðåäåë ïðè η ∈ [η1, +∞). Èç âûðàæåíèÿ äëÿ ν (η) ñëåäóåò,

÷òî

lim
η→+∞

ν
′
(η) =

= lim
η→+∞

{
−
(
φ1 (η)

φ2 (η)

p− 1

bp
− p− 1

s

)
v − p− 1

(bmp)p−2 bpk

(
w

s
− w′

p− 1

)
+

γw

(bmp)p−2 b2p2k

φ1 (η)

φ2 (η)

}
= 0
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Îòñþäà, ó÷èòûâàÿ, ÷òî

lim
η→+∞

φ1 (η)→ 0, lim
η→+∞

φ2 (η)→ −1

b
, w′ = 0

ïðè ξ → (a/b)
(p−1)/p
− , ïîëó÷èì ñëåäóþùåãî àëãåáðàè÷åñêîãî óðàâíåíèÿ

p− 1

s
w(m−1)(p−2)+k−1

(w
s

)p−1
− p− 1

(bmp)p−2 bpks
w = 0. (10)

Âû÷èñëåíèå ïîñëåäíåãî óðàâíåíèÿ äàåò w = 1 è â ñèëó (8) f (ξ)∼θ (ξ).

Òåîðåìà 3 äîêàçàíà.

Ñëåäñòâèå 1. Ïðè β > m (p− 2) + k ðåøåíèå çàäà÷è (1) - (3) ïðîñòðàíñòâåííî ëîêàëèçîâàíî,

ïðè÷åì äëÿ ñâîáîäíîé ãðàíèöû L (t) èìååò ìåñòî àñèìïòîòèêà

L(t)∼
(a
b

)(p−1)/p
(T − t)

β−m(p−2)
βp−m(p−2)−p−k+1 → 0

ïðè t→ T .

Ñëó÷àé m (p− 2) + k − 1 < 0 (áûñòðàÿ äèôôóçèÿ)

Ëåãêî ïðîâåðèòü, ÷òî ôóíêöèÿ

ψ(ξ) =
(
a+ b |ξ|

p
p−1

)− p−1
1−k−m(p−2)

ãäå b = 1−k−m(p−2)
p

( q
mp−2k

)1/(p−1)
, a = M

− 1−k−m(p−2)
p−1 ïðè ξ → +∞ óäîâëåòâîðÿåò óñëîâèþ çàäà÷è

(5), (6).

Òåîðåìà 4.Ïóñòü 1 < p < 2− k+1
m+1 , q > 0 èëè γ > qp (m (p− 2) + k − 1) , q < 0, 1 < p < 2− k+1

m+1 .

Òîãäà ïðè ξ → +∞ êëàññè÷åñêîå ðåøåíèå çàäà÷è (5), (6) èìååò àñèìïòîòèêó f(ξ)∼Cψ (ξ), ãäå

C =

(
− qp (1− k −m (p− 2)) + γ

q (1− k −m (p− 2)) (1− k −m (p− 2)− p)

)− 1
1−k−m(p−2)

.

Òåîðåìà äîêàçûâàåòñÿ àíàëîãè÷íî äîêàçàòåëüñòâó òåîðåìû 3.

Êðèòè÷åñêèé ñëó÷àé m (p− 2) + k − 1 = 0

Çàìåòèì, ÷òî ôóíêöèÿ

f̄ (ξ) = e−d|ξ|
p
p−1

ãäå d = p−1
p

( q
mp−2k

)1/(p−1)
, óäîâëåòâîðÿåò óñëîâèþ çàäà÷è (5), (6).

Òåîðåìà 5. Ïóñòü m (p− 2) + k − 1 = 0. Òîãäà ðåøåíèå çàäà÷è (5), (6) ïðè ξ → +∞ èìååò

àñèìïòîòèêó f(ξ)∼Cf̄ (ξ), ãäå C - ïðîèçâîëüíîå ïîëîæèòåëüíîå ÷èñëî.

Òåîðåìà äîêàçûâàåòñÿ àíàëîãè÷íî äîêàçàòåëüñòâó òåîðåìû 3.
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Ñëó÷àé m (p− 2) + k − 1 < 0 (áûñòðàÿ äèôôóçèÿ) . Ïðîâåðêîé ëåãêî óáåäèòüñÿ, ÷òî

ôóíêöèÿ

g (ξ) = (A+Bξ)
− p

1−k−m(p−2)

ãäå B = 1−k−m(p−2)
p

( γ
mp−2k

)1/p
, A = M

− 1−k−m(p−2)
p óäîâëåòâîðÿåò çàäà÷è (5), (6).

Òåîðåìà 6. Ïóñòü 1 < p < 2− k+1
m+1 . Òîãäà ïðè ξ → +∞ èñ÷åçàþùèå íà áåñêîíå÷íîñòè ðåøåíèå

çàäà÷è (5), (6) èìååò àñèìïòîòèêó f(ξ)∼Cg (ξ), ãäå

C =

(
m (p− 2) + k − 1

(m+ 1) (p− 2) + k + 1

)− 1
1−k−m(p−2)

.

Òåîðåìà äîêàçûâàåòñÿ àíàëîãè÷íî äîêàçàòåëüñòâî òåîðåìû 3.

Íà îñíîâå ýòèõ òåîðåì áûëè ïðîèçâåäåíû ÷èñëåííûå ðàñ÷åòû. Äëÿ ýòîãî â êà÷åñòâå íà÷àëüíîãî

ïðèáëèæåíèÿ áðàëèñü ïîñòðîåííûå âûøå ôóíêöèè. Âî âñåõ ñëó÷àÿõ ðåçóëüòàòû âû÷èñëèòåëüíûõ

ýêñïåðèìåíòîâ ïîêàçàëè äîñòàòî÷íî áûñòðóþ ñõîäèìîñòü ê òî÷íîìó ðåøåíèþ.
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ÐÀÑÏÐÅÄÅËÅÍÍÀß ÂÛ×ÈÑËÈÒÅËÜÍÀß ÑÈÑÒÅÌÀ ÍÀ ÎÑÍÎÂÅ

ÒÅÕÍÎËÎÃÈÈ MPI Ñ ÈÍÒÅÐÔÅÉÑÎÌ WEB 2.0

Ä.Æ. Àõìåä-Çàêè, Ê.À. Àéäàðîâ

Êàçàõñêèé Íàöèîíàëüíûé óíèâåðñèòåò èìåíè àëü-Ôàðàáè

Abstract. A distributed informational and computational system for analysis of oil and gas

�elds has been developed. Computational part of the system is based on modern mathematical

models of multiphase �ltration and highly productive computational algorithms. System combines

heterogeneous computational resources into computational cluster with a single access point which

embedded into Web 2.0 interface.

Keywords: ISAR-II, distributed computing, parallel computing technologies, analysis of oil and

gas �elds.

À­äàòïà. Ì´íàé-ãàç êåí îðûíäàðûí ñàðàëàóäû­ ³ëåñòiðiëãåí à©ïàðàòòû©-åñåïòåóiø æ³éåñi

©´ðàñòûðûëäû. Æ³éåíi­ åñåïòåóiø á°ëiãi ê°ïôàçàëû© ôèëüòðàöèÿíû­ çàìàíàóè ìàòåìàòè-

êàëû© ìîäåëüäåði ìåí æî¡àðû °íiìäi åñåïòåóiø àëãîðèòìäåðãå íåãiçäåëãåí. Æ³éå ãåòåðîãåíäi

åñåïòåóiø ðåñóðñòàðûí, Web 2.0 èíòåðôåéñiíå íåãiçäåëãåí, æàë¡ûç ©àòûíàó í³êòåñi áàð, åñåï-

òåóiø êëàñòåðiíå áiðiêòiðåäi.

Êiëòòiê ñ°çäåð: ÈÑÀÐ-II, ³ëåñòiðiëãåí åñåïòåóëåð, åñåïòåóëåðäi ïàðàëëåëüäåó òåõíîëîãèÿ-

ëàðû, ì´íàé-ãàç êåí îðûíäàðûí ñàðàëàó.

Àííîòàöèÿ. Ðàçðàáîòàíà ðàñïðåäåëåííàÿ èíôîðìàöèîííî-âû÷èñëèòåëüíàÿ ñèñòåìà àíàëèçà

ðàçðàáîòêè íåôòåãàçîâûõ ìåñòîðîæäåíèé (ÈÑÀÐ-II) ïðè ðàçëè÷íûõ âîçäåéñòâèÿõ íà ïðîäóê-

òèâíûé ïëàñò äëÿ ïîâûøåíèÿ íåôòåîòäà÷è. Âû÷èñëèòåëüíàÿ ÷àñòü ñèñòåìû îñíîâàíà íà áàçå

ñîâðåìåííûõ ìàòåìàòè÷åñêèõ ìîäåëåé ìíîãîôàçíîé ôèëüòðàöèè è âûñîêîïðîèçâîäèòåëüíûõ

âû÷èñëèòåëüíûõ àëãîðèòìîâ. Ñèñòåìà îáúåäèíÿåò ãåòåðîãåííûå âû÷èñëèòåëüíûå ðåñóðñû â

âû÷èñëèòåëüíûé êëàñòåð, ñ åäèíîé òî÷êîé äîñòóïà, êîòîðàÿ âñòðîåíà â èíòåðôåéñ Web 2.0.

Êëþ÷åâûå ñëîâà: ÈÑÀÐ-II, ðàñïðåäåëåííûå âû÷èñëåíèÿ, ãðèä, òåõíîëîãèè ïàðàëëåëèçàöèè

âû÷èñëåíèé, àíàëèç íåôòåãàçîâûõ ìåñòîðîæäåíèé.

Äàííàÿ ðàçðàáîòêà ÿâëÿåòñÿ ïðîòîòèïîì èíôîðìàöèîííî-âû÷èñëèòåëüíîé ñèñòåìû ïðåäíàçíà-

÷åííîé äëÿ âûïîëíåíèÿ ðàñïðåäåëåííûõ ðàñ÷åòîâ ñ èñïîëüçîâàíèåì íåñêîëüêèõ ðàáî÷èõ ñòàíöèè.

Òàêæå åñòü âîçìîæíîñòü ðàçâåðòêè ñèñòåìû íà âû÷èñëèòåëüíîì êëàñòåðå îðãàíèçàöèè/èíñòèòóòà.

Êàæäûé âû÷èñëèòåëüíûé óçåë ñèñòåìû ÿâëÿåòñÿ àâòîíîìíûì ýëåìåíòîì. Ñ äðóãîé ñòîðîíû, ïðî-

ãðàììíàÿ ñîñòàâëÿþùàÿ äàííîé ðàñïðåäåëåííîé âû÷èñëèòåëüíîé ñèñòåìû îáåñïå÷èâàåò ïîëüçî-

âàòåëÿì âèäèìîñòü ðàáîòû ñ åäèíîé âû÷èñëèòåëüíîé ñèñòåìîé.

Íà äàííûé ìîìåíò ïîääåðæèâàåòñÿ ëîêàëüíàÿ ñåòü êîìïüþòåðîâ ðàáîòàþùèõ ïîä îïåðàöèîí-

íûìè ñèñòåìàìè ñåìåéñòâà MSWindows è Linux. Â äàëüíåéøåì ïëàíèðóåòñÿ, ðåàëèçàöèÿ ìàñøòà-

áèðîâàíèÿ äî ðàçìåðîâ ãåòåðîãåííîé ñåòè, êëàñòåðà, âèðòóàëüíîãî ñóïåðêîìïüþòåðà èëè îáëàêà.

Ñèñòåìà ðåàëèçîâàíà â âèäå âåá-ñàéòà. Ñóùåñòâóåò òîëüêî îäíà òî÷êà âõîäà â ðàñïðåäåëåí-

íóþ âû÷èñëèòåëüíóþ ñèñòåìó ñ âûäåëåííûì IP-àäðåñîì. Âçàèìîäåéñòâèå ìåæäó óçëàìè âñåãäà

ïðîèñõîäèò òîëüêî ÷åðåç öåíòðàëüíûé ñåðâåð íà êîòîðîì ðàçâåðíóòî âåá-ïðèëîæåíèå.



Âû÷èñëèòåëüíûå òåõíîëîãèè 57 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Ðèñóíîê 1 Ðåçóëüòàò çàïóñêà ðàñ÷åòà ñ 3-ìÿ ÿäðàìè

Íà êàæäîì èç óçëîâ ó÷àñòâóþùèõ â ðàñ÷åòå óñòàíàâëèâàåòñÿ ïðîãðàììíîå îáåñïå÷åíèå, ñî-

ñòîÿùåå èç ñèñòåìíîé ñëóæáû è ñïåöèàëüíîãî àðõèâà çàäà÷è êîòîðóþ íåîáõîäèìî âûïîëíèòü.

Ñëóæáà ïðè çàïóñêå ñîåäèíÿåòñÿ ñ öåíòðàëüíûì ñåðâåðîì è çàïèñûâàåò ñâîè âû÷èñëèòåëüíûå

ïàðàìåòðû: ip-àäðåñ óäàëåííîãî óçëà è ñïèñîê äîñòóïíûõ ïîðòîâ. Ïðè ðàñ÷åòå ê êàæäîìó èç ÿäåð

äàííîãî óçëà ñîïîñòàâëÿåòñÿ îäèí èç ïîðòîâ.

Ïîëüçîâàòåëü, óêàçàâ â ïîëå âåðõíåãî ëåâîãî óãëà âåá-èíòåðôåéñà ïðèëîæåíèÿ êîëè÷åñòâî

çàäåéñòâóåìûõ ÿäåð, âûáèðàåò íåîáõîäèìûå ïîðòû, êàæäûé èç êîòîðûõ ñîîòâåòñòâóåò ÿäðó âû-

áðàííîãî óçëà. Êàæäîå èç ÿäåð ñîçäàåò ñîáñòâåííûé ïðîöåññ, êîòîðûé íà÷èíàåò âûïîëíÿòüñÿ

íåçàâèñèìî îò äðóãèõ, ÷òî è ñîçäàåò ïàðàëëåëüíîå âûïîëíåíèå ðàñ÷åòà çàäà÷è.

Êîëè÷åñòâî èñïîëüçóåìûõ ÿäåð (ïðîöåññîâ) ñòðîãî ðåãëàìåíòèðîâàíî èñïîëíÿåìîé çàäà÷åé.

Â íàøåé çàäà÷å ìàêñèìàëüíîå êîëè÷åñòâî ïðîöåññîâ ïðè êîòîðûõ çàäà÷à ìîãëà áûòü êîððåêòíî

ïîäñ÷èòàíà áûëî 9.

Òðåáîâàíèÿ ê çàäà÷å ñëåäóþùèå: êîä çàäà÷è íàïèñàí íà ÿçûêå ïðîãðàììèðîâàíèÿ Java ñ èñ-

ïîëüçîâàíèåì áèáëèîòåê ïàðàëëåëèçàöèè MPJ Express èëè MPI Java. Çàïàêîâàíà â èñïîëíÿåìûé

Java àðõèâ ñ ðàñøèðåíèåì .jar.

Íà ðèñóíêå (1) � èíòåðôåéñ ïðèëîæåíèÿ ðàñïðåäåëåííîãî ðàñ÷åòà. Ñëåâà: ñïèñîê íàéäåííûõ

àêòèâíûõ ìàøèí â ñåòè ñ äîñòóïíûìè íà íèõ ÿäðàìè (ïîðòàìè). Çäåñü, ñíà÷àëà îòìå÷àþòñÿ íóæ-

íûå íàì ÿäðà íà ïðîèçâîëüíûõ ìàøèíàõ. Ìàêñèìàëüíîå èõ êîëè÷åñòâî óêàçàíî â ïîëå âåðõíåãî

ëåâîãî óãëà. Â äàííîé êàðòèíêå ïðåäñòàâëåí ðåçóëüòàò çàïóñêà ðàñ÷åòà ñ 3-ìÿ ÿäðàìè: íà 1-é

ìàøèíå çàäåéñòâîâàíî 1 ÿäðî, íà 2-é 2 ÿäðà. Ñïðàâà ïîêàçàí 3-õ ìåðíûé êîíòóð ïåñ÷àíèñòîñòè

àêòèâíîé ÷àñòè ìåñòîðîæäåíèÿ.

Íà ðèñóíêå (2) ïðåäñòàâëåí ðåçóëüòàò çàïóñêà ðàñ÷åòà ñ 9-þ ÿäðàìè: íà 1-é ìàøèíå çàäåé-

ñòâîâàíî 1 ÿäðî, íà 2-é 8 ÿäåð. Ñïðàâà ïîêàçàí 3-õ ìåðíûé êîíòóð ïîðèñòîñòè àêòèâíîé ÷àñòè

ìåñòîðîæäåíèÿ ñ ñåòêîé. Íà ôðàãìåíòå ðàññ÷èòàííîé êàðòû 3-õ ìåðíîãî êîíòóðà ìåñòîðîæäåíèÿ

ïîêàçàíû íåñêîëüêî äîáûâàþùèõ è îäíà íàãíåòàòåëüíàÿ ñêâàæèíû.

Íà ðècóíêå (3) ïîêàçàí ïðèìåð àðõèòåêòóðû ìîäåëè ëîêàëüíîé ñåòè. Çäåñü íà ãîëîâíîé

ðàáî÷åé ñòàíöèè ñ âûõîäîì â Èíòåðíåò (íà ïðèìåðå ýòî 192.168.1.117) óñòàíàâëèâàåòñÿ âåá-

ñåðâåð. Íà ýòîé ðàáî÷åé ñòàíöèè ðàçìåùàåòñÿ âåá-ïðèëîæåíèå è êëèåíòñêàÿ ÷àñòü ïëàíèðîâ-
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Ðèñóíîê 2 Àðõèòåêòóðà ðàñïðåäåëåííîé âû÷èñëèòåëüíîé ñèñòåìû â êëàñòåðíîé ìîäåëè

Ðèñóíîê 3 Àðõèòåêòóðà ðàñïðåäåëåííîé âû÷èñëèòåëüíîé ñèñòåìû â êëàñòåðíîé ìîäåëè

ùèêà ðàñïðåäåëåííîé âû÷èñëèòåëüíîé ñèñòåìû. Íà îñòàëüíûõ ðàáî÷èõ ñòàíöèÿõ ëîêàëüíîé ñåòè

(íà ïðèìåðå ýòî 192.168.1.9, 192.168.1.113 è ò.ä.) óñòàíàâëèâàåòñÿ ñåðâåðíàÿ ÷àñòü ïëàíèðîâùèêà

(kmg_server.jar) â âèäå ñèñòåìíîé ñëóæáû èëè îòäåëüíîãî ïðèëîæåíèÿ, à òàêæå èñïîëíÿåìûé

àðõèâ ïðîãðàììû ñàìîé âû÷èñëèòåëüíîé çàäà÷è (term3d_mpj.jar). Ïîñëå àêòèâàöèè, êàæäàÿ èç

ñåðâåðíûõ ÷àñòåé ïëàíèðîâùèêà ñîîáùàåò êëèåíòñêîé ÷àñòè ñâîè âû÷èñëèòåëüíûå ïàðàìåòðû.

Êëèåíòñêàÿ ÷àñòü ðåãèñòðèðóåò êàæäóþ ðàáî÷óþ ñòàíöèþ â èíôîðìàöèîííîé ïîäñèñòåìå, çàòåì

ýòè ðàáî÷èå ñòàíöèé ñòàíîâÿòñÿ äîñòóïíûìè äëÿ çàïóñêà íà íèõ çàäà÷è è îòîáðàæàþòñÿ â âåá-

ïðèëîæåíèè. Ïî îêîí÷àíèè, ðåçóëüòàòû ðàñ÷åòà ìîãóò áûòü ñîáðàíû íà ëþáîé èç ó÷àâñòâîâàâ-

øèõ â ðàñ÷åòå ðàáî÷èõ ñòàíöèé â âèäå íàáîðà ôàéëîâ, çàïèñàíû â áàçó äàííûõ èíôîðìàöèîííîé

ïîäñèñòåìû, ëèáî ïåðåäàíû íà âåá-ñåðâåð äëÿ äàëüíåéøåé îáðàáîòêè.

Ðèñóíîê 4 Àðõèòåêòóðà ðàñïðåäåëåííîé âû÷èñëèòåëüíîé ñèñòåìû â êëàñòåðíîé ìîäåëè
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Íà ðèñóíêå (4) ïîêàçàí ïðèìåð àðõèòåêòóðû ìîäåëè êëàñòåðà. Çäåñü òàêæå åñòü êîìïüþòåð,

ÿâëÿþùèéñÿ âåá-ñåðâåðîì (íà ïðèìåðå ýòî 10.1.16.93) íà êîòîðîì ðàçâåðíóòî âåá-ïðèëîæåíèå

è êëèåíòñêàÿ ÷àñòü ïëàíèðîâùèêà. Íà ãîëîâíîì óçëå êëàñòåðà êîòîðûé èìååò äâà àäðåñà, îäèí

äëÿ âçàèìîäåéñòâèÿ ñ äðóãèìè ìàøèíàìè ëîêàëüíîé ñåòè (âíåøíèé àäðåñ), à äðóãîé äëÿ îáðàùå-

íèÿ ê âû÷èñëèòåëüíûì óçëàì êëàñòåðà (âíóòðåííèé àäðåñ), óñòàíàâëèâàåòñÿ åäèíñòâåííàÿ êîïèÿ

ñåðâåðíîé ÷àñòè ïëàíèðîâùèêà (kmg_server.jar). Òàêæå, íà ãîëîâíîì óçëå êëàñòåðà ðàçìåùàåò-

ñÿ íåïîñðåäñòâåííî ôàéë ñ èñïîëíÿåìûì àðõèâîì çàäà÷è (term3d_mpj.jar), êîòîðûé, â îòëè÷èå

îò ìîäåëè ëîêàëüíîé ñåòè, ôèçè÷åñêè òàêæå ïðåäñòàâëåí â îäíîì ýêçåìëÿðå. Ïðè àêòèâàöèè,

ñåðâåðíàÿ ÷àñòü ïëàíèðîâùèêà ïåðåäàåò íà âåá-ñåðâåð, íà êîòîðîì ðàáîòàåò êëèåíòñêàÿ ÷àñòü

ïëàíèðîâùèêà, äàííûå îá óçëàõ êëàñòåðà, êîòîðûå çàòåì ïîïàäàþò â õðàíèëèùå èíôîðìàöè-

îííîé ïîäñèñòåìû. Îòòóäà äàííûå ïîïàäàþò íà ñòðàíèöó âåá-ïðèëîæåíèÿ, êîòîðîå îòîáðàæàåò

ñïèñîê âñåõ óçëîâ êëàñòåðà, â äðåâîâèäíîì ïðåäñòàâëåíèè. Ïðè çàïóñêå çàäà÷è, êîïèÿ èñïîëíÿ-

åìîãî àðõèâà âèðòóàëüíî èñïîëíÿåòñÿ íà êàæäîì èç, âûáðàííûõ äëÿ ðàñ÷åòà, óçëîâ êëàñòåðà

(ò.å. ôàéëà çàäà÷è êîïèðóåòñÿ â îïåðàòèâíóþ ïàìÿòü êàæäîãî èç èñïîëíÿþùèõ óçëîâ, è çàòåì

èñïîëíÿåòñÿ ñî ñâîåé ïîðöèåé âõîäíûõ äàííûõ). Êàê è â ñëó÷àå ñ ìîäåëüþ ëîêàëüíîé ñåòè, ïî

îêîí÷àíèè, ðåçóëüòàòû ðàñ÷åòà ìîãóò áûòü ñîáðàíû íà ëþáîé èç ó÷àâñòâîâàâøèõ â ðàñ÷åòå ðàáî-

÷èõ ñòàíöèé â âèäå íàáîðà ôàéëîâ, çàïèñàíû â áàçó äàííûõ èíôîðìàöèîííîé ïîäñèñòåìû, ëèáî

ïåðåäàíû íà âåá-ñåðâåð äëÿ äàëüíåéøåé îáðàáîòêè.

Â ýòîé ðàáîòå áûëà êîðîòêî îïèñàíà ðàáîòà ðàçðàáîòàííîãî â ÍÈÈ ÌÌ ÌÎÍ ÐÊ ïðîòî-

òèïà ðàñïðåäåëåííîé èíôîðìàöèîííî-âû÷èñëèòåëüíîé ñèñòåìû äëÿ ðàñ÷åòà çàäà÷ íåôòåãàçîâîé

îòðàñëè. Ïðîáíûå ðàñ÷åòû ïðîâîäèëèñü íà òåñòîâûõ çàäà÷àõ ïîñòðîåííûõ íà ìåòîäàõ òåîðèè

ôèëüòðàöèè. Ðåçóëüòàòû ðàñ÷åòîâ ïîêàçàëè îæèäàåìîå óñêîðåíèå ïðîòåñòèðîâàííûõ çàäà÷ ïî

ñðàâíåíèþ ñ èõ ïîñëåäîâàòåëüíûìè àíàëîãàìè. Òàêæå, â êà÷åñòâå ãðàôè÷åñêîé îáîëî÷êè áûë

ðàçðàáîòàí âåá-èíòåðôåéñ ïîçâîëÿþùèé ïîëüçîâàòåëÿ óïðàâëÿòü óçëàìè äëÿ ðàñ÷åòà ïåðåä çà-

ïóñêîì ñàìîé çàäà÷è íà èñïîëíåíèå. Ïðåäñòàâëåííàÿ ñèñòåìà âèäèòñÿ êîìïëåêñíûì è öåëîñòíûì

ðåøåíèåì, òðåáóþùåé äàëüíåéøåé äîðàáîòêè, â ïëàíå äîáàâëåíèÿ íîâûõ âîçìîæíîñòåé, ñâÿçàí-

íûõ êàê ñ âû÷èñëèòåëüíîé ïîäñèñòåìîé, òàê è ñ èíòåðôåéñîì.
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ÐÀÇÐÀÁÎÒÊÀ ÌÅÒÎÄÈÊÈ ÀÍÀËÈÇÀ ÌÈÍÅÐÀËÜÍÛÕ ÏÎÐÎÄ Â

ÃÎÐÍÎ-ÄÎÁÛÂÀÞÙÅÉ ÏÐÎÌÛØËÅÍÍÎÑÒÈ

Î.Å. Áàêëàíîâà, Æ.Ø. Óçäåíáàåâ

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ä. Ñåðèêáàåâà

Abstract.With the expansion and deepening of knowledge about minerals are gaining the technical

means to investigate their microstructure. This work is proposed to develop automated processing

system micrographs. These are included the development of new methods and algorithms for raster

image processing, resulting microscopy to tackle problems of "machine"for evaluation of the quality

of the mineral species in the mining industry, and an investigation of pattern recognition in the

analysis of rocks, and the development of pattern recognition techniques to assess the quality of

the mineral species in the mining industry and testing of the pilot application of the technology,

the analysis of the samples treated by the proposed algorithm.

Keywords: image recognition, pattern recognition, image processing, machine vision, program

implementation of intellectual systems.
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Àííîòàöèÿ. Ïî ìåðå ðàñøèðåíèÿ è óãëóáëåíèÿ çíàíèé î ìèíåðàëàõ âñå áîëüøåå çíà÷åíèå

ïðèîáðåòàþò òåõíè÷åñêèå ñðåäñòâà, ïîçâîëÿþùèå èññëåäîâàòü èõ ìèêðîñòðóêòóðó. Â äàííîé

ðàáîòå ïðåäëàãàåòñÿ ðàçðàáîòêà àâòîìàòèçèðîâàííîé ñèñòåìû îáðàáîòêè ìèêðîñíèìêîâ, â

òîì ÷èñëå ðàçðàáîòêà íîâûõ ìåòîäèê è àëãîðèòìîâ îáðàáîòêè ðàñòðîâûõ èçîáðàæåíèé, ïî-

ëó÷åííûõ â ðåçóëüòàòå ìèêðîñêîïèè, îáåñïå÷èâàþùèõ ðåøåíèå çàäà÷ ¾ìàøèííîãî¿ çðåíèÿ

äëÿ îöåíêè êà÷åñòâåííîãî ñîñòàâà ìèíåðàëüíûõ ïîðîä â ãîðíîäîáûâàþùåé ïðîìûøëåííîñòè,

èññëåäîâàíèå âîïðîñà ðàñïîçíàâàíèÿ èçîáðàæåíèé ïðè àíàëèçå ãîðíûõ ïîðîä, ðàçðàáîòêà ìå-

òîäèêè ðàñïîçíàâàíèÿ èçîáðàæåíèé äëÿ îöåíêè êà÷åñòâåííîãî ñîñòàâà ìèíåðàëüíûõ ïîðîä

â ãîðíîäîáûâàþùåé ïðîìûøëåííîñòè, à òàêæå àïðîáàöèÿ ðåçóëüòàòîâ ýêñïåðèìåíòàëüíîãî

ïðèìåíåíèÿ ðàçðàáîòàííîé òåõíîëîãèè, àíàëèç îáðàçöîâ, îáðàáîòàííûõ ïî ïðåäëîæåííûì àë-

ãîðèòìàì.

Êëþ÷åâûå ñëîâà: ðàñïîçíàâàíèå èçîáðàæåíèé, ìàøèííîå çðåíèå, ïðîãðàììíàÿ ðåàëèçàöèÿ

èíòåëëåêòóàëüíûõ ñèñòåì.

Ââåäåíèå

Íà òåêóùåì ýòàïå ðàçâèòèÿ ìèêðîñêîïèè êàê ìåòîäà ìèíåðàëîãè÷åñêîãî àíàëèçà ïðåîáëàäàåò

íåàâòîìàòèçèðîâàííûé ìåòîä èññëåäîâàíèÿ, òðåáóþùèé íåïîñðåäñòâåííîãî ó÷àñòèÿ ëàáîðàíòà âî

âñåõ îïåðàöèÿõ, îïðåäåëåííûõ ñòàäèÿìè ïðîöåññà [3]. Ñîâðåìåííûå èññëåäîâàòåëüñêèå êîìïëåê-

ñû àâòîìàòèçèðîâàííîé ìèêðîñêîïèè âêëþ÷àþò â ñåáÿ ïðîãðàììíûå è àïïàðàòíûå ñðåäñòâà äëÿ

óïðàâëåíèÿ ñêàíèðîâàíèåì îáðàçöîâ, ïðåäîáðàáîòêè èçîáðàæåíèÿ, âûäåëåíèÿ îáúåêòîâ, ïðåä-

ñòàâëÿþùèõ èíòåðåñ è èõ ïîñëåäóþùåé êëàññèôèêàöèè. Íà òåêóùåì ýòàïå ðàçâèòèÿ ñèñòåìû

ïîäîáíîãî òèïà ïðåäïîëàãàþò ðÿä ñóùåñòâåííûõ îãðàíè÷åíèé, òàêèå êàê íåèçìåííîñòü öâåòî -

ÿðêîñòíûõ õàðàêòåðèñòèê ìèêðîñíèìêîâ, íåäîñòàòî÷íàÿ ôóíêöèîíàëüíîñòü, â ÷àñòíîñòè, ïðîÿâ-

ëÿþùàÿñÿ â îòñóòñòâèå ôóíêöèè âçàèìîäåéñòâèÿ ñ ñèñòåìîé àâòîìàòèçàöèè ïðåäïðèÿòèÿ, ÷òî

ïðåïÿòñòâóåò èíòåãðàöèè ñèñòåì àâòîìàòèçèðîâàííîé ìèêðîñêîïèè â îáùóþ ñèñòåìó óïðàâëåíèÿ

òåõíîëîãè÷åñêèì ïðîöåññîì ïðåäïðèÿòèÿ. Íåäîñòàòêè ñèñòåì àâòîìàòèçèðîâàííîé ìèêðîñêîïèè

êàê èíñòðóìåíòàðèÿ äëÿ ðåøåíèÿ çàäà÷ â äàííîé ïðåäìåòíîé îáëàñòè ìèíåðàëîãèè ìîãóò áûòü

óñòðàíåíû çà ñ÷åò ðàçðàáîòêè ìåòîäîâ è àëãîðèòìîâ îáðàáîòêè ìèêðîñíèìêîâ îáðàçöîâ ìèíå-

ðàëüíûõ ïîðîä, â êîíå÷íîì ñ÷åòå, ñ ó÷åòîì òðåáîâàíèé èíòåãðàöèè â ñèñòåìó óïðàâëåíèÿ òåõíî-

ëîãè÷åñêèì ïðîöåññîì ïðåäïðèÿòèÿ.

Ìåòîäû ìèêðîñêîïè÷åñêîãî àíàëèçà ãîðíûõ ïîðîä

Ñóùåñòâóåò ìíîæåñòâî ìåòîäîâ îáðàáîòêè ðàñòðîâûõ èçîáðàæåíèé, êîòîðûå îïèñàíû â ðàáî-

òàõ Â.À. Ñîéôåðà, Ð. Âóäñà, Ó. Ïðýòòà è äðóãèõ àâòîðîâ. Ñóùíîñòü ýòèõ ìåòîäîâ çàêëþ÷àåòñÿ â

îáùèõ àëãîðèòìàõ, ðåçóëüòàò ðàáîòû êîòîðûõ íå çàâèñèò îò ñïåöèôèêè îáðàáàòûâàåìûõ èçîáðà-

æåíèé. Îäíàêî ðåøåíèå çàäà÷, îáóñëîâëåííûõ ïðåäìåòíîé îáëàñòüþ ìèêðîñêîïèè â ìèíåðàëîãèè,

äîëæíî ó÷èòûâàòü îñîáåííîñòè èçîáðàæåíèé è öåëè èññëåäîâàíèé. Ñ ýòîé òî÷êè çðåíèÿ íåîáõî-

äèìî âûÿâèòü âîçìîæíûå ïóòè àâòîìàòèçàöèè îáùèõ è ÷àñòíûõ çàäà÷ ìèêðîñêîïèè êàê àíàëèçà

ãîðíîðóäíîãî ñûðüÿ. Îòäåëüíîå èçó÷åíèå òðåáóåòñÿ ðàññìîòðåíèþ íåïîñðåäñòâåííî àâòîìàòèçà-

öèè ìèíåðàëîãè÷åñêîãî àíàëèçà, ðàçáèòîãî ïî ýòàïàì.

Ìèêðîñêîïè÷åñêèé àíàëèç ìèíåðàëüíûõ ïîðîä ïðåäïîëàãàåò ñëåäóþùèå ýòàïû: ïîäãîòîâêà

îáðàçöà, èçó÷åíèå åãî ïðè ïîìîùè ìèêðîñêîïà, ôèêñàöèÿ ðåçóëüòàòîâ àíàëèçà. Îáúåêòîì èñ-

ñëåäîâàíèÿ ìèêðîñêîïèè â ãîðíîðóäíîé ïðîìûøëåííîñòè ÿâëÿåòñÿ ñåðèÿ ïîäãîòîâëåííûõ äëÿ
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îïòèêî-ìèêðîñêîïè÷åñêîãî àíàëèçà îáðàçöîâ ðóäû. Â áîëüøèíñòâå ñëó÷àåâ ïîäãîòîâêà îáðàçöîâ

â îáùåì âèäå ïðåäñòàâëÿåòñÿ ñëåäóþùåé:

� ðàçðåçàíèå îáðàçöà;

� øëèôîâêà;

� ïîëèðîâêà.

Ïîñëå òîãî, êàê îáðàçåö ïîäãîòîâëåí, îí àíàëèçèðóåòñÿ ïðè ïîìîùè ìèêðîñêîïà. Óâèäåí-

íàÿ ëàáîðàíòîì ìèêðîñêîïè÷åñêàÿ êàðòèíà, îòðàæàþùàÿ îñîáåííîñòè ñòðîåíèÿ îáúåêòîâ (öâåò,

ñòðóêòóðà, ïëîùàäü è òàê äàëåå), îïðåäåëÿåò ðåçóëüòàòû ìèíåðàëîãè÷åñêîãî àíàëèçà.

Òåîðåòè÷åñêè âîçìîæíîñòü îïðåäåëåíèÿ ìèíåðàëîâ ðóä ïî îáúåêòàì íà ìèêðîñêîïè÷åñêîì

èçîáðàæåíèè îáîñíîâàíà àâòîðîì Èñàåíêî Ì.Ï. [4]. Ìåòîäû ìèêðîñêîïè÷åñêîãî èññëåäîâàíèÿ

âêëþ÷àþò äâå ãðóïïû ìåòîäîâ � ïëàíèìåòðè÷åñêèå è ñòåðåîìåòðè÷åñêèå [3]. Ïëàíèìåòðè÷åñêèå

ìåòîäû ïðåäïîëàãàþò, ÷òî îáúåìíîå ñîäåðæàíèå êîìïîíåíòà â ìèíåðàëüíîé ïîðîäå ïðèíèìàåòñÿ

ðàâíûì ïðîöåíòíîìó ñîäåðæàíèþ íà ìèêðîñíèìêå. Îäíèì èç ñòåðåîìåòðè÷åñêèõ ìåòîäîâ ÿâ-

ëÿåòñÿ ëèíåéíûé ìåòîä Äåëåññà-Ðîçèâàëÿ â òðåõ ìîäèôèêàöèÿõ. [3, 5] Äëÿ ïîëó÷åíèÿ âûñîêîé

äîñòîâåðíîñòè îöåíêè êà÷åñòâåííîãî ñîñòàâà ïëà-íèìåòðè÷åñêèì ìåòîäîì ìèíåðàëüíûõ ïîðîä

òðåáóåòñÿ ïðîàíàëèçèðîâàòü áîëåå îäíîãî îáðàçöà ïîðîäû. Ýòî ñâÿçàíî ñ òåì, ÷òî ïðè îïòèêî-

ìèêðîñêîïè÷åñêîì àíàëèçå èññëåäóåòñÿ òîëüêî ïîâåðõíîñòü îáðàçöà, ïðè ýòîì ïðîöåíòíîå ñîäåð-

æàíèå ôàç ìèíåðàëîâ ïîä ïîâåðõíîñòüþ ôèçè÷åñêè íå ìîæåò áûòü ó÷òåíî. Ñòåðåîìåòðè÷åñêèé

ìåòîä Äåëåññà-Ðîçèâàëÿ çàêëþ÷àåòñÿ â òîì, ÷òî âèðòóàëüíî øëèô ïåðåñåêàåòñÿ íåêîòîðûì êî-

ëè÷åñòâîì ïëîñêîñòåé, ñïðîåöèðîâàííûõ íà ïîâåðõíîñòü øëèôà â âèäå ëèíèé (èíäèêàòðèñ), âçà-

èìíîå ðàñïîëîæåíèå êîòîðûõ ìîæåò áûòü ïàðàëëåëüíûì, ïèëîîáðàçíûì èëè õàîòè÷åñêèì. Çà-

òåì èçìåðÿåòñÿ äëèíà èíäèêàòðèñû, ïðèõîäÿùåéñÿ íà êàæäûé ìèíåðàë, ñîîòíåñåííàÿ íà îáùóþ

äëèíó èíäèêàòðèñ. Ïðè ïàðàëëåëüíîì ðàñïîëîæåíèè èíäèêàòðèñ ðàññòîÿíèå ìåæäó íèìè ïðè-

íèìàåòñÿ ðàâíûì ñàìîìó áîëüøîìó ïîïåðå÷íîìó ñå÷åíèþ îáúåêòîâ èçîáðàæåíèÿ. Òðåáîâàíèåì

ìåòîäà ÿâëÿåòñÿ äîñòàòî÷íàÿ ñóììàðíàÿ äëèíà èíäèêàòðèñ, êîòîðàÿ âû÷èñëÿåòñÿ ïî ñëåäóþùåé

ôîðìóëå (1):

 L =
D
p

100

(1)

ãäå D � íàèáîëüøèé äèàìåòð îáúåêòà,

p � òðåáóåìàÿ ïîãðåøíîñòü, âûðàæàåìàÿ â ïðîöåíòàõ.

Â ñëó÷àå åñëè ñóììàðíàÿ äëèíà èíäèêàòðèñ íåäîñòàòî÷íà, òîãäà ïðåäïîëàãàåòñÿ îáðàáîòêà

åùå íåñêîëüêèõ ñíèìêîâ øëèôîâ, ñóììàðíàÿ äëèíà èíäèêàòðèñ íåñêîëüêèõ ñíèìêîâ äîëæíà

áûòü äîñòàòî÷íîé.

Êà÷åñòâî ìèíåðàëüíîé ïîðîäû îïðåäåëÿåòñÿ êàê ïðîöåíòíîå ñîäåðæàíèå õèìè÷åñêèõ ñîåäè-

íåíèé, èç êîòîðûõ ýêîíîìè÷åñêè öåëåñîîáðàçíî èçâëåêàòü ïðåäñòàâëÿþùèå òåõíîëîãè÷åñêèé èí-

òåðåñ êîìïîíåíòû. Ñïèñîê ìèíåðàëîâ, ïðåäñòàâëÿþùèõ òåõíîëîãè÷åñêóþ öåííîñòü, çàâèñèò îò

òèïà ðóäû è òåõíîëîãèè ãîðíîðóäíîãî ïðåäïðèÿòèÿ è îïðåäåëÿåòñÿ òåõíîëîãàìè ïðåäïðèÿòèÿ.

Â äàëüíåéøåì ïîëó÷åííàÿ èíôîðìàöèÿ ìîæåò èñïîëüçîâàòüñÿ äëÿ âåäåíèÿ òåõíîëîãè÷åñêîãî

ïðîöåññà, äëÿ êîòîðîãî ñûðüåì ÿâëÿåòñÿ äîáûâàåìàÿ ðóäà. Íàïðèìåð, ïðè îáîãàùåíèè íåêîòîðûå
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Ðèñóíîê 1 Ïðèìåð ìåòîäèêè, îïðåäåëÿþùåé ñîîòíîøåíèå ôàç ìèíåðàëîâ, à) èñõîäíîå
èçîáðàæåíèå 3-ôàçíîãî ìàòåðèàëà, á) Âûäåëåííûå è öâåò îêîäèðîâàííûå ôàçû, â) äèàãðàììà

ïëîùàäåé ðàçëè÷íûõ ôàç (ìåòîäèêà ïðîãðàììíûõ ïðîäóêòîâ ¾ÂèäåîÒåñÒ¿)

ïðåäïðèÿòèÿ ñìåøèâàþò ðóäó íåñêîëüêèõ ìåñòîðîæäåíèé äëÿ ïîëó÷åíèÿ âõîäíîãî ñûðüÿ îïðå-

äåëåííîãî êà÷åñòâà, à ýòî ïðåäïîëàãàåò, ÷òî áóäåò îöåíåíî êà÷åñòâî ñìåøèâàåìîãî ìèíåðàëüíîãî

ñûðüÿ ñ êàæäîãî ìåñòîðîæäåíèÿ. Îñíîâíûìè ìåòîäàìè ÿâëÿþòñÿ êîëè÷åñòâåííûå.

Çàäà÷à êîëè÷åñòâåííûõ ìåòîäîâ ñîñòîèò â òîì, ÷òîáû âûÿâèòü ïðîöåíòíîå ñîîòíîøåíèå îáú-

åêòîâ, ïðèíàäëåæàùèõ ðàçíûì êëàññàì. Íà ðèñóíêå 1, ïðåäñòàâëåí ïðèìåð êîëè÷åñòâåííîé ìå-

òîäèêè îïðåäåëåíèÿ ñîîòíîøåíèÿ ïëîùàäåé (ðèñóíîê 1â) ðàçëè÷íûõ ôàç èññëåäóåìîãî îáðàçöà

(ñì. ðèñóíîê 1à).

Êîëè÷åñòâåííûå ïàðàìåòðû äëÿ ìèêðîèçîáðàæåíèé ñ áîëüøèì êîëè÷åñòâîì îáúåêòîâ íåáîëü-

øîé ïëîùàäè íåâîçìîæíî ðàññ÷èòàòü íà ¾ãëàç¿ ñ âûñîêîé òî÷íîñòüþ. Ñïåöèàëüíûå âñïîìîãà-

òåëüíûå óñòðîéñòâà ïîìîãàþò ñíèçèòü îøèáêó, íî íå ìîãóò åå ïîëíîñòüþ óñòðàíèòü. Ñðåäè òàêèõ

óñòðîéñòâ èçâåñòíà ïëàíèìåòðè÷åñêàÿ ñåòêà.

Êîíå÷íîé öåëüþ èññëåäîâàíèÿ, ñ òî÷êè çðåíèÿ ïðèêëàäíûõ çàäà÷, ÿâëÿåòñÿ ñîçäàíèå ñèñòåìû

àíàëèçà, ïîçâîëÿþùåé îïðåäåëÿòü êà÷åñòâî ìèíåðàëüíûõ ïîðîä, ïîíèìàåìîå êàê ïðîöåíòíîå ñî-

äåðæàíèå îïðåäåëåííûõ ìèíåðàëîâ, ïóòåì îïðåäåëåíèÿ ôàç êàæäîãî ìèíåðàëà íà ìèêðîñíèìêàõ

íà îñíîâå îáðàçöîâ, îðãàíèçîâàííûå â ñåðèè.

Ìåòîäèêà ìèêðîñêîïè÷åñêîãî àíàëèçà ïðåäïîëàãàåò íàëè÷èå ýòàïîâ, ñîäåðæàùåãî ìíîãîêðàò-

íûå ýëåìåíòàðíûå ¾íåèíòåëëåêòóàëüíûå¿ îïåðàöèè. Ýòè îïåðàöèè â ïîäàâëÿþùåì áîëüøèíñòâå

îäíîòèïíû, èõ âûïîëíåíèå ÷åëîâåêîì ïðèâîäèò ê áîëüøèì ðàñõîäàì âðåìåíè è çíà÷èòåëüíî ñíè-

æàåò êîíöåíòðàöèþ âíèìàíèÿ, ñîîòâåòñòâåííî, óõóäøàÿ òî÷íîñòü ðåçóëüòàòà. Êðîìå òîãî, äëÿ

ïðîâåäåíèÿ àíàëèçà òðåáóåòñÿ áîëüøîé îáúåì ýêñïåðòíûõ çíàíèé.

Îñíîâíûå çàäà÷è àâòîìàòèçàöèè ìèêðîñêîïèè ãîðíî-ìåòàëëóðãè-

÷åñêîãî ïðîèçâîäñòâà

Íèæåïðèâåä¼ííûé ïåðå÷åíü çàäà÷ îñíîâàí íà àíàëèçå ýòàïîâ ìèêðîñêîïèè êàê ìåòîäà èñ-

ñëåäîâàíèÿ êà÷åñòâà ìèíåðàëüíûõ ïîðîä. Çàäà÷è óêàçàíû â ïîðÿäêå âîçðàñòàíèÿ ñëîæíîñòè èõ

àâòîìàòèçàöèè:

Àâòîìàòèçèðîâàííîå âåäåíèå äîêóìåíòîîáîðîòà:

� ó÷åò âûïîëíåííûõ àíàëèçîâ;
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Ðèñóíîê 2 Ñòðóêòóðà àâòîìàòèçèðîâàííîé ñèñòåìû îáðàáîòêè èçîáðàæåíèÿ äëÿ îöåíêè
êà÷åñòâåííîãî ñîñòàâà ìèíåðàëüíûõ ïîðîä â ãîðíîäîáûâàþùåé ïðîìûøëåííîñòè

� âûâîä ñòàòèñòè÷åñêèõ ñâîäîê ïî ðåçóëüòàòàì ïðîâåä¼ííûõ àíàëèçîâ çà îïðåäåëåííûé ïåðè-

îä;

� ôîðìèðîâàíèå îò÷¼òîâ î ïðîäåëàííîé ðàáîòå;

� âåäåíèå àðõèâà ìèêðîñíèìêîâ.

Àâòîìàòèçàöèÿ âçàèìîäåéñòâèÿ ñ âûøåñòîÿùèìè ñèñòåìàìè àâòîìàòèçàöèè ïðåäïðèÿòèÿ -

àâòîìàòèçèðîâàííàÿ ïåðåäà÷à ðåçóëüòàòîâ àíàëèçà âûøåñòîÿùèì ñèñòåìàì ïóòåì ðåàëèçàöèè

ïðîòîêîëîâ îáìåíà äàííûìè. Àâòîìàòèçàöèÿ àíàëèçà èññëåäóåìûõ îáðàçöîâ: - ââîä èçîáðàæå-

íèÿ, ïîëó÷åííîãî ïðè ìèêðîñêîïè÷åñêîì èññëåäîâàíèè îáðàçöà, ïîñðåäñòâîì ñïåöèàëèçèðîâàí-

íîãî óñòðîéñòâà ââîäà; - ïîèñê è âûäåëåíèå íà ìèêðîèçîáðàæåíèè ïðåäñòàâëÿþùèõ òåõíîëîãè-

÷åñêèé èíòåðåñ îáúåêòîâ; - êëàññèôèêàöèÿ íàéäåííûõ îáúåêòîâ è ñâåäåíèå èõ â ãàëåðåè êëàññîâ,

÷òî ïîçâîëèò ïîäñ÷èòûâàòü êîëè÷åñòâî îáúåêòîâ â êàæäîì èç íèõ; Îáçîð ïåðå÷èñëåííûõ çàäà÷

ïîçâîëÿåò ñäåëàòü âûâîä, ÷òî îíè â çíà÷èòåëüíîé ñòåïåíè êîíöåíòðèðîâàíû íà ýòàïå àíàëèçà

èññëåäóåìûõ îáðàçöîâ. Â òîæå âðåìÿ âûøåíàçâàííûé ýòàï ìîæíî âûäåëèòü êàê êëþ÷åâîé.

Ðåçóëüòàòû

Òàêèì îáðàçîì, êîìïëåêñíàÿ àâòîìàòèçàöèÿ îïòèêî - ìèêðîñêîïè÷åñêîãî àíàëèçà ìèíåðàëü-

íûõ ïîðîä ñ ó÷¼òîâ âûøåïåðå÷èñëåííûõ çàäà÷, îñíîâàíà íà ðàçðàáîòêå àâòîìàòèçèðîâàííûõ ïîä-

ñèñòåì, ðåàëèçóþùèõ ôóíêöèè àâòîìàòèçàöèè ïåðå÷èñëåííûõ çàäà÷. Ñòðóêòóðà àâòîìàòèçèðî-

âàííîé ñèñòåìû îáðàáîòêè èçîáðàæåíèÿ äëÿ îöåíêè êà÷åñòâåííîãî ñîñòàâà ìèíåðàëüíûõ ïîðîä

â ãîðíîäîáûâàþùåé ïðîìûøëåííîñòè ïðåäñòàâëåíà íà ðèñóíêå 2.

Íà ñåãîäíÿøíèé äåíü çàäà÷à àâòîìàòèçèðîâàííîãî äîêóìåíòîîáîðîòà â ñóùåñòâóþùèõ ñèñòå-

ìàõ ðåøåíà ïîëíîñòüþ. Äàëüíåéøàÿ èññëåäîâàòåëüñêàÿ ðàáîòà äîëæíà áûòü îðèåíòèðîâàíà íà
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ðàçðàáîòêó ìåòîäîâ è àëãîðèòìîâ, ñ ïîìîùüþ êîòîðûõ âîçìîæíà àâòîìàòèçàöèÿ ðåøåíèÿ çàäà÷

ýòàïà àíàëèçà îáðàçöîâ ìèíåðàëüíûõ ïîðîä. Äëÿ òîãî ÷òîáû îïðåäåëèòü êëàññ àëãîðèòìîâ è

ìåòîäû òðåáóåòñÿ ñôîðìèðîâàòü ïåðå÷åíü ôóíêöèé ¾óíèâåðñàëüíîé¿ ñèñòåìû, ïîçâîëÿþùèé àâ-

òîìàòèçèðîâàòü îñíîâíûå çàäà÷è ìèêðîñêîïèè. Òàêæå â ñèñòåìå äîëæåí áûòü ðåàëèçîâàí ìîäóëü

ïåðåäà÷è äàííûõ âûøåñòîÿùèì ñèñòåìàì.

Âûâîäû

Âûïîëíåí îáçîð çàäà÷ ãîðíî-ìåòàëëóðãè÷åñêîé ìèêðîñêîïèè. Âûäåëåíû îñîáåííîñòè ìåòî-

äèê ìèêðîñêîïè÷åñêîãî àíàëèçà, ôàêòîðû, âëèÿþùèõ íà êà÷åñòâî íàáëþäàåìîé ìèêðîñêîïè÷å-

ñêîé êàðòèíû è àäåêâàòíîñòü ðåçóëüòàòîâ èññëåäîâàíèÿ. Îïèñàíû íåäîñòàòêè ñèñòåì àâòîìàòè-

çèðîâàííîé ìèêðîñêîïèè êàê èíñòðóìåíòàðèÿ äëÿ ðåøåíèÿ çàäà÷ â äàííîé ïðåäìåòíîé îáëàñòè.

Ñôîðìèðîâàíû îñíîâíûå çàäà÷è è íàïðàâëåíèÿ äàëüíåéøåé èññëåäîâàòåëüñêîé ðàáîòû ìèêðî-

ñêîïèè ãîðíî-ìåòàëëóðãè÷åñêîãî ïðîèçâîäñòâà, âîçìîæíûå ïóòè èõ àâòîìàòèçàöèè.
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äåðåêòåð à¡ûíäàð ãðàôû.

Àííîòàöèÿ. Ïðåäëàãàþòñÿ ìåòîäû è ìîäåëè ôîðìèðîâàíèÿ ñåðâèñîâ ðàñïðåäåë¼ííîé ñåð-

âèñíî-îðèåíòèðîâàííîé àðõèòåêòóðû èíôîðìàöèîííûõ ñèñòåì, ôóíêöèîíèðóþùèõ â ñèñòåìå

ðåàëüíîãî âðåìåíè.

Êëþ÷åâûå ñëîâà: èíôîðìàöèîííàÿ ñèñòåìà, ñåðâèñíî-îðèåíòèðîâàííàÿ àðõèòåêòóðà, ñèñòå-

ìà ðåàëüíîãî âðåìåíè, ãðàô ïîòîêà äàííûõ.

Â êðóïíûõ èíôîðìàöèîííûõ ñèñòåìàõ ðåàëèçàöèÿ áèçíåñ-ïðîöåññîâ íåïîñðåäñòâåííî ñâÿçàíà ñ

èñïîëüçîâàíèåì åäèíîé ðàñïðåäåë¼ííîé áàçû äàííûõ, â êîòîðîé õðàíÿòñÿ äàííûå, îáåñïå÷èâàþ-

ùèå óïðàâëåíèå ïðîèçâîäñòâåííûì ïðîöåññîì, êàäðàìè, ìàòåðèàëüíûìè è äåíåæíûìè ïîòîêàìè,

ýëåêòðîííûì äîêóìåíòîîáîðîòîì è äðóãèìè ïðîöåññàìè. Ñèñòåìà îáåñïå÷èâàåò àêòóàëüíîñòü,

öåëîñòíîñòü, áåçîïàñíîñòü è çàùèòó äàííûõ, èñïîëüçóåìûõ â ðàçëè÷íûõ ïîäñèñòåìàõ, è ïðåäî-

ñòàâëÿåò âîçìîæíîñòü îáìåíà äàííûìè ìåæäó ýòèìè ïîäñèñòåìàìè â ñèñòåìå ðåàëüíîãî âðåìåíè.

Ôóíêöèè áèçíåñ-ïðîöåññîâ îáðàáàòûâàþò âõîäíûå äàííûå è ôîðìèðóþò âûõîäíûå ëèáî öèêëè-

÷åñêè ïî äèðåêòèâíî óòâåðæä¼ííûì ñðîêàì, ëèáî àñèíõðîííî ïî ìåðå ãîòîâíîñòè. Ñðîêè ôîðìè-

ðîâàíèÿ âûõîäíûõ äàííûõ ñîîòâåòñòâóþò ïëàíàì è êàëåíäàðíûì ãðàôèêàì áèçíåñ-ïðîöåññîâ.

Íà ýòàïå ïðîåêòèðîâàíèÿ èíôîðìàöèîííîé ñèñòåìû â ñîîòâåòñòâèè ñ òåõíîëîãèåé ñåðâèñíî-

îðèåíòèðîâàííîé àðõèòåêòóðû ôîðìèðîâàíèå ñåðâèñîâ äîëæíî îñóùåñòâëÿòüñÿ ñ ó÷¼òîì ôàêòî-

ðà âðåìåíè è ñèíõðîíèçàöèè ðàáîòû âõîäÿùèõ â èõ ñîñòàâ ôóíêöèé. Ðàñïðåäåë¼ííàÿ ñåðâèñíî-

îðèåíòèðîâàííàÿ àðõèòåêòóðà ïðåäîñòàâëÿåò âîçìîæíîñòü ðàñïàðàëëåëèâàíèÿ ïðîöåññîâ, ñâÿ-

çàííûõ ñ ñåðâèñàìè ñèñòåìû.

Ôîðìàëüíî ðåøåíèå çàäà÷è ôîðìèðîâàíèÿ ñåðâèñîâ, ðàáîòàþùèõ â ñèñòåìå ðåàëüíîãî âðå-

ìåíè, è ñèíòåçà ñåðâèñíî-îðèåíòèðîâàííîé èíôîðìàöèîííîé ñèñòåìû ìîæåò áûòü ïðåäñòàâëåíî

ñëåäóþùèì îáðàçîì.

Ïóñòü BP = {BPi}, i ∈ I � ìíîæåñòâî áèçíåñ-ïðîöåññîâ èíôîðìàöèîííîé ñèñòåìû, ýëåìåíòó

BPi êîòîðîãî ñîîòâåòñòâóåò ìíîæåñòâî ôóíêöèé Fi. Âðåìÿ ðåàëèçàöèè áèçíåñ-ïðîöåññà çàäà¼òñÿ

âåëè÷èíîé τi. Äëÿ ìíîæåñòâà ôóíêöèé {Fi}, i ∈ I âñåõ áèçíåñ-ïðîöåññîâ îïðåäåëåíî ìíîæåñòâî
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âõîäíûõ äàííûõ X0 = {x1, x2, . . . , xL} è ìíîæåñòâî âûõîäíûõ äàííûõ Y 0 = {y1, y2, . . . , yM}.
Ôóíêöèè îñóùåñòâëÿþò îáðàáîòêó äàííûõ èç X0 è ôîðìèðóþò äàííûå Y 0, ïðè÷¼ì âðåìÿ ðåà-

ëèçàöèè ôóíêöèé íå äîëæíî ïðåâûøàòü íåêîòîðîé çàäàííîé âåëè÷èíû θ. Äîïóñòèì, ÷òî çàäàíî

k öèêëîâ âûäà÷è âûõîäíûõ äàííûõ Y 0 ïî âðåìåííîìó ïëàíó θ∗1 ≤ θ∗2 ≤ · · · ≤ θ∗j−1 ≤ θ∗j ≤
θ∗j+1 ≤ · · · ≤ θ∗k. Âðåìÿ ïîñòóïëåíèÿ âõîäíûõ äàííûõ X0 íå ñèíõðîíèçèðîâàíî ñ öèêëàìè θ∗j
è çàäàíî âåëè÷èíàìè δl,∀xl ∈ X0. Ïîñëåäîâàòåëüíîñòü îáðàáîòêè âõîäíûõ äàííûõ ôóíêöèÿìè

F = {Fi}, i ∈ I çàäà¼òñÿ ãðàôîì ïîòîêà äàííûõ R = (Z, V ) íà ìíîæåñòâå âåðøèí Z è äóã V .

Ìíîæåñòâî âåðøèí Z = X ∪ Y = [
⋃
Fi∈F X(Fi)] ∪ [

⋃
Fi∈F Y (Fi)], ãäå X(Fi) è Y (Fi) � ìíîæåñòâà

âõîäíûõ è âûõîäíûõ äàííûõ ôóíêöèè Fi, âêëþ÷àþùèå êàê äàííûå èç ìíîæåñòâ X0 è Y 0, òàê è

äàííûå, ñôîðìèðîâàííûå ñàìîé ôóíêöèåé Fi, òî åñòü X0 ⊆ X è Y 0 ⊆ Y . Äóãà ãðàôà (zi, zj) ∈ V ,
åñëè zi ∈ X(F ), à zj ∈ Y (F ) äëÿ âñåõ Fi ∈ F .

Çàäà÷à ôîðìèðîâàíèÿ ñåðâèñîâ àðõèòåêòóðíîãî ïðîåêòà è ñèíòåçà èíôîðìàöèîííîé ñèñòåìû

ñâîäèòñÿ ê ðàçáèåíèþ èíôîðìàöèîííîãî ãðàôà R, à â ñîîòâåòñòâèè ñ íèì è F , íà ïîäìíîæå-

ñòâà ôóíêöèé ñåðâèñà, îáåñïå÷èâàþùèå îáðàáîòêó àêòóàëüíûõ âõîäíûõ äàííûõ X0 ïðè çàäàí-

íûõ îãðàíè÷åíèÿõ íà ñðîêè ôîðìèðîâàíèÿ âûõîäíûõ äàííûõ Y 0. Ìíîæåñòâî âûõîäíûõ äàííûõ

áèçíåñ-ïðîöåññîâ ìîæíî ðàçáèòü íà k + 2 ïîäìíîæåñòâà Y1, Y2, . . . , Yj , . . . , Yk, Yk+1, Yk+2.

Äëÿ ýòèõ ïîäìíîæåñòâ âûïîëíÿþòñÿ ñëåäóþùèå óñëîâèÿ:

1. Yj ∩ Yj+1 = ø äëÿ j = 1, 2, . . . , k + 1;

2.
⋃
j=1,2,. . . ,k+2 Yj = Y 0, ãäå â ïîäìíîæåñòâà Yj âõîäÿò âõîäíûå äàííûå ñ îáíîâëåíèåì â öèêëå

θ∗j ;

3. â ïîäìíîæåñòâî Yk+1 âõîäÿò âûõîäíûå äàííûå, êîòîðûå ìîãóò ôîðìèðîâàòüñÿ àöèêëè÷åñêè,

íî ïðè óñëîâèè ìèíèìèçàöèè âðåìåíè ôîðìèðîâàíèÿ âûõîäíûõ äàííûõ;

4. â ïîäìíîæåñòâî Yk+2 âõîäÿò âûõîäíûå äàííûå, êîòîðûå àíàëîãè÷íî äàííûì èç Yk+1 äîëæ-

íû ôîðìèðîâàòüñÿ àöèêëè÷åñêè, íî íà âðåìÿ èõ ôîðìèðîâàíèÿ íå íàêëàäûâàþòñÿ íèêàêèõ

îãðàíè÷åíèé;

5. âðåìåíà ôîðìèðîâàíèÿ Yk+1 è Yk+2 îáîçíà÷àþòñÿ êàê θ∗k+1 è θ
∗
k+2 ñîîòâåòñòâåííî.

Ïîäìíîæåñòâàì Yj îïðåäåë¼ííûì îáðàçîì ïîñòàâèì â ñîîòâåòñòâèå ïîäìíîæåñòâà Zj âåðøèí

ãðàôà R, î÷åâèäíî, ÷òî Zj ⊇ Yj . Ïîäìíîæåñòâà âåðøèí Zj è ïîäìíîæåñòâà äóã Vj , ñâÿçûâàþùèõ
âåðøèíû â Zj , îáðàçóþò ðàçáèåíèå ãðàôà R íà ïîäãðàôû Rj = (Zj , Vj), Zj ∪Zs 6= ø,

⋃
j∈J Zj , j, s ∈

J = {1, 2, . . . , k+2}. Äëÿ êàæäîãî èíôîðìàöèîííîãî ïîäãðàôà Rj äâîéñòâåííûé ôóíêöèîíàëüíûé
ïîäãðàô èìååò ìíîæåñòâî âåðøèí Fj , â êîòîðûå âõîäÿò ôóíêöèè, îáðàáàòûâàþùèå äàííûå èç

Zj çà öèêë θ∗j . Ñóììàðíîå âðåìÿ ðåàëèçàöèè ôóíêöèé Fj äîëæíî óäîâëåòâîðÿòü îãðàíè÷åíèþ:∑
fi∈Fj

τi = θj ≤ θ∗j , j = 1, 2, . . . , k. (1)

Äëÿ âðåìåíè ðåàëèçàöèè ôóíêöèé âñåõ öèêëîâ äîëæíî âûïîëíÿòüñÿ ñëåäóþùåå óñëîâèå:

k∑
j=1

mjθj = T ≤ θ∗k, (2)

ãäå mj � êîëè÷åñòâî ðåàëèçàöèé öèêëà θ∗j çà ïåðèîä θ∗k; T � âðåìÿ ïåðèîäà ïëàíèðîâàíèÿ, â

êà÷åñòâå êîòîðîãî ìîæåò âûñòóïàòü, íàïðèìåð, ôèíàíñîâûé ãîä. Ëîêàëüíûå ôóíêöèè fi ∈ Fj
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áóäóò óäîâëåòâîðÿòü âðåìåííûì îãðàíè÷åíèÿì íà Y 0 òîãäà è òîëüêî òîãäà, êîãäà âûïîëíÿþòñÿ

óñëîâèÿ ðåàëèçóåìîñòè Fj :

T < θ∗k, Fk+1 6= ø, T ≤ θ∗k, Fk+1 = ø. (3)

Òî åñòü çà öèêë k ñî âðåìåíåì θ∗k äîëæíû áûòü ðåàëèçîâàíû ôóíêöèè âñåõ öèêëîâ j = 1, 2, . . . , k.

Âðåìÿ ðåàëèçàöèè ôóíêöèé ïîäìíîæåñòâà Fk+1 çàâèñèò îò T è îïðåäåëÿåòñÿ ïî ôîðìóëå:

θk+1 = θ∗k

[∑
fi∈Fk+1

τi

θ∗k − T

]
− d(θ∗k − T ) (4)

ãäå
∑

fi∈Fk+1
τi - äåéñòâèå îêðóãëåíèÿ äî íàèáîëüøåãî öåëîãî, d = 0, åñëè îñòàòîê îò äåëåíèÿ

∆ =
∑

fi∈Fk+1
τi = 0, è d = [∆]−∆ â ïðîòèâíîì ñëó÷àå.

Äëÿ ôóíêöèé ïîäìíîæåñòâ Fk+2 âðåìÿ ðåàëèçàöèè îïðåäåëÿåòñÿ àíàëîãè÷íî Fk+1 ïî âûðà-

æåíèþ (4).

Â êà÷åñòâå îöåíêè ýôôåêòèâíîñòè ñåðâèñíî-îðèåíòèðîâàííîé àðõèòåêòóðû èíôîðìàöèîííîé

ñèñòåìû ìîæíî ïðèíÿòü ïîòåðè îò çàäåðæêè îáðàáîòêè âõîäíûõ äàííûõ, ïîñòóïàþùèõ íå ñèí-

õðîííî ñ öèêëàìè θ∗j . Â îáùåì ñëó÷àå çàäåðæêà ïðè îáðàáîòêå âõîäíîãî äàííîãî xl ðàâíà max θj ,

ãäå ìàêñèìóì áåð¼òñÿ ïî âñåì Fj , j = 1, 2, . . . , k+ 1, ó êîòîðûõ ìíîæåñòâî âõîäíûõ äàííûõ X(Fj)

ñîäåðæèò xl.

Çàäà÷à ôîðìèðîâàíèÿ ìíîæåñòâà ñåðâèñîâ è èõ ìàøèííîé ðåàëèçàöèè â âèäå ïðîöåññîâ âû-

÷èñëèòåëüíîé ñðåäû ïðè ìèíèìèçàöèè ïîòåðü îò çàäåðæêè îáðàáîòêè âõîäíûõ äàííûõ ôîðìó-

ëèðóåòñÿ ñëåäóþùèì îáðàçîì: ∑
l∈L∗

max
j∈Jl

θj → min, (5)

ãäå L∗ = {l ∈ L|δl ≤ maxJl θj}; ìíîæåñòâî Jl = {j ∈ J |xl ∈ X(Fj)}; L � ìíîæåñòâî èíäåêñîâ

ýëåìåíòîâ X0. Îãðàíè÷åíèÿìè âûñòóïàþò (2), (3), à òàêæå:

Fj
⋂
j 6=s

Fs = ø;
⋃
j inJ

Fj = F ; j, s ∈ J = {1, 2, . . . , k + 2}. (6)

Ðåøåíèå çàäà÷è (5) ïðè îãðàíè÷åíèÿõ (2), (3) è (6) ìîæíî ðàçáèòü íà òðè ýòàïà:

- äåêîìïîçèöèÿ ìíîæåñòâà ëîêàëüíûõ ôóíêöèé áèçíåñ-ïðîöåññîâ {f} ïî ïîäìíîæåñòâàì Fj

â ñîîòâåòñòâèè ñ ðàçáèåíèåì èíôîðìàöèîííîãî ãðàôà R, îáåñïå÷èâàþùåãî îáðàáîòêó âõîäíûõ

äàííûõ, íî áåç ó÷¼òà îãðàíè÷åíèÿ (3);

- ðàñïðåäåëåíèå Fj ïî ïðîöåññàì âû÷èñëèòåëüíîé ñðåäû ñ ó÷¼òîì âîçìîæíîñòè èõ ïàðàëëåëü-

íîé ðåàëèçàöèè ñ öåëüþ ìèíèìèçàöèè âðåìåíè ðåàëèçàöèè è âûïîëíåíèÿ óñëîâèÿ ðåàëèçóåìîñòè

(3);

- ðàñ÷¼ò çíà÷åíèÿ öåëåâîé ôóíêöèè çàäà÷è (5) è ïîâòîðåíèå ïðåäûäóùåãî ýòàïà, åñëè ýô-

ôåêòèâíîñòü ðåàëèçàöèè ñôîðìèðîâàííûõ ñåðâèñîâ íå óäîâëåòâîðèòåëüíà è åñòü âîçìîæíîñòü

óëó÷øåíèÿ êðèòåðèÿ (5) çà ñ÷¼ò âûïîëíåíèÿ òðåáîâàíèé ïî ôîðìèðîâàíèþ âûõîäíûõ äàííûõ

Y 0.

Ýòàï I. Îñóùåñòâëÿåòñÿ ðàçáèåíèå ãðàôà R = (Z, V ) íà çàäàííîå ÷èñëî ïîäãðàôîâ Rj =

(Zj , Vj), j ∈ J = {1, 2, . . . , k + 2} ñ ó÷¼òîì òîãî, ÷òî ëîêàëüíûå ôóíêöèè áèçíåñ-ïðîöåññîâ {f}
îáÿçàòåëüíî ïåðåñåêàþòñÿ ïî ìíîæåñòâàì âõîäíûõ è âûõîäíûõ äàííûõ, à òàêæå èñïîëüçóþò

δl ∈ X0, Zj
⋂
j 6=s Zs 6= ø; j, s ∈ J . Âîçìîæíîå ðåøåíèå çàäà÷è ðàçáèåíèÿ ãðàôà ïðè äàííîì óñëî-

âèè âêëþ÷àåò, âî-ïåðâûõ, ôîðìèðîâàíèå ðàñøèðåííîãî ìíîæåñòâà ïîäãðàôîâ Rj , j ∈ J ′- ìíîæå-
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ñòâî èíäåêñîâ âñåõ ïîñòðîåííûõ íà ãðàôå R ïîäãðàôîâ, è, âî-âòîðûõ, ðåøåíèå çàäà÷è ïîêðûòèÿ

âåðøèí ãðàôà Z ïîäìíîæåñòâàìè Zj , j = {1, 2, . . . , k+ 2} ïðè ìèíèìèçàöèè ìîùíîñòè èõ ïåðåñå-
÷åíèÿ.

Îïðåäåëèì áóëåâó ïåðåìåííóþ btj ÷åðåç ñîîòíîøåíèÿ: btj = 1,åñëè zt ∈ Zt, è btj = 0 â ïðîòèâ-

íîì ñëó÷àå,t = 1, 2, . . . , |Z|, j ∈ J .
Ñ ó÷¼òîì ââåä¼ííûõ îáîçíà÷åíèé çàäà÷à ðàçáèåíèÿ ãðàôà R ñâîäèòñÿ ê çàäà÷å ïîêðûòèÿ ñëåäó-

þùåãî âèäà:

ìèíèìèçèðîâàòü

∣∣∣∣∣∣
⋃
j∈J

(Zj
⋂

s∈J,j 6=s
Zs)

∣∣∣∣∣∣ (7) (7)

ïðè îãðàíè÷åíèÿõ ∑
j∈J

btj ≥ 1, t = 1, 2, . . . , |Z|; btj ∈ {0, 1}. (8)

Çàäà÷à (7)-(8) îòíîñèòñÿ ê êëàññó çàäà÷ öåëî÷èñëåííîãî ïðîãðàììèðîâàíèÿ ñ ÿðêî âûðàæåííûì

êîìáèíàòîðíûì õàðàêòåðîì. Äëÿ ðåøåíèÿ òàêèõ çàäà÷ èñïîëüçóþòñÿ èçâåñòíûå ìåòîäû, íàïðè-

ìåð, ìåòîä îòñå÷åíèé è åãî ðåàëèçîâàííûå àëãîðèòìû Ãîìîðè èëè Áàëàøà.

Ýòàï II. Îïðåäåëåíèå âðåìåíè τip ðåàëèçàöèè ôóíêöèé fi ∈ Fj , i = 1, 2, . . . , Nj ïðè èñïîëüçîâà-

íèè ðàñïðåäåë¼ííîé ñåðâèñíî-îðèåíòèðîâàííîé àðõèòåêòóðû è âîçìîæíîñòè ðàñïàðàëëåëèâàíèÿ

ïðîöåññîâ, ñâÿçàííûõ ñ ñåðâèñàìè ñèñòåìû.

Äëÿ âñåõ ïîäãðàôîâ Rj = (Zj , Vj) ðåøàåòñÿ çàäà÷à ðàñïàðàëëåëèâàíèÿ è ðàññ÷èòûâàåòñÿ TΠ

- âðåìÿ âûïîëíåíèÿ â ñîîòâåòñòâèè ñ âûðàæåíèåì:

TΠ =

k+1∑
j=1

mj

∑
fi∈FΠ

j

τip, (9)

ãäå FΠ
j ⊂ Fj � ïîäìíîæåñòâà ëîêàëüíûõ ôóíêöèé, âûïîëíÿþùèõñÿ â êîíòåêñòå ïðîöåññà p, êîòî-

ðûé èìååò íàèáîëüøåå âðåìÿ çàâåðøåíèÿ îáðàáîòêè â öèêëå theta∗j ; τip � îöåíêà âðåìåíè âûïîë-

íåíèÿ ôóíêöèè fi ∈ FΠ
j â êîíòåêñòå ïðîöåññà p.

Â äàëüíåéøåì ïîä ïàðàëëåëüíîé ðåàëèçàöèåé ôóíêöèé ñåðâèñà ïîíèìàåòñÿ îäíîâðåìåííàÿ ðåà-

ëèçàöèÿ áîëåå ÷åì îäíîãî ïðîöåññà, ñâÿçàííîãî ñ ñåðâèñîì.

Ïóñòü â ðàñïðåäåë¼ííîé âû÷èñëèòåëüíîé ñðåäå äîïóñòèìî ïàðàëëåëüíîå âûïîëíåíèå P ïðîöåñ-

ñîâ. Ôóíêöèè Fj ìîãóò áûòü íåçàâèñèìî ðåàëèçîâàíû â êîíòåêñòå ïðîöåññîâ ñèñòåìû è èçâåñòíû

τjp îöåíêè âðåìåíè âûïîëíåíèÿ ôóíêöèè Fj â êîíòåêñòå ïðîöåññà p.

Ïðèñóòñòâèå ìíîæåñòâà èñõîäíûõ äàííûõ X0, äîñòóïíûõ âñåì ëîêàëüíûì ôóíêöèÿì ñåðâè-

ñîâ, ïðåäïîëàãàåò íàëè÷èå îáùåé ïàìÿòè â àðõèòåêòóðå èíôîðìàöèîííîé ñèñòåìû. Ââåä¼ì áóëå-

âó ïåðåìåííóþ bjp = 1,åñëè ôóíêöèÿ Fj ñâÿçàíà ñ êîíòåêñòîì ïðîöåññà p è bjp = 0 â ïðîòèâíîì

ñëó÷àå,p = 1, 2, . . . , P, j ∈ J .
Âðåìÿ âûïîëíåíèÿ ïðîöåññà p ðàññ÷èòûâàåòñÿ ïî ôîðìóëå Tp =

∑Nj
=1 bipτip, ïðè îãðàíè÷åíèè:

P∑
p=1

bip = 1, bip ∈ {0, 1}. (10)
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Â êà÷åñòâå êðèòåðèÿ îïòèìàëüíîãî ðàñïðåäåëåíèÿ ôóíêöèé ïî ïðîöåññàì ìîæåò áûòü ïðèíÿò

ìèíèìóì ðåàëèçàöèè âñåõ ëîêàëüíûõ ôóíêöèé ñåðâèñà, òî åñòü:

ìèíèìèçèðîâàòümax
p
Tp. (11)

Êðèòåðèé (11) íåïîñðåäñòâåííî ñâÿçàí ñ îãðàíè÷åíèÿìè (2)-(3) è ñïîñîáñòâóåò ðåøåíèþ çàäà÷è

(5).

Â ðåçóëüòàòå ðåøåíèÿ çàäà÷è (10)-(11) ïðè âûïîëíåíèè îãðàíè÷åíèé íà ìàêñèìàëüíîå âðåìÿ

ðåàëèçàöèè ïàðàëëåëüíî âûïîëíÿþùèõñÿ ïðîöåññîâ äëÿ âñåõ j (êðîìå j = k + 1 è j = k + 2)

áóäóò ñôîðìèðîâàíû ìíîæåñòâà ðàñïðåäåë¼ííûõ ñåðâèñîâ FΠ
j , j = 1, 2, . . . , k.

Ýòàï III. Ýòàï ñâÿçàí ñ àíàëèçîì ýôôåêòèâíîñòè ðåàëèçàöèè ïîëó÷åííîãî ìíîæåñòâà ðàñïðå-

äåë¼ííûõ ñåðâèñîâ.

Îæèäàåìîå âðåìÿ âûïîëíåíèÿ âñåé ñîâîêóïíîñòè ôóíêöèé Fi ∈ F ïðè èõ ðåàëèçàöèè â ñèñòåìå

ðåàëüíîãî âðåìåíè ìîæíî âû÷èñëèòü êàê:

TΠ =

k∑
j=1

mjθ
Π
j . (12)

Çàìåíèâ â (3) T íà TΠ è θj íà θΠ
j , ïðîâåðÿåì óñëîâèÿ ðåàëèçóåìîñòü äëÿ ñôîðìèðîâàííîãî

ìíîæåñòâà {FΠ
j }.

Åñëè óñëîâèå (3) íå âûïîëíÿåòñÿ, òî ëèáî äåëàåòñÿ ïîïûòêà óëó÷øèòü TΠ, ïîâòîðèâ ýòàï II äëÿ

j ∈ J , ÷òîáû ëèêâèäèðîâàòü ïåðåãðóçêó ðàñïðåäåë¼ííîé âû÷èñëèòåëüíîé ñðåäû; ëèáî äåëàåòñÿ

âûâîä î íåâîçìîæíîñòè ðåàëèçàöèè äàííîãî ìíîæåñòâà ôóíêöèé áèçíåñ-ïðîöåññîâ â êîíòåêñòå

çàäàííîãî ìíîæåñòâà ïðîöåññîâ.

Åñëè óñëîâèå (3) âûïîëíÿåòñÿ, òî îñóùåñòâëÿåòñÿ ðàñ÷¼ò θΠ
k+1 è θ

Π
k+2 ïî ôîðìóëå:

θΠ
k+1 = θ∗k

[
maxp∈P t

p
k+1

(θ∗k − TΠ)

]
− d(θ∗k − TΠ), (13)

ãäå äåéñòâèÿ maxp∈P t
p
k+1 è d àíàëîãè÷íû äåéñòâèÿì â (4), à âåëè÷èíà tpk+1 îïðåäåëÿåò âðåìÿ

çàâåðøåíèÿ ñåðâèñà F pk+1 â êîíòåêñòå ïðîöåññà p.

Íàëè÷èå óêëàäêè âðåìåíè θΠ
1 , θ

Π
2 , . . . , θ

Π
j , . . . , θ

Π
k+1 ïîçâîëÿåò îïðåäåëèòü çàäåðæêè ïðè îáðà-

áîòêå âõîäíûõ äàííûõ èç X0, öèêëû ïîñòóïëåíèÿ êîòîðûõ íå ñèíõðîííû ñ θΠ
j , ïî âûðàæåíèþ:

=
∑
l∈L∗

max
j∈Jl

θΠ
j (14)

ãäå L è Jl îïðåäåëåíû â âûðàæåíèè (5).

Åñëè èçâåñòíà çàâèñèìîñòü ïîòåðü ðåàëèçàöèè ôóíêöèé îò âåëè÷èíû çàäåðæêè, òî âåëè÷èíà

ìîæåò âûñòóïàòü â êà÷åñòâå îöåíêè ýôôåêòèâíîñòè ðåàëèçàöèè ìíîæåñòâà ñåðâèñîâ â êîíòåêñòå

P ïðîöåññîâ ðàñïðåäåë¼ííîé ñåðâèñ-îðèåíòèðîâàííîé àðõèòåêòóðû èíôîðìàöèîííîé ñèñòåìû,

ôóíêöèîíèðóþùåé â ñèñòåìå ðåàëüíîãî âðåìåíè.
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PARALLEL COMPUTING OF TWO PHASE FLOW IN POROUS MEDIUM

ON GPU
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Abstract. This paper reviews the parallel computing of hydrodynamics calculations on GPU

using CUDA. Most time-consuming parts of code, escpecially solution of Poisson's equation by

SOR method were adapted for GPU implementation. The factors a�ecting speed-up on GPU were

described. Results of calculation accelerations on video card GeForce GTX 560 Ti are presented.

The maximum achieved acceleration is about 90 times.

Keywords: parallel computing, calculations on GPU, CUDA.

A­äàòïà. Ìà©àëàäà ãðàôèêàëû© êàðòàäà CUDA-íû ïàéäàëàíûï ãèäðîäèíàìèêàëû© åñåïòå-

óëåðäi­ ïàðàëëåëüäåói ©àðàñòûðûë¡àí. Êîäòû­ ´çà© åñåïòåëiíåòií á°ëiêòåði, àòàï àéò©àíäà

Ïóàññîí òå­äåóií æî¡àð¡û ðåëàêñàöèÿ ºäiñiìåí øåøó GPU-äà æ³çåãå àñûðûëó¡à áåéiìäåë-

ãåí. Æûëäàìäàòó¡à ºñåð åòåòií ôàêòîðëàð ñèïàòòàë¡àí. GTX560 Ti âèäåîêàðòàñûí ©îëäàíó

àð©ûëû 90 åñå ³äåòó àëûí¡àí.

Êiëòòiê ñ°çäåð: ïàðàëëåëüäiê åñåïòåóëåð, GPU, CUDA.

Àííîòàöèÿ. Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ ðàñïàðàëëåëèâàíèå ãèäðîäèíàìè÷åñêèõ ðàñ-

÷åòîâ íà ãðàôè÷åñêîé êàðòå ñ èñïîëüçîâàíèåì CUDA. Áûëè àäàïòèðîâàíû ïîä ðåàëèçàöèþ íà

GPUíàèáîëåå âðåìÿ-çàòðàòíûå ó÷àñòêè êîäà, â ÷àñòíîñòè ðåøåíèå óðàâíåíèÿ Ïóàññîíà ìåòî-

äîì âåðõíåé ðåëàêñàöèè. Îïèñàíû ôàêòîðû, âëèÿþùèå íà óñêîðåíèå. Ìàêñèìàëüíîå óñêîðå-

íèå, êîòîðîå óäàëîñü äîñòèãíóòü ñ èñïîëüçîâàíèåì âèäåîêàðòû GTX560 Ti, ñîñòàâëÿåò îêîëî

â 90 ðàç.

Êëþ÷åâûå ñëîâà: ïàðàëëåëüíûå âû÷èñëåíèÿ, GPU, CUDA.

Introduction

The role of graphics processors (GPU) in the various resource-intensive tasks solution increases

day by day [1-4]. This is because the GPU performance is being rapidly raised by increasing the

number of compute cores in comparison with the performance of CPU. One of the applications areas

where high performance of the GPU can be used to speed up the calculations is �uids �ow in porous

media (reservoir simulation). In the known commercial simulators like Eclipse, VIP, tNavigator and

so on, the parallel calculation is based on using the computing cores clusters of high performance,

or personal computers with OpenMP and MPI. OpenMP assumes the simultaneous functioning of

several processors while using a common memory. In the case of MPI-programming, several processors

work by using the own memory for each processor, and communicate between each other by sending

and receiving messages. In both cases, the used memory is the operating memory of the CPU. The

principal di�erence suggested in the present paper is the use of the core memory of the GPU for parallel

calculations. The �rst experience of using GPU for calculations in various research areas [1-4] proved
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its e�ciency. This experience is still very modest in the theory of �ow through geological reservoirs.

In this paper a wide range of possibilities of GPU use for mathematical calculations was tested on the

example of 3D model of two-phase �ow in an oil reservoir.

Problem formulation

Mathematical model

Let us consider the two-phase immiscible isothermal �ow of two low-compressible liquids (oil

and water) in a low deformable porous medium which is described by the following system of mass

conservation equations [5, 6]:

∇ ·
[
kroK

µo
(∇p− γo∇z)

]
=

∂

∂t

[
φ (1− Sw)

Bo

]
+ qo, (1)

∇ ·
[
krwK

µw
(∇p− γw∇z −∇pow)

]
=

∂

∂t

[
φSw
Bw

]
+ qw, (2)

where K is the absolute permeability; kro, krw are the relative permeabilities of oil and water, φ

porosity, Sw is the water saturation; p is the oil pressure; qo, qw are the rates of sink/sources; Bo, Bw
are the formation volume factors; z is the vertical coordinate; µo, µw are the dynamic viscosities; t is

the time; pow is the capillary pressure; γo, γw are the speci�c weights; indexes w and o refer to water

and oil respectively.

We consider the displacement of oil by water injected through a given system of wells. Another well

system produces oil. The reservoir is isolated, such that the non-�ow Neumann boundary condition is

set at the domain boundary. The injection rates qw are given, while the oil and water production rates

are the results of the problem solution.

System (1) and (2) can be reduced to the dissymmetric form by algebraic transformations:

∇ · (λ∇p) = fp (x, t, Sw, p) , (3)

a
∂Sw
∂t

+
−→
U · ∇F = ∇ · (Dc (Sw)∇Sw) + fS (x, t, Sw, p) , (4)

where

λα =
Kkr,a
µα

, F =
λo

λo + λw
, λ = λo + λw, a ≡ φ

(
F

Bw
− 1− F

Bo

)
, Dc (Sw) ≡ −λwF

dpow
dSw

,

fp (x, t, Sw, p) ≡
∂

∂t

(
φ

(
Sw
Bw

+
1− Sw
Bo

))
+∇ · (λo∇pow) +∇ · ((λoγo+λwγw)∇z) + qo + qw,

fS (x, t, Sw, p) ≡ ∇ · ((λoγo (1− F )−λwγwF )∇z) + SwF
∂

∂t

(
φ

Bw

)
+ (1− Sw) (1− F )

∂

∂t

(
φ

Bo

)
+

+ qo (1− F )− qwF,
−→
U ≡

(
λo
F
∇p− (λoγo+λwγw)∇z −∇pow

)
.

For the case when both �uids are incompressible and the medium is non-deformable the porosity

and volume factors Bo = Bw = 1 are constant, then coe�cient a = 1 and the time derivatives in fp
and fS are zero.

Equation (3) is interpreted as �the equation for pressure� and represents the di�usion equation if

the saturation is given, or the Poisson's equation for incompressible liquids and non-deformable porous
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medium. The second equation is interpreted as the equation for saturation; it is the convection-di�usion

equation if pressure is given or the equation of nonlinear convection if the capillary forces are zero.

Domain, closure relationships and initial data

The �ow domain is shown in �g. 1, a. The capillary pressure was neglected, the relative permeabi-

lities are shown in �g. 1, b. Other data is shown in table 1.

Table 1 Input data

Variable Value Variable Value
Permeability tensor, mD 2900; 2900;

2900
Oil viscosity, cP 1,0

Porosity, % 33 Water viscosity, cP 0,1
Initial pressure, áàð 100 Oil density, kg/m3 870
Initial water saturation,
%

20 Water density,
kg/m3

1001

a) b)

Figure 1 Flow domain (a) and relative permeabilities (b)

Numerical discretization

The system of equations (3)-(4) is sampled by time and space by the use of IMPES method and

control volume approach respectively. At �rst, the equation (3) is solved, by SOR method with known

data, and then water saturation values for each grid cell are calculated with the use of the pressure

�eld found from the equation (4). Thereafter the value of the functions depending on the pressure and

water saturation is updated, from here on move to the next new layer in time.

Program realization on GPU with CUDA

In our code, the largest time of calculation is spent on the treatment of huge 3D matrixes of pressure

which correspond to the solution of the Poisson equation (3)-(4). Exactly these operations with various

3D matrixes were parallelized by using GPU.

Input data of calculation were divided into various classes of CUDA memory, in dependence of

their volume, frequency and need of use. For example, large arrays of cells data are stored in global
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memory, PVT and saturation function tables occupies a small volume and stored in constant memory

for quick access [7].

Decomposition onto threads and blocks

Let us introduce the following notations: NX, NY, NZ values � amount of computational cells

among X, Y and Z axis severally, (i, j, k) � index of computational cells, where i = 1, 2, . . . , NX,

j = 1, 2, . . . , NY , k = 1, 2, . . . , NZ.

First of all, all the data onto independent cell blocks was decomposed. Each cell block is treated by

the block of threads, which are executed in parallel and absolutely independently of each other. Each

thread block is treated by its �own� stream processor of GPU. Then, each thread block is divided into

many threads which need minimal system of data. The threads within a block are executed in parallel

by using the shared memory in GPU and are not totally independent of each other, but can use the

shared data and can be synchronized between them.

In our case, we associate a thread to a vertical column of numerical cells in k-direction that

correspond to a �xed (i, j)-coordinate. Each thread calculate cells with indexes from (i, j, 1) to (i, j,NZ).

Thus, we obtain a 2D grid of blocks, as shown in �g. 2.

2D grid of thread blocks showed up more e�ectively as against 3D grid of thread blocks. It was found

that the optimum size of thread blocks for acceleration � 32×16, however the 16x16 tiling is better
scaled under the various sizes of model grid and only slightly inferiors in performance [7]. Therefore

for further calculations the thread block 16×16 was used.
The kernel is associated to the set of operations that treat the discrete Poisson's equation conse-

cutively for all cells of a thread starting from the bottom. These operations are described in the next

section.

Figure 2 Splitting of data into thread blocks

Parallelization of solution of Poisson's equation

In order to �nd value of pressure in each cells of the hydrodynamic model, it is necessary to solve

Poisson's equation for the each time step. The system of equations (3)-(4) was discretized using IMPES

method. SOR method was chosen for calculation of pressure values, because it is well known fact that

its convergence is considerably faster in comparison with Jacoby or native Gauss-Seidel methods. The
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following computing scheme was used for the sequential algorithm for equation (3):
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(5)

where constant ω is the relaxation factor, hx, hy, hz are the lengths of cells along X, Y, Z axes,

respectively, fp � right-hand-side of equation (3).

The iterative formula (5) is not suitable for parallel computing of values pl+1
i,j,k, therefore it was

adopted for GPU implementation. The adaptation was carried in following way: in K-direction formula

(5) has no changes (because each thread calculates values pl+1
i,j,k in K-direction sequentially), in i and

j directions well-known red-black scheme was applied. Compute cells were colored as follows: red cells

neighbor with black ones in i and j directions and with red ones in k-direction. That is why formula

(5) will have 2 steps at each l-iteration:

1) Computing of pressure value in red cells using following formula:
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2) Computing of pressure value in black cells using following formula:
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are denoted as

C1, C2, C3, C4, C5, C6 respectively.

Figure 3 shows execution steps of red-black SOR realization at (l+1)-iteration on cell's block, which

calculated by one thread block. Non-computed red/black cells are displayed as pink/grey colored cells,

i.e. cells of previous iteration (plR,i,j,k / p
l
B,i,j,k), computed red/black cells on current (l + 1)-iteration

(pl+1
R,i,j,k / p

l+1
B,i,j,k) are displayed as red/black colored cells. Each thread of thread block calculates cell's

column independently from each other. Because black (or red) cells can be computed only after that red

(or black) cells has been computed, red-black iteration is implemented as two separate GPU kernels:

at �rst ¾red¿ kernel is executed (�g. 3, b), only after it is �nished (�g. 3, c) �black� kernel will run (�g.

3, d).

Due to this compute scheme of red-black iteration by L thread block with size (tx+ 1, ty+ 1) must

perform cell's block with size (2 ∗ (tx+ 1), ty + 1) on each iteration by k (�g. 4, a). To �t condition of

access coalescing to GPU global memory for all type of compute capabilities 16 4-byte words of warp

requests must lie in the one 64-byte segment. For it, each arrays of data for red-black iteration was

divided onto red/black arrays (�g. 4 b, c), which contains data of red/black cells. Figure 4 shows the
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data regrouping onto two separate red/black arrays. For example, if tx + 1 equals 16, then group of

thread with index by x = 0 . . . 15, which computes red cells, sequentially requests to data in ¾red¿

�oat array (�g. 4 b), located in 64-byte segment.

Figure 3 Execution steps of red-black SOR realization at (l + 1)-iteration

Figure 4 Data regrouping onto red and black arrays

Numerical experiments. Results and discussions

In this section series of calculations with various parameters were carried out. Acceleration results

by using GPU were found. Some factors a�ecting on speed-up (size of tread block, usage of streaming

multiprocessors, number of wells on model, etc.) were described and discussed in [7].

Parallel computations were compared with sequential computations. Central processor IntelCorei7

2600 was used for the sequential calculation. GPU and CPU characteristics used for calculations are

shown in table 2.

Table 2 Parameters of GPU and CPU used for computations

Device type/name GPU/ GeForce GTX 560 Ti CPU/ Intel Core i7 2600
Streaming multiprocessors 8 -
Cores 384 8
Core clock rate, MHz 822 3400
Processor clock rate, MHz 1645 -
Memory clock rate,MHz 4008 667
Memory bandwidth, Gb/s 128 21
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In�uence of cell proportions on computational acceleration

Let NX, NY, NZ be the total size of the domain along the corresponding axes. Let NX = NY .

The objective of our numerical experiments was to detect the in�uence of the ratio NX/NZ on the

acceleration of computations for a �xed total number of cells: NX × NY ×NZ = 921600, NZ varied

between 1 and 3600. Figure below (�g. 5) shows the dependence of the calculation acceleration on the

proportion between NX and NZ. A thread block was 16×16.

Figure 5 Dependence of the acceleration on the proportion NX × NY × NZ = 921600

In�uence of the cell's total number on the acceleration

The in�uence of the total number of cells on the computational acceleration was tested. The total

number of computational cells varied in the range of 96000-8177664. Figure 6 shows the dependence

of the acceleration on the total number of computational cells. It is stabilized for the domains having

more than two million cells. The stabilized maximum acceleration is about 90 times. Thus, parallel

computing on GPU of recovery simulation is more e�cient for su�ciently large domains.

Figure 6 Dependence of the acceleration on total number of cells
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Conclusions

In this work transposition and optimization of the program of hydrodynamic modeling from the

consecutive version to parallel version on GPU using CUDA technology is carried out. For parallel

calculations video card GeForce GTX 560 Ti was used, consecutive calculations were spent on the

central processor Intel Core i7-2600.

Computation of cells values (values of pressure, water/oil saturations, coe�cients for Poisson's

equation) in a three-dimensional grid of model and solution of Poisson's equation occupies the main

part of time in the consecutive program, especially at the big sized model. This part of code was

rewritten for execution on GPU using CUDA. All model cells have been split into two-dimensional

regions of thread blocks, each thread processes cells with indexes from (i, j, 1) to (i, j,NZ). Iterative

formula of SOR method was adapted for this scheme of threads organization.

A series of calculations on the test model (with di�erent ratios NX, NY, NZ relative to each other

and the total number of cells) were executed. Analyzing the results of the calculations, identifying the

main factors a�ecting the performance, it is possible to predict the acceleration value of the model in

its size (Figures 5, 6). Calculations show that the highest speed-up on GPU is reached on models with

large grid size (2 million cells and more). The maximum achieved speed-up with GeForce GTX 560 Ti

is 90 times.

Thus, it is found out, that algorithm of the Poisson's equation for incompressible liquids and non-

deformable porous medium using red-black SOR method is perfectly suitable for CUDA architecture.

Considerable acceleration was achieved on big model. Recovery simulation on big model using GPU

can be competitive alternative of use of high-performance clusters based of CPU.
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ÊÎÌÏÜÞÒÅÐÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÂÎÄÎÑÁÐÎÑÎÂ ÏËÎÒÈÍÛ

ÌÅÄÅÎ Â ÒÅÕÍÎËÎÃÈÈ FLOWVISION

Á.À. Áåëüãèáàåâ, À.Ì. Áóêåñîâà, À.Å. Êîðæàñïàåâ

Ìåæäóíàðîäíàÿ àêàäåìèÿ áèçíåñà, ã. Àëìàòû

Abstract. The aim of the report is to develop a computer system for monitoring of vortex shaft

outlets structures technical condition with advanced three-dimensional animation and real design

of the �ow pattern, for which data will be obtained with using 3D laser scanner and deterministic

simulation based on Rossby equation.

Keywords: vortex shaft outlets, three-dimensional scan, deterministic computing simulation.

À­äàòïà. Äåðåêòåði 3D ëàçåðëiê ñêàíåðiíi­ æºíå Ðîññáè òå­äåói íåãiçiíäå àíû©òàë¡àí êîì-

ïüþòåðëiê ìîäåëäåóäi­ ê°ìåãiìåí àëûíàòûí ñó à¡ûñûíû­ íà©òû æºíå åñåïòiê ê°ðiíiñiíi­

³ø°ëøåìäiê àíèìàöèÿñûíû­ êå­åéòiëãåí ì³ìêiíäiêòåði áàð ñó ©àøûðò©û ¡èìàðàòûíû­ òåõ-

íèêàëû© æà¡äàéûíû­ ìîíèòîðèíãiñiíi­ êîìïüþòåðëiê æ³éåñií äàéûíäàó áîëûï òàáûëàäû.

Êiëòòiê ñ°çäåð: ©àøûðò©û ¡èìàðàòûíû­ òåõíèêà, 3D ëàçåðëiê ñêàíåðëûê, êîìïüþòåðëiê

ìîäåëäåó.

Àííîòàöèÿ. Â äîêëàäå ïðåäñòàâëåíû ýòàïû ðàçðàáîòêè êîìïüþòåðíîé ñèñòåìû ìîíèòîðèíãà

òåõíè÷åñêîãî ñîñòîÿíèÿ âîäîñáðîñíûõ ñîîðóæåíèé ñ ðàñøèðåííûìè âîçìîæíîñòÿìè òðåõìåð-

íîé âèçóàëèçàöèè ðåàëüíîé è ðàñ÷åòíîé êàðòèí òå÷åíèé, äàííûå äëÿ êîòîðûõ ïîëó÷åíû ñ

ïîìîùüþ 3D ëàçåðíîãî ñêàíåðà è äåòåðìèíèðîâàííîãî êîìïüþòåðíîãî ìîäåëèðîâàíèÿ íà îñ-

íîâå óðàâíåíèÿ Ðîññáè.

Êëþ÷åâûå ñëîâà: øàõòíûå âîäîñáðîñû, 3D ëàçåðíîå ñêàíèðîâàíèå, äåòåðìèíèðîâàííîå êîì-

ïüþòåðíîå ìîäåëèðîâàíèå.

Àíàëèç ëèòåðàòóðíûõ è ïàòåíòíûõ èññëåäîâàíèé ïîêàçûâàåò, ÷òî íà ñîâðåìåííîì ýòàïå ðàç-

âèòèÿ ãèäðîòåõíè÷åñêîãî ñòðîèòåëüñòâà àíàëîãîâ âîäîñáðîñíûì ñîîðóæåíèÿì ïðîòèâîñåëåâîé

ïëîòèíû Ìåäåî íåò.

Ñîçäàííûå êàçàõñòàíñêîé íàó÷íîé øêîëîé ãèäðàâëèêîâ ñïðàâî÷íûå ñõåìû ðàñ÷åòà îñíîâíûõ

ïàðàìåòðîâ âîäîñáðîñîâ ïëîòèíû Ìåäåî ïîçâîëèëè çíà÷èòåëüíî èõ óñîâåðøåíñòâîâàòü è ñîçäàëè

ïðåäïîñûëêè äëÿ ñîçäàíèÿ íà ñîâðåìåííîì ýòàïå ðàçâèòèÿ ÊÒ èííîâàöèîííûõ ïðîãðàììíûõ

ïðîäóêòîâ èíæåíåðíîãî ðàñ÷åòà ãèäðàâëèêè ïîäîáíûõ ãèäðîòåõíè÷åñêèõ ñîîðóæåíèé.

Èçâåñòíî, ÷òî ïîòîêè âîäû â øàõòíîì âîäîñáðîñå ìîãóò áûòü îïèñàíû óðàâíåíèÿìè Íàâüå-

Ñòîêñà. Äàííûå ñèñòåìû óðàâíåíèé ÿâëÿþòñÿ íåëèíåéíûìè, äâóõôàçíîñòü ïîòîêà (âîäà+êàìíè),

ñëîæíîñòü ïîñòàíîâêè ãðàíè÷íîãî óñëîâèÿ äëÿ äàâëåíèÿ íà æåëåçîáåòîííûõ ñòåíêàõ øàõòû,

ñâÿçàííûå ñ âîçíèêíîâåíèåì ýôôåêòà "êàâèòàöèè"ïðèâîäÿò ê ìàòåìàòè÷åñêèì ïðîáëåìàì ïî

ìîäåëèðîâàíèþ ðàñ÷åòíûõ ïàðàìåòðîâ ïîòîêà íà âíóòðåííåé ïîâåðõíîñòè øàõòû, ÷òî òðåáóåò

ïîèñêà ñîâðåìåííûõ ïîäõîäîâ ê ðåøåíèþ ýòèõ çàäà÷.

Èçâåñòíûå ýêñïåðèìåíòàëüíûå äàííûå ïîçâîëÿþò ñîçäàòü ïîëóýìïèðè÷åñêèå ìàòåìàòè÷åñêèå

ìîäåëè, îñíîâàííûå íà ïîèñêå àâòîìîäåëüíîñòè òå÷åíèÿ â âîäîñáðîñå, ó÷åòå øåðîõîâàòîñòè ïî-

âåðõíîñòè øàõòû, òóðáóëåíòíîñòè ïîòîêà, ãèäðàâëè÷åñêèõ ýôôåêòîâ, ñâÿçàííûõ ñ óíèêàëüíîé

êîíñòðóêöèåé çàâèõðèòåëåé âîäîñáðîñîâ ïëîòèíû Ìåäåî [1].
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Äàëüíåéøåå ðàçâèòèå òåîðåòè÷åñêèõ îñíîâ òåõíè÷åñêîé ãèäðîäèíàìèêè âîäîñáðîñîâ è ñîçäà-

íèå èííîâàöèîííûõ ïðîãðàììíûõ ïðîäóêòîâ ðàñ÷åòà è êîíòðîëÿ ïàðàìåòðîâ â âèõðåâûõ øàõòíûõ

âîäîñáðîñàõ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé ñîâðåìåííîé òåõíè÷åñêîé ãèäðîäèíàìèêè [2].

Ñåëåçàùèòíàÿ ïëîòèíà Ìåäåî ïåðâîíà÷àëüíî èìåëà 90-ìåòðîâóþ âûñîòó ãðåáíÿ, åìêîñòü ñåëå-

õðàíèëèùà ñîñòàâëÿëà 6 ìèëëèîíîâ êóáè÷åñêèõ ìåòðîâ, îäíàêî, êàê ïîêàçàëà ïðàêòèêà, ñåëåâîé

ïîòîê 1973 ãîäà èìåë îáúåì îêîëî 5 ìèëëèîíîâ êóáè÷åñêèõ ìåòðîâ, ïðè÷åì èç-çà çàâàëà âîäîïðè-

åìíèêîâ âîäîñáðîñà â êðèòè÷åñêèå ìîìåíòû êàòàñòðîôû õðàíèëèùå íà÷àëî ïåðåïîëíÿòüñÿ è äî

ãðåáíÿ ïëîòèíû îñòàâàëîñü âñåãî ïÿòü ìåòðîâ. Àâàðèéíûå âîäîñáðîñû ïåðâîé î÷åðåäè ïëîòèíû

íàõîäÿòñÿ â ëåâîé ÷àñòè ïëîòèíû, îáùàÿ äëèíà òóííåëÿ ñîñòàâëÿåò 540 ìåòðîâ ñ ïëîùàäüþ ñå-

÷åíèÿ â 16 êâàäðàòíûõ ìåòðîâ, ïîäâîäÿùèå òóííåëè êâàäðàòíîãî ñå÷åíèÿ, âåðòèêàëüíàÿ øàõòà

âîäîñáðîñà öèëèíäðè÷åñêîé ôîðìû ñ äèàìåòðîì â 3,5 ìåòðà.

Òàíãåíöèàëüíûå çàâèõðèòåëè èìåþò óíèêàëüíóþ êîíñòðóêöèþ, ðàçðàáîòàííóþ è ýêñïåðèìåí-

òàëüíî èññëåäîâàííóþ Ñ.Ì. Ñëèññêèì è Ò.Õ. Àõìåòîâûì [3]. Ïðîïóñêíàÿ ñïîñîáíîñòü âîäîñáðîñ-

íûõ ñîîðóæåíèé ñîñòàâëÿåò 30 ìåòðîâ êóáè÷åñêèõ â ñåêóíäó.

Ïîñëå êàòàñòðîôè÷åñêîãî ñåëÿ 1973 ãîäà âî âòîðîé î÷åðåäè ïëîòèíû ïîñòðîåíû äóáëèðóþùèå

âîäîñáðîñíûå ñîîðóæåíèÿ, îáùàÿ äëèíà òóííåëåé êîòîðûõ ñîñòàâëÿåò 460 ìåòðîâ, ïëîùàäü ñå÷å-

íèÿ ïîäâîäÿùèõ òóííåëåé, äèàìåòð øàõòû è çàâèõðèòåëü âûáðàíû àíàëîãè÷íî ïåðâîé î÷åðåäè.

Îòëè÷èòåëüíîé îñîáåííîñòüþ âòîðîé î÷åðåäè ÿâëÿþòñÿ âîäîïðèåìíèêè, êîòîðûå ðàñïîëîæåíû

îò äíà ñåëåõðàíèëèùà äî ãðåáíÿ ïëîòèíû.

Â íàñòîÿùåå âðåìÿ ñåëåçàùèòíàÿ ïëîòèíà Ìåäåî íàäåæíûé ùèò ãîðîäà Àëìàòû îò ãðîçíîé

ñèëû ïðèðîäû, åìêîñòü ñåëåõðàíèëèùà ñîñòàâëÿåò 12,6 ìëí. êóáè÷åñêèõ ìåòðîâ ïðè ñåéñìîóñòîé-

÷èâîñòè äî 10 áàëëîâ ïî øêàëå Ðèõòåðà (ðèñóíîê 1).

Ðèñóíîê 1 Ñåëåçàùèòíàÿ ïëîòèíà Ìåäåî è âîäîñáðîñíûå ñîîðóæåíèÿ

Íàäî îòìåòèòü, ÷òî âñå ýêñïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå â ëàáîðàòîðèè ÃÒÑ Êàç-

ÍÈÈ Ýíåðãåòèêè êîëëåêòèâîì ïîä ðóêîâîäñòâîì ïðîôåññîðà Ò.Õ. Àõìåòîâà, áûëè ñîáðàíû íà

ïëàñòèãëàñîâûõ ìîäåëÿõ ðàçíîãî ìàñøòàáà, ðàáîòàþùèõ íà "÷èñòîé" âîäå.

Ëåâûé âîäîñáðîñ ðàáîòàåò â ýêñïëóàòàöèîííîì ðåæèìå ñ ïåðåïàäîì â 20 ìåòðîâ äëÿ ïðîïóñêà

ðàñõîäà ðåêè Ìàëàÿ àëìàòèíêà, ýòî ñîîðóæåíèå çà ïî÷òè 40-ëåòíèé ïåðèîä ýêñïëóàòàöèè ðàáî-

òàåò íàäåæíî è â ðàñ÷åòíîì ðåæèìå. Ïîñëå ââîäà â ýêñïëóàòàöèþ âîäîñáðîñîâ ïëîòèíû Ìåäåî

ãèäðàâëè÷åñêèõ èññëåäîâàíèé ñîîðóæåíèÿ è ðåæèìîâ òå÷åíèÿ â øàõòå íå ïðîâîäèëîñü.
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Ó÷èòûâàÿ àêòóàëüíîñòü è ïðàêòè÷åñêóþ öåííîñòü ìîíèòîðèíãà âîäîñáðîñîâ ïëîòèíû Ìåäåî

íà áàçå íàó÷íî-èññëåäîâàòåëüñêîãî èíñòèòóòà ìàòåìàòèêè è ìåõàíèêè ÊàçÍÓ èì.àëü-Ôàðàáè ñî-

çäàí íàó÷íûé êîëëåêòèâ äëÿ âûïîëíåíèÿ ôèíàíñèðóåìîãî íàó÷íîãî ïðîåêòà "Êîìïüþòåðíîå ìî-

äåëèðîâàíèå âîäîñáðîñíûõ ñîîðóæåíèé"(162/ÃÔÇ ãðàíò ÌÎÍ ÐÊ íà 2013-2015 ãã.), â êîòîðîì íà

îñíîâå äàííûõ 3D ëàçåðíîãî ñêàíèðîâàíèÿ òðåáóåòñÿ ñîçäàòü àäåêâàòíûå ìàòåìàòè÷åñêèå è êîì-

ïüþòåðíûå ìîäåëè ðåæèìîâ ðàáîòû âîäîñáðîñîâ ïëîòèíû Ìåäåî ñ èñïîëüçîâàíèåì ñîâðåìåííûõ

âîçìîæíîñòåé êîìïüþòåðîâ äëÿ àíèìàöèè è âèçóàëèçàöèè ïðîöåññîâ â âîäîñáðîñíûõ ñîîðóæåíè-

ÿõ ïëîòèíû Ìåäåî.

Ðàíåå ïðîâåäåííûå ðàáîòû [4] ïîçâîëèëè íà îñíîâå óðàâíåíèé Ðîññáè ðàññ÷èòûâàòü è ñòðîèòü

ãðàôè÷åñêèìè ñðåäñòâàìè Òurbo Ðascal, 3D Max, MatLab 6.5 òðåõìåðíûå êàðòèíû òå÷åíèÿ â

êîíñòðóêòèâíûõ ýëåìåíòàõ âîäîñáðîñà ïëîòèíû Ìåäåî è Áåñ-Òþáèíñêîãî ãèäðîóçëà.

Íàïðèìåð, äëÿ ïåðåïàäà Áåñ-Òþáèíñêîãî ãèäðîóçëà áûë ðàçðàáîòàí ãðàôè÷åñêèé èíòåðôåéñ,

ïîçâîëèâøèé â èíòåðàêòèâíîì ðåæèìå ðàññ÷èòàòü è ïîñòðîèòü òðåõìåðíóþ êàðòèíó òå÷åíèÿ â

ñïèðàëüíîì çàâèõðèòåëå, ýòè äàííûå ïîëó÷èëè ñâîå ïðàêòè÷åñêîå âíåäðåíèå è ðåàëèçîâàíû â

âèäå ýëåìåíòà ÃÒÑ Áåñ-Òþáèíñêîãî ãèäðîóçëà (ðèñóíîê 2).

Ðèñóíîê 2 Êàðòèíà òå÷åíèÿ â ñïèðàëüíîì çàâèõðèòåëå

Ïåðñïåêòèâíûì íàïðàâëåíèåì ðàçâèòèÿ òðåõìåðíîãî ãðàôè÷åñêîé âèçóàëèçàöèè â ÐÊ ÿâ-

ëÿåòñÿ ïðèìåíåíèå ïðîãðàììíûé êîìïëåêñ FlowVision (Ðîññèÿ), îáëàñòü ïðèìåíåíèÿ êîòîðîãî

ðàñïðîñòðàíÿåòñÿ òàêæå íà ìîäåëèðîâàíèå è âèçóàëèçàöèè ìåòîäàìè êîìïüþòåðíîé ãðàôèêè

òðåõìåðíûõ òå÷åíèé æèäêîñòè â ãèäðîòåõíè÷åñêèõ ñîîðóæåíèÿõ ñ îïðåäåëåíèåì êîýôôèöèåí-

òîâ ñîïðîòèâëåíèÿ ñ ó÷åòîì âëèÿíèÿ øåðîõîâàòîñòè. Ìîäåëüíîé çàäà÷åé ÿâëÿåòñÿ ðàñ÷åò è âè-

çóàëèçàöèÿ ïî òåõíîëîãèè FlowVision [5] ãèäðàâëè÷åñêèõ ïðîöåññîâ òîðîáðàçíîãî çàâèõðèòåëÿ

(ðèñóíîê 3).

Øèðîêîìó èñïîëüçîâàíèþ ýòîãî ïðîãðàììíîãî êîìïëåêñà â ÐÊ ïðåïÿòñòâóåò îòñóòñòâèå ëè-

öåíçèè äëÿ êîëëåêòèâíîãî ïîëüçîâàíèÿ ïðîãðàììíûì êîìïëåêñîì FlowVision áåç îãðàíè÷åíèÿ

êîëè÷åñòâà òî÷åê íà ñóïåðêîìïüþòåðàõ ÐÊ íà ïðàâàõ àðåíäû. Íà ïåðâîì ýòàïå îñâîåíèÿ ïðî-

ãðàììû FlowVision îñóùåñòâëÿåòñÿ ïî ñïåöèàëüíîé ïðîãðàììå ôèðìû Òàñèñ äëÿ ñòóäåíòîâ è

àñïèðàíòîâ ¾Ó÷èñü ñòóäåíò¿. Ó÷àñòèå â ýòîé ïðîãðàììå ïîçâîëèëî ïîëó÷èòü ÌÀÁ ÷åòûðå áåñ-

ïëàòíûõ 2-õìåñÿ÷íûõ ëèöåíçèé íà ïðîãðàììíûé êîìïëåêñ FlowVision áåç îãðàíè÷åíèÿ ÷èñëà

òî÷åê äëÿ âûïîëíåíèÿ ïðîåêòîâ â ðàìêàõ ÍÈÐÑ ñòóäåíòîâ è ìàãèñòðàíòîâ ÌÀÁ, îäíàêî, ïî

ïðàâèëàì ôèðìû Òàñèñ, áûëè ïåðåäàíû èì ïðàâà íà ïóáëèêàöèþ ìàòåðèàëîâ â îòêðûòîé ïå-



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 82 Âû÷èñëèòåëüíûå òåõíîëîãèè

Ðèñóíîê 3 Êàðòèíà òå÷åíèÿ â òîðîáðàçíîì çàâèõðèòåëå

÷àòè. Â íàñòîÿùåå âðåìÿ â ðàìêàõ âûïîëíåíèÿ ýòèõ ïðîåêòîâ îñóùåñòâëÿþòñÿ âû÷èñëèòåëüíûå

ýêñïåðèìåíòû ñ ìîäåëèðîâàíèåì øåðîõîâàòîñòè, òóðáóëåíòíîñòè ïîòîê.

Èòàê, ñîçäàíà ìàòåìàòè÷åñêàÿ è ïðîãðàììíàÿ áàçà â îáëàñòè âèçóàëèçàöèè è àíèìàöèè ãèä-

ðàâëè÷åñêèõ ïðîöåññîâ â ÃÒÑ, êîòîðàÿ ïîçâîëÿåò â ñî÷åòàíèè ñ 3D ëàçåðíûì ñêàíèðîâàíèåì

ïðîâîäèòü íà ñîâðåìåííîì óðîâíå êîìïëåêñíûå ðàáîòû ïî ìîíèòîðèíãó ÃÒÑ ÐÊ ìåòîäàìè íåðàç-

ðóøàþùåãî êîíòðîëÿ êà÷åñòâà áåòîííîãî ïîêðûòèÿ ïëîòèí, ãèäðàâëè÷åñêèõ ïðîöåññîâ â ïëîòèíà,

øëþçàõ, âîäîñáðîñàõ, ïðîãíîçèðîâàòü è îöåíèâàòü ñðîêè áåçàâàðèéíîé ýêñïëóàòàöèè ÃÒÑ, òåì

ñàìûì ïîâûñèâ ãèäðîòåõíè÷åñêóþ áåçîïàñíîñòü ÃÒÑ â ñëó÷àå ×Ñ.
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ÂÀÐÈÀÖÈÎÍÍÎÅ ÓÑÂÎÅÍÈÅ ÄÀÍÍÛÕ Â ÈÍÔÎÐÌÀÖÈÎÍÍÎÉ

ÑÈÑÒÅÌÅ ÝÊÎËÎÃÈ×ÅÑÊÎÃÎ ÌÎÍÈÒÎÐÈÍÃÀ

Ñ.À. Áåëüãèíîâà, Ñ.Æ. Ðàõìåòóëëèíà, À.Â. Äåíèñîâà

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ä. Ñåðèêáàåâà

Abstract. An important task of the system of ecological monitoring is the modelling of the spread

of pollutants in the atmosphere to assess and forecast pollution in conditions of uncertainty, when

there is no data on location and parameters of emission sources. One of the e�ective methods for

solving this problem is to use the monitoring system data assimilation algorithms, the basic idea of

which is to: the functional minimization of summary measures of uncertainty models of processes

and models observations; decomposition of the regions and the functional; the introduction of local

conjugate problems in the Windows of the data assimilation.

Keywords: data assimilation, ecological monitoring.

À­äàòïà. Ýêîëîãèÿëû© ìîíèòîðèíã æ³éåñiíi­ ìà­ûçäû ìºñåëåëåðiíi­ áiði áåëãiñiçäiê æà¡-

äàéëàðäà, ÿ¡íè òàðàëó îðíû ìåí ýìèññèÿ ê°çäåðiíi­ ïàðàìåòðëåði æ°íiíäå äåðåêòåð áîëìà¡àí-

äà, ëàñòàíó äºðåæåñií áà¡àëàó ìåí áîëæàó ìà©ñàòûíäà çàòòàðäû­ àòìîñôåðàäà òàðàëóûí ³ë-

ãiëåó. Îñû ìºñåëåíi øåøóäi­ òèiìäi òºñiëäåðiíi­ áiði ìîíèòîðèíã æ³éåñiíäå äåðåêòåðäi èãåðó

àëãîðèòìií ©îëäàíó. Îíû­ íåãiçãi èäåÿñû: ³äåðiñòåð ³ëãiñiíi­ áåëãiñiçäåði ìåí áà©ûëàó ³ë-

ãiëåðiíi­ àðàñûíäà¡û ©îñûíäû °ëøåìäåðiíi­ ôóíêöèîíàëäàðûí ìèíèìàëäàó; àóìà©òàð ìåí

ôóíêöèîíàëäàðäû­ äåêîìïîçèöèÿñû; äåðåêòåðäi èãåðó òåðåçåëåðiíäå ëîêàëäû ©àðàìà-©àðñû

åñåïòåðäi êiðiñòiðó.

Êiëòòiê ñ°çäåð: äåðåêòåðäi èãåðó, ýêîëîãèÿëû© ìîíèòîðèíã.

Àííîòàöèÿ. Âàæíîé çàäà÷åé ñèñòåìû ýêîëîãè÷åñêîãî ìîíèòîðèíãà ÿâëÿåòñÿ ìîäåëèðîâàíèå

ðàñïðîñòðàíåíèÿ çàãðÿçíÿþùèõ âåùåñòâ â àòìîñôåðå ñ öåëüþ îöåíêè è ïðîãíîçà çàãðÿçíå-

íèÿ â óñëîâèÿõ íåîïðåäåëåííîñòè, êîãäà íåò äàííûõ î ëîêàëèçàöèè è ïàðàìåòðàõ èñòî÷íèêîâ

ýìèññèé. Îäíèì èç ýôôåêòèâíûõ ìåòîäîâ ðåøåíèÿ òàêîé çàäà÷è ÿâëÿåòñÿ èñïîëüçîâàíèå â

ñèñòåìå ìîíèòîðèíãà àëãîðèòìîâ óñâîåíèÿ äàííûõ, îñíîâíàÿ èäåÿ êîòîðîãî çàêëþ÷àåòñÿ â:

ìèíèìèçàöèè ôóíêöèîíàëà ñóììàðíîé ìåðû íåîïðåäåëåííîñòåé ìîäåëè ïðîöåññîâ è ìîäåëåé

íàáëþäåíèé; äåêîìïîçèöèè îáëàñòåé è ôóíêöèîíàëîâ; ââåäåíèè ëîêàëüíûõ ñîïðÿæåííûõ çà-

äà÷ â îêíàõ óñâîåíèÿ äàííûõ.

Êëþ÷åâûå ñëîâà: óñâîåíèå äàííûõ, ýêîëîãè÷åñêèé ìîíèòîðèíã.

Ââåäåíèå. Â ïîñëåäíåå âðåìÿ, âî âñåì ìèðå ó÷åíûå ñõîäÿòñÿ âî ìíåíèè, ÷òî îñíîâíîé íàèáî-

ëåå ñóùåñòâåííîé ïðîáëåìîé ýêîëîãèé íàøåé ïëàíåòû ÿâëÿåòñÿ çàãðÿçíåíèå, è â ïîñëåäñòâèé, óâå-

ëè÷åíèå êîíöåíòðàöèé çàãðÿçíÿþùèõ âåùåñòâ â àòìîñôåðå. Ïîýòîìó èçó÷åíèå ïðîñòðàíñòâåííî-

âðåìåííîãî ðàñïðåäåëåíèÿ âðåäíûõ äëÿ îêðóæàþùåé ñðåäû ïðèìåñåé è ãàçîâ â àòìîñôåðå Çåìëè

ÿâëÿåòñÿ âàæíîé àêòóàëüíîé çàäà÷åé â ñîâðåìåííîì ìèðå. Îäíîé èç îñíîâíûõ çàäà÷ ïðîãíîçèðî-

âàíèÿ ñîñòîÿíèÿ àòìîñôåðíîãî âîçäóõà ÿâëÿåòñÿ ìîäåëèðîâàíèå ðàñïðîñòðàíåíèÿ çàãðÿçíÿþùèõ

âåùåñòâ â àòìîñôåðå ñ öåëüþ îöåíêè è ïðîãíîçà çàãðÿçíåíèÿ â óñëîâèÿõ íåîïðåäåëåííîñòè, êîãäà

íåò äàííûõ î ëîêàëèçàöèè è ïàðàìåòðàõ èñòî÷íèêîâ ýìèññèé. Îäíèì èç ïîäõîäîâ ðåøåíèÿ ýòîé

çàäà÷è ÿâëÿåòñÿ èñïîëüçîâàíèå â ñèñòåìå ìîíèòîðèíãà àëãîðèòìîâ óñâîåíèÿ äàííûõ.
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Óñâîåíèåì äàííûõ (â èíîñòðàííîé ëèòåðàòóðå ¾data assimilation¿) íàçûâàåòñÿ çàäà÷à ñîâ-

ìåñòíîãî ó÷åòà äàííûõ íàáëþäåíèé è ïðîãíîñòè÷åñêîé ìîäåëè äëÿ íàèáîëåå òî÷íîãî îïèñàíèÿ

èñêîìûõ ïîëåé. Ïîä ñèñòåìîé óñâîåíèÿ äàííûõ ñëåäóåò ïîíèìàòü êîìïëåêñ ïðîãðàìì, ðåàëèçó-

þùèé àëãîðèòì ðåøåíèÿ çàäà÷è óñâîåíèÿ äàííûõ. Îñíîâíîé çàäà÷åé ðàññìàòðèâàåìîãî ìåòîäà

óñâîåíèÿ äàííûõ ÿâëÿåòñÿ íàèëó÷øèì îáðàçîì ñîâìåñòèòü ðåçóëüòàòû ÷èñëåííîãî è àíàëèòè÷å-

ñêîãî ìîäåëèðîâàíèÿ è ïîëó÷åííûå íåçàâèñèìî îò ìîäåëè äàííûå íàáëþäåíèé.

Â ñåðåäèíå ïðîøëîãî âåêà ñóùåñòâîâàëè äâà îñíîâíûõ ïîäõîäà ê çàäà÷å óñâîåíèÿ äàííûõ:

âàðèàöèîííûé (4DVAR - 4-Dimensional Variational) è äèíàìèêî-ñòîõàñòè÷åñêèé (ôèëüòðû Êàë-

ìàíà).

Àëãîðèòì ôèëüòðà Êàëìàíà áûë ïðåäëîæåí Ð.Å.Êàëìàíîì â 1960 ã. äëÿ äèñêðåòíîãî ñëó÷àÿ

è Ð.Å.Êàëìàíîì è Ð.Ñ.Áüþñè â 1961 ã. äëÿ íåïðåðûâíîãî ïî âðåìåíè ñëó÷àÿ. Àëãîðèòì óñâîåíèÿ,

îñíîâàííûé íà ôèëüòðå Êàëìàíà åñòåñòâåííûì îáðàçîì îáîáùàåò ñèñòåìû óñâîåíèÿ, ïðåäñòàâ-

ëÿþùèå ñîáîé öèêë ïðîãíîç-àíàëèç. Ïî-ñóùåñòâó ê ýòîìó öèêëó äîáàâëÿåòñÿ ïðîöåäóðà ðàñ÷åòà

êîâàðèàöèé îøèáîê îöåíèâàåìûõ ïîëåé. Â òî æå âðåìÿ, ýòîò àëãîðèòì òðåáóåò áîëüøèõ ìàøèí-

íûõ ðåñóðñîâ è â ñâîåé ïîëíîé ïîñòàíîâêå íå ìîæåò áûòü ðåàëèçîâàí â íàñòîÿùåå âðåìÿ äàæå

íà ñóïåð ÝÂÌ, òàê êàê äëÿ ñîâðåìåííûõ ãëîáàëüíûõ ìîäåëåé ïîðÿäîê êîâàðèàöèîííûõ ìàòðèö

ñîñòàâëÿåò ñîòíè òûñÿ÷. Êðîìå òîãî, ïðè îïðåäåëåííûõ óñëîâèÿõ ôèëüòð Êàëìàíà ìîæåò ðàñ-

õîäèòüñÿ ñî âðåìåíåì. Òåì íå ìåíåå, ïðèìåíèìîñòü òåîðèè ôèëüòðà Êàëìàíà ê çàäà÷å óñâîåíèÿ

äàííûõ èññëåäóåòñÿ ìíîãèìè àâòîðàìè: Kalnay E., Park S.K., Pu Z., Gao J., Lorenc A.C., Bell

R.S., Macphersson B., Rabier.F., Mitchel H.L., Houtekamer P.L., Evensen G., Leeuwen P.J., Heemink

A.W., SegersA.J., Jazwinski A.H., Menard R., Cohn S.E., Chang L., Lyster P.M., Dee D.P., Leeuwen

P.J., ßíêîâñêîé Ë.Ê., Êëèìîâîé Å.Ã., Êèëàíîâîé Í.Â., Øààðèéáóó Ã., Ïîêðîâñêîãî Ì., Ðîçàíîâîé

Þ.Á.

Îäíèì èç ýôôåêòèâíûõ ïîäõîäîâ ðåøåíèÿ çàäà÷ ìîíèòîðèíãà ÿâëÿåòñÿ ïîäõîä, îñíîâàííûé

íà âàðèàöèîííîì óñâîåíèè äàííûõ, ïîçâîëÿþùèé èñïîëüçîâàòü â êîìïëåêñå äàííûå ìîíèòîðèíãà

â ðåæèìå ðåàëüíîãî âðåìåíè è ìàòåìàòè÷åñêèå ìîäåëè. Ýòîò ïîäõîä âïåðâûå áûë ïðåäëîæåí â

1976 ãîäó â ðàáîòå Â.Â.Ïåíåíêî è Í.Í.Îáðàçöîâà [1]. Äàëüíåéøåå ðàçâèòèå âàðèàöèîííîãî ìåòîäà

óñâîåíèÿ äàííûõ îñâåùåíî â åãî òðóäàõ [2-6]. Èç çàðóáåæíûõ àâòîðîâ â èññëåäîâàíèè òåîðåòè-

÷åñêèõ ïðîáëåì çàäà÷è óñâîåíèÿ äàííûõ ìîæíî îòìåòèòü À.Ëîðåíêà (A.Lorenc, Àíãëèÿ). Ïîëó-

÷åííûå èì ôîðìóëû ïðè îïðåäåëåííûõ ïðåäïîëîæåíèÿõ ìîãóò áûòü ñâåäåíû ê âàðèàöèîííîé

ïîñòàíîâêå çàäà÷ óñâîåíèÿ, à òàêæå äèíàìèêî-ñòîõàñòè÷åñêîé [8,9]. Íåìàëûé âêëàä â èññëåäîâà-

íèå çàäà÷ óñâîåíèÿ äàííûõ â âàðèàöèîííîé ïîñòàíîâêå âíåñëè Courtier P., Talagrand 0., Derber

J.C., Smedstad O.M., O'Brien J.J. Zou X., Navon I.M., LeDimet F.X., Rabier F., Ghil M, Le Dimet

F.X., Lewis J.

Ñîâðåìåííîå ñîñòîÿíèå èññëåäîâàíèé â äàííîì íàïðàâëåíèè îáîáùåíî â ìîíîãðàôèÿõ, îá-

çîðàõ è îðèãèíàëüíûõ ðàáîòàõ òàêèõ àâòîðîâ êàê: Ìàð÷óê Ã.È., Óâàðîâ Í.Â., Àãîøêîâ Â.È.,

Èïàòîâà Â.Ì., Ðóñàêîâ À.Ñ., Ìàäèÿðîâ Ì.Í., Áîãîñëîâñêèé Í.Í., Øóòÿåâ Â.Ï., Ïàðìóçèí Å.È.

Ïðèìåíåíèå ìåòîäà ìíîæèòåëåé Ëàãðàíæà ê çàäà÷àì óñâîåíèÿ äàííûõ ðàññìàòðèâàþòñÿ â ðàáî-

òàõ Bates J.R., Ritchie H., Temperton Ñ., Simmons A.J., Hortal M, Davies T, Dent D., Hamrud M.,

Íå÷àåâà Ä.À., ßðåì÷óêà Ì.È. [10,11]. Èññëåäîâàíèÿ âûïîëíÿþòñÿ ñ ïîìîùüþ êîìïëåêñà ìîäå-

ëåé òèïà êîíâåêöèè - äèôôóçèè - ðåàêöèè, îïèñûâàþùèõ ïðîöåññû ïåðåíîñà è òðàíñôîðìàöèè

ãàçî-àýðîçîëüíûõ ïðèìåñåé.

Âàðèàöèîííàÿ ôîîðìóëèðîâêà çàäà÷è óñâîåíèÿ äàííûõ ìîæåò áûòü ñôîðìóëèðîâàíà òàê: ââî-

äèòñÿ íåêîòîðàÿ ôóíêöèÿ, êîòîðàÿ èçìåðÿåò ðàñõîæäåíèå ìåæäó äàííûìè íàáëþäåíèÿ è ðåçóëü-
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òàòàìè ìîäåëèðîâàíèÿ, íàõîäÿòñÿ íåèçâåñòíûå âõîäíûå ïàðàìåòðû ìîäåëè, äëÿ êîòîðûõ äàííàÿ

ôóíêöèÿ ïðèíèìàåò íàèìåíüøåå çíà÷åíèå, ÷òî â êîíå÷íîì ñ÷åòå ïîçâîëÿåò ïðîèçâîäèòü óòî÷íå-

íèÿ è ñàìèõ äàííûõ íàáëþäåíèé.

Ñèñòåìà ýêîëîãè÷åñêîãî ìîíèòîðèíãà. Â ñèñòåìå ýêîëîãè÷åñêîãî ìîíèòîðèíãà àòìîñôåð-

íîãî âîçäóõà ã.Óñòü-Êàìåíîãîðñêà ôóíêöèîíèðóåò àâòîìàòèçèðîâàííàÿ ñèñòåìà íàáëþäåíèé çà

êà÷åñòâîì âîçäóõà, ìåòåîïàðàìåòðàìè, ðàäèàöèîííûì ôîíîì, óðîâíåì âîäû.

Ñîòðóäíèêàìè ÂÊÃÒÓ èì. Ä. Ñåðèêáàåâà ðàçðàáîòàíà èíôîðìàöèîííàÿ ñèñòåìà ¾ÝÊÎ ïðîãíîç¿

àðõèòåêòóðà ñèñòåìû ñîñòîèò èç

- ñåðâåðíîé ÷àñòè, ôèçè÷åñêè ðàçìåùåííîé íà öåíòðàëüíîì ñåðâåðå è ñîñòîÿùåé èç âåá-

ñåðâåðà è ñåðâèñà ìàòåìàòè÷åñêîé îáðàáîòêè;

- êëèåíòñêîé ÷àñòè, îðãàíèçîâàííîé ïî òåõíîëîãèè ¾òîíêèé êëèåíò¿.

Ñèñòåìà ñîçäàíà ñ èñïîëüçîâàíèåì òåõíîëîãèè ASP.NET â âåðñèè WebForms.

Ñèñòåìà îòîáðàæàåò ðåçóëüòàòû ìîíèòîðèíãà èç ïóíêòîâ íàáëþäåíèÿ, âèçóàëèçèðóåò èíôîðìà-

öèþ â âèäå äèíàìè÷åñêèõ ãðàôèêîâ. Ñåé÷àñ èäåò ðàáîòà ïî âíåäðåíèþ â ñèñòåìó ïðîãðàììíî-

ãî ìîäóëÿ ëîêàëèçàöèè èñòî÷íèêîâ çàãðÿçíåíèÿ ïî äàííûì èçìåðåíèé. Ïëàíèðóåòñÿ ðàñøèðèòü

ôóíêöèîíàëüíûå âîçìîæíîñòè èíôîðìàöèîííîé ñèñòåìû â íàïðàâëåíèè ðåàëèçàöèè àëãîðèòìà

óñâîåíèÿ äàííûå â ðåæèìå ðåàëüíîãî âðåìåíè.

Àëãîðèòì óñâîåíèÿ äàííûõ. Èññëåäîâàíèÿ âûïîëíÿþòñÿ ñ ïðèìåíåíèåì êîìïëåêñà ìîäå-

ëåé ãèäðîòåðìîäèíàìèêè àòìîñôåðû ðàçëè÷íûõ ïðîñòðàíñòâåííî-âðåìåííûõ ìàñøòàáîâ è ìîäå-

ëåé òèïà êîíâåêöèè - äèôôóçèè - ðåàêöèè, îïèñûâàþùèõ ïðîöåññû ïåðåíîñà è òðàíñôîðìàöèè

ãàçî-àýðîçîëüíûõ ïðèìåñåé. Çà îñíîâó âçÿòà îðèãèíàëüíàÿ ìåòîäèêà âàðèàöèîííîãî óñâîåíèÿ

äàííûõ ñ èñïîëüçîâàíèåì ìåòîäîâ òåîðèè ÷óâñòâèòåëüíîñòè è ñîïðÿæåííûõ çàäà÷ ïðåäëîæåííàÿ

ó÷åíûì ëàáîðàòîðèè Èíñòèòóòà âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ

ÐÀÍ Â.Â.Ïåíåíêî [3].

Äëÿ îïèñàíèÿ ïðîöåññîâ ïåðåíîñà è òóðáóëåíòíîé äèôôóçèè çàãðÿçíÿþùèõ âåùåñòâ ðàññìîò-

ðèì ñëåäóþùóþ ìîäåëü, êîòîðàÿ íåïîñðåäñòâåííî ñâÿçàíà ñ ïðîöåññàìè ðàñïðîñòðàíåíèÿ òåïëà,

âëàãè, èçëó÷åíèÿ, ïåðåíîñà è òðàíñôîðìàöèè îïòè÷åñêè è õèìè÷åñêè àêòèâíûõ ïðèìåñåé â àò-

ìîñôåðå:

∂φ

∂t
+Aφ = f + r (1)

Çäåñü A - ¾ïðîñòðàíñòâåííûé¿ íåëèíåéíûé ìàòðè÷íûé äèôôåðåíöèàëüíûé îïåðàòîð, îñíîâ-

íûìè ýëåìåíòàìè êîòîðîãî ÿâëÿþòñÿ îïåðàòîðû òèïà êîíâåêöèè-äèôôóçèè, äåéñòâóþùèå íà

ðàçëè÷íûå êîìïîíåíòû ôóíêöèé ñîñòîÿíèÿ; f = {fi(x, t), i = 1, n} - ôóíêöèè èñòî÷íèêîâ òåï-

ëà, âëàãè è ïðèìåñåé; r � ôóíêöèè, îïèñûâàþùèå íåîïðåäåëåííîñòè ìîäåëåé è îøèáêè ìîäåëåé,

êîòîðûå èãðàþò ñóùåñòâåííóþ ðîëü â äîñòèæåíèé ìèíèìóìà öåëåâîãî ôóíêöèîíàëà, à ñ òî÷êè

çðåíèÿ âû÷èñëèòåëüíîé ìàòåìàòèêè îíè äàþò ýôôåêòû ðåãóëÿðèçàöèè äëÿ ðåøåíèÿ îáðàòíûõ

çàäà÷ â ðàìêàõ ñèñòåìû; φ = {φi(x, t), i = 1, n ∈ Q(Dt)} � âåêòîð-ôóíêöèÿ ñîñòîÿíèÿ, åå êîìïîíåí-
òû φi îïèñûâàþò ïîòåíöèàëüíóþ òåìïåðàòóðó, îòíîøåíèÿ ñìåñè äëÿ õàðàêòåðèñòèê âëàæíîñòè

â àòìîñôåðå (âîäÿíîé ïàð, îáëà÷íàÿ âîäà, äîæäåâàÿ âîäà, ñíåã è ëåäîâûå êðèñòàëëû), êîíöåí-

òðàöèè çàãðÿçíÿþùèõ ïðèìåñåé â ãàçîâîì è àýðîçîëüíîì ñîñòîÿíèè; Dt = D × [0, t̄], D� îáëàñòü

èçìåíåíèÿ ïðîñòðàíñòâåííûõ êîîðäèíàò t ∈ [0, t̄]; � èíòåðâàë èçìåíåíèÿ âðåìåíè; Y - âåêòîð

ïàðàìåòðîâ ìîäåëè, ïðèíàäëåæàùèõ îáëàñòè äîïóñòèìûõ çíà÷åíèé.

Êðîìå ìîäåëåé ïðîöåññîâ ðàññìàòðèâàåì åùå îäèí âàæíûé ýëåìåíò èññëåäîâàíèé îêðóæàþ-

ùåé ñðåäû � ýòî äàííûå íàáëþäåíèé ψ.
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Êàê ìû çíàåì, çàäà÷è îöåíêè ñîñòîÿíèÿ îêðóæàþùåé ñðåäû è ïðèðîäîîõðàííîãî ïðîãíî-

çèðîâàíèÿ èìåþò ìíîãîöåëåâîé õàðàêòåð. Ïîýòîìó, ìîãóò áûòü ðàçëè÷íûå ïîñòàíîâêè çàäà÷ è

êðèòåðèè. Äëÿ òîãî, ÷òîáû àäàïòèðîâàòü èõ ê òàêèì óñëîâèÿì, â ñèñòåìó, êðîìå ìàòåìàòè÷åñêèõ

ìîäåëåé, ââîäèòñÿ íàáîð îáîáùåííûõ õàðàêòåðèñòèê. Òàêèå õàðàêòåðèñòèêè áóäåì çàäàâàòü â

âèäå ôóíêöèîíàëîâ.

Äàííûå íàáëþäåíèé äëÿ óñâîåíèÿ ìîæíî âêëþ÷èòü â ñèñòåìó ìîäåëèðîâàíèÿ ñ ïîìîùüþ

ôóíêöèîíàëà ¾êà÷åñòâà¿:

Φ(φ) =

∫
Dt

(ψ − φ)TW (ψ − φ)χ(x̄, t)dDdt (2)

ÇäåñüW = {diag(σ2
i )
−1, i = 1, i+ 1} - ìàòðèöà ìàñøòàáèðîâàíèÿ äàííûõ íàáëþäåíèé; χ(x̄, t) ≥

0; χ(x̄, t)dDdt � íåîòðèöàòåëüíûå âåñîâûå ôóíêöèè è ñîîòâåòñòâóþùèå èì ìåðû Ðàäîíà èëè Äè-

ðàêà.

Â ñîîòâåòñòâèè ñ âàðèàöèîííûì ïðèíöèïîì, ñ ó÷åòîì äàííûõ íàáëþäåíèé òðåáóåòñÿ ìèíèìèçè-

ðîâàòü ôóíêöèîíàë Φ(φ).

Ò.ê. íà âñåì ïðîñòðàíñòâå ìèíèìèçèðîâàòü ýòîò ôóíêöèîíàë ñëîæíî, äàäèì îãðàíè÷åíèå è

ðàññìîòðèì òîëüêî òå ðåøåíèÿ, êîòîðûå óäîâëåòâîðÿþò (1).

Îïðåäåëèì ðàñøèðåííûé ôóíêöèîíàë, ñ ïðèâëå÷åíèåì ñîïðÿæåííîé ôóíêöèè, êîòîðàÿ îïðå-

äåëåíà ñïåöèôèêîé âàðèàöèîííîãî ïðèíöèïà è ïðèíàäëåæàùàÿ ïðîñòðàíñòâó, ñîïðÿæåííîìó ïî

îòíîøåíèþ ê ïðîñòðàíñòâó ôóíêöèé ñîñòîÿíèÿ:

Φ̃(φ) = Φ(φ) +

∫
Dt

(
∂φ

∂t
+Aφ− f − r

)
φ∗dDdt (3)

Çàïèøåì ôóíêöèîíàë â âèäå:∫
1

2

∑
(ψ − φ)2

i d
2
i dDdt+

∫ (
∂φ

∂t
+Aφ− f − r

)
φ∗dDdt+

1

2

∫
Dt

r2d2dDdt (4)

ãäå d1 è d2 - âåñîâûå êîýôôèöèåíòû.

Èùåì âàðèàöèè ôóíêöèîíàëà Φ̃(φ, φ∗, Y, r) ïî ñõåìå ∂Φ̃
∂s = 0, (s = φ, φ∗, r)

1. Äèôôåðåíöèðóåì ïî φ∗

∂Φ̃

∂φ∗
= 0;

∂φ

∂t
+Aφ− f − r = 0;

φj+1 − φj
∆t

Aφj+1 − f j − rj+1 = 0.

2. Äèôôåðåíöèðóåì ïî φ

−∂Φ̃

∂φ
= 0;

−∂φ
∗

∂t
+ATφ∗ −W (ψ − φ)χ = 0;

−φ
∗j+1 − φ∗j+2

∆t
+ATφ∗j+1 +W (ψj+1 − φj+1)χ = 0.
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Çäåñü ïîëàãàåì, ÷òî φ∗j+2 = 0, ïîýòîìó:

φ∗j+1

∆t
+ATφ∗j+1 +W (ψj+1 − φj+1)χ = 0;

3. Äèôôåðåíöèðóåì ïî r
∂Φ̃

∂r
= 0;

−φ∗ + rd2 = 0;

rj+1 =
φ∗j+1

d2
.

Â ðåçóëüòàòå ïîëó÷èëè ñèñòåìó:
φj+1−φj

∆t +Aφj+1 − f j − rj+1 = 0

−φ∗j+1−φ∗j+2

∆t +ATφ∗j+1 +W (ψj+1 − φj+1)χ = 0

(5)

Çäåñü ìîæíî ïðåäïîëîæèòü, ÷òî φ∗j+1 = 0

Ïðåîáðàçîâàâ ñèñòåìó (5), çàïèøåì åå â âèäå:
(E + ∆tA)φj+1 − ∆t2

d2
φ∗j+1 = f j + φj

(E + ∆tAT )φ∗j+1 +Wχφj+1 = Wχψj+1

(6)

ãäå

Axφ =



µx
∂φ
∂x = 0; x = 0

u∂φ∂x −
∂
∂x

(
µx

∂φ
∂x

)
; x ∈ (0, Lx)

µx
∂φ
∂x = 0; x = Lx

(7)

Ïîäñòàâèâ (7) â ñèñòåìó (6) è àïïðîêñèìèðóÿ ñõåìó îòäåëüíî âíóòðè îáëàñòè, íà ëåâîé è

ïðàâîé ãðàíèöàõ ïîëó÷àåì ñèñòåìó ëèíåéíûõ óðàâíåíèé, êîòîðàÿ ðåàëèçóåòñÿ ìåòîäîì ïðîãîíêè:

φj+1
i

(
1 + τ

(
µj+1

1/2

∂x0h
+

u−
1/2

∂x0

))
− φj+1

i+1

(
τ

(
µj+1

1/2

∂x0h
+

u−
1/2

∂x0

))
= 0; i = 0

−φj+1
i+1

(
τ

(
µj+1
i+1/2

∂xihi
+

u−
i+1/2

∂xi

))
+ φj+1

i

1 + τ

u−
i+1/2

+u+
i−1/2

∂xi
−
−
µ
j+1
i−1/2
hi−1

−
µ
j+1
i+1/2
hi

∂xi

−
−φj+1

i−1

(
τ

(
µj+1
i−1

∂xihi−1
+

u+
i−1/2

∂xi

))
= φj+1

i ; i = 1...N − 1

φj+1
i

(
1 + τ

(
µj+1
i−1/2

∂xihi−1
+

u+
i−1/2

∂xi

))
− φj+1

i−1

(
τ

(
µj+1
i−1/2

∂xihi−1
+

u+
i−1/2

∂xi

))
= 0; i = N

(8)

Âèçóàëèçàöèÿ ðåøåíèÿ äàííîé ñèñòåìû äëÿ ðàçëè÷íûõ çíà÷åíèé âðåìåííûõ äàííûõ, âûïîë-

íåííàÿ â ïðîãðàììå äëÿ ñîçäàíèÿ äâóõ- è òðåõìåðíûõ ãðàôèêîâ Gnuplot ïîêàçàíà íà ðèñóíêå

1.
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a) á)

Ðèñóíîê 1 Âèçóàëèçàöèÿ ðåøåíèÿ ñèñòåìû äëÿ ðàçëè÷íûõ âðåìåííûõ äàííûõ

Íîâèçíà äàííîãî èññëåäîâàíèÿ çàêëþ÷àåòñÿ â ðàñøèðåíèè àíàëèòè÷åñêîé ñîñòàâëÿþùåé èí-

ôîðìàöèîííîé ñèñòåìû ýêîëîãè÷åñêîãî ìîíèòîðèíãà ã. Óñòü-Êàìåíîãîðñêà ñ èñïîëüçîâàíèåì ñî-

âðåìåííûõ àëãîðèòìîâ óñâîåíèÿ äàííûõ. Íà äàííûé ìîìåíò ïðîâîäÿòñÿ ÷èñëåííûå ýêñïåðèìåí-

òû, ïîêàçûâàþùèå ýôôåêòèâíîñòü ýòîãî àëãîðèòìà. ×èñëåííûé àëãîðèòì óñâîåíèÿ äàííûõ â

ñòàäèè ïðîãðàììíîé ðåàëèçàöèè.

Âíåäðåíèå àëãîðèòìà óñâîåíèÿ äàííûõ äëÿ ìîäåëèðîâàíèÿ è ïðîãíîçèðîâàíèÿ çàãðÿçíåíèÿ

àòìîñôåðû ïîçâîëèò îöåíèâàòü ñîñòîÿíèå àòìîñôåðíîãî âîçäóõà â ðåæèìå ðåàëüíîãî âðåìåíè,

ìîäåëèðîâàòü ñîñòîÿíèå àòìîñôåðíîãî âîçäóõà â êàæäîé òî÷êå ã. Óñòü-Êàìåíîãîðñêà, îïðåäåëÿòü

çîíû ïîâûøåííîãî ýêîëîãè÷åñêîãî ðèñêà. Àíàëèç ýòèõ ðåçóëüòàòîâ ïîçâîëèò ñâîåâðåìåííî ïîä-

ãîòàâëèâàòü ïðåäëîæåíèÿ äëÿ ïðèíÿòèÿ óïðàâëåí÷åñêèõ ðåøåíèé ïðèðîäîîõðàííîãî õàðàêòåðà

äëÿ ïðåäîòâðàùåíèÿ îòðèöàòåëüíûõ ïîñëåäñòâèé íåáëàãîïðèÿòíûõ è, îñîáåííî, ÷ðåçâû÷àéíûõ

ñèòóàöèé.
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ËÀÃÐÀÍÆ ÌÎÄÅËIÍ �ÎËÄÀÍÛÏ ÀÒÌÎÑÔÅÐÀËÛ� ÀÓÀÍÛ�

ËÀÑÒÀÍÓÛÍ ÌÎÄÅËÜÄÅÓ

Æ.Ò. Áåëüäåóáàåâà, Ñ.À. Áåëüãèíîâà, À.Ì. Áåðåêåíîâà

Ä. Ñåðiêáàåâ àòûíäà¡û Øû¡ûñ �àçà©ñòàí ìåìëåêåòòiê òåõíèêàëû© óíèâåðñèòåòi

Abstract. Paper is devoted to the actual problem of development of analytical support environ-

mental monitoring system. In this paper the mathematical model describing the process of air

pollution on the basis of the Lagrangian model. The results of computer simulations.

À­äàòïà. Ñòàòüÿ ýêîëîãèÿëû© ìîíèòîðèíã æ³éåñiíi­ àíàëèòèêàëû© ©îëäàìàñûí ºçiðëåóäi­

°çåêòi ìºñåëåñiíå àðíàë¡àí. Æ´ìûñòà àòìîñôåðàëû© àóàíû­ ëàñòàíó ³äåðiñiíi­ ìàòåìàòèêà-

ëû© ³ëãiñi Ëàãðàíæ ³ëãiñiíi­ íåãiçiíäå ©àðàñòûðûëàäû. Êîìïüþòåðëiê ³ëãiíi­ íºòèæåñi êåë-

òiðiëãåí.

Àííîòàöèÿ. Ñòàòüÿ ïîñâÿùåíà àêòóàëüíîìó âîïðîñó ðàçðàáîòêè àíàëèòè÷åñêîé ïîääåðæêè

ñèñòåìû ýêîëîãè÷åñêîãî ìîíèòîðèíãà. Â ðàáîòå ðàññìîòðåíà ìàòåìàòè÷åñêàÿ ìîäåëü îïèñû-

âàþùàÿ ïðîöåññ çàãðÿçíåíèÿ àòìîñôåðíîãî âîçäóõ íà îñíîâå ìîäåëè Ëàãðàíæà. Ïðèâåäåíû

ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ.

Êiðiñïå. Ãàç æºíå àýðîçîëü ê³éiíäåãi ©îñïàëàðäû­ òóðáóëåíòòiê àëìàñóûí, äèôôôóçèÿñûí

æºíå òàñûìàëäàó ïðîöåññií ñèïàòòàó ³øií ìàòåìàòèêàëû© ìîäåëüäåð ìåí ºäiñòåðäi çåðòòåó ÕÕ
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¡àñûðäû­ áàñûíàí áàñòàï áåëñåíäi ò³ðäå æ³ðãiçiëiï êåëåäi.Îñû óà©ûò©à äåéií òàáè¡è æºíå àí-

òðîïîãåíäiê ºñåðëåðäi­ ñàëäàðûíàí ïàéäà áîë¡àí àóà ñàïàñûíû­ °çãiðiñií æîáàëàó æºíå áîëæàó

ìà©ñàòûíäà ìîäåëüäåóäi­ äåòåðìèíäåëãåí æºíå ñòîõàñòèêàëû© ºäiñòåðií ©îëäàíóäà àéòàðëû©òàé

òºæiðèáå æèíà©òàë¡àí. Îñû êëàññòû­ òàïñûðìàëàðûí øåøóãå àðíàë¡àí íåãiçãi òºñiëäåð [1-3] ºäå-

áèåòòåðäå æºíå îíäà æàðèÿëàí¡àí ïóáëèêàöèÿëàðäà ê°ðñåòiëãåí. Îñû òºñiëäåðäi ©îëäàíûëàòûí

ìîäåëüäåðiíå áàéëàíûñòû øàðòòû ò³ðäå åêi ñàíàò©à æiêòåóãå áîëàäû. Îëàð: 1) Ýéëåð òèïòi

ìîäåëüäåð, ÿ¡íè êîíâåêòèâòi-äèôôóçèîíäû ò³ðäåãi òå­äåóëåð áåðiëãåí ©´ðûëûìíû­ (ñòðóêòó-

ðàäà¡û) êå­iñòiêòiê-óà©ûòòû© òîðûíäà èíòåãðàëäàíàäû 2) Ëàãðàíæ òèïòi ìîäåëüäåð, ©îñïàëàð

á°ëøåêòåðiíi­ ©îç¡àëûñûí êîíâåòèâòi æºíå äèôôóçèîíäû ©´ðàóøûëàð, °ëi îðòà æà¡äàéûíà òºó-

åëñiç, óà©ûò ïåí êå­iñòiêòå ýâîëþöèÿëû© ò³ðäå ©´ðûëàòûí, êåéáið òîðñûç ©´ðûëûìäàðäà ºð ò³ðëi

ºäiñòåðìåí åñåïòåëåäi.

Á´ë òºñiëäåðäi­ àëòåðíàòèâòi åìåñ åêåíií áàé©àó¡à áîëàäû. Îëàð àëãîðèòìäåðiíi­ æ³éåëiê

´éûìäàñòûðûëóûìåí åðåêøåëåíåäi æºíå áiðií-áiði òîëû©òûðàäû. Îëàðäû­ ºð ©àéñûíû­ àðòû©-

øûëû©òàðû æºíå êåìøiëiêòåði, ©îëäàíó àóìà¡û áàð. Ñîíäû©òàí åêi òºñiëäi­ °òå æà©ñû ò´ñòàðûí

áiðiêòiðåòií ãèáðèäòi æ³éåëåðãå ©ûçû¡óøûëû©òàð áàñûì. Îñû òèïòi æ³éåëåð ÑÎ ÐÀÍ åñåïòå-

óiø ìàòåìàòèêà æºíå ìàòåìàòèêàëû© ãåîôèçèêà èíñòèòóòûíäà æàñàëàäû [4]. Îë ©îñïàëàðäû

òðàíñôîðìàöèÿëàó æºíå òàñûìàëäàóäû­ äåòåðìèíäåëãåí æºíå ñòîõàñòèêàëû© ìîäåëüäåði ³øií

ñåçãiøòiê òåîðèÿñûíû­ òóðà æºíå æàíàìà òàïñûðìàëàðû ©îëäàíàòûí âàðèàöèÿëû© ©à¡èäàëàð¡à

íåãiçäåëåäi [5-7].

Îñû æ´ìûñ ýêîëîãèÿëû© ìîíèòîðèíãòi­ àâòîìàòòàíäûðûë¡àí æ³éåñiíi­ ìºëiìåòòåðií ïàé-

äàëàíûï àòìîñôåðàëû© àóàíû­ ëàñòàíóûí ìîäåëüäåó ³øií âàðèàöèÿëû© àëãîðèòìäåðäi ©îëäà-

íóìåí áàéëàíûñòû çåðòòåóëåðäi­ æàë¡àñû áîëûï òàáûëàäû [8-9]. �ñêåìåí ©àëàñûíû­ àòìîñìî-

ñôåðàëû© àóàñûíû­ ýêîëîãèÿëû© ìîíèòîðèíãiíi­ æ³éåñiíäå àóà ñàïàñûí, ìåòåîïàðàìåòðëåðäi,

ðàäèàöèÿëû© ôîíäû, ñóäû­ äå­ãåéií áà©ûëàéòûí àâòîìàòòàíäûðûë¡ûí æ³éå æ´ìûñ æàñàéäû

[10].

Îñû ìà©àëàäà ëàñòàí¡àí çàòòàðäû­ òàðàëó ïðîöåññií ìîäåëüäåóãå àðíàë¡àí Ëàãðàíæ ìîäåëií

ïàéäàëàíûï, ýêîëîãèÿëû© ìîíèòîðèíã æ³éåñiíi­ àíàëèòèêàëû© ©´ðàóøûëàðûí êå­åéòó ìºñåëåñi

©àðàñòûðûëàäû.

Åñåïòi­ ©îéûëóû. Åêi °ëøåìäi x ∈ 0, ..., X æºíå y ∈ 0, ..., Y îáëûñûí ©àðàñòûðàéû©

∂ϕ

∂t
+ u

∂ϕ

∂x
+ ν

∂ϕ

∂y
− ∂

∂x
µx
∂ϕ

∂x
− ∂

∂y
µy
∂ϕ

∂y
= 0 (1)

ì´íäà:

ϕ(x, y, t) - ©îñïàëàðäû­ êîíöåíòðàöèÿñû; t-óà©ûò; -äåêàðòòû© êîîðäèíàòàëàð; u = (u, ν) -æûë-

äàìäû© âåêòîðû; µx, µy - ñºéêåñiíøå áà¡ûòûíäà¡û òóðáóëåíòòiê äèôôóçèÿ êîýôôèöèåíòòåði.

Áàñòàï©û æºíå øåòòiê øàðòòàð:

ϕ(x, 0) = ϕ0(x), t = 0;
∂ϕ

∂x
= 0, x = 0, X;

∂ϕ

∂y
= 0, y = 0, Y ; (2)

Æåêå á°ëøåêòåðäi­ òðàåêòîðèÿñûí æºíå îëàðäû­ àíñàìáëåÿñûí ìîäåëüäåóäi­ ñàíäû© ñõåìà-

ñûí ©´ðó ³øií áàñòàï©û òàïñûðìà ³ø ôèçèêàëû© ïðîöåññêå á°ëiíåäi: íåãiçäåí ©îñïàíû­ ýìèñè-

ÿñûí åñåïòåó, àóà ìàññàñûíû­ òðàêòîðèÿñû áîéûíøà òàñûìàëäàó, òóðáóëåíòòiê àëìàñó.

Àäâåêòèâòi òàñûìàëäàó. Áiðiíøi êåçå­äå íåãiç îðíàëàñ©àí í³êòåäå æàòàòûí ëîêàëüäi çîíà-

ëàðäà¡û ©îñïàëàðäû­ êîíöåíòðàöèÿëàðû åñåïòåëåäi. Áåðiëãåí æûëäàìäû© °ðiñiìåí òàñûìàëäàó
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êåçå­iíäå àóà ìàññàñûíû­ ©îç¡àëûñ òðàåêòîðèÿñûíû­ äåòåðìèíäåëãåí ýëåìåíòòåði åñåïòåëåäi.

∂ϕ

∂t
+ u

∂ϕ

∂x
+ ν

∂ϕ

∂y
= 0, tj ≤ t ≤ tj+1 (3)

Îñû òå­äåóäåí åêi °ëøåìäi òå­äåëåð æ³éåñiíå °òóãå áîëàäû:

dx

dt
= u(x, t),

dy

dt
= ν(x, t) (4)

tj ìîìåíòiíäå áåðiëãåí xj = (x, y)j êîîðäèíàòà ìºíäåði tj+1 óà©ûòòû­ ºðáið ©àäàìûíäà á°ëøåê-

òåðäi­ îðûíûí åñåïòåóãå ì³ìêiíäiê áåðåäi.

Ñàíäû© ñõåìà ©´ðó ³øií íà©òûëû¡û åêiíøi ðåòòi àïïðîêöèìàöèÿ ©îëäàíûëäû.

∆xj+1 = u(xj , tj)∆t+ 1
2

(
∂u
∂x∆xj+1 + ∂u

∂y∆yj+1
)

∆t,

∆yj+1 = ν(xj , tj)∆t+ 1
2

(
∂ν
∂x∆xj+1 + ∂ν

∂y∆yj+1
)

∆t
(5)

Àïïðîêñèìàöèÿ æºíå ò´ðà©òûëû© øàðòûíàí á´ë ñõåìàíû­ ïàðàìåòðëåði ïðîñöåññ ©àð©ûí-

äûëû¡ûíàí àäàïòèâòi òà­äàëàäû:(
2µs
∆s2

E

+
|us|
∆sE

)
∆τs ≤ 1,∆t ≤ min

(s)
{∆τs}, s = x, y, (6)

ì´íäà sE - ïàðàëëåëåïèïåä á°ëøåãiíi­ êåçäåñåòií òðàåêòîðèÿñû øåãiíäå Dh
t òîðûíû­ ïàðàìåòði,

∆τs − ∆Dc àóìà©øàñûíû­ øåãiíäå s àéíûìàëûñû áîéûíøà Êóðàíò, Ôðèäðèõ, Ëåâè [11] àï-

ïðîêöèìàöèÿñûíû­ øàðòû îðûíäàëàòûí óà©ûò ©àäàìû; us ≡ {u, v} - æûëäàìäû© âåêòîðûíû­

êîìïîíåíòiíi­ ìºíi; µs−∆Dc ò°áåñiíäå ìåòåî°ðiñ ìºíiíi­ ê°ìåãiìåí åñåïòåëãåí
(
xj , tj

)
òðàåêòîðèÿ

í³êòåñiíäåãi òóðáóëåíòòiëiê êîýôôèöèåíòiíi­ ìºíi. (5)-äåãi òóûíäûëàðäà îñû ïàðàëëåëåïèïåäòi­

øåãiíäå òàðàòûëàòûí ©àòûíàñïåí åñåïòåëåäi. (5) òå­äåóëåð æ³éåñií ∆x = (∆x,∆) ©àòûñòû øåøó

íºòèæåñiíäå, (3), (4) °ðíåêòåðäi ûäûðàòóäû­ áiðiíøi êåçå­iíäå xj+1/2 á°ëøåãiíi­ êîîðäèíàòàñûí

àëàìûç.

xj+1/2 = xj + ∆xj+1 (7)

Òóðáóëåíòòiê àëìàñó. Á°ëøåêòåðäi­ òóðáóëåíòòi ©îç¡àëûñû óà©ûòòû­ ºð ©àäàìûíäà ñòîõà-

ñòèêàëû© ïðîöåññ ðåòiíäå ©àðàñòûðûëàäû. Á´ë ïðîöåññòi­ åñåïòåó àëãîðèòìií ©´ðó ³øií ëîêàëüäi

àïïðîêöèìàöèÿ ºäiñi ©îëäàíûëàäû [12, 13]. Ì´íäàé òºñië áiðòåêñiç àíèçîòðîïòû© òóðáóëåíòòiëiê-

ïåí ê³ðäåëi ïðîöåññòi êîîðäèíàòàëû© áà¡ûòòàðäà¡û ëîêàëüäi ©àëûïòû ³ëåñòiðiëãåí êåçäåéñî©

ïðîöåññòåðäi­ ñóïåðïîçèöèÿñûíû­ ê°ìåãiìåí ñèïàòòàó¡à ì³ìêiíäiê áåðåäi.

Ûäûðàòóäû­ îñû êåçå­iíäå êåëåñi òå­äåóäi àëàìûç:

∂ϕ

∂t
− ∂

∂x
µx
∂ϕ

∂x
− ∂

∂y
µy
∂ϕ

∂y
= 0, tj ≤ t ≤ tj+1 (8)

ëîêàëüäi àïïðîêñèìàöèÿ ºäiñi øåãiíäåãi àéíûìàëû êîýôôèöèåíòòåði áàð (8) òå­äåóäåãi òóðáó-

ëåíòòiê àëìàñó ìîäåëiíi­ îïåðàòîðû ¾ì´çäàòûë¡àí êîýôôèöèåíòòåð¿ [12, 13] ©à¡èäàñû áîéûíøà

êåñåêòi - ò´ðà©òû êîýôôèöèåíòòåði áàð îïåðàòîðëàð æèûíûìåí àëìàñòûðûëàäû. Ì´íäà ëîêàëü-

äiëiê äåï, êå­iñòiêòå òóðáóëåíòòiëiê êîýôôèöèåíòòiíi­ ìºíi ò³ñiíäiðiëåäi. Ì´íäàé áîëæàìäàðäà

-êå ©àòûñòû ºðáið ëîêàëüäi (8) òå­äåó ò´ðà©òû êîýôôèöèåíòòåð èåëåíåäi æºíå àéíûìàëûëàðäû

àæûðàòó¡à ð´©ñàò åòåäi. tj ≤ t ≤ tj+1 = tj + ∆t óà©ûòòû­ ºðáið ©àäàìûíäà ³ø °ëøåìäi åñåï àíà-
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ëèòèêàëû© øåøiëåòií ³ø áið °ëøåìäi åñåï æèûíûìåí àïïðîêñèìàöèÿ-ëàíàäû. Îñû æà¡äàéäû

ñîíûìåí ©îñà òû¡ûçäû© ôóíêöèÿëàðû àðàñûíäà¡û áàéëàíûñòû ©àëûïòû ³ëåñòiðó û©òèìàëäû¡û

æºíå äèôôóçèÿëû© òå­äåóëåð æèûíû ³øií Ãðèí ôóíêöèÿëàðû êîîðäèíàòàñûí åñêåðå îòûðûï,

á°ëøåêòåðäi­ òàðàëóûíû­ òóðáóëåíòòiê ïðîöåññií (7) òå­äåóäåãi òðàåêòîðèÿ í³êòåñiíi­ êîîðäè-

íàòàñûíû­ øåãiíäåãi Ãàóññ êåçäåéñî© ïðîöåññiíi­ ñóïåðïîçèöèÿñû ñèÿ©òû ìîäåëüäåéìiç. �ðáið

í³êòå ³øií °ç µs êîýôôèöåíòi ©îëäàíûëàäû. ∆t ©àäàìûíû­ °ëøåìi (6) òå­äåó ñõåìàñû áîéûíøà

(7) òå­äåóäåäåí xj+1/2 í³êòåñiíi­ øåãiíäå ëîêàëüäi øàðòòàð¡à àäàïòèâòi òà­äàëàäû. Àíñàìáëåÿ-

ëàðäû åñåïòåóäå àëãîðèòì ïàðàìåòðëåðiíi­ àäàïòàöèÿñû ºð á°ëøåê ³øií æåêåëåé æ³çåãå àñûðû-

ëàäû. Ìîäåëüäåóäi­ îñûíäàé ´éûìäàñòûðûëóûíû­ íºòèæåñiíäå á°ëøåêòåðäi­ êîîðäèíàòàñûíû­

°ñiìøåñi òóðáóëåíòòiê îðíàëàñòûðó êåçå­iíäå êåëåñiäåé åñåïòåëiíåäi.

ςx = q
√

2µx∆t, ςy = q
√

2µy∆t (9)

Ì´íäà - í°ëäiê îðòà ìºíìåí æºíå áiðëiê äèñïåðñèÿëû ©àëûïòû ³ëåñòiðiëãåí êåçäåñî© øàìà.

Á°ëøåêòåðäi­ ñî­¡û êîîðäèíàòàëàðû êåëåñi ôîðìóëàìåí åñåïòåëåäi:

∆xj+1 = xj+1/2 + ξ, ξ ≡ (ξx, ξy) (10)

(2)-äåãi øåòòiê øàðòòàð ÒËÌ êåëåñi ò³ðäå åñêåðiëåäi. ∆Dc îáëûñûíû­ æî¡àð¡û æºíå á³éið

øåêàðàëàðûíäà, á°ëøåêòåðäi­ êîîðäèíàòàñû (5), (7) æºíå (9), (10) ôîðìóëàëàðìåí åñåïòåãåííåí

êåéií îáëûñòû­ øåãiíäå áîëñà, á°ëøåê °ìið ñ³ðóií òî©òàòòû äåï ñàíàéìûç, àë îíû­ ³ëåñi ©îñïà-

ëàðäû­ à¡ûñûí øåêàðà àð©ûëû áà¡àëà¡àíäà åñêåðiëåäi. ∆Dt îáëûñûíû­ ò°ìåíãi øåêàðàñûíäà

ìîäåëüãå àðàëàñ øåòòiê øàðòòàð ©îéûëàäû. Îíû ñàíäû© ñõåìàäà åñêåðó ³øií æåðëiê ©àáàòòà ò°-

ñåëãåí áåòòi­ áiðòåêñiçäiãií, òåìïåðàòóðàëû© ñòàðòèôèêàöèÿíû æºíå áåòòå ø°ãó û©òèìàëäû¡ûí

åñêåðå îòûðûï, á°ëøåêòåðäi­ ©îç¡àëûñ ïðîöåññií ñèïàòòàó¡à àðíàë¡àí àðíàéû ìîäèôèêàöèÿëàð

åíãiçiëåäi . Îñûíäàé ìîäèôèêàöèÿíû­ íºòèæåñiíäå àóà ìàñññàñûíû­ ïàðàìåòðëåíãåí ºñåðëi ò°-

ìåíãi øåêàðàñû àíû©òàëàäû. Á°ëøåê îñû øåêàðàíû ©èûï °òêåíøå ©îç¡àëàäû.

Åñåïòåó ïðîöåäóðàëàðûí àâòîìàòòàíäûðó æºíå á°ëøåêòåðäi òàñûìàëäàó ïðîöåññií âèçóàëè-

çàöèÿëàó ³øií Visual Basic îðòàñûíäà áà¡äàðëàìà ©´ðûëäû (1 ñóðåò).

1 ñóðåò Á°ëøåêòåð êîîðäèíàòàñûí åñåïòåó áà¡äàðëàìàñû



Âû÷èñëèòåëüíûå òåõíîëîãèè 93 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

�îðûòûíäû. �àçiðãi óà©ûòòà ýêîëîãèÿ ìºñåëåëåði á³êië ºëåìäå ©ûçó òàë©ûëàíóäà. Ìà­û-

çäû ìºñåëåëåðäi­ áiði àòìîñôåðàëû© àóàíû­ ñà©òàëóû áîëûï òàáûëàäû. Îñû ìà©àëàäà Ëàãðàíæ

³ëãiñiíi­ íåãiçiíäå àòìîñôåðàëû© àóàíû­ ëàñòàíóûí ñèïàòòàéòûí ìàòåìàòèêàëû© ³ëãi ©àðàñòû-

ðûëäû. Êîìïüþòåðëiê ³ëãiëåó íºòèæåñi êåëòiðiëäi. Îñû æ´ìûñ ¾Íà©òû óà©ûò ðåæèìiíäå ýêîëî-

ãèÿëû© ìîíèòîðèíã äåðåêòåðií ìå­ãåðóäi­ à©ïàðàòòû© òåõíîëîãèÿñûí °­äåó¿ òà©ûðûáû áîéûí-

øà �Ð áiëiì æºíå ¡ûëûì ìèíèñòðëiãiíi­ ãðàíòòû© ©àðæûëàíäûðóûíû­ àéíàëàñûíäà æ³ðãiçiëäi.
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NUMERICAL STUDY OF PLANAR TURBULENT SUPERSONIC FREE

SHEAR LAYER USING ENO SCHEMES

Ye. Belyayev, A. Naimanova, A. Kaltayev

Al-Farabi Kazakh National University, Almaty, Kazakhstan

Abstract. Numerical simulations of the �ow�eld structures of planar turbulent shear layer are

performed by solving the system of Favre averaged Navier-Stokes equations for compressible gas.

The numerical code is based on the third-order essentially non-oscillatory (ENO) �nite di�erence

scheme. The turbulent viscosity coe�cient is closured by using k-ε two-equation model that included

a generalized formulation and compressibility correction. In order to produce the roll-up and pairing

of vortex rings, an unsteady boundary condition is applied at the inlet plane. The obtained results

are compared with the experimental and numerical results of other authors.

Keywords: supersonic shear layer, mixing layer, compressible gas, ENO scheme, k-ε model, Mach

number.

À­äàòïà. Æàçû© òóðáóëåíòòi æûëæó ©àáàòû à¡ûíûíû­ ©´ðûëûìûí ñàíäû© ò³ðäå ñû¡û-

ëàòûí ãàç ³øií Ôàâð áîéûíøà îðòàøàëàí¡àí Íàâüå-Ñòîêñ òå­äåóëåð æ³éåñi íåãiçiíäå çåðò-

òåëiíäi. Ñàíäû© êîä åäºóið îñöèëëÿöèÿëàíáàéòûí øåêòi-àéûðûìäû ³øiíøi ðåòòi äºëäiêïåí

àïïðîêñèìàöèÿëàéòûí ENO ñ´ëáàñûíà íåãiçäåëãåí. Òóðáóëåíòòi ò´ò©ûðëû© êîýôôèöèåíòi

åêi-òå­äåóëi k-ε ìîäåëiíi­ æàëïûëàí¡àí ò³ði ìåí ñû¡ûë¡ûøòû©òû àíû©òàéòûí ì³øåñiìåí

àíû©òàë¡àí. Àéíàëìàëû ©´éû­äàð æ´ïòàðûí àëó ³øií êiðó øåêàðàñûíäà áåéñòàöèîíàðëû

øåêàðàëû© øàðòû ©îéûë¡àí. Àëûí¡àí íºòèæåëåð áàñ©à àâòîðëàðäû­ ýêñïåðèìåíòàëäû æºíå

ñàíäû© äåðåêòåðëåðiìåí ñàëûñòûðëäû.

Êiëòòiê ñ°çäåð: äûáûñ æûëäàìäû¡ûíàí æî¡àðû æûëæó ©àáàòû, àðàëàñó ©àáàòû, ñû¡ûëà-

òûí ãàç, ENO ñ´ëáàñû, k-ε ìîäåëi, Ìàõ ñàíû.

Àííîòàöèÿ. ×èñëåííîå èññëåäîâàíèå ñòðóêòóðû òå÷åíèÿ ïëîñêîãî òóðáóëåíòíîãî ñäâèãî-

âîãî ñëîÿ ïðåäñòàâëåíà ðåøåíèåì ñèñòåìû îñðåäíåííûõ ïî Ôàâðó óðàâíåíèé Íàâüå-Ñòîêñà

äëÿ ñæèìàåìîãî ãàçà. ×èñëåííûé êîä îñíîâàí íà ñóùåñòâåííî íåîñöèëëèðóþùåé êîíå÷íî-

ðàçíîñòíîé ENO ñõåìå òðåòüåãî ïîðÿäêà òî÷íîñòè. Êîýôôèöèåíò òóðáóëåíòíîé âÿçêîñòè çà-

ìûêàåòñÿ ñ èñïîëüçîâàíèåì äâóõïàðàìåòðè÷åñêîé k-ε ìîäåëè â îáùåé ôîðìóëèðîâêå è ñ âêëþ-

÷åíèåì êîððåêòèðîâêè íà ñæèìàåìîñòü. Äëÿ ïîëó÷åíèÿ ïàðû çàêðó÷èâàþùèõñÿ âèõðåé íà

âõîäå çàäàíû íåñòàöèîíàðíûå ãðàíè÷íûå óñëîâèÿ. Ïîëó÷åííûå ðåçóëüòàòû ñðàâíèâàþòñÿ ñ

ýêñïåðèìåíòàëüíûìè è ÷èñëåííûìè äàííûìè äðóãèõ àâòîðîâ.

Êëþ÷åâûå ñëîâà: ñâåðõçâóêîâîé ñäâèãîâûé ñëîé, ñëîé ñìåøåíèÿ, ñæèìàåìûé ãàç, ENO ñõå-

ìà, k-ε ìîäåëü, ÷èñëî Ìàõà.
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Introduction. A large number of researches devoted to the in�uence of turbulence on the mixing and

vorticity formation in shear layer problem. Oster and Wygnanski [1] showed the relationships of the rate

at which shear layer grow to turbulent intensities and Reynolds stress. Samimy and Elliot [2,3] have

experimentally investigated the compressibility e�ects according to the three convective Mach numbers

(Mc = 0.51, 0.64, 0.86) and conducted mean �ow, shear layer growth rates and turbulence properties

measurements in shear layer on dual-stream tunnel facility, and found that shear layer growth rates

and turbulence characteristics decrease with increasing convective Mach number.

In the present study the shear layer between two parallel supersonic-subsonic �ows are considered.

The in�ow physical parameters pro�les across the across the air-air �ows are assumed to vary smoothly

according to a hyperbolic-tangent function (Figure 1).

Figure 1 An illustration of the �ow con�guration

Mathematical model. Mathematical model based on the two-dimensional planar Favre-averaged

Navier-Stokes equations in vectored form. The vector of source term for kinetic energy of turbulence

and its dissipation has the production and dissipation terms with compressibility correction coe�cient

suggested by Sarkar [4]. The system of Favre-averaged Navier-Stokes equations is written in the

conservative, dimensionless form. The air �ow parameters are ρ∞, u∞, w∞, T∞ , hydrogen jet parameters

are ρ0, u0, w0, T0 . The governing parameters are the air �ow parameters, the pressure and total energy

are normalized by ρ∞u2
∞ , the spatial distances by the splitter plate thickness δ. The coe�cient of

dynamic viscosity is represented in the form of the sum of - µl molecular viscosity and - µt turbulent

viscosity coe�cients:

µ = µl + µt

The Wilke formula is used to determine the mixture viscosity coe�cient [5]. Turbulent viscosity

coe�cient is de�ned by using k-ε turbulence model [5].

Initial and boundary conditions.

At the entrance:

u1 = M0

√
γRT0, w1 = 0, p1 = p0, T1 = T0, k = k0, ε = ε0 at x = 0, 0 ≤ z < H1

u2 = M∞
√
γRT∞, w2 = 0, p2 = p∞, T2 = T∞, k = k∞, ε = ε∞ at x = 0, H1 + δ ≤ z ≤ H1

In the region of H1 ≤ z ≤ H1 + δ all physical variables are varied smoothly across air to air �ow

using a hyperbolic-tangent function of any variable ϕ, so the in�ow pro�les are de�ned by

ϕ(z) = 0.5(ϕ2 + ϕ1) + 0.5(ϕ2 − ϕ1)tanh(0.5z/θ) at x = 0, 0 ≤ z ≤ H

where ϕ = (u,w, p, T, k, ε), θ - is the momentum thickness. The pressure is assumed to be uniform

across the shear layer. On the lower and upper boundary the condition of symmetry are imposed. At
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the out�ow, the non-re�ecting boundary condition is used [6]. In order to produce the roll-up and

pairing of vortex rings, an unsteady boundary condition is also applied at the inlet plane [7].

Method of solution. The numerical solution of the given system of equations is calculated using high-

order �nite di�erence scheme. The approximation of convection terms is performed by the ENO-scheme

of third-order accuracy [5-6]. The ENO scheme is constructed on the basis of Godunov method, where

piecewise polynomial function is de�ned by the Newton's formula of the third degree. In approximation

of derivatives of di�usion terms, second-order central-di�erence operators are used. The system of the

�nite di�erence equations are solved by using matrix sweep method.

Results and discussion. The shear layer problem for monatomic (air) gas has been calculated by the

following parameters: M0 = 0.51, T0 = 285.07K, p0 = 56088.91Pa,M∞ = 1.80, T∞ = 176.58K, p∞ =

54648.65Pa, γ = 1.4, R = 287J/(kg ·K). The computational grid is 526x201. The channel height and

length were 8cm and 50cm, respectively. The splitter plate thickness is 0.3175cm, and at the trailing

edge is 0.05cm. The initial momentum thickness θ is 0.05cm. The geometrical parameters above are

taken from experimental work of Samimy and Elliot [2-3]. Experiment was conducted in tunnel, present

calculation was made for planar channel to estimate the behavior of turbulence quantities. Figures 2

shows (Mc = 0.51) the comparison of the calculated distributions of axial variation of the momentum

(θ) and vorticity (δw) thicknesses, with the experimental data [2-3].

Figure 2 Comparison of present calculation with experimental data by the growth of momentum and

vorticity thickness

The non-dimensional variables u∗ = u−u0
u∞−u0

, z∗ = z−zc
δw

, θ =
∫ +∞
−∞

ρ
ρ∞
u∗(1 − u∗)dz, δw = u∞−u0

(∂u/∂z)max

are de�ned as in the experiments [2-3]. Figure 2 indicates that the shear layer growth in terms of

momentum and vorticity thickness is predicted reasonably accurate by the present algorithm, as

compared to experimental data.

Also, by the present calculation was made the comparison of axial mean velocity and turbulence

quantities with experimental measurements [2-3]. The comparison of calculated transverse distribution

of the normalized streamwise mean velocity at �ve axial positions with experimental measurements

suggest that in the fully developed region for x ≥ 12cm the mean �ow is self-similar. Turbulence

quantities include Reynolds stress −u′w′/(u∞−u0)2 and streamwise turbulence intensity
√

2/3k/(u∞−
u0). The contribution of transverse velocity �uctuating component to turbulent kinetic energy was

neglected. It was shown that calculated turbulence quantities appear to fail at x ≥ 15cm, which

indicates that the turbulence similarity is achieved further downstream than the mean �ow similarity.

In the present study it has been shown that the mean and turbulence quantities are in a good agreement

with experimental data.
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ÊÎÌÌÅÐÖÈßËÛ� ÁÀÍÊÒÅÐÄI� ÄÅÏÎÇÈÒÒIÊ

ÎÏÅÐÀÖÈßËÀÐÛÍÛ� ÒÅÎÐÈßËÛ� ÍÅÃIÇI

Ê.Á. Áëåóòàåâà, À.À. Àëäàáåðãåíîâà

I. Æàíñ³ãiðîâ àòûíäà¡û Æåòiñó ìåìëåêåòòiê óíèâåðñèòåòi

À­äàòïà. Ìà©àëàäà êîììåðöèÿëû© áàíêòåð áàñ©à äà øàðóàøûëû© ñóáüåêòiëåði ñèÿ©òû,

°çäåðiíi­ êîììåðöèÿëû© æºíå øàðóàøûëû© ©ûçìåòòåðií ©àìòàìàñûç åòiï îòûðó ³øií, áåëãiëi

áið à©øàëàé ©àðàæàòòàðû, ÿ¡íè ðåñóðñòàðûíû­ áîëóû æ°íiíäå.

Êiëòòiê ñ°çäåð: äåïîçèò æºíå äåïîçèòòiê îïåðàöèÿëàð, äåïîçèòòiê îïåðàöèÿëàðûí æåòiëäiðó

æîëäàðû, äåïîçèòòiê îïåðàöèÿëàðûí áàñ©àðó.

�àçà©ñòàí Ðåñïóáëèêàñûíû­ çà­ øû¡àðóøûñû äåïîçèò äåï äåïîçèòîðäû­ ©àéòàðûìäûëû©

øàðòòûëû¡ûìåí îíû­ àë¡àø©û òàëàï åòói áîéûíøà íåìåñå áåëãiëåíãåí ìåðçiì °òêåííåí êåéií

òîëû© ì°ëøåðäå áiðäåí íå áîëìàñà á°ëiï-á°ëiï áàíêòiê äåïîçèò øàðòûíäà êåëiñiëãåí ³ñòåìåñiìåí

íå îíäàé ³ñòåìåñiç (ïðîöåíòñiç) ©àéòàðûëó¡à òèiñ áàíêêå áåðåòií à©øà ©àðàæàòûí åñåïòåãåí.

Äåìåê, äåïîçèò áàíê êëèåíòiíi­ êåç êåëãåí óà©ûòòà òàëàï åòóií æºíå áàíêòiê äåïîçèò øàðòûí-

äà ê°çäåëãåí ìåðçiìíi­ àÿ©òàëóûíà îðàé òîëû¡ûìåí íåìåñå á°ëiï-á°ëiï, ïðîöåíòiìåí íå ïðîöåíò-

ñiç °çiíå ©àéòàðó øàðòòàëû¡ûìåí °ç áàíêiíå ñà©òàó¡à áåðåòií à©øà ©àðàæàòû áîëûï òàáûëàäû.
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Áàíêòåð êàïèòàëûíû­ 90 ïðîöåíòêå æóû¡ûí ºäåòòå, êëèåíòòåðäåí òàðòûë¡àí à©øà ©àðàæàòòà-

ðû ©´ðàéäû. Íàðû©òû© ©àòûíàñòàð àÿñûíäà¡û çà­äû íåìåñå æåêå ò´ë¡àëàðäû­ óà©ûòøà áîñ

æºíå °çãå äå ©àðàæàòòàðûí äåïîçèò (ñàëûìäàð) ðåòiíäå áàíêêå òàðòó äåïîçèòòiê îïåðàöèÿëàð

äåï àòàëàäû.

Áàíêòåð ³øií äåïîçèòòiê îïåðàöèÿëàð îëàðäû­ ïàññèâòi îïåðàöèÿëàðûíû­ áàñòû ò³ði, àë

îñûíäàé îïåðàöèÿëàðäû­ íºòèæåñiíäå æ´ìûëäûðûë¡àí äåïîçèòòåð (à©øà ©àðàæàòòàðû) àêòèâòi

áàíêòiê îïåðàöèÿëàð æ³ðãiçóäi­ íåãiçãi ðåñóðñû áîëûï ñàíàëàäû. Áàíêêå ©îëìà-©îë æºíå ©îëìà-

©îë åìåñ íûñàíäà, ´ëòòû© íåìåñå øåòåëäiê âàëþòàäà áåëãiëi áið ìºí-æàéëàðû ê°çäåï ìåíøùiê

èåñi (êëèåíò) áåðãåí äåïîçèòòåð ¾áàíêòåãi à©øàëàð¿ ðåòiíäå °çiíi­ èåñiíå à©øàñûí ©àíäàé áîë-

ìàñûí ò³ðäå æ´ìñàóûíà ºði êàïèòàë ðåòiíäå ïðîöåíòòiê òàáûñ àëóûíà ì³ìêiãäiê áåðåäi.

Áàíêòiê äåïîçèòòåð:

1) òàëàï åòiëãåíãå äåéiíãi (òàëàï åòiëìåëi) äåïîçèò;

2) ìåðçiìäi äåïîçèò;

3) øàðòòûëû äåïîçèò áîëûï á°ëiíåäi.

Òàëàï åòiëãåíãå äåéiíãi äåïîçèò äåïîçèòîðäû­ °ç à©øà ©àðàæàòûí áàíêòåí áiðiíøi òàëàï åòói

áîéûíøà áiðäåí (òîëû¡ûìåí) íåìåñå iøiíàðà (á°ëiï-á°ëiï) ©àéòàðûëàäû.

Ìåðçiìäi äåïîçèò áàíêòiê äåïîçèò øàðòûíäà ê°çäåëãåí ìåðçiìãå ñàëûíàäû æºíå îñû êåëiñiëãåí

ìåðçiì °òêåííåí (àÿ©òàë¡àííàí) êåéií ©àéòàðûëàäû.

Øàðòòûëû äåïîçèò áàíêòiê äåïîçèò øàðòûíäà áåëãiëåíãåí ìºí-æàéëàðû òóûíäà¡àí¡à äåé-

ií ñàëûíàäû.Òàëàï åòiëiï àëûíàòûí äåïîçèò áàíêòi àëäûí àëà õàáàðäàð åòïåé (åñêåðòïåé) êåç

êåëãåí óà©ûòòà (ñºòòå) òàëàï åòó àð©ûëû àëûíàòûí à©øà ©àðàæàòòàðû áîëûï òàáûëàäû. Á´ë

ðåòòå òàëàï åòiëiï àëûíàòûí äåïîçèòêå à¡ûìäà¡û, åñåï àéûðûñó, áþäæåòòiê æºíå ò.á. øîòòàð-

äà¡û åñåï àéûðûñó¡à íåìåñå áåëãiëåíãåí ìà©ñàò©à ïàéäàëàíó¡à àðíàë¡àí ©àðàæàòòàð æàòàäû.

À¡ûìäà¡û åñåï àéûðûñó¡à àðíàë¡àí òàëàï åòiëìåëi äåïîçèòòåðäi­ áàíêòåð àð©ûëû ©îç¡àëûñû

©îëìà-©îë à©øàìåí, ÷åêïåí, àóäàðó æîëûìåí æºíå ò.á. ©´æçàòòàðìåí ðºñiìäåëåäi. Áàíêòåðäi­

êîððåñïîíäåíòòiê øîòòàðûíäà¡û (�àçà©ñòàí �ëòòû© Áàíêiíi­ Åñåï àéûðûñó-êàññàëû© îðòàëû-

¡ûíäà¡û íåìåñå êîððåñïîíäåíò (êîììåðöèÿëû©) áàíêòåãi) ©àðàæàòòàð äà òàëàï åòiëìåëi äåïîçèò

áîëûï òàáûëàäû.

Ä³íèåæ³çiëiê áàíêòiê ïðàêòèêàäà ïàéäàëàíûëàòûí êîíòîêîððåíòòiê (à¡ûìäà¡û) øîòòàðäà¡û

©àðàæàòòàð äà òàëàï åòiëìåëi äåïîçèòêå æàòàäû. Îñû îðàéäà ê°ðiíiñ òàáàòûí êðåäèòòiê ñàëü-

äî áàíê êëèåíòiíi­ °ç ©àðàæàòûí, àë äåáåòòiê ñàëüäî áàíêòiê øîò èåñiíi­ áàíêêå ©àðûç åêåíií

áiëäiðåäi. Òàëàï åòiëìåëi äåïîçèò áàíêòiê êîððåñïîíäåíòòiê øîòòàðäà ñà©òàëàòûí, ò´ðà©ñûç (©àë-

äû© ì°ëøåði ºðäàéûì °çãåðiï îòûðàòûí) ñèïàòòà¡û äåïîçèò (ñàëûì) ò³ði áîë¡àíäû©òàí àòàë-

ìûø øîò áîéûíøà ïðîöåíòòiê °ñiì ò°ëåíáåéäi (òåê ñàïàëû ºði ©îñûìøà ©ûçìåò ê°ðñåòiëåäi).

Äåïîçèòîðëàð (ñàëûìøûëàð) ñàíàòûíà îðàé çà­äû ò´ë¡àëàðäû­ äåïîçèòi ìåí æåêå ò´ë¡àëàð

äåïîçèòi ê°ðiíiñ òàáàäû. Ìåðçiìäi äåïîçèò áàíê êëèåíòiíi­ òàáûñ òàáó ìà©ñàòûíäà íà©òûëû áåë-

ãiëåíãåí ìåðçiìãå áàíêêå ñàë¡àí (ñà©òàó¡à, ïàéäàëàíó¡à áåðãåí) °ç ìåíøiãiíäåãi à©øà ©àðàæàòûí

áiëäiðåäi. Áåëãiëi ìåðçiìãå °ç ©àðàìà¡ûíà áåðiëãåí äåïîçèòêå îðàé áàíê ò°ëåóãå òèiñ ïðîöåíòòiê

ñòàâêà ì°ëøåði ñàëûí¡àí ©àðàæàò (äåïîçèò) øàìàñûíà (ê°ëåìiíå) æºíå îíû ñà©òàó (ïàéäàëàíó)

ìåðçiìiíå áàéëàíûñòû áîëàäû.

Ìåðçiìäi äåïîçèò (©àðàæàòòàðû) äåïîçèòîð¡à òåê áàíêòiê äåïîçèò øàðòûíäà ê°çäåëãåí ìåðçiì

àÿ©òàë¡àí êåçäå ¡àíà ©àéòàðûëàäû. Ìåðçiìäi äåïîçèò áåëãiëi áið íåãiçäåðãå (ñåáåïòåðãå) áàéëà-

íûñòû ê°çäåëãåí ìåðçiìiíåí á´ðûí àëûí¡àí æà¡äàéäà îñû äåïîçèò ò³ði áîéûíøà àé©ûíäàë¡àí

ïðîöåíòòiê °ñiì ì°ëøåði àéòàðëû©òàé êåìèäi. Äåïîçèòîðëàðäû ©ûçû©òûðó ³øií ìåðçiìäi äåïî-
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çèò áîéûíøà îëàð¡à ê³ðäåëi ïðîöåíò ò³ðiíäåãi òàáûñòàð ò°ëiíåäi. Ìåðçiìäi äåïîçèò òåê ìåðçiìi

àÿ©òàë¡àíäà ¡àíà àëûíàäû æºíå îë áîéûíøà áàíêòiê äåïîçèò øàðòûíäà áåëãiëåíãåí ïðîöåíò

ì°ëøåði äåïîçèò (ñàëûì) ñîìàñûíà áåëãiëi êåçå­ ñàéûí åñåïòåëiíiï, îñû åñåïòåëiíãåí òàáûñ©à

êåëåñi êåçå­äå òà¡û äà òèiñ ïðîöåíò åñåïòåëiíåäi. Äåïîçèòîðëàðäû ©ûçû©òûðó ³øií ìåðçiìäi äå-

ïîçèò áîéûíøà îëàð¡à ê³ðäåëi ïðîöåíò ò³ðiíäåãi òàáûñòàð ò°ëiíåäi. Ìåðçiìäi äåïîçèò òåê ìåðçiìi

àÿ©òàë¡àíäà ¡àíà àëûíàäû æºíå îë áîéûíøà áàíêòiê äåïîçèò øàðòûíäà áåëãiëåíãåí ïðîöåíò ì°ë-

øåði äåïîçèò (ñàëûì) ñîìàñûíà áåëãiëi êåçå­ ñàéûí åñåïòåëiíiï, îñû åñåïòåëiíãåí òàáûñ©à êåëåñi

êåçå­äå òà¡û äà òèiñ ïðîöåíò åñåïòåëiíåäi. Ìåðçiìäi äåïîçèò áîéûíøà áåëãiëåíãåí æàé ïðîöåíò-

òåðäi­ òàáûñû ñà©òàóëû ©àðàæàòòû­ íà©òûëû ì°ëøåðiíå áàíêòiê äåïîçèò øàðòûíäà ê°çäåëãåí

ïðîöåíòòi åñåïòåó àð©ûëû ò°ëåíåäi. Áàíêòåð ³øií äåïîçèò ññóäàëû© êàïèòàë áîëûï òàáûëàäû.

Áàíêòiê äåïîçèò øàðòûíäà æàçáàøà íûñàíûíäà¡û, çàòòàé (äåïîçèò ñîìàñû), à©ûëû æºíå

áiðæà©òû ìiíäåòòåóøi ñèïàòòà¡û êëèåíò ïåí áàíêòi­ °çàðà êåëiñiìi, ñîíäàé-à© òèiñòi çà­íàìà-

ëû© æºíå çà­¡à òºóåëäi íîðìàòèâòiê ©´©û©òû© àêòiëåð íåãiçiíäå æàñàñûë¡àí ©´æàòòà áàíêêå

áåðiëåòií (ñàëûíàòûí) äåïîçèò ñîìàñû, îíû­ ìåðçiìi, ïðîöåíòòåði, îëàðäû åñåïòåó æºíå ò°ëåó

òºðòiái, äåïîçèòîðäû­ ìiíäåòòåði ìåí ©´©û©òàðû, áàíêòi­ ìiíäåòòåði ìåí ©´©û©òàðû, òàðàïòàð-

äû­ øàðòòà áåëãiëåíãåí ìºí-æàéëàðäû ñà©òàó æ°íiíäåãi æàóàïêåðøiëiãi, òàëàñ-òàðòûñòàðäû øå-

øó òºðòiái ê°çäåëåäi.

Áàíêòiê äåïîçèò øàðòûíû­ íûñàíûí (ºäåòòå æàçáàøà íûñàíäà) äåïîçèò ò³ðëåðiíå îðàé áàíê-

òåð äåðáåñ ºçiðëåéäi.

Áàíêòiê äåïîçèò øàðòû áîéûíøà áið òàðàï � áàíê åêiíøi òàðàïòàí äåïîçèòîðäàí äåïîçèò

àëó¡à æºíå îíû ïàéäàëàí¡àíû ³øií àòàëìûø øàðòòà ê°çäåëãåí ì°ëøåðäå æºíå áåëãiëåíãåí òºð-

òiïïåí î¡àí ñûà©û ò°ëåóãå ºði äåïîçèò ò³ðiíå ©àðàé à©øà ©àðàæàòòàðûí óà©òûëû ©àéòàðó¡à

ìiíäåòòåíåäi.

Áàíê òàðòûë¡àí äåïîçèòòåðäi­ ò³ðëåðiíå îðàé êëèåíòòi­ à©øà ©àðàæàòûí åñåïêå àëó ìà©ñà-

òûíäà áàíêòåð °ç êëèåíòiíå áiðiçäåíäiðiëãåí æåêåëåé êîä (ÁÈÊ) áåðåäi.

Áàíêòiê äåïîçèò (ñàëûì) øàðòû æàçáàøà íûñàíäà, ñîíäàé-à© áàíêòiê çà­íàìàäà, �àçà©ñòàí

�ëòòû© Áàíêiíi­ íîðìàòèâòiê ©´©û©òû© àêòiëåðiíäå æºíå áàíêòiê òºæiðèáåäå ©îëäàíûëàòûí

iñêåðëiê àéíàëûì äà¡äûëàðûíäà áåëãiëåíãåí òàëàïòàð¡à ñàé æàñàëàäû.

Äåïîçèòîðäû­ (ñàëûìøûíû­) òàëàáûíà ñºéêåñ äåïîçèòòi­ ñàëûí¡àíûí êóºëàíäûðàòûí ©´-

æàò äåïîçèòîðäû­ àòûíà íå áîëìàñà ê°ðñåòiëãåí ³øiíøi ò´ë¡àíû­ àòûíà ðºñiìäåëói ì³ìêií.

Áàíêòi äåïîçèò øàðòû êåëiñiëãåí äåïîçèò ñîìàñûíû­ áàíêòåãi øîò©à êåëiï ò³ñêåí ê³íiíåí

áàñòàï æàñàëûíäû äåï åñåïòåëiíåäi. Áàíê êëèåíòòåði (äåïîçèòîðëàð) äåïîçèòòåðií ©îëìà-©îë à©-

øàìåí äå, ©îëìà-©îë à©øàñûç àóäàðó àð©ûëû äà åíãiçå àëàäû. Òàëàï åòiëãåíãå äåéií (òàëàï åòië-

ìåëi) äåïîçèò êåç êåëãåí ñîìàäà æºíå êåç êåëãåí êåçåíäå æåêåëåãåí æàðíàëàð ò³ðiíäå åíãiçiëåäi.

Ìåðçiìäi äåïîçèòòåð ìåí øàðòòûëû äåïîçèòòåð áið æîë¡û æàðíà ò³ðiíäå áiðäåí åíãiçiëåäi. Áàíê

°ç äåïîçèòîðûíà áàíêòiê äåïîçèò øàðòûíäà àé©ûíäàëûï ê°çäåëãåí ì°ëøåðäå æºíå áåëãiëåíãåí

òºðòiïïåí äåïîçèò ñîìàñûíà ñûéà©û ò°ëåéäi. Äåïîçèòîð òàëàï åòiëìåëi äåïîçèò áîéûíøà °çiíå

òèåñiëi ñûéà©ûíû äåïîçèò ñîìàñûíàí á°ëåê àëó¡à ©´©ûëû. Òàëàï åòiëìåëi áàíêòiê äåïîçèò øàðòû

ìåðçiìñiç áîëûï òàáûëàäû.

Ìåðçiìäi äåïîçèò áîéûíøà äåïîçèòîð¡à òèåñiëi ñûéà©ûíû ñà©òàó ìåðçiìi àÿ©òàë¡àíäà ¡àíà

áåðiëåòií äåïîçèò ñîìàñûíàí á°ëåê àëó¡à áîëàäû.

Ìåðçiìäi äåïîçèò áîéûíøà áåëãiëåíãåí ìåðçiìíi­ àÿ©òàëóûíà îðàé äåïîçèòîð °çiíå òèåñiëi

ñûéà©ûíû äà æºíå äåïîçèò ñîìàñûí äà òîëû© ì°ëøåðäå àëó¡à ©´©ûëû.

Äåïîçèòîðäû­ àë¡àø©û òàëàï åòói áîéûíøà áàíê äåïîçèòòi íåìåñå îíû­ áið á°ëiãií:
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1) òàëàï åòiëìåëi äåïîçèò áîéûíøà � äåïîçèòîð òàëàáûíû­ áàíêêå êåëiï ò³ñóiíå îðàé;

2) ìåðçiìäi äåïîçèò áîéûíøà � áàíêòiê äåïîçèò ùàðòûíäà ê°çäåëãåí ìåðçiìíi­ áàñòàëóûíà

áàéëàíûñòû;

3) øàðòòûëû äåïîçèò áîéûíøà � áàíêòiê äåïîçèò øàðòûíû­ áàñòàëóûí æºíå äåïîçèòòi­ ©àé-

òàðûëóûí áàéëàíûñòûðàòûí ìºí-æàéëàð îðûí àë¡àí êåçäå áåðóãå ìiíäåòòi.

Øåòåë âàëþòàñûìåí ñàëûí¡àí äåïîçèò òèiñòi çà­íàìàäà áàíêòiê äåïîçèò øàðòûíäà íåìåñå

áàíê ïåí äåïîçèòîðäû­ ©îñûìøà êåëiñiìiíäå °çãåøå ê°çäåëìåñå, øåòåë âàëþòàñûìåí ©àéòàðû-

ëó¡à òèiñ. Äåïîçèòîð áàíêòåðäi­ äåïîçèòòiê îïåðàöèÿëàðû áàðûñûíäà °çiíå ê°ðñåòiëãåí áàíêòiê

©ûçìåòòåð ³øií øàðòòà áåëãiëåíãåí òºðòiïïåí à©û ò°ëåóãå ìiíäåòòi.

Ñîíûìåí, äåïîçèòîð òàëàï åòiëìåëi äåïîçèòòi òèiñòi áàíêòiê øîò©à êåç êåëãåí ñîìàäà æºíå êåç

êåëãåí êåçå­äå (óà©ûòòà) æåêåëåãåí æàðíàëàðìåí åíãiçå àëàäû. Àë áàíêêå ìåðçiìäi äåïîçèò ìåí

øàðòòûëû äåïîçèò ñàëó êåçiíäå äåïîçèòîð ©àæåòòi ì°ëøåðäåãi à©øà ©àðàæàòû ñîìàñûí áiðäåí

åíãiçåäi.

Æåêå ò´ë¡àëàðäû­ æèíà© êiòàïøàñûíäà øîò àø©àí áàíêòi­ íåìåñå îíû­ ôèëèàëûíû­ îð-

íàëàñ©àí îðíû æºíå àòàóû; äåïîçèòòi­ ò³ði, ìåðçiìi; äåïîçèò øîòûíû­ í°ìiði; äåïîçèòîðäû­

ôàìèëèÿñû, àòû-æ°íi; øîò©à ñàëûí¡àí äåïîçèòòi­ ñîìàñû; øîòòàí øû¡àðûë¡àí à©øà ©àðàæà-

òûíû­ ñîìàñû; åñåïòåëãåí ïðîöåíò øàìàñû; øîòòà¡û à©øà ©àðàæàòûíû­ ©àëäû¡û ê°ðñåòiëåäi.

Äåïîçèòiê îïåðàöèÿëàðäû áàñ©àðó - á´ë æåêåëåãåí áàíêòåðäi­ °òiìäiëiãií ñà©òàï îòûðó ìà©-

ñàòûíäà äåïîçèòiê íàðû©òàí ©àðàæàòòàðäû òàðòó¡à áà¡ûòòàëàòûí ©ûçìåòòi áiëäiðåäi.

Äåïîçèòiê îïåðàöèÿëàðäû áàñ©àðó åêi äå­ãåéäå æ³çåãå àñûðûëàäû:

1. Ìàêðîäå­ãåéäå áàñ©àðó;

2. Ìèêðîäå­ãåéäå áàñ©àðó;

Ìàêðîäå­ãåéäå áàñ©àðàòûí �àçà©ñòàí Ðåñïóáëèêàñû �ëòòû© áàíêi áîëûï òàáûëàäû. �ëòòû©

áàíê êîììåðöèÿëû© áàíêòåðäi­ äåïîçèòòåðií áàíêòåðäi­ áîñ ðåçåðâòåðiíi­ ºð ò³ðëi ýëåìåíòòåðiíå

ºñåð åòó àð©ûëû æ³çåãå àñûðûëàäû.

�ëòòû© áàíê êîììåðöèÿëû© áàíêòåðäi­ äåïîçèòiê îïåðàöèÿëàðûí áàñ©àðóäû áàñ©àðóäà åêi

©´ðàëäû ©îëäàíàäû. Áiðiíøi ©´ðàëäàð òîáûíà-�ëòòû© áàíêòi­ à©øàëàé îïåðàöèÿëàðû æàòà-

äû. �ëòòû© áàíê á´ë îïåðàöèÿëàðäû à©øà íàðû¡ûíû­ ³ø àóìà¡ûíäà æ³çåãå àñûðàäû. Îëàð¡à:

Äåïîçèò íàðû¡û, Íåñèå íàðû¡û, Âàëþòàëû© íàðû© æàòàäû.

�îðûòà àéò©àíäà, äåïîçèòòåð, êîììåðöèÿëû© áàíêòåðäi­ åðêií íåñèåëiê ðåñóðñòàð íàðû¡û-

íàí ðåñóðñòàð ñàòûï àëóäà¡û äåëäàëäû© ©ûçìåòiíi­ ìàçì´íûí àøàäû. Äåïîçèòòåð áàíêòåðäi­

ðåñóðñòàðûíû­ áàñòû ©àëûïòàñû ê°çäåðií ©´ðàéäû. Äåïîçèòòåð áàíêòåð ³øií å­ àðçàí ðåñóðñ

ê°çi áîëûï òàáûëàäû. Äåïîçèòòòåð áàíêòåðäi­ iøêi æºíå ñûðò©û ìiíäåòòåìåëåðií ©´ðàéäû. Ñîí-

äû©òàí äà äåïîçèòòåðäi­ áàíê ©ûçìåòiíäå ê°ï áîëóû àðíàéû æàñàë¡àí áàíêòåðäi­ ñàÿñàòûíà

òiêåëåé áàéëàíûñòû. Äåïîçèòòiê ñàÿñàòòû­ ä´ðûñ áîëìàóû áàíêòåðäi­ ðåñóðñòàðûíû­ ©àëûïòà-

ñóûíà êåði û©ïàë åòåäi.
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ON THE INTEGRABILITY WITH WEIGHT OF MULTIPLE

MULTIPLICATIVE TRANSFORMS

N. Bokayev, Zh. Mukanov

L.N. Gumilyov Eurasian National University

Abstract. In this paper we study the conditions of integrability with weight of multiple multipli-

cative transforms of monotone functions from Lr

(
Rn

+

)
, 1 ≤ r < 2. It is proved that under certain

conditions imposed on the weight of the exponent functions of integrable multiplicative conversion

monotonic function implies integrability of the function. It is known that this transformation has

application to signal processing tasks [1].

Keywords: multiplicative systems, integrability.

À­äàòïà. Îñû æ´ìûñòà Lr

(
Rn

+

)
, 1 ≤ r < 2, êëàñûíäà æàòàòûí ìîíîòîíäû ôóíêöèÿëàðûíû­

åñåëi ìóëüòèïëèêàòèâòi ò³ðëåíäiðóëåðiíi­ ñàëìà©ïåí èíòåãðàëäàíóû øàðòòàðû çåðòòåëåäi.

Äºðåæåëi ñàëìà©òû ôóíêöèÿíû­ ê°ðñåòêiøòåðiíå êåéáið øàðòòàð ©îéûë¡àí æà¡äàéäà ìîíî-

òîíäû ôóíêöèÿíû­ ìóëüòèïëèêàòèâòi ò³ðëåíäiðóëåðiíi­ èíòåãðàëäàíóûíàí ôóíêöèÿíû­ °çi

èíòåãðàëäàíàòûíû äºëåëäåíåäi. �àðàñòûðûëûï æàò©àí ò³ðëåíäiðó ñèãíàëäàðäû °­äåó åñåï-

òåðiíäå ©îëäàíàòûíû áåëãiëi [1].

Êiëòòiê ñ°çäåð: ìóëüòèïëèêàòèâòi æ³éåëåð, èíòåãðàëäàíó.

Àííîòàöèÿ. Â äàííîé ðàáîòå èçó÷àþòñÿ óñëîâèÿ èíòåãðèðóåìîñòè ñ âåñîì êðàòíûõ ìóëü-

òèïëèêàòèâíûõ ïðåîáðàçîâàíèé ìîíîòîííûõ ôóíêöèé èç Lr

(
Rn

+

)
, 1 ≤ r < 2. Äîêàçûâàåòñÿ,

÷òî ïðè íåêîòîðûõ óñëîâèÿõ, íàêëàäûâàåìûõ íà ïîêàçàòåëè ñòåïåííîé âåñîâîé ôóíêöèè, èç

èíòåãðèðóåìîñòè ìóëüòèïëèêàòèâíîãî ïðåîáðàçîâàíèÿ ìîíîòîííîé ôóíêöèè ñëåäóåò èíòåãðè-

ðóåìîñòü ñàìîé ôóíêöèè. Èçâåñòíî, ÷òî ðàññìàòðèâàåìîå ïðåîáðàçîâàíèå èìååò ïðèìåíåíèå

â çàäà÷àõ îáðàáîòêè ñèãíàëîâ [1].

Êëþ÷åâûå ñëîâà: ìóëüòèïëèêàòèâíûå ñèñòåìû, èíòåãðèðóåìîñòü.

In this paper we study the conditions of integrability with weight of multiple multiplicative transforms

of monotone functions from Lr
(
Rn+
)
, 1 ≤ r < 2.

Let P = {pj}|j|∈N , where pj ∈ N , 2 ≤ pj ≤M , p−j = pj for all j ∈ N . Setmj = p1p2...pj for j ∈ N ,
m0 = 1 and m−l = 1/ml for l ∈ N . Then for all x ∈ R+ can be associated with the decomposition

x =

k(x)∑
j=1

x−jmj−1 +

∞∑
j=1

xj
mj

, xj ∈ Zj = Z ∩ [0, pj), |j| ∈ N. (1)

This decomposition is uniquely determined, if for x = k/mn, k ∈ Z+, take the expansion with a

�nite number of nonzero xi. If x, y ∈ R+ = [0,+∞) written as (1), then by de�nition z = x−̇y =
max(k(x),k(y))∑

j=1
z−jmj−1 +

∞∑
j=1

zj
mj
, zj = xj − yj (mod pj), zj ∈ Zj . Similarly, we de�ne the operation
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x+̇y. For x, y ∈ [0,+∞), written in the form (1), de�ne the kernel χ(x, y) by equality

χ(x, y) = exp

{
2πi

∞∑
j=1

xjy−j+x−jyj
pj

}
.

We introduce multiple multiplicative systems with di�erent generating sequences. Let the system

χ(xj , yj), j = 1, n constructed using sequence {p(j)
k }
∞
k=−∞, p

(j)
k ≥ 2, k ∈ Z, m(j)

0 = 1, m(j)
t =

t∏
s=1

p
(j)
s ,

t = 1, 2, .... Then multiple multiplicative system is de�ned by χ(x1, ..., xn, y1..., yn) = χ(x1, y1)χ(x2, y2)...

χ(xn, yn). We assume that the generating sequences bounded in total. For the function f(x1, ..., xn) ∈
L[0,∞)n multiplicative transformation de�ne by

f̂(x1, ...xn) =

∫ ∞
0

...

∫ ∞
0

f(y1, ..., yn)χ(x1, y1)...χ(xn, yn)dy1...dyn,

and for functions f(x1, ..., xn) ∈ Lp[0,∞)n, 1 < p ≤ 2 by the equality

f̂(x1, ...xn) = lim
a1→∞
...

an→∞

∫ a1

0
...

∫ an

0
f(y1, ..., yn)χ(x1, y1)...χ(xn, yn)dy1...dyn.

Theorem. Let the function f(x1, ..., xn) decreases in each variable on [0,∞)n,

lim
x1+...+xn→∞

f(x1, ..., xn) = 0 and f ∈ Lr(Rn+), 1 ≤ r < 2. If 1 < p ≤ q <∞, γ > − 1
p′ and

(x1...xn)−γ f̂(x1, ..., xn) ∈ Lp(Rn+), then (x1...xn)
1+γ− 1

p
− 1
q f(x1, ..., xn) ∈ Lq(Rn+).
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ÈÌÈÒÀÖÈß ÝÊÎËÎÃÈ×ÅÑÊÈÕ ÎÁÚÅÊÒÎÂ Â ÑÐÅÄÅ EXCEL ÍÀ

ÏÐÈÌÅÐÅ ÎÁÅÇÂÐÅÆÈÂÀÍÈß È ÇÀÕÎÐÎÍÅÍÈß

ÌÛØÜßÊÑÎÄÅÐÆÀÙÈÕ ÎÒÕÎÄÎÂ

Å.Þ. Âàí, À.À. Êàñïåðñêàÿ, Í.À. Íóðáàåâà, Ì.Ê. Êàðèáàåâà, À.Ï. ×óðñèí

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èì. Ä. Ñåðèêáàåâà,

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èì. Ñ. Àìàíæîëîâà

Abstract. The problems of the use of information technologies with the application of means of

conceptual and mathematical modeling of chemical phenomena and processes in chemistry teaching

in high school are considered. Particular attention is given to the use of Delphi software package,

which basic algorithm is setting of the variety of tasks, such as an identi�cation of the form of
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Àííîòàöèÿ. Äëÿ íàñòîÿùåãî ýòàïà ðàçâèòèÿ íàóêè è òåõíèêè õàðàêòåðíû øèðîêîå ïðèìå-

íåíèå ñðåäñòâ èíôîðìàöèîííûõ òåõíîëîãèé äëÿ ðåàëèçàöèè àëãîðèòìîâ è îöåíêè êà÷åñòâà

óïðàâëåíèÿ ýêîëîãè÷åñêèìè îáúåêòàìè, â ÷àñòíîñòè ïðåäñòàâëåíèÿ ìîäåëåé îáåçâðåæèâàíèÿ

è óòèëèçàöèè òîêñè÷íûõ ïðîìûøëåííûõ îòõîäîâ .

Êëþ÷åâûå ñëîâà: ýêîëîãèÿ, îòõîäû, ìîäåëèðîâàíèå.

Äëÿ íàñòîÿùåãî ýòàïà ðàçâèòèÿ íàóêè è òåõíèêè óïðàâëåíèÿ õàðàêòåðíû øèðîêîå ïðèìåíåíèå

ñðåäñòâ âû÷èñëèòåëüíîé òåõíèêè äëÿ ðåàëèçàöèè àëãîðèòìîâ è îöåíêè êà÷åñòâà óïðàâëåíèÿ,

ñîçäàíèÿ ñèñòåì óïðàâëåíèÿ, à òàêæå ñîçäàíèÿ ìîäåëåé ñëîæíûõ îáúåêòîâ, ñèñòåì óïðàâëåíèÿ è

ñèòóàöèé, ñèñòåì àâòîìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ, ýêñïåðèìåíòà è íàó÷íûõ èññëåäîâàíèé

[1].

Èìèòàöèîííîå ìîäåëèðîâàíèå - èíñòðóìåíò ïðèêëàäíîãî ñèñòåìíîãî àíàëèçà, ò.å. ñîâîêóïíî-

ñòè ìåòîäîâ èññëåäîâàíèÿ äèíàìèêè ñëîæíûõ ðåàëüíûõ ñèñòåì â óñëîâèÿõ íåîïðåäåëåííîñòè è

öåëåíàïðàâëåííîãî âîçäåéñòâèÿ.

Èäåÿ ìåòîäà èìèòàöèîííîãî ìîäåëèðîâàíèÿ ñîñòîèò â òîì, ÷òî âìåñòî àíàëèòè÷åñêîãî îïè-

ñàíèÿ âçàèìîñâÿçåé ìåæäó âõîäàìè, ñîñòîÿíèÿìè è âûõîäàìè ñòðîÿò àëãîðèòì, îòîáðàæàþùèé

ïîñëåäîâàòåëüíîñòü ðàçâèòèÿ ïðîöåññîâ âíóòðè èññëåäóåìîãî îáúåêòà.

Îñíîâîé äëÿ ñîçäàíèÿ èìèòàöèîííîé ñèñòåìû àíàëèçà è ïðîãíîçèðîâàíèÿ ðàçâèòèÿ ñèòóàöèé

ïðè ïðèíÿòèè ðåøåíèé ïî ðåàëèçàöèè ìåðîïðèÿòèé, íàïðàâëåííûõ íà ðàçâèòèå ýêîëîãè÷åñêè

ðàöèîíàëüíûõ òåõíîëîãèé îáåçâðåæèâàíèÿ è óòèëèçàöèè ìûøüÿêñîäåðæàùèõ îòõîäîâ íà ïðåä-

ïðèÿòèÿõ ÿâëÿåòñÿ ñòðóêòóðà è ñîäåðæàíèå ñîâîêóïíîñòè èñïîëüçóåìûõ äàííûõ.

Ñîäåðæàòåëüíîé îñíîâîé äëÿ ïîñòðîåíèÿ èìèòàöèîííîé ìîäåëè îáúåêòà ÿâëÿåòñÿ åãî êîíöåï-

òóàëüíàÿ ìîäåëü, ïîä êîòîðîé ïîíèìàåòñÿ ñîâîêóïíîñòü êà÷åñòâåííûõ çàâèñèìîñòåé êðèòåðèåâ

îïòèìàëüíîñòè è ðàçëè÷íîãî ðîäà îãðàíè÷åíèé îò ôàêòîðîâ, ñóùåñòâåííûõ äëÿ îòðàæåíèÿ ôóíê-

öèîíèðîâàíèÿ îáúåêòà [2]. Êîíöåïòóàëüíàÿ ìîäåëü îòðàæàåò ñëåäóþùèå îñíîâíûå ìîìåíòû:

- óñëîâèÿ ôóíêöèîíèðîâàíèÿ îáúåêòà, îïðåäåëÿåìûå õàðàêòåðîì âçàèìîäåéñòâèé ìåæäó îáú-

åêòîì è åãî îêðóæåíèåì, ìåæäó ýëåìåíòàìè îáúåêòà;

- öåëè èññëåäîâàíèÿ îáúåêòà è íàïðàâëåíèÿ óëó÷øåíèÿ åãî ôóíêöèîíèðîâàíèÿ;

- âîçìîæíîñòè óïðàâëåíèÿ îáúåêòîì, îïðåäåëÿþùèå ñîñòàâ óïðàâëÿåìûõ ïåðåìåííûõ îáúåê-

òà.

Ïîðÿäîê ïîñòðîåíèÿ èìèòàöèîííîé ìîäåëè è åå èññëåäîâàíèÿ â öåëîì ñîñòîèò èç íåñêîëüêèõ

ýòàïîâ [3]:

- îïðåäåëåíèå îáúåêòà � óñòàíîâëåíèå ãðàíèö, îãðàíè÷åíèé è èçìåðèòåëåé ýôôåêòèâíîñòè

îáúåêòà, ïîäëåæàùåãî èçó÷åíèþ;

- ôîðìóëèðîâàíèå ìîäåëè � ïåðåõîä îò ðåàëüíîãî îáúåêòà ê ëîãè÷åñêîé ñõåìå;

- ïîäãîòîâêà äàííûõ � îòáîð äàííûõ, íåîáõîäèìûõ äëÿ ïîñòðîåíèÿ ìîäåëè, è ïðåäñòàâëåíèå

èõ â ñîîòâåòñòâóþùåé ôîðìå;
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- îöåíêà àäåêâàòíîñòè � ïîâûøåíèå óðîâíÿ êîððåêòíîñòè âûâîäîâ î ðåàëüíîì îáúåêòå, ïîëó-

÷åííûõ íà îñíîâàíèè îáðàùåíèÿ ê ìîäåëè;

- ñòðàòåãè÷åñêîå ïëàíèðîâàíèå � ïëàíèðîâàíèå ýêñïåðèìåíòà, êîòîðûé äîëæåí äàòü íåîáõî-

äèìóþ èíôîðìàöèþ;

- ýêñïåðèìåíòèðîâàíèå � ïðîöåññ îñóùåñòâëåíèÿ èìèòàöèè cöåëüþ ïîëó÷åíèÿ æåëàåìûõ äàí-

íûõ;

- èíòåðïðåòàöèÿ � ïîñòðîåíèå âûâîäîâ ïî äàííûì, ïîëó÷åííûì ïóòåì èìèòàöèè;

- ðåàëèçàöèÿ � ïðàêòè÷åñêîå èñïîëüçîâàíèå ìîäåëè è ðåçóëüòàòîâ ìîäåëèðîâàíèÿ.

Ñèñòåìà èìèòàöèîííîãî ìîäåëèðîâàíèÿ áóäåò ïðåäñòàâëÿòü ñîáîé ñõåìó ñòðóêòóðíûõ ýëåìåí-

òîâ, ïîñðåäñòâîì êîòîðûõ îòîáðàæàåòñÿ ñîâîêóïíîñòü ýêîíîìè÷åñêîãî ìåõàíèçìà ïðèðîäîïîëü-

çîâàíèÿ ðàçìåùåíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ. Ñòðóêòóðíàÿ ñõåìà èìèòàöèîííîãî ìîäåëèðî-

âàíèÿ ïðåäñòàâëåíà íà ðèñóíêå 1.

Â ðàçðàáàòûâàåìîé èìèòàöèîííîé ñèñòåìå èíôîðìàöèÿ îá îáúåêòå ïåðåäàåòñÿ êàê îò íèæíèõ

óðîâíåé ê âåðõíèì, ãäå îíà àíàëèçèðóåòñÿ è îáîáùàåòñÿ, òàê è îò âåðõíèõ óðîâíåé ê íèæíèì,

ãäå ñèñòåìàòèçèðîâàííàÿ èíôîðìàöèÿ äåòàëèçèðóåòñÿ.

Ðèñóíîê 1 Ñòðóêòóðíàÿ ñõåìà èìèòàöèîííîãî ìîäåëèðîâàíèÿ

Îïðåäåëÿþùèå êîìïîíåíòû èìèòàöèîííîé ìîäåëè ñîñòàâëÿþò ìîäåëè ôóíêöèîíèðîâàíèÿ òåõ-

íîëîãè÷åñêèõ ïðîöåññîâ îáðàçîâàíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ, à òàêæå ìîäåëü óïðàâëåíèÿ

ýêîíîìè÷åñêèì ìåõàíèçìîì ïðèðîäîïîëüçîâàíèÿ.

Â ðàçðàáàòûâàåìîé èìèòàöèîííîé ñèñòåìå èíôîðìàöèÿ îá îáúåêòå ïåðåäàåòñÿ êàê îò íèæíèõ

óðîâíåé ê âåðõíèì, ãäå îíà àíàëèçèðóåòñÿ è îáîáùàåòñÿ, òàê è îò âåðõíèõ óðîâíåé ê íèæíèì,

ãäå ñèñòåìàòèçèðîâàííàÿ èíôîðìàöèÿ äåòàëèçèðóåòñÿ.

Êàæäûé êîìïîíåíò èìèòàöèîííîé ñèñòåìû ïðåäñòàâëÿåò ñîáîé îòäåëüíóþ ìîäåëü. Ñâÿçü

ìåæäó êîìïîíåíòàìè ñèñòåìû äîëæíà îáåñïå÷èâàòüñÿ åäèíîîáðàçèåì îïåðàöèîííûõ äàííûõ, ñî-

ïðÿæåíèåì âñåõ ïîäñèñòåì ìåæäó ñîáîé.

Òàêèì îáðàçîì, ìîäåëü îáåçâðåæèâàíèÿ è óòèëèçàöèè âûñîêîòîêñè÷íûõ ìûøüÿêñîäåðæàùèõ

îòõîäîâ ôîðìèðóåòñÿ ñëåäóþùèì îáðàçîì:

1) Îïðåäåëåíèå öåëåé, çàäà÷ è âîçìîæíîñòåé èìèòàöèè.
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Öåëü èññëåäîâàíèÿ ÿâëÿåòñÿ âíåøíåé ïî îòíîøåíèþ ê îáúåêòó, èìååò áîëüøîå çíà÷åíèå è

îïðåäåëÿåòñÿ òåêóùèìè è äîëãîâðåìåííûìè èíòåðåñàìè ïî îòíîøåíèþ ê îáúåêòó.

Öåëüþ ïðîâåäåííîãî â äàííîì ðàçäåëå èññëåäîâàíèÿ ÿâëÿåòñÿ ðåøåíèå ýêîëîãî-ýêîíîìè÷åñêèõ

ïðîáëåì ïî îáåçâðåæèâàíèþ è óòèëèçàöèè âûñîêîòîêñè÷íûõ ìûøüÿêñîäåðæàùèõ îòõîäîâ. Îíà

áàçèðóåòñÿ íà äâóõ îñíîâíûõ óñòðåìëåíèÿõ:

- óòèëèçàöèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ äëÿ óìåíüøåíèÿ ýêîëîãè÷åñêîãî ðèñêà îò ðàñïðî-

ñòðàíåíèÿ òÿæåëûõ ìåòàëëîâ è äðóãèõ âåùåñòâ â ïî÷âå, ãðóíòîâûõ è ïîâåðõíîñòíûõ âîäàõ;

- ýêîíîìèÿ ñðåäñòâ çà ñ÷åò ñîêðàùåíèÿ âûïëàòû ðàçìåùåíèÿ òâåðäûõ îòõîäîâ.

×òîáû äàííàÿ ïðîáëåìà èìåëà ðåøåíèå, âûáðàííûå öåëè íå äîëæíû áûòü âçàèìîèñêëþ÷àþ-

ùèìè.

Öåëü èññëåäîâàíèÿ êîíêðåòèçèðóåòñÿ â âèäå ìíîæåñòâà çàäà÷, ðåøåíèå êîòîðûõ íåîáõîäèìî

è äîñòàòî÷íî äëÿ äîñòèæåíèÿ öåëè. Ìíîæåñòâî çàäà÷ èìååò èåðàðõè÷åñêóþ ñòðóêòóðó.

Íà ðèñóíêå 2 èçîáðàæåíà ïðåäëàãàåìàÿ èåðàðõè÷åñêàÿ ñòðóêòóðà öåëåé è çàäà÷ ðåøåíèÿ

ýêîëîãî-ýêîíîìè÷åñêîé ïðîáëåìû ïî îáåçâðåæèâàíèþ è óòèëèçàöèè âûñîêîòîêñè÷íûõ ìûøüÿê-

ñîäåðæàùèõ îòõîäîâ.

Äîïîëíèòåëüíûìè ôàêòîðàìè ïðè âûáîðå öåëè ÿâëÿþòñÿ âîçìîæíîñòè èññëåäîâàòåëÿ - òåî-

ðåòè÷åñêèå, ôèíàíñîâûå, âðåìåííûå è äðóãèå.

Òåîðåòè÷åñêèå âîçìîæíîñòè âêëþ÷àþò äàííûå è ìåòîäû, êîòîðûå ìîæíî ïðèìåíèòü äëÿ ðå-

øåíèÿ ïðîáëåìû èìèòàöèîííîãî ìîäåëèðîâàíèÿ.

Ôèíàíñîâûå âîçìîæíîñòè îãðàíè÷èâàþò èñïîëüçîâàíèå îáîðóäîâàíèÿ, îáúåì ðàáîò è ò.ï.

Âðåìåííîé ôàêòîð îãðàíè÷èâàåò ïðîäîëæèòåëüíîñòü èññëåäîâàíèÿ.

Ïðè ýòîì ïðåäâàðèòåëüíî îãîâàðèâàþòñÿ è ôèêñèðóþòñÿ öåëè èññëåäîâàíèÿ, êîòîðûå ìîæíî

ïîäðàçäåëèòü ñëåäóþùèì îáðàçîì: îïèñàíèå ïðîãíîç è îïòèìèçàöèÿ ôóíêöèîíèðîâàíèÿ ñèñòåìû.

Îïèñàíèå ôóíêöèîíèðîâàíèÿ ÿâëÿåòñÿ áàçîé èññëåäîâàíèÿ è âûïîëíÿåòñÿ â ðàìêàõ ñôîðìó-

ëèðîâàííîé ïðîáëåìû, ïîçâîëÿÿ ïðåäñòàâèòü ñóùåñòâóþùåå ñîñòîÿíèå ñèñòåìû, à òàêæå èçìåíå-

íèå ñîñòîÿíèÿ ñî âðåìåíåì. Äëÿ èìèòàöèîííîé ìîäåëè îáåçâðåæèâàíèÿ è óòèëèçàöèè ìûøüÿêñî-

äåðæàùèõ îòõîäîâ îïèñàíèå âêëþ÷àåò â ñåáÿ õàðàêòåðèñòèêè òåõíîëîãè÷åñêîãî ïðîöåññà, ñîñòàâ

è ñâîéñòâà îáðàçóþùèõñÿ îòõîäîâ.

Ïðîãíîç ôóíêöèîíèðîâàíèÿ ôîðìóëèðóåò ïðåäñòàâëåíèå î ñîñòîÿíèè ñèñòåìû â áóäóùåì ïðè

ðàçëè÷íûõ âíóòðåííèõ è âíåøíèõ âîçäåéñòâèÿõ. Èõ íàáîð íàçûâàåòñÿ ñöåíàðèåì, êîòîðûé îá-

ðàçóåò âõîäíûå äàííûå äëÿ ïðîãíîçà. Ê âíóòðåííèì âîçäåéñòâèÿì îòíîñÿòñÿ ðåøåíèÿ ïî óïðàâ-

ëåíèþ ñèñòåìîé - ðåøåíèÿ ðóêîâîäñòâà î âíåäðåíèè òåõíîëîãèè ïîëó÷åíèÿ ìûøüÿêñîäåðæàùèõ

îòõîäîâ, âûäåëåíèÿ ñðåäñòâ, ê âíåøíèì � äåÿòåëüíîñòü ñëóæá ïî îõðàíå îêðóæàþùåé ñðåäû,

äåéñòâóþùèå íîðìàòèâíûå äîêóìåíòû, ñîñòîÿíèå îêðóæàþùåé ñðåäû è äð.

Îïòèìèçàöèÿ ôóíêöèîíèðîâàíèÿ îñíîâûâàåòñÿ íà âûáîðå êðèòåðèåâ îïòèìàëüíîñòè. Äëÿ ìå-

òàëëóðãè÷åñêîãî ïðåäïðèÿòèÿ ïðè ðåøåíèè ïðîáëåìû îáåçâðåæèâàíèÿ è óòèëèçàöèè ìûøüÿê-

ñîäåðæàùèõ îòõîäîâ òàêèìè êðèòåðèÿìè ìîãóò áûòü: ìèíèìèçàöèÿ çàòðàò íà îñóùåñòâëåíèå

ïðîåêòà, áåçîïàñíîñòü ïðîäóêöèè äëÿ îêðóæàþùåé ñðåäû.

2) Àíàëèç èìèòàöèîííîé ñèñòåìû è ïîñòðîåíèå åå êîíöåïòóàëüíîé ìîäåëè.

Àíàëèç, íà îñíîâå êîòîðîãî ñòðîèòñÿ êîíöåïòóàëüíàÿ ìîäåëü âêëþ÷àåò â ñåáÿ: óñòàíîâëåíèå

ãðàíèö ñèñòåìû, îïðåäåëåíèå åå ýëåìåíòîâ, èõ õàðàêòåðèñòèê è ñâÿçåé, âûÿâëåíèå ïðîèñõîäÿùèõ

â ñèñòåìå ïðîöåññîâ, îïèñàíèå âíóòðåííèõ è âíåøíèõ âîçäåéñòâèé.

Íà ðèñóíêå 3 ïðèâåäåíà ïðåäëàãàåìàÿ êîíöåïòóàëüíàÿ ìîäåëü äëÿ ïîñòðîåíèÿ èìèòàöèîííîé

ñèñòåìû îáåçâðåæèâàíèÿ è óòèëèçàöèè ìûøüÿêñîäåðæàùèõ îòõîäîâ.
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Ðèñóíîê 2 Èåðàðõè÷åñêàÿ ñòðóêòóðà ðåøåíèÿ ýêîëîãî-ýêîíîìè÷åñêîé ïðîáëåìû
îáåçâðåæèâàíèÿ è óòèëèçàöèè âûñîêîòîêñè÷íûõ ìûøüÿêñîäåðæàùèõ îòõîäîâ

Ðèñóíîê 3 Êîíöåïòóàëüíàÿ ìîäåëü âçàèìîñâÿçåé ýëåìåíòîâ îáðàçîâàíèÿ, íàêîïëåíèÿ

ìûøüÿêñîäåðæàùèõ îòõîäîâ è íàïðàâëåíèÿ èõ âîçäåéñòâèÿ íà îêðóæàþùóþ ñðåäó

Çà ïÿòüäåñÿò ëåò c 1954 ãîäà íà îòâàëüíîé ïëîùàäêå ÓÊÌÊ ÀÎ ¾Êàçöèíê¿ ã. Óñòü-Êàìåíîãîðñêà

íàêîïëåíî áîëåå 300 òûñ. òîíí ìûøüÿêñîäåðæàùèõ îòõîäîâ. Çàâèñèìîñòü èçìåíåíèÿ êîëè÷åñòâà

îáðàçîâàíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ ïîñ÷èòàíà â ïðîãðàììå Microsoft Excel. Àíàëèç äèíà-

ìèêèíàêîïëåíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ ïðåäñòàâëåí â òàáëèöå 1.
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Ãäå: m(t) - êîëè÷åñòâî ìûøüÿêñîäåðæàùèõ îòõîäîâ íàêîïëåííûõ â îòâàëå çà ïåðèîä âðåìåíè

(t), â òîííàõ; n - êîëè÷åñòâî îòõîäîâ ïîñòóïèâøèõ â îòâàë, â òîííàõ; q - åæåãîäíîå ïîñòóïëåíèå

ìûøüÿêñîäåðæàùèõ îòõîäîâ â îòâàë, â òîííàõ; c - èñõîäíîå ñîäåðæàíèå ìûøüÿêà, %; h(t) - îáùàÿ

ïîòåðÿ ìûøüÿêàâ îòâàëå çà ïåðèîä âðåìåíè (t), â òîííàõ; h - ñðåäíåãîäîâàÿ ïîòåðÿ ìûøüÿêà, â

òîííàõ.

Íà îñíîâå ñòàòèñòè÷åñêèõ è ðàñ÷åòíûõ äàííûõ ïîñòðîåí ãðàôèê êîëè÷åñòâà, îáðàçîâàíèÿ,

íàêîïëåíèÿ è ïîòåðè ìûøüÿêñîäåðæàùèõ îòõîäîâ íà îòâàëüíîì ïîëå ÓÊ ÌÊ ÀÎ 2 Êàçöèíê¿

(ðèñóíîê 4).

5) Ïðîâåäåíèå èìèòàöèîííûõ ýêñïåðèìåíòîâ.

Ýêñïåðèìåíòû, ïðîâåäåííûå ñ èìèòàöèîííîé ìîäåëüþ, ìîæåò ïîêàçàòü èçìåíåíèå ñèñòåìû

ïðè èçìåíåíèè ñöåíàðèÿ, òî åñòü ïðè èçìåíåíèè âíóòðåííèõ è âíåøíèõ âîçäåéñòâèé. Äëÿ ìîäåëè

îáåçâðåæèâàíèÿ è óòèëèçàöèè ìûøüÿêñîäåðæàùèõ îòõîäîâ, èçìåíåíèå ñöåíàðèÿ ìîæåò çàêëþ-

÷àòüñÿ â çàìåùåíèè ìûøüÿêîâî � êàëüöèåâûõ îòõîäîâ íà îòõîäû æåëåçî � ìûøüÿêîâûå àíàëîãà

ìèíåðàëà ñêîðîäèò.

Ðèñóíîê 4 Äèíàìèêà îáðàçîâàíèÿ, íàêîïëåíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ áåç ó÷åòà èõ

ïåðåðàáîòêè

Çàâèñèìîñòü èçìåíåíèÿ êîëè÷åñòâà îáðàçîâàíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ ïîñ÷èòàíà â

ïðîãðàììå Microsoft Excel. Àíàëèç äèíàìèêè íàêîïëåíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ ïðåäñòàâ-

ëåí â òàáëèöå 2.
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Íà ðèñóíêå ïîêàçàíî, ÷òî ïðè äàííîì ñöåíàðèè êîëè÷åñòâî ìûøüÿêñîäåðæàùèõ îòõîäîâ çà-

ìåòíî ñíèæàåòñÿ. Â ýòîì ñëó÷àå, ñòèìóëèðîâàòü ïðåäïðèÿòèå äëÿ ïåðåîñíàùåíèÿ òåõíîëîãèè

ïîëó÷åíèÿ äàííûõ îòõîäîâ ñ öåëüþ îáåñïå÷åíèÿ ýêîëîãè÷åñêîé áåçîïàñíîñòè áóäåò âîçäåéñòâèå

íà íåãî ãîñóäàðñòâåííûõ ïðèðîäîîõðàííûõ îðãàíîâ.

Ðèñóíîê 5 Ñðàâíåíèå êîëè÷åñòâà ìûøüÿêñîäåðæàùèõ îòõîäîâ ñ ó÷åòîì ïåðåðàáîòêè

Ïîýòîìó ïðè ðåøåíèè ýêîëîãî-ýêîíîìè÷åñêîé ïðîáëåìû ñëåäóåò ó÷èòûâàòü öåëåíàïðàâëåííîå

âîçäåéñòâèå íà ïðåäïðèÿòèå ãîñóäàðñòâåííûõ ïðèðîäîîõðàííûõ îðãàíîâ ñ öåëüþ âûïîëíåíèÿ

ïðåäïðèÿòèåì ïðèðîäîîõðàííûõ ìåðîïðèÿòèé.

Òàêèì îáðàçîì, öåëüþ âîçäåéñòâèÿ ïðèðîäîîõðàííûõ îðãàíîâ íà ìåòàëëóðãè÷åñêîå ïðåäïðè-

ÿòèå ÿâëÿåòñÿ ñîêðàùåíèå íåãàòèâíîãî âëèÿíèÿ ìûøüÿêñîäåðæàùèõ îòõîäîâ íà îêðóæàþùóþ

ñðåäó, à öåëüþ ïðåäïðèÿòèÿ ïîä ýòèì âîçäåéñòâèåì ÿâëÿåòñÿ ñîêðàùåíèå îáúåìîâ è ñíèæåíèå

ïëàòû çà õðàíåíèå îòõîäîâ, òåì ñàìûì ïîâûøåíèå ðåíòàáåëüíîñòè ïðîèçâîäñòâà.

Äëÿ ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷ ïîëó÷åííûå ðåçóëüòàòû èìèòàöèè ìîãóò áûòü èñïîëüçîâàíû

äëÿ ðåøåíèÿ, êàê ïîñòàâëåííîé çàäà÷è, òàê è äëÿ ðåøåíèÿ äðóãèõ ïðîáëåì, ñâÿçàííûõ c äàííîé

ñèñòåìîé, à òàê æå ìîãóò áûòü ïðèìåíåíû äëÿ áîëåå øèðîêîãî ÷èñëà ñõîäíûõ ñèñòåì.
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ÑÎÑÒÀÂÀ ÂÛÑØÅÃÎ Ó×ÅÁÍÎÃÎ ÇÀÂÅÄÅÍÈß

Å.Â. Âàðàâèí, Ì.Â. Êîçëîâà

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ä. Ñåðèêáàåâà

Abstract. The article deals with the university sta� management by monetary incentives. There

are given recommendations for building rating system for the faculty activity appraisal in terms of

changes in the formation of the �nancial resources of the university to stimulate labor.

The proposed approach will improve the quality and e�ectiveness of the university, the implemen-

tation of the strategic objectives of its development.

Keywords: rating system, the evaluation of the faculty, sta� motivation, university.

À­äàòïà. Ìà©àëàäà ìàòåðèàëäû© à©øàëàé ûíòàëàíäûðóäû ©îëäàíó àð©ûëû ÆÎÎ ©ûç-

ìåòêåðëåðií áàñ©àðó ìºñåëåëåði ©àðàñòûðûëàäû. Å­áåêòi ûíòàëàíäûðó¡à áà¡ûòòàë¡àí ÆÎÎ

©àðæû ðåñóðñòàðûí ©àëûïòàñòûðóäà¡û °çãåðiñòåðäi åñêåðå îòûðûï ïðîôåññîð-î©ûòóøûëàð

©´ðàìûíû­ ©ûçìåòií ðåéòèíãòiê áà¡àëàó æ³éåñií ©´ðó áîéûíøà ´ñûíûñòàð áåðiëãåí.

�ñûíûëûï îòûð¡àí òºñiëäåìå ÆÎÎ ©ûçìåòiíi­ ñàïàñû ìåí íºòèæåëiëiãií àðòòûðó¡à, îíû­

äàìóûíû­ ñòðàòåãèÿëû© ìiíäåòòåðií æ³çåãå àñûðó¡à ì³ìêiíäiê áåðåäi.

Êiëòòiê ñ°çäåð: ðåéòèíãiëiê æ³éå, ïðîôåññîð-î©ûòóøûëàð ©´ðàìíû­ ©ûçìåòiíi­ ñàðàïøû-

ëû¡û, ïåðñîíàëäû­ ©îç¡àìäàìàñû, æî¡àðû î©ó îðíû.

Àííîòàöèÿ. Â ñòàòüå ðàññìàòðèâàþòñÿ âîïðîñû óïðàâëåíèÿ ïåðñîíàëîì ÂÓÇà ñ èñïîëüçîâà-

íèåì ìàòåðèàëüíîãî äåíåæíîãî ñòèìóëèðîâàíèÿ. Ïðåäëîæåíû ðåêîìåíäàöèè ïî ïîñòðîåíèþ

ñèñòåìû ðåéòèíãîâîé îöåíêè äåÿòåëüíîñòè ïðîôåññîðñêî-ïðåïîäàâàòåëüñêîãî ñîñòàâà ñ ó÷å-

òîì èçìåíåíèé ôîðìèðîâàíèÿ ôèíàíñîâûõ ðåñóðñîâ ÂÓÇà, íàïðàâëåííûõ íà ñòèìóëèðîâàíèå

òðóäà.

Ïðåäëàãàåìûé ïîäõîä áóäåò ñïîñîáñòâîâàòü ïîâûøåíèþ êà÷åñòâà è ðåçóëüòàòèâíîñòè äåÿòåëü-

íîñòè ÂÓÇà, ðåàëèçàöèè ñòðàòåãè÷åñêèõ çàäà÷ åãî ðàçâèòèÿ.

Êëþ÷åâûå ñëîâà: ðåéòèíãîâàÿ ñèñòåìà, îöåíêà äåÿòåëüíîñòè ïðîôåññîðñêî-ïðåïîäàâàòåëü-

ñêîãî ñîñòàâà, ìîòèâàöèÿ ïåðñîíàëà, âûñøåå ó÷åáíîå çàâåäåíèå.
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Îäíèì èç ïðèîðèòåòíûõ íàïðàâëåíèé ñîâåðøåíñòâîâàíèÿ êàçàõñòàíñêîé âûñøåé øêîëû ÿâ-

ëÿåòñÿ ïîâûøåíèå êà÷åñòâà îáðàçîâàòåëüíûõ óñëóã, êîòîðîå, â ñâîþ î÷åðåäü, íåâîçìîæíî áåç

ýôôåêòèâíîé ìîòèâàöèè òðóäà ïðîôåññîðñêî-ïðåïîäàâàòåëüñêîãî ñîñòàâà. Â íàñòîÿùåå âðåìÿ â

ñôåðå îáðàçîâàíèÿ íàêîïèëîñü çíà÷èòåëüíîå ÷èñëî ïðîáëåì, ñâÿçàííûõ ñ êàäðîâûì îáåñïå÷å-

íèåì, íåäîñòàòî÷íûì ôèíàíñèðîâàíèåì, óõóäøåíèåì ñîñòîÿíèÿ ìàòåðèàëüíî-òåõíè÷åñêîé áàçû

îáðàçîâàíèÿ. Ñðåäè íèõ öåíòðàëüíîå ìåñòî çàíèìàåò ïðîáëåìà ïîèñêà ýôôåêòèâíûõ ïóòåé ñîâåð-

øåíñòâîâàíèÿ ñèñòåìû ìîòèâàöèè òðóäà ïðåïîäàâàòåëåé, òàê êàê ÷åëîâå÷åñêèé ôàêòîð ÿâëÿåòñÿ

îïðåäåëÿþùèì â äåÿòåëüíîñòè îáðàçîâàòåëüíîãî ó÷ðåæäåíèÿ. Ïðîáëåìà ìîòèâàöèè òðóäîâîé äå-

ÿòåëüíîñòè â íàñòîÿùåå âðåìÿ ÿâëÿåòñÿ îäíîé èç íàèáîëåå ñëîæíûõ â ñèñòåìå óïðàâëåíèÿ ëþáîé

îðãàíèçàöèåé. Ýôôåêòèâíîå óïðàâëåíèå òðóäîâîé äåÿòåëüíîñòüþ çàâèñèò îò òîãî, íàñêîëüêî ðå-

àëèçóþòñÿ ñòðàòåãè÷åñêèå öåëè îðãàíèçàöèè çà ñ÷¼ò ìîòèâèðîâàííîñòè ðàáîòíèêîâ.

Â ñîâðåìåííûõ óñëîâèÿõ íåîáõîäèìî îáåñïå÷èòü óñèëåíèå ìîòèâàöèè òðóäîâîé äåÿòåëüíîñòè

íà îñíîâå ôîðìèðîâàíèÿ è ðàçâèòèÿ ñèñòåìû ìàòåðèàëüíîãî äåíåæíîãî ñòèìóëèðîâàíèÿ, ïî-

ñêîëüêó â óñëîâèÿõ ýêîíîìè÷åñêèõ ïðåîáðàçîâàíèé îäíèì èç çíà÷èìûõ ìîòèâîâ äåÿòåëüíîñòè

ïåðñîíàëà ÿâëÿþòñÿ ìàòåðèàëüíûå âûãîäû [1].

Ñóùåñòâóþùàÿ òàðèôíî-êâàëèôèêàöèîííàÿ ñèñòåìà îïëàòû òðóäà ïðîôåññîðñêî-ïðåïîäàâà-

òåëüñêîãî ñîñòàâà âûñøåé øêîëû, îñíîâàííàÿ íà ó÷åòå ñòàæà ðàáîòû, çàíèìàåìîé äîëæíîñòè,

äîïëàòàõ çà ó÷åíûå ñòåïåíü è çâàíèå íå â ïîëíîé ìåðå ñòèìóëèðóåò ïðåïîäàâàòåëåé ê ïîñòîÿííîìó

ñàìîñîâåðøåíñòâîâàíèþ.

Â ýòîé ñâÿçè â êà÷åñòâå èíñòðóìåíòà â ðåøåíèè âîïðîñîâ óëó÷øåíèÿ êà÷åñòâà îáðàçîâàíèÿ

ìîæíî âûáðàòü ñáàëàíñèðîâàííóþ ñèñòåìó ïîêàçàòåëåé ïðè îðãàíèçàöèè ñèñòåìû ñòèìóëèðîâà-

íèÿ ïðåïîäàâàòåëüñêîãî ïåðñîíàëà, îñíîâàííóþ íà öåëÿõ è ñòðàòåãèè ðàçâèòèÿ âóçà.

Ïîïûòêè ðàçðàáîòàòü äîñòàòî÷íî îáîñíîâàííóþ ñèñòåìó îöåíêè ýôôåêòèâíîñòè òðóäà ïðå-

ïîäàâàòåëåé ïðåäïðèíèìàþòñÿ óæå äàâíî, îòäåëüíûå âóçû íàêîïèëè èçâåñòíûé îïûò îöåíêè

ðàáîòû ÏÏÑ. Â íàñòîÿùåå âðåìÿ èçâåñòíî áîëåå 40 ìåòîäèê ðåéòèíãîâûõ îöåíîê äåÿòåëüíîñòè

ïðîôåññîðñêî-ïðåïîäàâàòåëüñêîãî ñîñòàâà âóçîâ [2]. Â ýòîé ñâÿçè ñòàíîâèòñÿ î÷åâèäíûì, ÷òî íå

ñóùåñòâóåò óíèâåðñàëüíîé ñèñòåìû îöåíêè êà÷åñòâà òðóäà ðàáîòíèêîâ âóçîâ, ïîñêîëüêó âóçû

âåñüìà ñóùåñòâåííî îòëè÷àþòñÿ äðóã îò äðóãà ïî ñâîåìó ñòàòóñó, ïðîôèëþ ïîäãîòîâêè, ÷èñ-

ëåííîñòè îáó÷àþùèõñÿ, îðãàíèçàöèîííîé ñòðóêòóðå, ìàñøòàáàì íàó÷íîé ðàáîòû, ñòðóêòóðå è

êâàëèôèêàöèè ïåðñîíàëà è äðóãèì ïðèçíàêàì. Îäíàêî, îñíîâó òàêèõ ñèñòåì äîëæíû ñîñòàâëÿòü

îáùèå ìåòîäîëîãè÷åñêèå è ìåòîäè÷åñêèå ïîäõîäû.

Ìíîãîãðàííûé õàðàêòåð ðàáîòû, øèðîêèé ïåðå÷åíü îáÿçàííîñòåé òðåáóþò äëÿ îöåíêè òðó-

äà ïðåïîäàâàòåëåé âóçîâ íàëè÷èÿ òàêîãî ïîäõîäà, êîòîðûé áû ó÷èòûâàë êà÷åñòâî è ðåçóëüòà-

òèâíîñòü âñåõ îñíîâíûõ âèäîâ èõ äåÿòåëüíîñòè. Ñèñòåìà ñòèìóëèðîâàíèÿ òðóäà ÏÏÑ è ó÷åáíî-

âñïîìîãàòåëüíîãî ïåðñîíàëà âóçà äîëæíà óäîâëåòâîðÿòü ñëåäóþùèì òðåáîâàíèÿì [3]:

1. îõâàòûâàòü âñå âàæíåéøèå âèäû äåÿòåëüíîñòè ïðåïîäàâàòåëåé âóçà è â ýòîì ñìûñëå îáåñ-

ïå÷èâàòü êîìïëåêñíûé õàðàêòåð îöåíêè;

2. îáåñïå÷èâàòü ¾êâàëèìåòðèþ¿ êà÷åñòâà òðóäà ñîòðóäíèêîâ êàôåäðû;

3. áûòü îáúåêòèâíîé è, ïî âîçìîæíîñòè, ñâîäèòü äî ìèíèìóìà ýëåìåíò ñóáúåêòèâèçìà â îöåí-

êå êà÷åñòâà ðàáîòû ñîòðóäíèêîâ êàôåäðû, ïîçâîëÿòü ôîðìàëèçîâàòü ïðîöåññ îïðåäåëåíèÿ

èòîãîâîé îöåíêè;

4. ïðè îïðåäåëåíèè ðàçìåðà îïëàòû òðóäà áûòü íàïðàâëåííîé íå íà ñíèæåíèå çàðïëàòû ìå-

íåå ðåçóëüòàòèâíî ðàáîòàþùèõ ïðåïîäàâàòåëåé è ëàáîðàíòîâ, à íà ñòèìóëèðîâàíèå òðóäà
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ñîòðóäíèêîâ, èìåþùèõ ëó÷øèå ðåçóëüòàòû â ðàáîòå;

5. êðèòåðèè êà÷åñòâà ðàáîòû ïðåïîäàâàòåëåé äîëæíû ìàêñèìàëüíî ïðèáëèæàòüñÿ ê êðèòåðè-

ÿì êà÷åñòâà ðàáîòû âóçà, òðåáîâàíèÿì ïðåäúÿâëÿåìûì ê âóçàì è ñîòðóäíèêàì ïðè àêêðå-

äèòàöèè;

6. áûòü äîñòàòî÷íî ãèáêîé, ïîçâîëÿþùåé íà ðàçíûõ ýòàïàõ ðàçâèòèÿ âóçà èçìåíÿòü àêöåí-

òû, óñòàíàâëèâàòü íîâûå ïðèîðèòåòû çà ñ÷åò èçìåíåíèÿ êîëè÷åñòâåííîé îöåíêè ðàçëè÷íûõ

âèäîâ äåÿòåëüíîñòè ÏÏÑ è ó÷åáíî-âñïîìîãàòåëüíîãî ïåðñîíàëà.

Ôîðìèðîâàíèå ñèñòåìû ðåéòèíãîâîé îöåíêè ÏÏÑ âóçà äîëæíî áàçèðîâàòüñÿ íà ðÿäå çàêîíî-

äàòåëüíûõ àêòîâ Ðåñïóáëèêè Êàçàõñòàí è äåéñòâóþùèõ â âóçå íîðìàòèâíûõ äîêóìåíòîâ. Ñðåäè

íèõ: Òðóäîâîé êîäåêñ Ðåñïóáëèêè Êàçàõñòàí; Çàêîí Ðåñïóáëèêè Êàçàõñòàí ¾Îá îáðàçîâàíèè¿;

Ïîðÿäîê îïðåäåëåíèÿ ôîíäà îïëàòû òðóäà, óñëîâèé îïëàòû òðóäà, ïðåìèðîâàíèÿ ðóêîâîäÿùèõ

ðàáîòíèêîâ ãîñóäàðñòâåííûõ ïðåäïðèÿòèé íà ïðàâå õîçÿéñòâåííîãî âåäåíèÿ, óòâåðæäåííûé Ïðè-

êàçîì Ìèíèñòðà îáðàçîâàíèÿ è íàóêè ÐÊ îò 8 íîÿáðÿ 2012 ã. � 501; óñòàâ âûñøåãî ó÷åáíîãî

çàâåäåíèÿ; êîëëåêòèâíûé äîãîâîð âûñøåãî ó÷åáíîãî çàâåäåíèÿ; ïëàí ñòðàòåãè÷åñêîãî ðàçâèòèÿ

âûñøåãî ó÷åáíîãî çàâåäåíèÿ è ò.ï.

×òîáû ïîñòðîèòü ñèñòåìó ðåéòèíãîâîé îöåíêè íåîáõîäèìî ó÷åñòü ìåòîäèêó ôîðìèðîâàíèÿ

ôèíàíñîâûõ ðåñóðñîâ, íàïðàâëåííûõ íà ñòèìóëèðîâàíèå òðóäà [4]. Âàæíûì âîïðîñîì â äàííîì

ñëó÷àå ÿâëÿåòñÿ îöåíêà è îïðåäåëåíèå ñðåäñòâ, íàïðàâëÿåìûõ íà ìàòåðèàëüíîå ñòèìóëèðîâàíèå

ÏÏÑ, òàê íàçûâàåìîãî Ðåéòèíãîâîãî ôîíäà. Áîëüøèíñòâî ñóùåñòâóþùèõ ìåòîäèê ïðåäïîëàãàþò

óñòàíîâëåíèå òàêîé íàäáàâêè â ïðîöåíòíîì âûðàæåíèè îò ïîëó÷àåìîãî îêëàäà. Îäíàêî, â ìåíÿþ-

ùèõñÿ óñëîâèÿõ, âóç íå âñåãäà ìîæåò ôèíàíñîâî îáåñïå÷èòü äàííûå îáÿçàòåëüñòâà, â ñèëó ñàìûõ

ðàçëè÷íûõ ôàêòîðîâ è â ïåðâóþ î÷åðåäü â ñâÿçè ñî ñíèæåíèåì ïîëó÷àåìûõ äîõîäîâ. Áîëüøàÿ

õîçÿéñòâåííàÿ ñàìîñòîÿòåëüíîñòü âóçîâ è, â òî æå âðåìÿ, îïðåäåëåííûå íîðìàòèâíûå îãðàíè-

÷åíèÿ ôîíäà îïëàòû òðóäà, òðåáóþò îò ðóêîâîäñòâà óíèâåðñèòåòà ïîâûøåíèÿ ýôôåêòèâíîñòè

èñïîëüçîâàíèÿ ïîëó÷àåìûõ äîõîäîâ, ïîñòîÿííîãî èõ àíàëèçà è ìîíèòîðèíãà.

Ïîñêîëüêó âåëè÷èíà Ðåéòèíãîâîãî ôîíäà óíèâåðñèòåòà åæåãîäíî ìîæåò èçìåíÿòüñÿ, âàæíûì

âîïðîñîì â äàííîì ñëó÷àå ÿâëÿåòñÿ âûðàáîòêà ìåõàíèçìà ðàñïðåäåëåíèÿ Ðåéòèíãîâîãî ôîíäà

óíèâåðñèòåòà è óñòàíîâëåíèÿ ðàçìåðà ðåéòèíãîâûõ íàäáàâîê. Â äàííîé ðàáîòå ïðåäëàãàåòñÿ ïîä-

õîä, îñíîâàííûé íà îïðåäåëåíèè óñëîâíûõ ðåéòèíãîâûõ åäèíèö.

Ïî èòîãàì ðåéòèíãîâîé îöåíêè ÏÏÑ çà ó÷åáíûé ãîä îïðåäåëÿåòñÿ îáùàÿ ñóììà óñëîâíûõ

ðåéòèíãîâûõ åäèíèö íà ïðåäñòîÿùèé ïåðèîä, ïóòåì ñëîæåíèÿ óñëîâíûõ ðåéòèíãîâûõ åäèíèö,

ïîëó÷åííûõ (ïðèñâîåííûõ) êàæäîìó ïðåïîäàâàòåëþ, çàâåäóþùåìó êàôåäðîé, äåêàíó è åãî çàìå-

ñòèòåëÿì.

Öåíà îäíîé óñëîâíîé ðåéòèíãîâîé åäèíèöû íàõîäèòñÿ êàê îòíîøåíèå âåëè÷èíû Ðåéòèíãîâîãî

ôîíäà ê îáùåé ñóììå óñëîâíûõ ðåéòèíãîâûõ åäèíèö:

ÖÓÐÅ = ÐÔÓ/ÑÓÐÅ (1)

ãäå ÖÓÐÅ � öåíà óñëîâíîé ðåéòèíãîâîé åäèíèöû, òåíãå;

ÐÔÓ � ïðîãíîçíàÿ âåëè÷èíà Ðåéòèíãîâîãî ôîíäà óíèâåðñèòåòà, òåíãå;

ÑÓÐÅ � îáùàÿ ñóììà óñëîâíûõ ðåéòèíãîâûõ åäèíèö.

Âåëè÷èíà Ðåéòèíãîâîãî ôîíäà óíèâåðñèòåòà êîððåêòèðóåòñÿ äâà ðàçà â ãîä ñ ó÷åòîì ôàêòè÷å-

ñêè ïîëó÷åííûõ (ïîäëåæàùèõ ïîëó÷åíèþ) äîõîäîâ óíèâåðñèòåòà. Ñêîððåêòèðîâàííûå çíà÷åíèÿ
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âåëè÷èíû ðåéòèíãîâîãî ôîíäà îïðåäåëÿþòñÿ íà 1 ôåâðàëÿ è 1 îêòÿáðÿ òåêóùåãî ãîäà. Äîïóñêà-

åòñÿ äîïîëíèòåëüíàÿ êîððåêòèðîâêà ðàçìåðà Ðåéòèíãîâîãî ôîíäà óíèâåðñèòåòà â ñëó÷àå ñóùå-

ñòâåííûõ èçìåíåíèé äîõîäà óíèâåðñèòåòà. Ñîîòâåòñòâåííî, ïðè êîððåêòèðîâêå, áóäåò èçìåíÿòüñÿ

è öåíà óñëîâíîé ðåéòèíãîâîé åäèíèöû.

Â êîíöå ãîäà âîçìîæíî îáðàçîâàíèå ôîíäà íåèñïîëüçîâàííîé ñóììû ðåéòèíãîâîãî ôîíäà, êî-

òîðûé ïî ðåøåíèþ ðåêòîðà, ìîæåò áûòü èñïîëüçîâàí äëÿ ìàòåðèàëüíîãî ïîîùðåíèÿ ñîòðóäíèêîâ

óíèâåðñèòåòà.

Âåëè÷èíà ðåéòèíãîâîé íàäáàâêè (PH) ïðåïîäàâàòåëÿ óñòàíàâëèâàåòñÿ ïðîïîðöèîíàëüíî íà-

áðàííûì (ïðèñâîåííûì) óñëîâíûì ðåéòèíãîâûì åäèíèöàì è öåíå óñëîâíîé ðåéòèíãîâîé åäèíèöû

ïî ôîðìóëå:

ÐÍ = Ð ∗ÖÓÐÅ, (2)

ãäå ÐÍ � âåëè÷èíà ðåéòèíãîâîé íàäáàâêè, òåíãå;

Ð � ñóììà óñëîâíûõ ðåéòèíãîâûõ åäèíèö, ïîëó÷åííûõ (ïðèñâîåííûõ) êàæäîìó ïðåïîäàâàòå-

ëþ, çàâåäóþùåìó êàôåäðîé, äåêàíó è åãî çàìåñòèòåëÿì;

ÖÓÐÅ � öåíà îäíîé óñëîâíîé ðåéòèíãîâîé åäèíèöû.

Ðàññìîòðèì, äàëåå, ìåòîäèêó íà÷èñëåíèÿ óñëîâíûõ ðåéòèíãîâûõ åäèíèö ïðåïîäàâàòåëÿì, çà-

âåäóþùèì êàôåäðàìè, äåêàíàì è èõ çàìåñòèòåëÿì â çàâèñèìîñòè îò ðåéòèíãîâîé îöåíêè èõ äå-

ÿòåëüíîñòè.

Ïðè ôîðìèðîâàíèè ìåòîäèêè ðåéòèíãîâîé îöåíêè äåÿòåëüíîñòè ïðåïîäàâàòåëÿ ïðåäëàãàåòñÿ

ðàññìàòðèâàòü îöåíêó ïîêàçàòåëåé äåÿòåëüíîñòè ÏÏÑ ñ òî÷êè çðåíèÿ òðóäîåìêîñòè è ñòðàòåãè-

÷åñêîé öåííîñòè ïîêàçàòåëÿ äëÿ âóçà â îïðåäåëåííûé ó÷åáíûé ãîä [5].

Ïðîâåäåííûé àíàëèç ðåéòèíãîâûõ ñèñòåì îöåíêè äåÿòåëüíîñòè ÏÏÑ â âóçå ïîçâîëÿåò âûäå-

ëèòü ñëåäóþùèå îáùèå çàêîíîìåðíîñòè:

� çà îñíîâó ðàñ÷åòà ðåéòèíãà ïðèíèìàåòñÿ íå ïëàíèðóåìîå âðåìÿ âûïîëíåíèÿ ðàáîò, à èõ

ôàêòè÷åñêèå êîëè÷åñòâåííûå è êà÷åñòâåííûå ðåçóëüòàòû;

� â ðåéòèíã âêëþ÷àþòñÿ òå âèäû ðàáîò, êîòîðûå îáåñïå÷èâàþò ñîçäàíèå ó÷åáíî-ìåòîäè÷åñêîé

è ëàáîðàòîðíîé áàçû, âíåäðåíèå èííîâàöèîííûõ òåõíîëîãèé îáó÷åíèÿ, ðàçâèòèå íàó÷íîé

èíôðàñòðóêòóðû óíèâåðñèòåòà è ïîâûøåíèå åãî èìèäæà;

� ïåäàãîãè÷åñêàÿ íàãðóçêà, îïëà÷èâàåìàÿ â ñîîòâåòñòâèè ñ äåéñòâóþùèìè íîðìàòèâíûìè äî-

êóìåíòàìè, â ðåéòèíãå íå ó÷èòûâàåòñÿ;

� ðàíæèðóþòñÿ íå òîëüêî âèäû ðàáîò, íî è ïîêàçàòåëè, îòðàæàþùèå ýòè âèäû äåÿòåëüíîñòè;

� ñàìè ïîêàçàòåëè òàêæå ðàíæèðóþòñÿ â çàâèñèìîñòè îò èõ çíà÷èìîñòè;

� çà äîïóùåííûå íàðóøåíèÿ ââåäåíû øòðàôíûå ñàíêöèè, óìåíüøàþùèå ðåéòèíãîâûå îöåíêè.

Ðàíæèðîâàíèå ïî âèäàì äåÿòåëüíîñòè è ïî ïîêàçàòåëÿì ïîçâîëÿåò îïðåäåëèòü èõ çíà÷èìîñòü

è ìîòèâèðóåò ïðåïîäàâàòåëåé íà äåÿòåëüíîñòü, áîëåå âåñîìóþ äëÿ âóçà.

Ðåéòèíãîâóþ îöåíêó ïðåïîäàâàòåëÿ öåëåñîîáðàçíî ôîðìèðîâàòü èç äâóõ ÷àñòåé: ïîñòîÿííîé,

õàðàêòåðèçóþùåé êâàëèôèêàöèîííûé ñòàòóñ ïðåïîäàâàòåëÿ, íàêîïëåííûé èì çà âñå âðåìÿ ðà-

áîòû (¾Ï¿), è òåêóùåé, ó÷èòûâàþùåé åãî ïðîôåññèîíàëüíóþ àêòèâíîñòü çà èñòåêøèé îò÷åòíûé

ïåðèîä � ó÷åáíûé ãîä (¾Ò¿). Ðåéòèíãîâàÿ îöåíêà îñóùåñòâëÿåòñÿ òîëüêî ñðåäè øòàòíûõ ñîòðóä-

íèêîâ óíèâåðñèòåòà, èìåþùèõ ñòàæ ðàáîòû íå ìåíåå 1 ãîäà.
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Ïîñòîÿííàÿ ÷àñòü ðåéòèíãîâîé îöåíêè ó÷èòûâàåò êâàëèôèêàöèîííûå õàðàêòåðèñòèêè (ó÷åíàÿ

ñòåïåíü, çâàíèå, ÷ëåíñòâî â ÍÀÍ ÐÊ èëè îòðàñëåâûõ àêàäåìèÿõ), ðàáîòå â äèññåðòàöèîííûõ

ñîâåòàõ, ðåäêîëëåãèÿõ èçäàòåëüñòâ è ò.ï. Çíà÷èìîñòü êàæäîãî ÷àñòíîãî ïîêàçàòåëÿ îïðåäåëÿåòñÿ

â óñëîâíûõ ðåéòèíãîâûõ åäèíèöàõ. Èíôîðìàöèîííîé áàçîé äëÿ äàííîé ÷àñòè ðåéòèíãà ÿâëÿåòñÿ

èíôîðìàöèÿ îòäåëà êàäðîâ óíèâåðñèòåòà.

Òàáëèöà 1 Ðàçìåð íàäáàâêè ê çàðàáîòíîé ïëàòå â ñîîòâåòñòâèå ñ ïîñòîÿííîé ÷àñòüþ

ðåéòèíãîâîé îöåíêè ïðåïîäàâàòåëÿ

Ðåéòèíãîâûé ïîêàçàòåëü Óñëîâíûå ðåéòèí-

ãîâûå åäèíèöû

Ó÷åíàÿ ñòåïåíü äîêòîð íàóê 240

Ó÷åíàÿ ñòåïåíü êàíäèäàò íàóê, äîêòîð PhD 120

Ó÷åíàÿ ñòåïåíü êàíäèäàò íàóê è ó÷åíîå çâàíèå äîöåíò 140

Ó÷åíîå çâàíèå äîöåíò (áåç ó÷åíîé ñòåïåíè) 200

Àêàäåìè÷åñêîå çâàíèå ïðîôåññîð óíèâåðñèòåòà (áåç ó÷åíîé ñòåïåíè) 130

Àêàäåìè÷åñêîå çâàíèå äîöåíò óíèâåðñèòåòà (áåç ó÷åíîé ñòåïåíè) 60

Èñõîäíàÿ èíôîðìàöèÿ äëÿ îïðåäåëåíèÿ òåêóùåé ÷àñòè ðåéòèíãîâîé îöåíêè ïðåïîäàâàòåëÿ îïðå-

äåëÿåòñÿ ïóò¼ì àíêåòèðîâàíèÿ è ôîðìèðóåòñÿ ïðè çàïîëíåíèè àíêåòû (â áóìàæíîì èëè ýëåê-

òðîííîì âèäå), ãäå óêàçûâàþòñÿ êîëè÷åñòâåííûå õàðàêòåðèñòèêè äîñòèæåíèé ÏÏÑ.

Ðåéòèíãîâàÿ îöåíêà îòðàæàåò ðåçóëüòàòû ðàáîòû çà ïðîøåäøèé ó÷åáíûé ãîä è îñóùåñòâëÿ-

åòñÿ ïî òðåì îñíîâíûì âèäàì äåÿòåëüíîñòè ïðåïîäàâàòåëÿ:

� ó÷åáíàÿ è ìåòîäè÷åñêàÿ ðàáîòà (Ó);

� íàó÷íàÿ ðàáîòà, ìåæäóíàðîäíîå ñîòðóäíè÷åñòâî, èííîâàöèîííàÿ äåÿòåëüíîñòü (Í);

� âîñïèòàòåëüíàÿ ðàáîòà, îáùåñòâåííàÿ è èìèäæåâàÿ äåÿòåëüíîñòü (Â).

Âñå ïàðàìåòðû èìåþò ôîðìàëüíûå ïîêàçàòåëè, âûðàæåííûå â áàëëàõ.

Ïî êàæäîìó âèäó äåÿòåëüíîñòè ïðîâîäèòñÿ ñóììèðîâàíèå áàëëîâ è ïðèñâîåíèå ñîîòâåòñòâó-

þùåãî âåñîâîãî êîýôôèöèåíòà (íàïðèìåð: ÊÓ = 0, 45; ÊÍ = 0, 35; ÊÂ = 0, 20), óñòàíàâëèâàåìîãî,

ñîçäàííîé â óíèâåðñèòåòå àòòåñòàöèîííîé êîìèññèåé, â ñîîòâåòñòâèè ñî Ñòðàòåãèåé ðàçâèòèÿ

óíèâåðñèòåòà è ñ ó÷åòîì ïðèîðèòåòîâ íà êàæäûé ó÷åáíûé ãîä.

Òàêèì îáðàçîì, èíäèâèäóàëüíàÿ ðåéòèíãîâàÿ îöåíêà ïðåïîäàâàòåëÿ îïðåäåëÿåòñÿ ñëåäóþùèì

îáðàçîì:

Ò = Ó ∗ÊÓ + Í ∗ÊÍ + Â ∗ÊÂ (3)

ãäå Ò � òåêóùàÿ ÷àñòü ðåéòèíãîâîé îöåíêè;

Ó, Í, Â � ñóììû áàëëîâ ïî ó÷åáíîé è ìåòîäè÷åñêîé ðàáîòå, íàó÷íîé ðàáîòå, ìåæäóíàðîäíîìó

ñîòðóäíè÷åñòâó, èííîâàöèîííîé äåÿòåëüíîñòè, âîñïèòàòåëüíîé ðàáîòå, îáùåñòâåííîé è èìèäæå-

âîé äåÿòåëüíîñòè, ñîîòâåòñòâåííî;

ÊÓ, ÊÍ, ÊÂ � ñîîòâåòñòâóþùèå âåñîâûå êîýôôèöèåíòû.

Äëÿ îáåñïå÷åíèÿ ñîïîñòàâèìîñòè ðåçóëüòàòîâ, ðàñ÷åò ðåéòèíãîâîé îöåíêè ðåêîìåíäóåòñÿ ïðî-

èçâîäèòü îòäåëüíî ïî ñëåäóþùèì êâàëèôèêàöèîííûì êàòåãîðèÿì ïðîôåññîðñêî-ïðåïîäàâàòåëü-

ñêîãî ñîñòàâà:

� ïðåïîäàâàòåëè;
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� ñòàðøèå ïðåïîäàâàòåëè;

� äîöåíòû;

� ïðîôåññîðà.

Äëÿ ñîîòâåòñòâóþùåé êâàëèôèêàöèîííîé êàòåãîðèè îïðåäåëÿåòñÿ óðîâåíü ðåéòèíãà ïðåïî-

äàâàòåëÿ ïî îòíîøåíèþ ê ¾ñðåäíåìó ðåéòèíãó¿. Óðîâåíü ðåéòèíãà ïðåïîäàâàòåëÿ ìîæåò áûòü:

âûñîêèì, âûøå ñðåäíåãî, íèæå ñðåäíåãî, íèçêèì è óñòàíàâëèâàåòñÿ â ñîîòâåòñòâèè ñ ïðèíÿòûì

èíòåðâàëîì çíà÷åíèé, êîòîðûé ðàññ÷èòûâàåòñÿ îòíîñèòåëüíî ñðåäíåãî çíà÷åíèÿ ïî êàæäîé ñòà-

òóñíîé ãðóïïå ïðåïîäàâàòåëåé (Òàáëèöà 1).

Òàáëèöà 2 Îïðåäåëåíèå óðîâíÿ ðåéòèíãà â ñòàòóñíîé ãðóïïå

Óðîâåíü Ïîëîæåíèå îòíîñèòåëüíî Èíòåðâàë

ñðåäíåãî

Âûñîêèé
Âûøå ñðåäíåãî çíà÷åíèÿ,

1, 5x < T

Âûøå ñðåäíåãî x < T < 1, 5x

Íèæå ñðåäíåãî
Íèæå ñðåäíåãî çíà÷åíèÿ,

0, 5x < T < x

Íèçêèé T < 0, 5x

Ïðèìå÷àíèå: x � ñðåäíåå çíà÷åíèå ðåéòèíãà ÏÏÑ â ñîîòâåòñòâóþùåé ãðóïïå; T � òåêóùàÿ ðåéòèíãîâàÿ

îöåíêà êîíêðåòíîãî ïðåïîäàâàòåëÿ (â áàëëàõ).

Äëÿ êàæäîãî óðîâíÿ ðåéòèíãà (êðîìå íèçêîãî) óñòàíàâëèâàåòñÿ ñîîòâåòñòâóþùàÿ íàäáàâêà ê

çàðàáîòíîé ïëàòå, âûðàæåííàÿ â óñëîâíûõ ðåéòèíãîâûõ åäèíèöàõ â ñîîòâåòñòâèå ñ òàáëèöåé 2.

Òàáëèöà 3 Ðàçìåð íàäáàâêè ê çàðàáîòíîé ïëàòå ïðåïîäàâàòåëÿ â óñëîâíûõ ðåéòèíãîâûõ

åäèíèöàõ

Ãðóïïà Óðîâåíü Óñëîâíûå ðåéòèíãîâûå

åäèíèöû

Ïðåïîäàâàòåëè

Âûñîêèé 120

Âûøå ñðåäíåãî 80

Íèæå ñðåäíåãî 50

Ñòàðøèå ïðåïîäàâàòåëè

Âûñîêèé 130

Âûøå ñðåäíåãî 90

Íèæå ñðåäíåãî 60

Äîöåíòû

Âûñîêèé 150

Âûøå ñðåäíåãî 100

Íèæå ñðåäíåãî 70

Ïðîôåññîðà

Âûñîêèé 170

Âûøå ñðåäíåãî 120

Íèæå ñðåäíåãî 100

Íà ïåðèîä äåéñòâèÿ äèñöèïëèíàðíîãî âçûñêàíèÿ óìåíüøàåòñÿ óñòàíîâëåííàÿ åæåìåñÿ÷íàÿ

ðåéòèíãîâàÿ íàäáàâêà â ðàçìåðå:

� 25% ïðè îáúÿâëåíèè çàìå÷àíèÿ;

� 50% ïðè îáúÿâëåíèè âûãîâîðà;

� 100% ïðè îáúÿâëåíèè ñòðîãîãî âûãîâîðà.
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Àíêåòà ïî òåêóùåé ÷àñòè ðåéòèíãîâîé îöåíêè çàïîëíÿåòñÿ ïðåïîäàâàòåëåì ñàìîñòîÿòåëüíî,

ðàñïå÷àòûâàåòñÿ è óòâåðæäàåòñÿ íà çàñåäàíèè êàôåäðû. Çàâåäóþùèé êàôåäðîé ïðåäñòàâëÿåò

ïîëíûé êîìïëåêò ðåéòèíãîâûõ ëèñòîâ ïî ñâîåé êàôåäðå ñåêðåòàðþ àòòåñòàöèîííîé êîìèññèè

ôàêóëüòåòà è íåñåò ïåðñîíàëüíóþ îòâåòñòâåííîñòü çà ïðåäñòàâëåííóþ èíôîðìàöèþ.

Â ðåçóëüòàòå ðàññìîòðåíèÿ íà çàñåäàíèè êàôåäðû â îòíîøåíèè ïðåïîäàâàòåëåé âûíîñèòñÿ

ðåêîìåíäàöèÿ àòòåñòàöèîííîé êîìèññèè óíèâåðñèòåòà:

� àòòåñòîâàòü;

� àòòåñòîâàòü ñ ïîâûøåíèåì â äîëæíîñòè;

� àòòåñòîâàòü ñ çàìå÷àíèåì;

� àòòåñòîâàòü ñ ïîíèæåíèåì â äîëæíîñòè;

� íå àòòåñòîâàòü.

Èñõîäíàÿ èíôîðìàöèÿ äëÿ îïðåäåëåíèÿ ðåéòèíãîâîé îöåíêè êàôåäðû è ôàêóëüòåòà ôîðìè-

ðóåòñÿ ïóòåì àíêåòèðîâàíèÿ. Ðåéòèíãîâàÿ îöåíêà îòðàæàåò îáùèå ðåçóëüòàòû ðàáîòû çà ïðî-

øåäøèé ó÷åáíûé ãîä è ó÷èòûâàåò: äëÿ êàôåäðû � ñðåäíåå çíà÷åíèå ðåéòèíãîâîé îöåíêè ïðåïî-

äàâàòåëåé ñîîòâåòñòâóþùåé êàôåäðû, äëÿ ôàêóëüòåòà � ñðåäíåå çíà÷åíèå ðåéòèíãîâîé îöåíêè

êàôåäð ôàêóëüòåòà.

Äîñòîèíñòâîì ýòîé ñèñòåìû ÿâëÿåòñÿ òî, ÷òî çàâåäóþùèé êàôåäðîé çàèíòåðåñîâàí íå òîëüêî

â ïîâûøåíèè ñâîåãî ðåéòèíãà êàê ïðåïîäàâàòåëÿ è ðóêîâîäèòåëÿ ïîäðàçäåëåíèÿ, íî è â àêòèâíîì

ó÷àñòèè â ðåéòèíãå âñåãî êîëëåêòèâà êàôåäðû. Êàæäûé ïðåïîäàâàòåëü êàôåäðû ìîòèâèðîâàí íå

òîëüêî íà ïîâûøåíèå ñâîåãî ëè÷íîãî ðåéòèíãà, íî è íà ïîâûøåíèå ðåçóëüòàòèâíîñòè ðàáîòû êàê

êàôåäðû, òàê è ôàêóëüòåòà â öåëîì.

Äëÿ îáåñïå÷åíèÿ ñîïîñòàâèìîñòè ðåçóëüòàòîâ, ðàñ÷åò ðåéòèíãîâîé îöåíêè êàôåäð ïðîèçâî-

äèòñÿ ïî ñëåäóþùèì ãðóïïàì:

� âûïóñêàþùèå êàôåäðû;

� íå âûïóñêàþùèå êàôåäðû.

Êàôåäðû (â ïðåäåëàõ ñîîòâåòñòâóþùåé ãðóïïû) è ôàêóëüòåòû ðàíæèðóþòñÿ â ïîðÿäêå óáûâàíèÿ

ðåéòèíãîâîé îöåíêè è îïðåäåëÿþòñÿ èõ ìåñòà. Â ñîîòâåòñòâèå ñ çàíÿòûì ìåñòîì óñòàíàâëèâàåòñÿ

íàäáàâêà ê çàðàáîòíîé ïëàòå çàâåäóþùèì êàôåäðàìè, çàìåñòèòåëÿì çàâåäóþùèõ êàôåäðàìè,

äåêàíàì, çàìåñòèòåëÿì äåêàíîâ, âûðàæåííàÿ â óñëîâíûõ ðåéòèíãîâûõ åäèíèöàõ â ñîîòâåòñòâèå

ñ òàáëèöåé 3.

Çàìåñòèòåëÿì çàâåäóþùèõ êàôåäðàìè óñòàíàâëèâàåòñÿ 50% îò ïðîöåíòà íàäáàâêè (ïðåìè-

àëüíûõ) çàâåäóþùåãî êàôåäðîé, íî íå ìåíåå íàäáàâêè ïî ñîáñòâåííîìó ïðåïîäàâàòåëüñêîìó ðåé-

òèíãó.

Çàìåñòèòåëÿì äåêàíîâ ôàêóëüòåòîâ:

� ïî ó÷åáíîé è ìåòîäè÷åñêîé ðàáîòå óñòàíàâëèâàåòñÿ 85% íàäáàâêè (ïðåìèàëüíûõ) ñîîòâåò-

ñòâóþùèõ äåêàíîâ ôàêóëüòåòà;

� ïî íàó÷íîé, âîñïèòàòåëüíîé ðàáîòå, ïî ìåæäóíàðîäíûì ñâÿçÿì � 35% íàäáàâêè (ïðåìèàëü-

íûõ) ñîîòâåòñòâóþùèõ äåêàíîâ ôàêóëüòåòà.
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Òàáëèöà 4 Ðàçìåð íàäáàâêè ê çàðàáîòíîé ïëàòå çàâ. êàôåäðàìè è äåêàíîâ â óñëîâíûõ
ðåéòèíãîâûõ åäèíèöàõ

Ãðóïïà Ìåñòî Ðàçìåð íàäáàâêè, óñëîâíûå ðåéòèíãîâûå åäèíèöû
Ðóêîâîäèòåëü Çàì. ðóêîâîäè- Çàì. äåêàíà ïî íàó÷-

òåëÿ (ïî ÓÌÐ) íîé, âîñïèòàòåëüíîé
ðàáîòå, ïî ìåæäóíà-

ðîäíûì ñâÿçÿì

Âûïóñêàþùàÿ 1-5 360 180
êàôåäðà 6-10 330 165

11-15 290 145
16-20 240 120

Íå âûïóñêàþùàÿ 1-2 345 173
êàôåäðà 3-4 315 158

5-6 275 138
7-8 225 113

Ôàêóëüòåò

1 480 408 168
2 450 383 158
3 420 357 147
4 400 340 140
5 380 323 133
çà 10 ñòóäåíòîâ ïî 1 0,85 0,35
ïðèâåä. êîíòèíãåíòó*

Ïðèìå÷àíèå: *Íàäáàâêà ïî ïðèâåäåííîìó êîíòèíãåíòó ïðåäóñìîòðåíà òîëüêî ðóêîâîäèòåëÿì

ôàêóëüòåòà

¾Ðåéòèíã êàôåäðû¿ çàïîëíÿåòñÿ çàâåäóþùèì êàôåäðîé, óòâåðæäàåòñÿ íà çàñåäàíèè äåêàíàòà

ïî ïðèíàäëåæíîñòè è ïåðåäàåòñÿ ñåêðåòàðþ óíèâåðñèòåòñêîé àòòåñòàöèîííîé êîìèññèåé (áåç ïîä-

ïèñåé ïðîðåêòîðîâ). Äåêàí ôàêóëüòåòà íåñåò ïåðñîíàëüíóþ îòâåòñòâåííîñòü çà ïðåäñòàâëåííóþ

èíôîðìàöèþ.

Â ðåçóëüòàòå ðàññìîòðåíèÿ íà ñîâìåñòíîì çàñåäàíèè äåêàíàòà è êîìèññèè ôàêóëüòåòà â îòíî-

øåíèè çàâåäóþùèõ êàôåäðàìè âûíîñèòñÿ ðåêîìåíäàöèÿ àòòåñòàöèîííîé êîìèññèè óíèâåðñèòåòà:

� àòòåñòîâàòü;

� àòòåñòîâàòü ñ çàìå÷àíèåì;

� íå àòòåñòîâàòü.

¾Ðåéòèíã ôàêóëüòåòà¿ çàïîëíÿåò äåêàí ôàêóëüòåòà è ïåðåäàåòñÿ ñåêðåòàðþ àòòåñòàöèîííîé

êîìèññèè óíèâåðñèòåòà.

Àòòåñòàöèîííàÿ êîìèññèÿ óíèâåðñèòåòà:

� ïîäâîäèò èòîãè ïî ðåéòèíãó ÏÏÑ;

� ðàññìàòðèâàåò è óòâåðæäàåò ðåéòèíã êàôåäð;

� ðàññìàòðèâàåò è óòâåðæäàåò ðåéòèíã ôàêóëüòåòîâ.

Â ðåçóëüòàòå ðàññìîòðåíèÿ àòòåñòàöèîííàÿ êîìèññèÿ óíèâåðñèòåòà â îòíîøåíèè ïðåïîäàâà-

òåëåé, çàâåäóþùèõ êàôåäðàìè è äåêàíîâ ðåêîìåíäóåò ðåêòîðó:

� àòòåñòîâàòü;

� àòòåñòîâàòü ñ ïîâûøåíèåì â äîëæíîñòè;

� àòòåñòîâàòü ñ çàìå÷àíèåì;
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� àòòåñòîâàòü ñ ïîíèæåíèåì â äîëæíîñòè;

� íå àòòåñòîâàòü.

Íà îñíîâàíèè óòâåðæäåííîãî ïðîòîêîëà ðåéòèíãîâîé êîìèññèè èçäàåòñÿ ïðèêàç ïî óíèâåðñè-

òåòó î ðåéòèíãîâûõ íàäáàâêàõ ê çàðàáîòíîé ïëàòå.

Óíèâåðñàëüíîñòü ðåéòèíãîâîé ìîäåëè çàêëþ÷àåòñÿ â åå àäàïòàöèè ê ëþáîìó âóçó èñõîäÿ èç

åãî ðàçìåðà, ðåãèîíàëüíîé ïðèíàäëåæíîñòè è äðóãèõ ïàðàìåòðîâ. Ýòî îáóñëîâëåíî òåì, ÷òî ðåé-

òèíãîâàÿ îöåíêà ÿâëÿåòñÿ âèäîì êîëè÷åñòâåííîãî è êà÷åñòâåííîãî ìîíèòîðèíãà äåÿòåëüíîñòè

ïðåïîäàâàòåëÿ, êàôåäðû, ôàêóëüòåòà, îðãàíè÷íî ñî÷åòàþùèìñÿ ñ äðóãèìè ìåòîäàìè îöåíêè. Ê

ïðåèìóùåñòâàì ðåéòèíãîâîé îöåíêè ÏÏÑ ìîæíî îòíåñòè ìíîãîêîìïîíåíòíîñòü ïðîöåäóðû îöåí-

êè ïîêàçàòåëåé êà÷åñòâà êâàëèôèêàöèè è àêòèâíîñòè ïðåïîäàâàòåëåé ïî èòîãàì ãîäà; âîçìîæ-

íîñòü ðàçâèâàòü ó ïðåïîäàâàòåëåé íàâûêè ñàìîîöåíêè è àíàëèçà ïðîôåññèîíàëüíîé äåÿòåëüíî-

ñòè. Íåäîñòàòêè òàêîé ñèñòåìû êðîþòñÿ â åå ñëîæíîñòè è íåïðîçðà÷íîñòè.

Òàêèì îáðàçîì, ðåéòèíãîâàÿ ñèñòåìà îöåíêè òðóäà ïðîôåññîðñêî-ïðåïîäàâàòåëüñêîãî ñîñòà-

âà ïîçâîëÿåò ïóòåì âûáîðà ïðèîðèòåòîâ íàïðàâëÿòü óñèëèÿ, êàê îòäåëüíûõ ðàáîòíèêîâ, òàê è

âñåãî êîëëåêòèâà íà ñêîðåéøåå âûïîëíåíèå çàäà÷, íàèáîëåå àêòóàëüíûõ äëÿ âóçà. Ñèñòåìà îöåí-

êè òðóäà ñòèìóëèðóåò ïðåïîäàâàòåëåé ê ïîâûøåíèþ ëè÷íîé êâàëèôèêàöèè â ðàçíûõ ôîðìàõ,

ê àêòèâíîìó ó÷àñòèþ â ó÷åáíî-ìåòîäè÷åñêîé è îðãàíèçàöèîííî-ïåäàãîãè÷åñêîé ðàáîòå êàôåäðû.

Ïîâûøåíèå ¾âåñà¿ òîãî èëè èíîãî âèäà äåÿòåëüíîñòè ñîòðóäíèêîâ â ñèñòåìå îöåíêè èõ ðàáîòû

ìîæåò áûòü èñïîëüçîâàíî â êà÷åñòâå ìîùíîãî ðû÷àãà â óïðàâëåíèè äåÿòåëüíîñòüþ âóçà, êîòîðûé

ïîçâîëÿåò îáîñíîâàííî ôîðìèðîâàòü âûïëàòû ñòèìóëèðóþùåãî õàðàêòåðà ïî èòîãàì ðàáîòû çà

ó÷åáíûé ãîä íà îñíîâå ïîêàçàòåëåé, îòðàæàþùèõ àêêðåäèòàöèîííûå òðåáîâàíèÿ ïî âñåì îñíîâ-

íûì âèäàì äåÿòåëüíîñòè âóçà, ñòðàòåãè÷åñêèå ïðèîðèòåòû âóçà â äàííîì ó÷åáíîì ãîäó.
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ØÀÃÈ ÍÀ ÏÓÒÈ Ê ÏÎËÓ×ÅÍÈÞ ÏÐÅÑÒÈÆÍÎÉ ÐÀÁÎÒÛ Â

ÏÐÎÅÊÒÍÎÉ ÊÎÌÏÀÍÈÈ 1Ñ"

À.À. Ãóðêèí

ÒÎÎ ¾1Ñ-Ðåéòèíã¿

Abstract. The issues in professionals' training for work in the project company are discussed. The

common myths stated by students at interviews are provided and comments on them are given.

Also recommendations on how to reduce the period of probation, to engage in work as quickly as

possible, to start to bene�t and improve your own �nancial condition are provided. Students may

use this article as a guide to obtain the necessary knowledge in their educational institution, and

to develop self-training with the use of this knowledge.

Keywords: 1C, project business, project implementation, job description, economic disciplines,

accounting, management accounting, algorithmic foundations, subject area, software language.

À­äàòïà. Á´ë ìà©àëàäà æîáàëàó êîìïàíèÿñûíäà æ´ìûñ iñòåé àëàòûí áiëiêòi ìàìàíäàð-

äû äàéûíäàó ñ´ðà©òàðû òàë©ûëàíàäû. Ñ´õáàòòàñó êåçiíäå ñòóäåíòòåðìåí àéòûëàòûí ê°ï òà-

ðàë¡àí à­ûçäàð êåëòiðiëåäi æåíå îëàð¡à ò³ñiíiêòåìå áåðiëåäi. Ñîíûìåí ©àòàð ñûíà© ìåðçiìií

©ûñ©àðòó, æ´ìûñ©à áàðûíøà òåç êiðiñó, ïàéäà ºêåëå áàñòàó æºíå °çiíi­ ©àðæûëû© æà¡äàéûí

æà©ñàðòó æàéûíäà¡û ´ñûíûñòàð êåëòiðiëãåí. Á´ë ìà©àëàíû ñòóäåíòòåð °çiíi­ î©ó îðûíäà-

ðûíäà ©àæåòòi áiëiì àëóäà¡û íóñ©àóëû© ðåòiíäå æºíå îíû ©îëäàíà îòûðûï, °çáåòiíøå äàé-

ûíäàëó æ´ìûñòàðûí áàñòàé àëàäû.

Êiëòòiê ñ°çäåð: 1Ñ, æîáàëàó áèçíåñi, ïðîåêòiê åíãiçó, ëàóàçûìäû© ©ûçìåò í´ñ©àóëû¡û, ýêî-

íîìèêàëû© äºðiñòåð, áóõãàëòåðëiê åñåï, áàñ©àðìàëû åñåï, àëãîðèòìèçàöèÿ íåãiçäåði, çàòòàð

ñàëàñû, áà¡äàðëàìàëàó òiëi.

Àííîòàöèÿ. Â ñòàòüå îáñóæäàþòñÿ âîïðîñû ïîäãîòîâêè êâàëèôèöèðîâàííûõ ñïåöèàëèñòîâ

äëÿ ðàáîòû â ïðîåêòíîé êîìïàíèè. Ïðèâîäÿòñÿ ðàñïðîñòðàíåííûå ìèôû, âûñêàçûâàåìûå ñòó-

äåíòàìè íà ñîáåñåäîâàíèÿõ, è äàþòñÿ êîììåíòàðèè ïî íèì. Òàêæå èçëàãàþòñÿ ðåêîìåíäàöèè,

êàê ñíèçèòü ïåðèîä èñïûòàòåëüíîãî ñðîêà, ìàêñèìàëüíî áûñòðî âêëþ÷èòüñÿ â ðàáîòó, íà÷àòü

ïðèíîñèòü ïîëüçó è óëó÷øèòü ñâîå ôèíàíñîâîå ñîñòîÿíèå. Ñòóäåíòû ìîãóò èñïîëüçîâàòü äàí-

íóþ ñòàòüþ êàê ðóêîâîäñòâî ïî ïîëó÷åíèþ íåîáõîäèìûõ çíàíèé â ñâîåì ó÷åáíîì çàâåäåíèè,

è, èñïîëüçóÿ èõ íà÷àòü ñàìîñòîÿòåëüíóþ ïîäãîòîâêó.

Êëþ÷åâûå ñëîâà: 1Ñ, ïðîåêòíûé áèçíåñ, ïðîåêòíîå âíåäðåíèå, äîëæíîñòíàÿ èíñòðóêöèÿ,

ýêîíîìè÷åñêèå äèñöèïëèíû, áóõãàëòåðñêèé ó÷åò, óïðàâëåí÷åñêèé ó÷åò, îñíîâû àëãîðèòìèçà-

öèè, ïðåäìåòíàÿ îáëàñòü, ÿçûê ïðîãðàììèðîâàíèÿ.

Öåëè è ïðåäïîñûëêè. Çà âðåìÿ ðàáîòû â ïðîåêòíîì áèçíåñå îïðåäåëèëèñü ÷åòêèå ïðàâèëà,

êàñàþùèåñÿ êàäðîâîãî âîïðîñà. Ïîäãîòîâêà ïîëíîöåííîãî ñïåöèàëèñòà äî ñîñòîÿíèÿ, êîãäà îí

ñàì ñìîæåò âûïîëíÿòü äîñòàòî÷íî ñëîæíûå çàäà÷è, ðóêîâîäèòü íåáîëüøîé ïðîåêòíîé ãðóïïîé,

âûïîëíÿòü ðîëü áèçíåñ-àðõèòåêòîðà è ïîñòàíîâùèêà çàäà÷, îáùàòüñÿ ñ çàêàç÷èêàìè íà ¾èõ¿

ÿçûêå, çàíèìàåò â ñðåäíåì 1,5 � 2 ãîäà. ×åì êîðî÷å ýòîò âðåìåííîé ïðîìåæóòîê, òåì áîëüøå

âûãîä ïîëó÷àåò ñîòðóäíèê:

� ìåíüøå âðåìåíè ÷èñëèòñÿ â ¾ó÷åíèêàõ¿;
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� ðàñøèðÿåòñÿ êðóã çàäà÷;

� ïîÿâëÿåòñÿ âîçìîæíîñòü âûïîëíÿòü áîëåå ñëîæíûå è èíòåðåñíûå ïðîåêòû;

� êàðüåðíûé ðîñò;

� óëó÷øàåòñÿ ôèíàíñîâàÿ ñîñòàâëÿþùàÿ � ïîâûøàåòñÿ îïëàòà òðóäà.

Ïîñòîÿííàÿ ðàáîòà ñ íàñòîÿùèìè è òîëüêî ÷òî çàêîí÷èâøèìè ó÷åáíûìè çàâåäåíèÿìè ñòóäåí-

òàìè, îò îöåíêè èõ îòâåòîâ íà ñîáåñåäîâàíèÿõ, äàëüíåéøåé êóðñîâîé è ïðåääèïëîìíîé ïðàêòèêè,

äî ïðèíÿòèÿ ðåøåíèÿ î òðóäîóñòðîéñòâå, èëè îòêàçå â îíîì, ïîáóäèëè îáîáùèòü ñîîòâåòñòâóþùèé

îïûò.

Äàëåå:

� ðàññìîòðåíû ðàñïðîñòðàíåííûå ìèôû âûñêàçûâàåìûå ñòóäåíòàìè íà ñîáåñåäîâàíèÿõ, êîãäà

îíè ïðèõîäÿò â íàøó êîìïàíèþ;

� ïðèâåäåíû êîììåíòàðèè ïî íèì;

� à òàêæå äàíû ðåêîìåíäàöèè, êàê ñíèçèòü ïåðèîä èñïûòàòåëüíîãî ñðîêà, ìàêñèìàëüíî áûñò-

ðî âêëþ÷èòüñÿ â ðàáîòó, íà÷àòü ïðèíîñèòü ïîëüçó è ñîîòâåòñòâåííî óëó÷øèòü ñâîå ôèíàí-

ñîâîå ñîñòîÿíèå.

ÌÈÔ. Êîäèðîâàòü, êîäèðîâàòü è åùå ðàç êîäèðîâàòü. Âñå îñòàëüíîå íå âàæíî. Êàæäûé

ïðîåêò óíèêàëåí, íî áîëüøàÿ ÷àñòü èç íèõ ïðîõîäèò ïî ïðîåêòíîìó öèêëó (ñì. ðèñ. 1):

Ðèñóíîê 1 Ïðîåêòíûé öèêë

Ïî ìåðå ðîñòà, ñïåöèàëèñòû, ïîâûøàÿ ñâîé óðîâåíü â îáëàñòè ïðîãðàììèðîâàíèÿ, òàêæå

ó÷àñòâóþò âî âñåõ ñòàäèÿõ ïðîåêòà. Íèæå âûäåðæêà èç ïðîöåäóðû ISO 9000 ¾Ïðîåêòíîå âíåäðå-

íèå¿ êîìïàíèè ¾1Ñ-Ðåéòèíã¿ (ñì. ðèñ. 2):

È âûäåðæêà èç äîëæíîñòíîé èíñòðóêöèè îäíîé èç äîëæíîñòåé â êàðüåðíîé ëåñòíèöå (ñì. ðèñ.

3):

Òàêèì îáðàçîì, ñîòðóäíèêàì ñ òå÷åíèåì âðåìåíè êðîìå ïðîãðàììèðîâàíèÿ íåîáõîäèìî îâëà-

äåòü íàâûêàìè (åñëè òàêîâûõ åùå íå ïîëó÷åíî) ñèñòåìíîãî àíàëèçà áèçíåñ-ïðîöåññîâ è èõ ðåèí-

æèíèðèíãà, ïðîåêòèðîâàíèÿ, îïèñàíèÿ òðåáîâàíèé ê ñèñòåìå, ïðîâåðêè ðàçðàáîòàííîãî ôóíêöè-
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Ðèñóíîê 2 Ïðîöåäóðà ISO 9000 ¾Ïðîåêòíîå âíåäðåíèå¿ êîìïàíèè ¾1Ñ-Ðåéòèíã

Ðèñóíîê 3 Äîëæíîñòíàÿ èíñòðóêöèÿ

îíàëà, ðàçðàáîòêè èíñòðóêöèé. ×àñòü èç ýòèõ íàâûêîâ ìîæíî ïðèîáðåñòè óæå â ó÷åáíîì çàâåäå-

íèè. Êðîìå âûøåïåðå÷èñëåííûõ òàêæå öåíÿòñÿ:

� æåëàíèå âíèêàòü â íîâûå ïðåäìåòíûå îáëàñòèì;

� æåëàíèå ðàáîòàòü è çàðàáàòûâàòü.

Øàã � 1. Çíàíèå îñíîâ àëãîðèòìèçàöèè.

ÌÈÔ. Åñòü ¾ïðàâèëüíûå¿ ÿçûêè ïðîãðàììèðîâàíèÿ, à åñòü 1Ñ.

Ïðîâîäÿ ñîáåñåäîâàíèÿ è òåñòèðîâàíèÿ, ñòàëêèâàåìñÿ ñ òåì, ÷òî ñòóäåíòû çà÷àñòóþ íå âëà-

äåþò áàíàëüíûìè îñíîâàìè àëãîðèòìèçàöèè, íå ãîâîðÿ óæå îá îáúåêòíî-îðèåíòèðîâàííîì ïðî-
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ãðàììèðîâàíèè. Åñëè ïîòåíöèàëüíûé êàíäèäàò óìååò ïðîãðàììèðîâàòü â ïðèíöèïå, èçó÷åíèå

ëþáîãî ¾ïîñëåäóþùåãî¿ ÿçûêà ïðîãðàììèðîâàíèÿ � äåëî òåõíèêè.

Øàã � 2. Çíàíèå ïðåäìåòíîé îáëàñòè.

ÌÈÔ. Ïðåäìåòíàÿ îáëàñòü íè÷òî, êîäèíã � âñ¼. Áóäó êîäèðîâàòü, à ÷òî êîäèðîâàòü, ñêàæåò

êòî-íèáóäü.

Ðåøåíèÿ íà áàçå 1Ñ ÿâëÿþòñÿ ðåøåíèÿìè äëÿ áèçíåñà. Îõâàò äîñòàòî÷íî îáøèðåí (ñì. ðèñ.

4):

� îòðàñëè (ïðîìûøëåííîñòü, ñôåðà óñëóã, ìåäèöèíà, ïîëèãðàôèÿ è ò.ä.);

� ïðåäìåòíûå îáëàñòè (ïðîèçâîäñòâåííûé ó÷åò, áþäæåòèðîâàíèå, áóõãàëòåðñêèé ó÷åò, íàëî-

ãîâûé ó÷åò, óïðàâëåíèå çàêóïêàìè, óïðàâëåíèå ôèíàíñàìè, óïðàâëåíèå îñíîâíûìè ñðåä-

ñòâàìè è ò.ï.);

� ìàñøòàáû, èçìåðÿåìûå êîëè÷åñòâîì ïîëüçîâàòåëåé ñèñòåìû (ìàêñèìóì ïî 1Ñ íà îäíîì

âíåäðåíèè 7097 ïîëüçîâàòåëåé, ¾1Ñ-Ðåéòèíã¿ íà îäíîì âíåäðåíèè � 567 ïîëüçîâàòåëåé).

Ðèñóíîê 4 ÒÎÏ-200

Ïî ïðîøåñòâèè 12 ëåò â ïðîåêòíîì áèçíåñå 1Ñ ìû ïîñòîÿííî óòâåðæäàåìñÿ âî ìíåíèè, ÷òî

íå ñóùåñòâóåò òîëüêî ïðîãðàììèñòîâ è òîëüêî ìåòîäèñòîâ. Ïåðâûå íå ìîãóò òîëüêî ïðîãðàììè-

ðîâàòü, íå ïîíèìàÿ ÷òî îíè äåëàþò, âòîðûå íå ìîãóò òîëüêî çíàòü ó÷åò áåç åãî ïðèìåíåíèÿ â

èíôîðìàöèîííûõ ñèñòåìàõ.

Ñîîòâåòñòâåííî, ñîòðóäíèêàì íåîáõîäèìî îïåðèðîâàòü áîëüøèíñòâîì ýêîíîìè÷åñêèõ òåðìè-

íîâ äëÿ òîãî, ÷òîáû ìàêñèìàëüíî òî÷íî âûðàæàòü ñâîè ìûñëè, îáùàòüñÿ ñ êëèåíòîì íà îäíîì

ÿçûêå, ïðîâåðÿòü ðàáî÷èé êîä è âûïîëíÿòü äðóãèå âèäû ðàáîò íà ïðîåêòå.

Ïðîöåíò ýêîíîìè÷åñêèõ äèñöèïëèí â îáùåì îáúåìå äîñòàòî÷íî íåáîëüøîé. Â îñíîâíîé ñâîåé

ìàññå ñòóäåíòû óäåëÿþò íåäîñòàòî÷íî âíèìàíèÿ èõ èçó÷åíèþ, íå ïûòàþòñÿ îñâîèòü äèñöèïëèíû

ñàìîñòîÿòåëüíî.

Ñîòðóäíèêè ñ îïðåäåëåííûìè çíàíèÿìè è íàâûêàìè, ìîãóò èìåòü áîëüøèé ïðèîðèòåò ïðè

ïðèåìå íà ðàáîòó. À òàêæå ïðè äàëüíåéøåì ðàñïðåäåëåíèè çàäà÷. Íàïðèìåð:



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 122 Âû÷èñëèòåëüíûå òåõíîëîãèè

� çíàíèå áóõãàëòåðñêîãî è óïðàâëåí÷åñêîãî ó÷åòà (ïðîâîäêè, ðàçäåëû ïëàíà ñ÷åòîâ, áàëàíñ,

4 îñíîâíûõ îò÷åòà î ôèí.õîç.äåÿòåëüíîñòè);

� ïðèíöèïû íà÷èñëåíèÿ çàðïëàòû, ðàñ÷åòà îò÷èñëåíèé è íàëîãîâ è ò.ï.;

� çíà÷åíèå ïðèíöèïîâ ðàñ÷åòà àìîðòèçàöèè;

� è ò.ä.

Øàã �3. Äðóãèå îáëàñòè çíàíèé.

ÌÈÔ. Ïðîãðàììèðîâàòü ìîæíî íå âûõîäÿ èç äîìà è íå îáùàÿñü. 21-é âåê íà äâîðå. Ìîæíî â

ïðèíöèïå íå óìåòü ðàçãîâàðèâàòü, âñå îáùåíèå áóäåò òîëüêî â êîìïüþòåðå ïîñðåäñòâîì íàïèñàíèÿ

òåêñòà.

Äà äåéñòâèòåëüíî, òåõíîëîãèè çíà÷èòåëüíî ïîìîãàþò óâåëè÷èòü ïðîèçâîäèòåëüíîñòü òðóäà,

ìèíèìèçèðîâàòü êîìàíäèðîâêè è â ïðèíöèïå ïðîâîäèòü çà êîìïüþòåðîì áîëüøå âðåìåíè íå îò-

ðûâàÿ ïÿòóþ òî÷êó îò êðåñëà. Íî, ïîñêîëüêó ðàáîòà íà ïðîåêòàõ � êîìàíäíàÿ ðàáîòà, åæåäíåâíî â

òå÷åíèè äíÿ â ñðåäíåì ïðîâîäÿòñÿ 5-7 ñîâåùàíèé âíóòðè îòäåëà è ñòîëüêî æå ñ ïðåäñòàâèòåëÿìè

çàêàç÷èêîâ. Íàèáîëåå ÷àñòûé ôîðìàò � ñêàéï, 2-3 ó÷àñòíèêà ñ êàæäîé ñòîðîíû. Òàêæå ïîñòîÿí-

íî èäåò áîëüøîé ïîòîê äåëîâîé êîððåñïîíäåíöèè. Òðåáóåòñÿ ñîáëþäàòü ýëåìåíòàðíûå ïðàâèëà

îðôîãðàôèè è ñèíòàêñèñà. Åñëè ëþäè ïîëó÷àþò âûñøåå îáðàçîâàíèå, çíà÷èò îíè ïî óìîë÷àíèþ

äîëæíû ãîâîðèòü è ïèñàòü ïðàâèëüíî. Æåëàòåëüíî âëàäåòü õîòÿ áû ìèíèìàëüíûìè íàâûêàìè

êîììóíèêàòèâíîñòè, óìåòü ðàçãîâàðèâàòü, è, êàê ýòî íå ñòðàííî, ïèñàòü ïðàâèëüíî. Áîëüøàÿ

÷àñòü ïåðåãîâîðîâ ñ ñîòðóäíèêàìè çàêàç÷èêîâ îñóùåñòâëÿåòñÿ íå ñ ïðîãðàììèñòàìè, à ñ ïðåä-

ìåòíûìè ñïåöèàëèñòàìè (áóõãàëòåðà, ïðîèçâîäñòâåííèêè è òåõíè÷åñêèé ïåðñîíàë, ôèíàíñèñòû,

ýêîíîìèñòû, ñíàáæåíöû). Ýòîìó âîçìîæíî è íå ó÷àò â ó÷åáíîì çàâåäåíèè (âñå ïî÷åì-òî äóìàþò,

÷òî ýòî ïðèâèëåãèÿ ãóìàíèòàðíûõ ñïåöèàëüíîñòåé), íî ìû â ïîñëåäíåå âðåìÿ óäåëÿåì ýòîìó âñå

áîëüøå âíèìàíèÿ.

Íàñòîÿùåìó èëè òîëüêî ÷òî çàêîí÷èâøåìó ó÷åáíîå çàâåäåíèå ñòóäåíòó ïîñëå ïðî÷òåíèÿ âñåãî

âûøåîïèñàííîãî, ìîæåò ïîêàçàòüñÿ, ÷òî ïðîéäÿ âñå øàãè, ðàáîòàòü â ñåðüåçíîé è ñîëèäíîé êîì-

ïàíèè ìîæåò òîëüêî êàêîé-íèáóäü îòëè÷íèê (èëè íà õóäîé êîíåö ñâåðõ÷åëîâåê), íî íèêàê íå îí

ñàì. Íà ñàìîì äåëå, ïîñòàâèâ ïåðåä ñîáîé öåëü îâëàäåòü âñåìè íàâûêàìè, îïèñàííûìè â ñòàòüå,

ìîæíî íå òîëüêî ïîëó÷èòü íåîáõîäèìûå çíàíèÿ â ó÷åáíîì çàâåäåíèè, íî è íà÷àòü ñàìîñòîÿòåëü-

íóþ ïîäãîòîâêó, èñïîëüçóÿ çíàíèÿ ïîëó÷åííûå íà ó÷åáå êàê áàçó.

ÓÄÊ 621.01
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ÂÛÑÒÎÅÌ ÂÛÕÎÄÍÎÃÎ ÇÂÅÍÀ

Þ.Ì. Äðàêóíîâ, À.Â. Øàõâîðîñòîâà, À.Å. Àáäóðàèìîâ

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èì. àëü-Ôàðàáè

Abstract. In this work we considered the problem of determining the optimal lengths of the link of

planar mechanisms of third and fourth class with stop the output link. We used a general method

of the synthesis of plane lever mechanisms speci�ed by the laws of motion of input and output
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elements, based on the use of initial kinematic chains with rotary pairs. This method provides a

synthesis of all the possible structures of planar mechanisms, enables us to construct the objective

function and the mechanism to synthesize the total number of parameters, given the constraints

on these parameters. Developed computer programs discussed above the problems on the Maple

system of analytical calculations.

Keywords: synthesis of mechanisms, stop the output link, the system Maple.

À­äàòïà. Áåðiëãåí ìà©àëàäà îïòèìàëäû áóûííû­ ´çûíäû¡ûíû­ òåãiñ ðû÷àêòû ìåõàíèçìií

àíû©òàó åñåáiíi­ 3-øi êëàñû ©àðàñòûðûë¡àí. Æ´ìûñòà ñèíòåçäi­ æàëïû ºäiñi òåãiñ ðû÷àêòû

ìåõàíèçìi áåðiëãåí ©îç¡àëûñ çà­û áîéûíøà øû¡ûñ æºíå êiðiñ áóûíäàðûíäà ©àðàñòûðûë¡àí,

èãåðióøiëiê íåãiçiíäå áàñòàï©û êèíåìàòèêàëû© öåï (ÍÊÖ) àéíàëìàëû ©îñàë©ûìåí ©îëäàíû-

ëàäû. Áåðiëãåí ñèíòåç ºäiñiíäå áàðëû© òåãiñ ©´ðûëûìäû ìåõàíèçìäåðäi àëó¡à, øàðòòû ôóíê-

öèÿ ìåí ïàðàìåòðëåði­ òîëû© ñàíäàðûí ò´ð¡ûçó¡à ìåõàíèçìäi ñèíòåçäåóãå áîëàäû. Á´íû­

áàðëû¡û àíàëèòèêàëû© æ´éåäå Maple åñåïòåëåäi.

Êiëòòiê ñ°çäåð: ìåõàíèçì ñèíòåçi, øû¡ûñ áóûí, Maple æ´éåñi.

Àííîòàöèÿ. Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ çàäà÷à îá îïðåäåëåíèè îïòèìàëüíûõ äëèí

çâåíüåâ ïëîñêèõ ðû÷àæíûõ ìåõàíèçìîâ 3-ãî êëàññà ñ âûñòîåì âûõîäíîãî çâåíà. Â ðàáîòå

áûë èñïîëüçîâàí îáùèé ìåòîä ñèíòåçà ïëîñêèõ ðû÷àæíûõ ìåõàíèçìîâ ïî çàäàííûì çàêîíàì

äâèæåíèÿ âõîäíîãî è âûõîäíîãî çâåíüåâ, îñíîâàííûé íà èñïîëüçîâàíèè èñõîäíûõ êèíåìàòè-

÷åñêèõ öåïåé (ÈÊÖ) ñ âðàùàòåëüíûìè ïàðàìè. Äàííûé ìåòîä ñèíòåçà ïîçâîëÿåò ïîëó÷èòü âñå

âîçìîæíûå ñòðóêòóðû ïëîñêèõ ìåõàíèçìîâ, ïîçâîëÿåò ïîñòðîèòü öåëåâóþ ôóíêöèþ è ñèíòå-

çèðîâàòü ìåõàíèçì ïî ïîëíîìó ÷èñëó ïàðàìåòðîâ, ó÷èòûâàÿ îãðàíè÷åíèÿ íà ýòè ïàðàìåòðû.

Âñå âû÷èñëåíèÿ ðåàëèçîâàíû â ñèñòåìå àíàëèòè÷åñêèõ âû÷èñëåíèé Maple.

Êëþ÷åâûå ñëîâà: ñèíòåç ìåõàíèçìîâ, âûñòîé âûõîäíîãî çâåíà, ñèñòåìà Maple.

Ïîñòàíîâêà çàäà÷è. Òðåáóåòñÿ ñèíòåçèðîâàòü ïëîñêèé ðû÷àæíûé ìåõàíèçì 3-ãî êëàññà ñ âû-

ñòîåì âûõîäíîãî çâåíà.

Ïðè ïðîåêòèðîâàíèè ìàøèí áîëüøóþ ðîëü èãðàþò ìåõàíèçìû ñ âûñòîåì, ó êîòîðûõ ïðè

íåïðåðûâíîì äâèæåíèè âõîäíûõ çâåíüåâ íà íåêîòîðîì ó÷àñòêå âûõîäíîå çâåíî îñòàåòñÿ íåïî-

äâèæíûì. Ïîäîáíûå ìåõàíèçìû íåîáõîäèìû, íàïðèìåð, â òåêñòèëüíîì, ïèùåâîì è ïîëèãðàôè-

÷åñêîì ïðîèçâîäñòâå.

Ïî îïðåäåëåíèþ âûñòîé èìååò ìåñòî, êîãäà îäíà èëè íåñêîëüêî ïîñëåäîâàòåëüíûõ ïðîèçâîä-

íûõ ôóíêöèé ïîëîæåíèÿ âûõîäíîãî çâåíà îäíîâðåìåííî îáðàùàþòñÿ â íóëü. Òî÷íàÿ îñòàíîâêà

äîñòèãàåòñÿ ëèøü â òîì ñëó÷àå, êîãäà âñå ïîñëåäîâàòåëüíûå ïðîèçâîäíûå îò ôóíêöèè ïîëîæåíèÿ

ðàâíû íóëþ. Ïîñêîëüêó â îáùåì ñëó÷àå äâèæåíèå íà âûõîäå ëþáîãî ðû÷àæíîãî ìåõàíèçìà ÿâ-

ëÿåòñÿ íåïðåðûâíîé ôóíêöèåé âðåìåíè è ôàêòè÷åñêè âñå ïðîèçâîäíûå ÿâëÿþòñÿ íåïðåðûâíûìè

ôóíêöèÿìè, âûñòîé, ñòðîãî ãîâîðÿ, íå ìîæåò ïðîäîëæàòüñÿ êîíå÷íîå âðåìÿ. Òî÷íûå îñòàíîâêè

÷àñòî íå ÿâëÿþòñÿ íåîáõîäèìûìè è íà ïðàêòèêå ðåäêî îñóùåñòâëÿþòñÿ èç-çà íàëè÷èÿ îøèáîê.

Ïîýòîìó ÷àùå îñóùåñòâëÿåòñÿ ïðèáëèæåííûé âûñòîé.

Ïóñòü íà íåïîäâèæíîé ïëîñêîñòè XOY çàäàíî äâèæåíèå äâóõ ïîäâèæíûõ ïëîñêîñòåé xOiy

è uDiv, ñâÿçàííûõ ñ äâèæåíèåì âõîäíîãî è âûõîäíîãî çâåíüåâ, ò.å. çàäàíû êîîðäèíàòû è óãëû

ïîâîðîòà äëÿ N ïîëîæåíèé ïîäâèæíûõ ïëîñêîñòåé êàê ôóíêöèè âðåìåíè ti

XOi = XOi(ti), YOi = YOi(tI), ϕ1i = ϕ1i(ti),

XDi = XDi(ti), YDi = YDi(ti), ϕ4i = ϕ4i(ti), i = 1, 2, ..., N
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Äëÿ òîãî ÷òîáû ïîëó÷èòü ìåõàíèçì, íóæíî íà äâèæåíèå ïëîñêîñòåé íàëîæèòü ñâÿçè. Íàëî-

æèì ñâÿçü â âèäå çâåíà ñ âðàùàòåëüíûìè êèíåìàòè÷åñêèìè ïàðàìè V êëàññà [1].

Ðèñóíîê 1 Ìåõàíèçì 3-ãî êëàññà.

Äëÿ ðåøåíèÿ äàííîé çàäà÷è ñîñòàâèì ñëåäóþùóþ ñèñòåìó óðàâíåíèé çàìêíóòîñòè{
l1 cos(ϕ1 + ϕ10) + l2 cosϕ2 = 1 + l4 cos(ϕ4 + ϕ40) + l3 cosϕ3

l1 sin(ϕ1 + ϕ10) + l2 sinϕ2 = l4 sin(ϕ4 + ϕ40) + l3 sinϕ3

(1)

Èç óðàâíåíèé (1) íàéäåì ϕ2 è ϕ3.

Ïîëó÷åííàÿ ÈÊÖ èìååò ëèøíþþ ñòåïåíü ñâîáîäû, íåîáõîäèìî èñêëþ÷èòü åå ïóòåì íàëîæåíèÿ

ãåîìåòðè÷åñêèõ ñâÿçåé íà îòíîñèòåëüíûå äâèæåíèÿ çâåíüåâ ÈÊÖ. Ñâÿçü íàêëàäûâàåòñÿ â âèäå

çâåíà EF. Òî÷êà Å ÿâëÿåòñÿ êðóãîâîé òî÷êîé [2].

Êîîðäèíàòû òî÷êè Ei â íåïîäâèæíîé ñèñòåìå êîîðäèíàò XOY âûðàçèì â âèäå:{
xEi = 1 + l4 cos(ϕ4 + ϕ40) + l

′
3 cos(ϕ3 + α)

yEi = l4 sin(ϕ4 + ϕ40) + l
′
3 sin(ϕ3 + α)

(2)

Ðàññòîÿíèå ìåæäó òî÷êàìè Ei è Fi äîëæíî áûòü íåèçìåííûì, ïîýòîìó äëÿ öåëåâîé ôóíêöèè

çàïèøåì âûðàæåíèå âçâåøåííîé ðàçíîñòè (îòêëîíåíèÿ) [3]

∆i =
[
(xEi − xFi)2 + (yEi − yFi)2 − l25

]
(3)

Ïîñëå ïîäñòàíîâêè (2) â (3) ïîëó÷èì

∆i = 1 + 2l4 cos(ϕ4 + ϕ40) + 2l
′
3 cos(ϕ3 + α)− 2xF + 2l4 cos(ϕ4 + ϕ40)l

′
3 cos(ϕ3 + α)−

2l4xF cos(ϕ4 + ϕ40) + l
′2
3 cos2(ϕ3 + α)− 2l

′
3xF cos(ϕ3 + α) + x2

F + l24+

2l4 sin(ϕ4 + ϕ40)l3 sin(ϕ3 + α)
Ñîñòàâèìöåëåâóþôóíêöèþââèäåñóììûêâàäðàòîâ

S =

N∑
i=1

∆2
i (4)

Äàëåå ìèíèìèçèðóåì âûðàæåíèå (4) ïðè ïîìîùè ìåòîäà îïòèìèçàöèè CDOS. (Conjugate

Direction with Orthogonal Shift), êîòîðûé èñïîëüçóåò ñîïðÿæåííûå íàïðàâëåíèÿ ñ îðòîãîíàëü-

íûì ñäâèãîì (ÑÍÎÑ). Íàõîäèì 11 ïàðàìåòðîâ ìåõàíèçìà l1, l2, l3, l4, l5, xF , yF , ϕ10, ϕ40, l
′
3, α.

Äàííûé ìåòîä èìååò êâàäðàòè÷íóþ ñõîäèìîñòü äëÿ êâàäðàòè÷íûõ è áëèçêèõ ê íèì ôóíêöèé,

îí íå òðåáóåò, ÷òîáû öåëåâàÿ ôóíêöèÿ èìåëà ïðîèçâîäíûå èëè áûëà íåïðåðûâíà. Äëÿ çàäà÷ ñ

îãðàíè÷åíèÿìè äàííûé ìåòîä ó÷èòûâàåò îãðàíè÷åíèÿ â âèäå íåðàâåíñòâ íàïðÿìóþ è íå òðåáóåò,
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÷òîáû îãðàíè÷åíèÿ èìåëè ïðîèçâîäíûå è áûëè íåïðåðûâíû. Áîëåå òîãî, ìåòîä íå èñïîëüçóåò ÷èñ-

ëåííûå çíà÷åíèÿ îãðàíè÷åíèé â âèäå íåðàâåíñòâ, îí èñïîëüçóåò òîëüêî ñàì ôàêò èõ íàðóøåíèÿ

èëè îòñóòñòâèÿ íàðóøåíèé.

Ìåòîä CDOS èìååò ñëåäóþùèå îñîáåííîñòè [4]: îí èìååò êâàäðàòè÷íóþ ñõîäèìîñòü äëÿ êâàä-

ðàòè÷íûõ è áëèçêèõ ê íèì ôóíêöèé; îí áîëåå íàäåæåí, ÷åì ìåòîä Íåëäåðà-Ìèäà, ïðè îïòèìè-

çàöèè íåäèôôåðåíöèðóåìûõ ôóíêöèé; îí íå òðåáóåò, ÷òîáû öåëåâàÿ ôóíêöèÿ áûëà îïðåäåëåíà

çà ãðàíèöàìè îãðàíè÷åíèé; îí èñïîëüçóåò îãðàíè÷åíèÿ â âèäå íåðàâåíñòâ íàïðÿìóþ; îí áûñòðî

ïðîâîäèò ïîèñê âäîëü ãðàíèö îãðàíè÷åíèé è äð.

CDOS ìåòîä, òàêæå êàê è ìåòîäû Ïàóýëëà è Áðåíòà, èñïîëüçóåò ñîïðÿæåííûå ëèíåéíûå

íàïðàâëåíèÿ ïîèñêà. Äâà íàïðàâëåíèÿ uiè uj ÿâëÿþòñÿ ñîïðÿæåííûìè, åñëè, uTi Huj = 0, i 6=
j, uTi Huj ≥ 0, i = j, ãäå H - ïîëîæèòåëüíî îïðåäåëåííàÿ ìàòðèöà Ãåññå: H =

∣∣∣ ∂∂xi ( ∂
∂xj

f(x)
)∣∣∣, i, j =

1..n. Åñëè ôóíêöèÿ f(x1, ..., xn)ïðåäñòàâëÿåò ñîáîé n-ìåðíóþ êâàäðàòè÷íóþ ôóíêöèþ, òî åå ìèíè-

ìóì (ìàêñèìóì) áóäåò äîñòèãíóò ïîñëå îäíîìåðíûõ ïîèñêîâ â ðàçëè÷íûõ âçàèìíî-ñîïðÿæåííûõ

íàïðàâëåíèÿõ. Ïîýòîìó òî÷êà ýêñòðåìóìà n-ìåðíîé êâàäðàòè÷íîé ôóíêöèè áóäåò äîñòèãíóòà

ïîñëå òîãî êàê n ñîïðÿæåííûõ íàïðàâëåíèé áóäóò ïîñòðîåíû â ïåðâûé ðàç.

Â ïðîöåññå ïîñòðîåíèÿ ñîïðÿæåííûõ íàïðàâëåíèé â CDOS ìåòîäå èñïîëüçóåòñÿ îðòîãîíàëü-

íûé ñäâèã îò ïîäìíîæåñòâà óæå ïîñòðîåííûõ ñîïðÿæåííûõ íàïðàâëåíèé. Ýòîò îðòîãîíàëüíûé

ñäâèã çíà÷èòåëüíî óâåëè÷èâàåò íàäåæíîñòü ìåòîäà è ïðèäàåò åìó íîâûå óíèêàëüíûå ñâîéñòâà.

Ýòè íîâûå ñâîéñòâà ïðèíöèïèàëüíî îòëè÷àþò ìåòîä CDOS îò äðóãèõ ìåòîäîâ, èìåþùèõ êâàä-

ðàòè÷íóþ ñõîäèìîñòü. Ãëàâíûå èç ýòèõ ñâîéñòâ � ýòî áûñòðîå ïðîõîæäåíèå âäîëü ãðàíèö îãðà-

íè÷åíèé è ðåçêî âîçðîñøàÿ íàäåæíîñòü ïðè îïòèìèçàöèè íåäèôôåðåíöèðóåìûõ ôóíêöèé.

Àëãîðèòì ìèíèìèçàöèè ñîñòîèò èç òðåõ ñòàäèé. Íà ïåðâîé ñòàäèè ïåðâîå íàïðàâëåíèå ïîèñêà

îïðåäåëÿåòñÿ êàê íàïðàâëåíèå ïðîòèâîïîëîæíîå êâàçèãðàäèåíòó öåëåâîé ôóíêöèè. Íà âòîðîé

ñòàäèè êîíñòðóèðóþòñÿ ïåðâûå n ñîïðÿæåííûõ íàïðàâëåíèé ñ èñïîëüçîâàíèåì îðòîãîíàëüíîãî

ñäâèãà. Òðåòüÿ ñòàäèÿ ïðåäñòàâëÿåò ñîáîé îñíîâíîé èòåðàòèâíûé öèêë. Â ýòîì öèêëå ïðîèñõîäèò

îáíîâëåíèå óæå ïîñòðîåííûõ ñîïðÿæåííûõ íàïðàâëåíèé ñ èñïîëüçîâàíèåì îðòîãîíàëüíîãî ñäâè-

ãà. Íèæå, ìû ðàññìîòðèì ýòè òðè ñòàäèè áîëåå äåòàëüíî íà ïðèìåðå ìèíèìèçàöèè n� ìåðíîé

ôóíêöèè f(x1, ..., xn),n > 1.

Ðåøåíèå äàííîé çàäà÷è ïîëíîñòüþ àâòîìàòèçèðîâàíî â ñèñòåìå àíàëèòè÷åñêèõ âû÷èñëåíèé

Maple. Áûëà íàïèñàíà ïðîöåäóðà, ïîçâîëÿþùàÿ ðåøàòü ñèñòåìû óðàâíåíèé âèäàA cosϕ+B cosψ =

C,Asinϕ + B sinψ = E è ïîëó÷èòü åå ÷èñëåííîå ðåøåíèå ïðè ïîìîùü êîìàíäû evalf(). Ïðè ïî-

ìîùè äàííîé ïðîöåäóðû ðåøàåòñÿ ñèñòåìà óðàâíåíèé (1). Èç äàííûõ óðàâíåíèé áûëè íàéäåíû

ϕ2 è ϕ3.

Òàêæå áûëà ðåàëèçîâàíà ïðîöåäóðà FindPar() äëÿ ñîñòàâëåíèÿ ñóììû êâàäðàòîâ öåëåâîé

ôóíêöèè (4) ïî 11 ïàðàìåòðàì: l1, l2, l3, l4, l5, xF , yF , ϕ10, ϕ40, l
′
3, α. Â ïðîöåäóðå áûëè çàäåéñòâî-

âàíû âûðàæåíèÿ (2),(3),(4). Ïîëó÷åííàÿ ïðîöåäóðà áûëà ìèíèìèçèðîâàíà ïðè ïîìîùè ôóíêöèè

Search(). Êîìàíäà Search() ÷èñëåííî íàõîäèò ìèíèìóì (ìàêñèìóì) íåëèíåéíîé ôóíêöèè ìíîãèõ

ïåðåìåííûõ, ðåàëèçóåò ìåòîä CDOS. Ïðè ïîèñêå áûëè çàäàíû îãðàíè÷åíèÿ íà äëèíû çâåíüåâ

(âñå äëèíû ïîëîæèòåëüíûå) è êîëè÷åñòâî âû÷èñëåíèé öåëåâîé ôóíêöèè, íà÷èíàÿ ñ çàäàííîé íà-

÷àëüíîé òî÷êè. Òàê áûëè íàéäåíû ïîñòîÿííûå ïàðàìåòðû ìåõàíèçìà. Áûëî çàäàíî äâèæåíèå

âûõîäíîãî çâåíà ñîãëàñíî ñëåäóþùåãî ãðàôèêà

Òàêèì îáðàçîì, áûë ñèíòåçèðîâàí ïëîñêèé ïåðåäàòî÷íûé ðû÷àæíûé ìåõàíèçì 3-ãî êëàññà

ïî 11 ïàðàìåòðàì ñ âûñòîåì. Àâòîìàòèçèðîâàííûì ñïîñîáîì áûëè íàéäåíû îïòèìàëüíûå äëèíû

çâåíüåâ â ñèñòåìå Maple, à òàêæå áûëè ðàçðàáîòàíû ïðîãðàììû äëÿ ðèñîâàíèÿ ïðèìèòèâîâ (çâå-
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Ðèñóíîê 2 Ãðàôèê äâèæåíèÿ âûõîäíîãî çâåíà.

Ðèñóíîê 3 Àíèìàöèîííàÿ êàðòèíà äâèæåíèÿ

íüÿ, ñòîéêè è ò.ä.), ñ ïîìîùüþ êîòîðûõ èçîáðàæåí äàííûé ìåõàíèçì è ïîñòðîåíî àíèìàöèîííîå

äâèæåíèå ìåõàíèçìà 3-ãî êëàññà ñ ó÷åòîì ïîëó÷åííûõ îïòèìàëüíûõ äëèí çâåíüåâ è ñ çàäàííûì

âûñòîåì âûõîäíîãî çâåíà.
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ÊÎÌÏÜÞÒÅÐÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÑÒÎËÊÍÎÂÅÍÈÉ

Ì.Ã. Åìåëüÿíîâà, Í.Ï. Çàðóáèí

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ä. Ñåðèêáàåâà

Abstract. The paper gives examples of the use of computer modeling of the central elastic, inelastic

and oblique shocks balls and calculations were made of the physical quantities using the laws of

conservation of energy and momentum.The calculations were performed for di�erent values of the

masses and velocities of the interacting bodies.The results are shown in tables and graphs.

Keywords: computer modeling, laws of conservation of energy and momentum.

À­äàòïà. Ìà©àëàäà ýíåðãèÿ ìåí èìïóëüñòû­ ñà©òàëó çà­ûí ïàéäàëàíà îòûðûï, ôèçèêàëû©

øàìàëàð òºóåëäiëiêòåðiíi­ åñåïòåði ìåí øàðëàðäû­ îðòàëû© ñåðïiìäi, ñåðïiìñiç æºíå ©èñû©

ñî©©ûëàðäû­ êîìïüþòåðëiê ³ëãiëåóií ©îëäàíó ³ëãiëåði êåëòiðiëåäi. Åñåïòåð °çàðà ºðåêåòòå-

ñåòií äåíåëåðäi­ ºðò³ðëi ñàëìà© ìºíäåði ìåí æûëäàìäû©òàðû êåçiíäå °òêiçiëãåí. �îðûòûíäû

êåñòåëåð ìåí ãðàôèêòåð ò³ðiíäå ê°ðñåòiëãåí.

Êiëòòiê ñ°çäåð: êîìïüþòåðëiê ³ëãiëåóií, ýíåðãèÿ ìåí èìïóëüñòû­ ñà©òàëó çà­ûí.

Àííîòàöèÿ. Â ñòàòüå ïðèâîäÿòñÿ ïðèìåðû èñïîëüçîâàíèÿ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ

öåíòðàëüíîãî óïðóãîãî, íåóïðóãîãî è êîñîãî óäàðîâ øàðîâ è ðàñ÷¼òîâ çàâèñèìîñòåé ôèçè÷å-

ñêèõ âåëè÷èí ñ èñïîëüçîâàíèåì çàêîíîâ ñîõðàíåíèÿ ýíåðãèè è èìïóëüñà. Ðàñ÷¼òû ïðîâåäåíû

ïðè ðàçëè÷íûõ çíà÷åíèÿõ ìàññ è ñêîðîñòåé âçàèìîäåéñòâóþùèõ òåë. Ðåçóëüòàòû ïðåäñòàâëå-

íû â ôîðìå òàáëèö è ãðàôèêîâ.

Êëþ÷åâûå ñëîâà: êîìïüþòåðíîå ìîäåëèðîâàíèå, çàêîíû ñîõðàíåíèÿ ýíåðãèè è èìïóëüñà.

Ñïåöèôèêà íîâîé ñèñòåìû îáðàçîâàíèÿ äîëæíà ïðîÿâëÿòüñÿ â å¼ ñïîñîáíîñòè íå òîëüêî âîîðó-

æàòü çíàíèÿìè îáó÷àþùåãîñÿ, íî è ôîðìèðîâàòü ïîòðåáíîñòü â íåïðåðûâíîì ñàìîñòîÿòåëüíîì

îâëàäåíèè èìè, ðàçâèâàòü óìåíèÿ è íàâûêè ñàìîîáðàçîâàíèÿ, ñàìîñòîÿòåëüíîãî è ñèñòåìàòè÷å-

ñêîãî ïðèîáùåíèÿ ê íàó÷íûì ñïîñîáàì ïîçíàíèÿ. Ðå÷ü èäåò î òàêèõ çíàíèÿõ, êîòîðûå, âî-ïåðâûõ,

ñïîñîáíû ôîðìèðîâàòü øèðîêèé, öåëîñòíûé, ýíöèêëîïåäè÷åñêèé âçãëÿä íà ñîâðåìåííûé ìèð è

ìåñòî ÷åëîâåêà â ýòîì ìèðå; âî-âòîðûõ, ïîçâîëÿþò ïðåîäîëåòü ïðåäìåòíóþ ðàçîáùåííîñòü è èçî-

ëèðîâàííîñòü.

Èññëåäîâàíèÿ ïñèõîëîãîâ ïîçâîëÿþò óòâåðæäàòü, ÷òî ÷åì áîëüøå ñâîåãî òðóäà âêëàäûâàåò

îáó÷àþùèéñÿ â ïîçíàâàíèå òåìû, òåì ëó÷øå îí â íåé ðàçáèðàåòñÿ, ëó÷øå çàïîìèíàåò.

Ôèçèêà � íàóêà ýêñïåðèìåíòàëüíàÿ: âñ¼ ôèçè÷åñêîå çíàíèå äîáûòî â êîíå÷íîì èòîãå èç îïûòà,

à íå ïóòåì ÷èñòûõ ðàçìûøëåíèé. Äëÿ òîãî ÷òîáû ñôîðìóëèðîâàòü ñàìûé ïðîñòîé ôèçè÷åñêèé

çàêîí, íåîáõîäèìî àáñòðàãèðîâàòüñÿ îò òåõ ÷åðò ïðåäìåòà èëè ÿâëåíèÿ, êîòîðûå íåñóùåñòâåííû
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èëè êàæóòñÿ òàêîâûìè èññëåäîâàòåëþ, òî åñòü ñîçäàòü ôèçè÷åñêóþ ìîäåëü. Áåç ìîäåëè íåâîç-

ìîæíî íè÷åãî îáúÿñíèòü, îáîáùèòü, ïîíÿòü ñóùíîñòü ÷åãî áû òî íè áûëî. Ôîðìèðîâàíèå çíàíèé

ëèøü òîãäà îêàçûâàåòñÿ ïëîäîòâîðíûì, êîãäà îñóùåñòâëÿåòñÿ â íåðàçðûâíîé ñâÿçè ñ âûðàáîòêîé

ó÷åáíî-ïîçíàâàòåëüíûõ óìåíèé. Áîëüøèå âîçìîæíîñòè â ðàçâèòèè ïîçíàâàòåëüíûõ óìåíèé äà¼ò

êîìïüþòåðíîå ìîäåëèðîâàíèå ôèçè÷åñêèõ ÿâëåíèé.

Ïîêàæåì ýòî íà ïðèìåðå èññëåäîâàíèÿ ñòîëêíîâåíèé òåë, çàêîíà ñîõðàíåíèÿ èìïóëüñà.

Èñòîðè÷åñêàÿ ñïðàâêà. Çàêîí ñîõðàíåíèÿ èìïóëüñà ó Äåêàðòà ïîÿâèëñÿ ðàíüøå, ÷åì áûëè

ñôîðìóëèðîâàíû çàêîíû äèíàìèêè Íüþòîíà. Íî Äåêàðò ñ÷èòàë ïîñòîÿííûì ñóììó ìîäóëåé èì-

ïóëüñîâ òåë. Êîãäà Ãþéãåíñ ñòàë ïðîâîäèòü îïûòû ïî ñîóäàðåíèþ òåë, äâèæóùèõñÿ â ïðîòèâîïî-

ëîæíûõ íàïðàâëåíèÿõ, îí çàìåòèë îøèáêó Äåêàðòà è èñïðàâèë å¼. Ó Íüþòîíà çàêîí ñîõðàíåíèÿ

èìïóëüñà ïîëó÷åí èç çàêîíîâ äèíàìèêè è ðàññìàòðèâàåòñÿ êàê îäíî èç èõ ñëåäñòâèé, à íå óíè-

âåðñàëüíûé çàêîí ïðèðîäû.

Ïîÿâëåíèå íà ñöåíå ðàçëè÷íûõ ýëåìåíòàðíûõ ÷àñòèö è èññëåäîâàíèå èõ ñòîëêíîâåíèé è ïðå-

âðàùåíèé, à òàê æå ðàçðàáîòêà òåîðèè ðåàêòèâíîãî äâèæåíèÿ çàñòàâèëè ó÷¼íûõ âçãëÿíóòü íà

ýòîò çàêîí ñ èíîé òî÷êè çðåíèÿ è ñäåëàòü ïåðåîöåíêó åãî çíà÷åíèÿ â ïðîöåññå ïîçíàíèÿ. Ñåé÷àñ

îí ñ÷èòàåòñÿ óíèâåðñàëüíûì çàêîíîì ïðèðîäû, íå èìåþùèì èñêëþ÷åíèé. Çàêîí øèðîêî ïðè-

ìåíÿåòñÿ ïðè ðàñ÷¼òàõ ñòîëêíîâåíèé ýëåìåíòàðíûõ ÷àñòèö, ìàêðîñêîïè÷åñêèõ òåë, îòäà÷è ïðè

âûñòðåëå è ðåàêòèâíîé ñèëû, ñîçäàâàåìîé ðàêåòíûì äâèãàòåëåì.

Â íàøèõ èññëåäîâàíèÿõ ìîäåëèðóþòñÿ ïðîñòåéøèå âçàèìîäåéñòâèÿ � óïðóãèé, íåóïðóãèé è

êîñîé öåíòðàëüíûå óäàðû øàðîâ.

Èññëåäîâàíèÿ ñîóäàðåíèé äâóõ øàðîâ ìàññàìèm1 èm2, äâèæóùèõñÿ ïî ïðÿìîé ñî ñêîðîñòÿìè

v1 è v2 îñíîâàíî íà çàêîíå ñîõðàíåíèÿ ïðîåêöèè èìïóëüñîâ è çàêîíå ñîõðàíåíèÿ ýíåðãèè. Ñêîðîñòè

òåë äî óäàðà v1, v2 è ïîñëå íåãî u1,u2 íàïðàâëåíû âäîëü îäíîé ïðÿìîé � îñè oõ, ïðîõîäÿùåé ÷åðåç

öåíòðû èíåðöèè òåë. Ïðîåêöèè ýòèõ ñêîðîñòåé íà îñü oõ ñâÿçàíû ñîîòíîøåíèÿìè:

u1 =
(m1 − km2)v1 +m2(1 + k)v2

m1 +m2
(1)

u2 =
m1(1 + k)v1 + (m2 − km1)v2

m1 +m2
(2)

k =
u2 − u1

v1 + v2
(3)

Âåëè÷èíû v1, v2, u1 è u2 ïîëîæèòåëüíûå èëè îòðèöàòåëüíûå â çàâèñèìîñòè îò òîãî, êàê

íàïðàâëåí ñîîòâåòñòâóþùèé âåêòîð ñêîðîñòè.

Âåëè÷èíà k íàçûâàåòñÿ êîýôôèöèåíòîì âîññòàíîâëåíèÿ. Îíà ðàâíà îòíîøåíèþ àáñîëþòíûõ

çíà÷åíèé îòíîñèòåëüíûõ ñêîðîñòåé òåë ïîñëå è äî óäàðà è çàâèñèò òîëüêî îò óïðóãèõ ñâîéñòâ

ñîóäàðÿþùèõñÿ òåë.

Â ðàçðàáîòàííîé êîìïüþòåðíîé ïðîãðàììå ìîäåëèðóåòñÿ ïðîöåññ ñîóäàðåíèÿ øàðîâ ïðè àá-

ñîëþòíî óïðóãîì, íåóïðóãîì, êîñîì öåíòðàëüíûõ óäàðàõ. Íà ðèñóíêå 1 ïðèâåäåíû íåêîòîðûå

ýêðàííûå ôîðìû ðàñ÷¼òà ïàðàìåòðîâ àáñîëþòíî óïðóãîãî óäàðà äâóõ òåë.



Âû÷èñëèòåëüíûå òåõíîëîãèè 129 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Ðèñóíîê 1 Ðåçóëüòàòû ðàñ÷¼òà ïàðàìåòðîâ àáñîëþòíî óïðóãîãî óäàðà äâóõ òåë

Ïðè àáñîëþòíî íåóïðóãîì óäàðå ìåæäó òåëàìè äåéñòâóþò íåïîòåíöèàëüíûå ñèëû, è ïîñëå

óäàðà òåëà äâèæóòñÿ êàê îäíî öåëîå ñ îáùåé ñêîðîñòüþ.

u =
m1v1 +m2v2

m1 +m2
(4)

S =
m1m2

m1 +m2
(v1 − v2) (5)

Âåëè÷èíó S íàçûâàþò óäàðíûì èìïóëüñîì.

Óäàð ïëàñòè÷íûõ, íåóïðóãèõ òåë ñîïðîâîæäàåòñÿ ïîòåðåé èõ êèíåòè÷åñêîé ýíåðãèè.

Êèíåòè÷åñêàÿ ýíåðãèÿ äî óäàðà:

E0 =
m1v

2
1 +m2v

2
2

2
(6)

Êèíåòè÷åñêàÿ ýíåðãèÿ ïîñëå óäàðà:

Ek =
(m1 +m2)u2

2
(7)

Óìåíüøåíèå ìåõàíè÷åñêîé ýíåðãèè ñèñòåìû ñîïðîâîæäàåòñÿ âîçðàñòàíèåì âíóòðåííåé ýíåð-

ãèè � âûäåëÿåòñÿ òåïëî:

Q = E0 − Ek (8)

Ñîîòíîøåíèå âûäåëåííîé ýíåðãèè ê íà÷àëüíîé:

k =
Q

E0
(9)

Íà ðèñóíêå 2 ïðèâåäåíû íåêîòîðûå ýêðàííûå ôîðìû ðàñ÷¼òà ïàðàìåòðîâ àáñîëþòíî íåóïðó-

ãîãî óäàðà äâóõ òåë.
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Ðèñóíîê 2 Ðåçóëüòàòû ðàñ÷¼òà ïàðàìåòðîâ àáñîëþòíî íåóïðóãîãî óäàðà äâóõ òåë äâóõ òåë

Ïðè êîñîì öåíòðàëüíîì óäàðå èçìåíÿþòñÿ òîëüêî íîðìàëüíûå ñîñòàâëÿþùèå ñêîðîñòåé òåë,

ïàðàëëåëüíûå ëèíèè óäàðà:

u1n =
(m1 − km2)v1n +m2(1 + k)v2n

m1 +m2
(10)

u2n =
m1(1 + k)v1n + (m2 − km1)v2n

m1 +m2
(11)

k =
u2n − u1n

v1n + v2n
(12)

Èçìåíÿÿ çíà÷åíèÿ ìàññ øàðîâ è èõ ñêîðîñòåé ìîæíî íàáëþäàòü çà èçìåíåíèåì âñåõ ïàðàìåò-

ðîâ. Â ïðîãðàììå ìîæíî ïðîñìîòðåòü ðåçóëüòàòû ðàñ÷¼òîâ â òàáëè÷íîé ôîðìå, âûâåñòè ðåçóëü-

òàòû â Excel, à òàêæå â ãðàôè÷åñêîé ôîðìå. Ãðàôèêè ñòðîÿòñÿ ïî âñåì ïàðàìåòðàì ðàñ÷¼òîâ.

Ðåàëèçàöèÿ ñîçäàííîé ïðîãðàììû îñóùåñòâëÿëàñü â âèçóàëüíîé ñðåäå ïðîãðàììèðîâàíèÿ Delphi.

Èñïîëüçîâàíèå ðàçðàáîòàííîé êîìïüþòåðíîé ïðîãðàììû, â êîòîðîé çàâèñèìîñòè ïðåäñòàâëå-

íû â âèäå òàáëèö è ãðàôèêîâ ñïîñîáñòâóåò íå òîëüêî ÷¼òêîìó ïîíèìàíèþ ôèçè÷åñêèõ ïîíÿòèé

è çàêîíîâ, íî è âûçûâàåò èíòåðåñ îáó÷àþùåãîñÿ è ïðî÷íîå çàïîìèíàíèå, à òàêæå ñïîñîáñòâóåò

ãëóáîêîìó èçó÷åíèþ ðàññìàòðèâàåìûõ ôèçè÷åñêèõ ÿâëåíèé.
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ÒÅÕÍÎËÎÃÈß ÌÎÄÅËÈÐÎÂÀÍÈß ÊÐÓÏÍÎÌÀÑØÒÀÁÍÛÕ

ÏÐÎÖÅÑÑÎÂ ÍÀÂÎÄÍÅÍÈß ÌÅÒÎÄÀÌÈ ÂÛ×ÈÑËÈÒÅËÜÍÎÉ

ÃÈÄÐÎÄÈÍÀÌÈÊÈ

À.Æ. Æàéíàêîâ, À.Û. Êóðáàíàëèåâ

Èíñòèòóò ãîðíîãî äåëà è ãîðíûõ òåõíîëîãèé èì. Ó.È. Àñàíàëèåâà Êûðãûçñêîãî ãîñóäàðñòâåííîãî

òåõíè÷åñêîãî óíèâåðñèòåòà èì. È. Ðàççàêîâà, Áèøêåê, Êûðãûçñòàí,

Êûçûë-Êèéñêèé ãóìàíèòàðíî-ïåäàãîãè÷åñêèé èíñòèòóò Áàòêåíñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà,

Êûçûë-Êûÿ, Êûðãûçñòàí

Abstract. The results of the large-scale �ooding �ows numerical modeling on the complicated

topographical terrain were presented in this paper. A modeling is based on the Reynolds-averaged

3D unsteady Navier-Stokes equations. The free surface tracking was performed by the volume

of �uid method. General numerical solution of the governing equations is based on the open

source package OpenFOAM 2.1.1 solver interFoam. The adequacy of the mathematical model is

veri�ed by comparison with the corresponding experimental data. The e�ciency of used technology

was illustrated in the examples of possible �ooding �ows modeling on the terrain near Osh town

(Kyrgyzstan) and Snake Canyon River(USA).

Keywords: numerical simulation, volume of �uid, free surface, OpenFOAM.

Àííîòàöèÿ. Â äàííîé ðàáîòå ïðèâåäåíû ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ êðóïíîìàñ-

øòàáíîãî íàâîäíåíèÿ â ìåñòíîñòÿõ ñî ñëîæíûì ðåëüåôîì. Ìîäåëèðîâàíèå îñíîâàíî íà îñðåä-

íåííûõ ïî Ðåéíîëüäñó òðåõìåðíûõ íåñòàöèîíàðíûõ óðàâíåíèÿõ Íàâüå-Ñòîêñà. Îïðåäåëåíèå

ïîëîæåíèÿ ñâîáîäíîé ãðàíèöû ïðîâîäèëîñü ìåòîäîì îáúåìà æèäêîñòè. Îáùåå ÷èñëåííîå ðå-

øåíèå óðàâíåíèé îñíîâàíî ðåøàòåëåì interFoam îòêðûòîãî ïàêåòà OpenFoam 2.1.1. Àäåêâàò-

íîñòü ìàòåìàòè÷åñêîé ìîäåëè ïðîâåðÿåòñÿ ïóòåì ñðàâíåíèÿ ñ ñîîòâåòñòâóþùèìè ýêñïåðèìåí-

òàëüíûìè äàííûìè. Ýôôåêòèâíîñòü òåõíîëîãèè èëëþñòðèðóåòñÿ íà ïðèìåðàõ ìîäåëèðîâàíèÿ

âîçìîæíîãî íàâîäíåíèÿ ìåñòíîñòåé âáëèçè ã. Îø (Êûðãûçñòàí) è Snake Canyon River (USA).

Êëþ÷åâûå ñëîâà: ÷èñëåííîå ìîäåëèðîâàíèå, ìåòîä îáúåìà æèäêîñòè, ñâîáîäíàÿ ãðàíèöà,

OpenFOAM.

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñ ïðèìåíåíèåì ñîâðåìåííûõ ïðèêëàäíûõ ïàêåòîâ âû÷èñëè-

òåëüíîé ãèäðîäèíàìèêè ÿâëÿåòñÿ ýôôåêòèâíûì èíñòðóìåíòîì ïðîãíîçèðîâàíèÿ ðàçëè÷íûõ òåõ-

íîãåííûõ è ïðèðîäíûõ ÿâëåíèé. Ïî ÷èñëó ïîâòîðÿåìîñòè, ïëîùàäè ðàñïðîñòðàíåíèÿ è åæåãîäíî-

ìó ìàòåðèàëüíîìó óùåðáó ñðåäè ïðèðîäíûõ ñòèõèéíûõ êàòàêëèçìîâ çàòîïëåíèå âîäîé ìåñòíîñòè

è íàñåëåííûõ ïóíêòîâ çàíèìàåò ïåðâîå ìåñòî.

Â äàííîé ðàáîòå ñòàâèòñÿ çàäà÷à ïðîãíîçèðîâàíèÿ ïîñëåäñòâèé êðóïíîìàñøòàáíîé òåõíîãåí-

íîé ñèòóàöèè, ñâÿçàííîé ñ ðàçðóøåíèåì ïëîòèí âîäîõðàíèëèù âáëèçè ã. Îø, Êûðãûçñòàí [1]
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è íàâîäíåíèå òåððèòîðèè Snake Canyon River [2] USA. Çàìûêàíèå îñðåäíåííûõ ïî Ðåéíîëüäñó

íåñòàöèîíàðíûõ òðåõìåðíûõ óðàâíåíèé Íàâüå-Ñòîêñà, îïèñûâàþùèõ ðàññìàòðèâàåìûå äâèæå-

íèÿ íåñæèìàåìîé âÿçêîé æèäêîñòè, ïðîâîäèëîñü ñ ïîìîùüþ ñòàíäàðòíîé � ìîäåëè òóðáóëåíòíî-

ñòè. Äèñêðåòèçàöèÿ ðàñ÷åòíîé îáëàñòè è äèôôåðåíöèàëüíûõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ

âûïîëíåíà ìåòîäîì êîíòðîëüíîãî îáúåìà [3, ñ. 24].

Äëÿ âû÷èñëåíèÿ îáúåìíûõ èíòåãðàëîâ ïî êîíòðîëüíîìó îáúåìó èñïîëüçîâàëàñü îáùàÿ ïðî-

öåäóðà Ãàóññà, à çíà÷åíèå ôóíêöèè íà ïîâåðõíîñòè èíòåðïîëèðóåòñÿ èç çíà÷åíèé ôóíêöèé â

öåíòðîèäàõ ñîñåäíèõ ÿ÷ååê. Â êà÷åñòâå ñõåìû äèñêðåòèçàöèè ïðîèçâîäíîé ïî âðåìåíè èñïîëüçî-

âàëàñü ÿâíàÿ ñõåìà Ýéëåðà ïåðâîãî ïîðÿäêà. Èñïîëüçîâàíèå ðàçíîñòíîé ñõåìû ïðîòèâ ïîòîêà äëÿ

êîíâåêòèâíûõ è Gauss linear ñõåìû äëÿ äèôôóçèîííûõ ÷ëåíîâ äàåò ïðèåìëåìóþ òî÷íîñòü ÷èñ-

ëåííûõ ðàñ÷åòîâ. Äëÿ ñâÿçàííîãî ðàñ÷åòà ïîëÿ ñêîðîñòè è äàâëåíèÿ èñïîëüçîâàëàñü ïðîöåäóðà

PISO ñ ÷èñëîì êîððåêòîðîâ 3 [4, ñòð. 178]. Äëÿ ðåøåíèÿ ïîëó÷åííîé ñèñòåìû ëèíåéíûõ àëãåá-

ðàè÷åñêèõ óðàâíåíèé èñïîëüçîâàëèñü èòåðàöèîííûå ñîëâåðû PCG [4, ñòð. 107] è PBiCG ìåòîä

(áè-)ñîïðÿæåííûõ ãðàäèåíòîâ ñ ïðåäîáóñëîâëèâàíèåì [4, ñòð. 110]. Â êà÷åñòâå ïðåäîáóñëîâëè-

âàòåëÿ áûëè âûáðàíû ïðîöåäóðû DIC ïðåäîáóñëîâëèâàòåëü, îñíîâàííûé íà óïðîùåííîé ñõåìå

íåïîëíîé ôàêòîðèçàöèè Õîëåöêîãî è DILU ïðåäîáóñëîâëèâàòåëü, îñíîâàííûé íà óïðîùåííîé

íåïîëíîé LU ôàêòîðèçàöèè.

Äëÿ ïðîâåðêè àäåêâàòíîñòè ìàòåìàòè÷åñêîé ìîäåëè è äîñòîâåðíîñòè ïîëó÷åííûõ ÷èñëåííûõ

ðàñ÷åòîâ ðàññìîòðåíà ìîäåëüíàÿ çàäà÷à îáðóøåíèÿ ñòîëáà æèäêîñòè â êàíàëå ñ ïëîñêèì äíîì

ïðè îòñóòñòâèè/íàëè÷èè ïðåïÿòñòâèÿ. Òàêæå ìîäåëèðóåòñÿ çàäà÷à ïåðåòåêàíèÿ æèäêîñòè ÷åðåç

ïëîòèíó òðàïåöèåâèäíîé ôîðìû. Ñðàâíåíèå ÷èñëåííûõ ðåçóëüòàòîâ ìîäåëüíûõ çàäà÷ ñ ñîîòâåò-

ñòâóþùèìè ýêñïåðèìåíòàëüíûìè äàííûìè ïîêàçûâàåò äîñòàòî÷íîå õîðîøåå ñîâïàäåíèå ìåæäó

íèìè.

Â ðàñ÷åòàõ äëÿ ìîäåëèðîâàíèÿ íàâîäíåíèÿ ìåñòíîñòè âáëèçè ã. Îø èñïîëüçîâàëèñü òîïîãðà-

ôè÷åñêèå äàííûå Digital Terrain Elevation Data [1], êîòîðûå â ïîñëåäóþùåì áûëè ïðåîáðàçîâàíû

â ñòåðåîëèòîãðàôè÷åñêèé ôîðìàò (STL-ôàéë) â âèäå òåêñòà(ASCII). À òîïîãðàôè÷åñêèå äàííûå

ìåñòíîñòè Snake Canyon River âõîäèò â ñîñòàâ OpenFOAM. Äàëåå, òîïîãðàôè÷åñêèå äàííûå â

ýòîì ôîðìàòå èìïîðòèðóþòñÿ â OpenFOAM ïîñðåäñòâîì âñòðîåííîé óòèëèòû snappyHexMesh.

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ñëîæíîãî ãèäðîäèíàìè-

÷åñêîãî ÿâëåíèÿ íà îñíîâå íåñòàöèîíàðíûõ òðåõìåðíûõ óðàâíåíèé Íàâüå-Ñòîêñà, îïèñûâàþùèõ

äèíàìèêó ãàçîæèäêîñòíîé ñìåñè ñî ñâîáîäíîé ãðàíèöåé. Àäåêâàòíîñòü ïðèìåíÿåìîé ìîäåëè ïðî-

âåðåíà íà ïðèìåðå êëàññè÷åñêîé çàäà÷è ÷àñòè÷íîãî ïðîðûâà äàìáû. Îñîáîå âíèìàíèå óäåëåíî íà

òî÷íîñòü ðàñ÷åòà óðîâíÿ ïîòîêà âîäû è äàâëåíèÿ â ðàçëè÷íûõ òî÷êàõ ìåñòíîñòè.
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ÒÅÕÍÎËÎÃÈÈ Â ÔÈÇÈÊÅ ÝËÅÊÒÐÎÄÓÃÎÂÎÉ ÏËÀÇÌÛ

A. Æàéíàêîâ, Äæ.Î. Óñåíêàíîâ

Øèðîêîå èñïîëüçîâàíèå ýëåêòðîäóãîâîé ïëàçìû â òåõíèêå è íàóêå ñ òðèäöàòûõ ãîäîâ äâàäöà-

òîãî ñòîëåòèÿ ïðèâëåêëî ê íåìó áîëüøîå âíèìàíèå èíæåíåðîâ è ó÷åíûõ âñåãî ìèðà. Ñ ðàçâèòèåì

íàóêè è òåõíèêè îáëàñòü ïðèìåíåíèÿ ýëåêòðîäóãîâûõ ïëàçìåííûõ óñòðîéñòâ âñå áîëåå ðàñøè-

ðÿåòñÿ, è íåâîçìîæíî ñåãîäíÿ ïðåäñêàçàòü â êàêèõ òåõíîëîãè÷åñêèõ ïðîöåññàõ îíà íå íàéäåò

ïðèìåíåíèÿ. È ïîýòîìó äàëüíåéøåå èçó÷åíèå òåïëîôèçè÷åñêèõ ïðîöåññîâ è ñâîéñòâ ýëåêòðîäó-

ãîâîé ïëàçìû îñòàåòñÿ àêòóàëüíîé ïðîáëåìîé ïðèâëåêàþùåé âíèìàíèå ó÷åíûõ.

Ñ ñåðåäèíû ïðîøëîãî ñòîëåòèÿ, íàðÿäó ñ ýêñïåðèìåíòàëüíûìè ìåòîäàìè èññëåäîâàíèÿ, âñå

áîëüøåå çíà÷åíèå ïðèîáðåòàþò òåîðåòè÷åñêèå ìåòîäû èññëåäîâàíèÿ. Ðàçâèòèå òåîðåòè÷åñêèõ ìå-

òîäîâ ïîçâîëèëî âûÿâèòü îñíîâíûå çàêîíîìåðíîñòè ôèçè÷åñêèõ ïðîöåññîâ â ýëåêòðè÷åñêîé äóãå,

ðîëü îòäåëüíûõ ñèë â ïðîöåññå íàãðåâà è óñêîðåíèÿ ïëàçìû. Íàðÿäó ñ ýòèì èññëåäîâàíèÿ ïîêà-

çàëè, ÷òî ñëîæíàÿ âçàèìîñâÿçü ôèçè÷åñêèõ ïðîöåññîâ â ýëåêòðîäóãîâîé ïëàçìå íå ïîçâîëÿþò íà

îñíîâå àíàëèòè÷åñêèõ ìåòîäîâ ïîëó÷àòü êîëè÷åñòâåííûå ñîîòíîøåíèÿ äëÿ ìíîãîîáðàçíûõ ýëåê-

òðîäóãîâûõ óñòðîéñòâ, îòëè÷àþùèõñÿ êàê òåõíè÷åñêèì èñïîëíåíèåì, òàê è ïðèìåíåíèåì.

Ðàçâèòèå âû÷èñëèòåëüíîé òåõíèêè â ñåìèäåñÿòûõ ãîäàõ äâàäöàòîãî ñòîëåòèÿ ïîçâîëèëî ðå-

øèòü ÷èñëåííî ðÿä àêòóàëüíûõ çàäà÷, êîòîðûå íå ìîãëè áûòü ðåøåíû àíàëèòè÷åñêè. Áîëüøîé

âêëàä â ðàçâèòèå âû÷èñëèòåëüíûõ òåõíîëîãèé è ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèå ýëåêòðîäóãî-

âîé ïëàçìû âíåñëè ó÷åíûå Êûðãûçñòàíà. Ïåðâûìè ÷èñëåííûìè èññëåäîâàíèÿìè ýëåêòðè÷åñêîé

äóãè â Êûðãûçñòàíå ÿâëÿþòñÿ ðàáîòû àâòîðà. Ïåðâîíà÷àëüíî ÷èñëåííûå èññëåäîâàíèÿ ýëåêòðè-

÷åñêîé äóãè ïðîâîäèëèñü â ðàìêàõ êàíàëîâûõ è èíòåãðàëüíûõ ìîäåëåé, à òàêæå â ïðèáëèæåíèè

ïîãðàíè÷íîãî ñëîÿ. Îòíîñèòåëüíàÿ ïðîñòîòà ìàòåìàòè÷åñêèõ ìîäåëåé îáóñëîâëåíà òåì, ÷òî óðî-

âåíü ðàçâèòèÿ âû÷èñëèòåëüíûõ òåõíîëîãèé è ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ ÌÃÄ-óðàâíåíèé íå

ïîçâîëÿë ðåøàòü çàäà÷è â áîëåå ñëîæíîé ïîñòàíîâêå. Òåì íå ìåíåå, ïðîâåäåííûå èññëåäîâàíèÿ

ïîçâîëèëè ñóùåñòâåííî ðàñøèðèòü è óãëóáèòü çíàíèÿ î ïðîòåêàþùèõ ôèçè÷åñêèõ ïðîöåññàõ.

Âïåðâûå áûë âûïîëíåí ÷èñëåííûé àíàëèç õàðàêòåðèñòèê äóãè íà íà÷àëüíîì ó÷àñòêå ïëàçìàòðî-

íà ñ ó÷åòîì ýëåêòðîìàãíèòíûõ ñèë äóãè. Âûÿâëåíû îñíîâíûå ìåõàíèçìû íàãðåâà è òå÷åíèÿ ãàçà,

îïðåäåëåíû âàæíûå õàðàêòåðèñòèêè äóãîâîé ïëàçìû [1-3].

Íîâîå ïîêîëåíèå ÝÂÌ ñòèìóëèðîâàëî äàëüíåéøèå ÷èñëåííûå èññëåäîâàíèÿ â îáëàñòè íèç-

êîòåìïåðàòóðíîé ïëàçìû. Ãðóïïîé ó÷åíûõ, ïîä ìîèì ðóêîâîäñòâîì, áûëè ðàçâèòû äâóìåðíûå

ìàòåìàòè÷åñêèå ìîäåëè ýëåêòðîäóãîâîé ïëàçìû êàê â ïðèáëèæåíèè ëîêàëüíîãî òåðìîäèíàìè-

÷åñêîãî ðàâíîâåñèÿ [4], òàê è ñ ó÷åòîì îòêëîíåíèÿ ïëàçìû îò òåðìè÷åñêî-ãî è èîíèçàöèîííîãî

ðàâíîâåñèÿ [5]. Èñïîëüçîâàíèå äâóìåðíûõ ìîäåëåé ïîçâîëèëî çàìåòíî ðàñøèðèòü êðóã èññëåäó-

åìûõ çàäà÷. Ïðîâåäåíû ÷èñëåííûå èññëåäîâàíèÿ îòêðûòûõ ýëåêòðè÷åñêèõ äóã è ïëàçìàòðîíîâ.

Îáíàðóæåíû êà÷åñòâåííî íîâûå âèõðåâûå ðåæèìû òå÷åíèÿ ïëàçìû, âûÿâëåíû óñëîâèÿ ôîðìèðî-

âàíèÿ ¾ïëàçìåííûõ òàðåëîê¿ êàê ðåçóëüòàò ñîóäàðåíèÿ êàòîäíûõ è àíîäíûõ ñòðóé. Ðàññìîòðåíî

âëèÿíèå çàêðóòêè ãàçà íà õàðàêòåðèñòèêè äóãîâîãî ïîòîêà [6].

Âûïîëíåíû ÷èñëåííûå èññëåäîâàíèÿ ñæàòûõ ýëåêòðè÷åñêèõ äóã [7]. Ïðîâåäåíû ðàñ÷åòû ñòîë-
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áà ýëåêòðîäóãîâîãî ðàçðÿäà è âçàèìîäåéñòâóþùåãî ñ íèì æèäêîãî ìåòàëëà ñâàðî÷íîé âàííû [8-9].

Ðåçóëüòàòû âûïîëíåííûõ èññëåäîâàíèé ïîçâîëèëè çíà÷èòåëüíî ðàñøèðèòü è óãëóáèòü çíàíèÿ

î ïðîòåêàþùèõ òåïëîôèçè÷åñêèõ ïðîöåññàõ â ýëåêòðîäóãîâîé ïëàçìå.

Íàêîíåö, ïîÿâëåíèå â ïîñëåäíèå ãîäû áûñòðîäåéñòâóþùèõ êîìïüþòåðîâ ñ áîëüøèì îáúåìîì

îïåðàòèâíîé ïàìÿòè ïîçâîëèëè ïðèñòóïèòü ê ðåøåíèþ áîëåå ñëîæíûõ çàäà÷ â ðàìêàõ òðåõìåðíîé

ìàòåìàòè÷åñêîé ìîäåëè [10].

Äàëüíåéøåå ðàçâèòèå ìîäåëè ïîçâîëèëî ïðîâîäèòü ðàñ÷åòû ñ ó÷åòîì òåðìè÷åñêîé è èîíèçàöè-

îííîé íåðàâíîâåñíîñòè ïëàçìû, à òàêæå ñ ó÷åòîì âëèÿíèÿ ìàãíèòíîãî ïîëÿ ýëåêòðîäîâ íà ñòîëá

äóãè. Â ðàìêàõ òðåõìåðíîé ìàòåìàòè÷åñêîé ìîäåëè ÷èñëåííî èññëåäîâàíû õàðàêòåðèñòèêè äóãè

âî âíåøíåì ïîïåðå÷íîì ìàãíèòíîì ïîëå, à òàêæå â ñêðåùåííîì ìàãíèòíîì è ãàçîäèíàìè÷åñêîì

ïîëå. Âûÿâëåíû ìåõàíèçìû íàãðåâà è òå÷åíèÿ ïëàçìû, ïðè÷èíû ñìåùåíèÿ è äåôîðìàöèè äóãî-

âîãî ñòîëáà âî âíåøíåì ìàãíèòíîì ïîëå [11-13]. Ïðåäëîæåíà ìàòåìàòè÷åñêàÿ ìîäåëü, â îñíîâó

êîòîðîé ïîëîæåíà ïîëíàÿ íåñòàöèîíàðíàÿ ñèñòåìà ìàãíèòîãàçîäèíàìè÷åñêèõ óðàâíåíèé. Èññëå-

äîâàíî ïîëó÷åíèå ñòàöèîíàðíîãî ðåæèìà òå÷åíèÿ è íàãðåâà ãàçà ýëåêòðè÷åñêîé äóãîé â êàíàëå

ìåòîäîì óñòàíîâëåíèÿ.

Â [14] íà îñíîâå ìàãíèòîãàçîäèíàìè÷åñêèõ (ÌÃÄ) óðàâíåíèé ïðîâåäåí ÷èñëåííûé àíàëèç

íåñòàöèîíàðíîãî òå÷åíèÿ ïîëíîñòüþ èîíèçîâàííîé ïëàçìû â ïðîôèëèðîâàííîì êàíàëå. Â [15,16]

ïðîâîäèòñÿ àíàëèç ñòàöèîíàðíûõ ýëåêòðîäóãîâûõ ïîòîêîâ ïëàçìû íà îñíîâå ïîëíîé íåñòàöèî-

íàðíîé ñèñòåìû ÌÃÄ-óðàâíåíèé ìåòîäîì óñòàíîâëåíèÿ. Â îòëè÷èå îò [14] ïëàçìà èíæåêòèðóåòñÿ

â äëèííûé öèëèíäðè÷åñêèé êàíàë èç ýëåêòðîäíîãî íàñàäêà [17] è ñòàáèëèçèðóåòñÿ êîàêñèàëüíûì

ïîòîêîì õîëîäíîãî ãàçà.

Â êà÷åñòâå ïðèìåðà ðàññìîòðèì çàäà÷ó î âëèÿíèè ãðàíè÷íûõ óñëîâèé ïðè ñîâìåñòíîì ðàñ-

ñìîòðåíèè ýëåêòðè÷åñêîé äóãè è ñâàðî÷íîé âàííû.

Â ñëó÷àÿõ, êîãäà òðåáóåòñÿ îïðåäåëèòü âçàèìíîå âëèÿíèå ôèçè÷åñêèõ ïðîöåññîâ â ýëåêòðè÷å-

ñêîé äóãå è â îáðàáàòûâàåìîì èçäåëèè âîçíèêàåò íåîáõîäèìîñòü â ó÷åòå ôèçè÷åñêèõ ïðîöåññîâ

ïðîèñõîäÿùèõ íà ãðàíèöå ¾ñòîëá äóãè � îáðàáàòûâàåìîå èçäåëèå¿. Ïðè ðàçðàáîòêå òåõíîëîãèé

îáðàáîòêè ìàòåðèàëîâ, ïîíèìàíèå ôèçè÷åñêèõ ïðîöåññîâ èìåííî íà ýòîé ãðàíèöå ñòàíîâèòñÿ íàè-

áîëåå âàæíûìè.

Ïîýòîìó, äëÿ äàëüíåéøåãî ðàçâèòèÿ òåîðèè ýëåêòðîäóãîâîãî ðàçðÿäà, íåîáõîäèìî èññëåäîâàòü

âçàèìíîå âëèÿíèå ãèäðîäèíàìè÷åñêèõ, òåïëîâûõ è ýëåêòðîìàãíèòíûõ âåëè÷èí ñòîëáà äóãè è

îáðàáàòûâàåìîãî èçäåëèÿ.

Ìàòåìàòè÷åñêàÿ ìîäåëü.

Ýëåêòðîäóãîâîé ðàçðÿä.

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ôèçè÷åñêèõ ïðîöåññîâ â ýëåêòðîäóãîâîé ïëàçìå îñóùåñòâëÿ-

åòñÿ â îñíîâíîì íà áàçå ñèñòåìû ìàãíèòîãèäðîäèíàìè÷åñêèõ (ÌÃÄ) óðàâíåíèé [22]. Ïðè çàïèñè

ñèñòåìû ÌÃÄ óðàâíåíèé ó÷èòûâàåòñÿ, ÷òî ãëàâíîé ïðè÷èíîé ïðîòåêàíèÿ ýëåêòðè÷åñêîãî òîêà â

ýëåêòðîäóãîâîì ðàçðÿäå ÿâëÿåòñÿ âíåøíåå ýëåêòðè÷åñêîå ïîëå. Ðîëü èíäóöèðîâàííîãî ýëåêòðè-

÷åñêîãî ïîëÿ íåçíà÷èòåëüíà. Íàãðåâ ýëåêòðîäóãîâîé ïëàçìû îñóùåñòâëÿåòñÿ â îñíîâíîì çà ñ÷åò

äæîóëåâà òåïëà. Ýëåêòðîäóãîâàÿ ïëàçìà ðàññìàòðèâàåòñÿ êàê íåñæèìàåìàÿ ýëåêòðîïðîâîäÿùàÿ

æèäêîñòü, êîòîðàÿ â êàæäîé òî÷êå ïðîñòðàíñòâà â ëþáîé ìîìåíò âðåìåíè t õàðàêòåðèçóåòñÿ

îïðåäåëåííîé ñêîðîñòüþ, äàâëåíèåì P è òåìïåðàòóðîé T . Çàïèñàííàÿ ñ ó÷åòîì âûøåñêàçàííîãî

ñèñòåìà ÌÃÄ óðàâíåíèé íàçûâàåòñÿ ñèñòåìîé óðàâíåíèé ýëåêòðîäóãîâîé ïëàçìû.
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Ýëåêòðîäèíàìèêà äóãîâîãî ðàçðÿäà îïèñûâàåòñÿ óðàâíåíèÿìè Ìàêñâåëëà

divD = 0 (1)

divB = 0 (2)

rotE = 0 (3)

rotH = j (4)

D = εεoE (5)

B = µµoH (6)

çàêîí Îìà â ïðîñòîé ôîðìå

j = σE (7)

Ïðè çàïèñè óðàâíåíèé ãèäðîäèíàìèêè ïðåäïîëàãàåòñÿ, ÷òî òå÷åíèå ýëåêòðîäóãîâîé ïëàçìû

ñòàöèîíàðíîå è ëàìèíàðíîå. Óðàâíåíèåì íåðàçðûâíîñòè

div(ρν) = 0 (8)

Óðàâíåíèÿìè äâèæåíèÿ ÿâëÿþòñÿ óðàâíåíèÿ Íàâüå-Ñòîêñà äîïîëíåííûå ýëåêòðîñòàòè÷åñêè-

ìè è ýëåêòðîìàãíèòíûìè ñëàãàåìûìè [22]:

ρ(v · grad)v = j×Bgrad(P +
2

3
µdivv) + 2div(µS′) (9)

ãäå âÿçêèé òåíçîð íàïðÿæåíèé äëÿ íåñæèìàåìîé æèäêîñòè [46].

Äèññèïèðóåìàÿ ýíåðãèÿ ñóùåñòâåííî ìåíüøå êèíåòè÷åñêîé ýíåðãèè ïîòîêà, ïîýòîìó â äàëü-

íåéøåì åãî ìîæíî íå ó÷èòûâàòü. Ïðè ýòèõ ïðåäïîëîæåíèÿõ, óðàâíåíèå ýíåðãèè çàïèøåòñÿ â

âèäå:

ρν · grad(h+
ν2

2
) = j ·E− φ+ div(

λ

Cp
gradh) (10)

Òàêèì îáðàçîì, äëÿ îïèñàíèÿ ïðîöåññîâ â ñòîëáå ýëåêòðè÷åñêîé äóãè â äàëüíåéøåì áóäóò

èñïîëüçîâàòüñÿ ñèñòåìà óðàâíåíèé (1-10). Ñèñòåìà óðàâíåíèé äîïîëíÿåòñÿ ñîîòíîøåíèÿìè, êî-

òîðûå îïèñûâàþò ñîñòîÿíèå ñðåäû è çàâèñèìîñòü ñâîéñòâ ñðåäû îò òåìïåðàòóðû è äàâëåíèÿ:

ρ = ρ(T, P ), σ = σ(T, P ), λ = λ(T, P ), µ = µ(T, P ), Cp = Cp(T, P ), h = h(T, P ), ψ = ψ(T, P ) (11)

Ðàñïëàâëåííûé ìåòàëë

Ïðè ýëåêòðîäóãîâîé ñâàðêå ïîä âîçäåéñòâèåì ñòîëáà ýëåêòðè÷åñêîé äóãè â òåëå èçäåëèÿ ïðî-

èñõîäèò ïëàâëåíèå ìåòàëëà è îáðàçóåòñÿ îáúåì æèäêîãî ìåòàëëà (ñâàðî÷íàÿ âàííà). Æèäêèé ìå-

òàëë ïî ñóùåñòâó ïðåäñòàâëÿåò ñîáîé ïëîòíóþ ïëàçìó. Ýòè îñîáåííîñòè ñòðîåíèÿ è îïðåäåëÿþò

ìåòîäû èññëåäîâàíèÿ æèäêèõ ìåòàëëîâ, îïèðàþùèåñÿ íà òåîðèþ êëàññè÷åñêîé îäíîêîìïîíåíò-

íîé ïëàçìû è òåîðèþ ïðîñòûõ æèäêîñòåé [56].

Òàêèì îáðàçîì, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññîâ â ñâàðî÷íîé âàííå ïðîâîäèòñÿ íà

îñíîâå ñèñòåìû ÌÃÄ óðàâíåíèé (1-10). Âñå äîïóùåíèÿ ïðèíÿòûå äëÿ ýëåêòðîäóãîâîé ïëàçìû,
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êðîìå ïóíêòà îá èçëó÷åíèè, êîòîðîå äëÿ æèäêîãî ìåòàëëà íå ó÷èòûâàþòñÿ, âåðíû è äëÿ æèäêîãî

ìåòàëëà.

Óñëîâèÿ íà ãðàíèöå ¾ñòîëá äóãè � ìåòàëë¿

Âñëåäñòâèå îòñóòñòâèÿ äîñòàòî÷íî ïðîñòîé ìîäåëè ïðèàíîäíûõ ïðîöåññîâ íà ãðàíèöå ¾ñòîëá

äóãè - ìåòàëë¿ ïðåäïîëàãàåòñÿ, ÷òî: îáìåí òåïëà ìåæäó ýëåêòðè÷åñêîé äóãîé è ìåòàëëîì îñó-

ùåñòâëÿåòñÿ çà ñ÷åò òåïëîïðîâîäíîñòè è çà ñ÷åò ðàáîòû âûõîäà ýëåêòðîíîâ φ0, ò.å. ñòàâÿòñÿ

ãðàíè÷íûå óñëîâèÿ:

λcd
∂Tcd
∂z

+ jφ0 = λjm
∂Tjm
∂z

(12)

Ãðàíèöó ïëàçìà - æèäêèé ìåòàëë ñ÷èòàåì ãîðèçîíòàëüíîé ëèíèåé ðàçäåëà äâóõ âÿçêèõ íåñìå-

øèâàþùèõñÿ æèäêîñòåé.

Äëÿ àêñèàëüíîé ñîñòàâëÿþùåé ñêîðîñòè íà ãðàíèöå âûïîëíÿåòñÿ óñëîâèå íåïðîíèöàåìîñòè

Ucd = Ujm = 0.

Äëÿ ðàäèàëüíîé ñîñòàâëÿþùåé ñêîðîñòè âûïîëíÿåòñÿ óñëîâèå ïðèëèïàíèÿ

νcd = νjm,

Ðàâåíñòâî êàñàòåëüíûõ íàïðÿæåíèé ïðèâîäèò ê âûïîëíåíèþ ðàâåíñòâà

µcd
∂νcd
∂z

= µjm
∂νjm
∂z

çäåñü µ - êîýôôèöèåíòû äèíàìè÷åñêîé âÿçêîñòè êîíòàêòèðóþùèõ ñðåä.

Ðåçóëüòàòû ðàñ÷åòà.

Ðàñ÷åòíàÿ îáëàñòü âêëþ÷àåò â ñåáÿ ñîïëî ïëàçìàòðîíà, ñ âíóòðåííèì ýëåêòðîäîì, îòêðûòóþ

îáëàñòü ìåæäó ñðåçîì ñîïëà è àíîäîì, è àíîä, ðàáî÷àÿ ïîâåðõíîñòü àíîäà ïðåäñòàâëÿåò ñîáîé

ïëîñêóþ ïëàñòèíó.

Ðèñóíîê 1 Ïîëÿ òåìïåðàòóð è ëèíèè ðàâíûõ ðàñõîäîâ â ñòîëáå äóãè è â ðàñïëàâëåííîì ìåòàëëå

àíîäà
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Äëÿ âûÿñíåíèÿ âëèÿíèÿ ðåæèìà ðàáîòû àíîäà íà ïàðàìåòðû ñòîëáà äóãè áûëè ïðîâåäåíû ðàñ-

÷åòû ïðè ðàçíûõ ãðàíè÷íûõ óñëîâèÿõ íà íèæíåé ãðàíèöå àíîäà. Ðàñ÷åò ïðîâîäèëñÿ äëÿ äóãè â

ñðåäå àðãîíà, ïðè ðàñõîäå ãàçà 100 ìã/ñ, ñèëå ýëåêòðè÷åñêîãî òîêà 100 À.

Íà ðèñ. 1 ïðèâåäåíû ïîëÿ ðàñõîäîâ è èçîòåðìû â ñòîëáå äóãè è â ðàñïëàâëåííîì ìåòàëëå ïðè

óñëîâèè ñâîáîäíîãî òåïëîîáìåíà ñ îêðóæàþùåé ñðåäîé íà íèæíåé ãðàíèöå àíîäà, ò.å. íà íèæíåé

ãðàíèöå àíîäà äëÿ ýíòàëüïèè çàäàâàëîñü óñëîâèå

∂2h

∂z2
= 0

Ïîëÿ òåìïåðàòóð è èçîòåðì ïðè óñëîâèè íåçíà÷èòåëüíîãî òåïëîîáìåíà ñ îêðóæàþùåé ñðåäîé,

ò.å. êîãäà ïî âñåé âíåøíåé ãðàíèöå àíîäà çàäàâàëîñü óñëîâèå

∂h

∂z
= 0,

ïðèâåäåíû íà ðèñ. 2.

Ðèñóíîê 2 Ïîëÿ òåìïåðàòóð è ëèíèè ðàâíûõ ðàñõîäîâ â ñòîëáå äóãè è â ðàñïëàâëåííîì ìåòàëëå

àíîäà

Êàê âèäíî èç ýòèõ ðèñóíêîâ, â îáëàñòè ñòîëáà äóãè, ïîëÿ òåìïåðàòóð è ãàçîäèíàìè÷åñêîãî

òîêà ïðàêòè÷åñêè íå îòëè÷àþòñÿ äëÿ îáîèõ ñëó÷àåâ, îòëè÷èå íàáëþäàåòñÿ òîëüêî â îáëàñòè ðàñ-

ïëàâëåííîãî ìåòàëëà. Â ñëó÷àå íåçíà÷èòåëüíîãî îáìåíà òåïëà ñ îêðóæàþùåé ñðåäîé, â îòëè÷èå

îò ñëó÷àÿ ñâîáîäíîãî îáìåíà òåïëà, íåñêîëüêî óâåëè÷åíû ðàçìåðû ñâàðî÷íîé âàííû è íàáëþäà-

åòñÿ áîëüøèé ïðîãðåâ ìåòàëëà àíîäà. Îòâîäèìîå, â ïåðâîì ñëó-÷àå, èç àíîäà òåïëîïðîâîäíîñòüþ

òåïëî, èñïîëüçóåòñÿ â ýòîì ñëó÷àå íà íàãðåâ òåëà àíîäà.

Ïîäâîäÿ êðàòêèé èòîã, ìîæíî êîíñòàòèðîâàòü, ÷òî ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ýëåêòðîäó-

ãîâîé ïëàçìû íà îñíîâå íîâûõ âû÷èñëèòåëüíûõ è êîìïüþòåðíûõ òåõíîëîãèé ïîçâîëÿåò çàìåòíî

ïðîäâèíóòüñÿ â ïîíèìàíèè ñëîæíîãî êîìïëåêñà ïðîöåññîâ ýëåêòðè÷åñêîé äóãè.

Âìåñòå ñ òåì, øèðîêèé êðóã ïðàêòè÷åñêè âàæíûõ çàäà÷ òðåáóåò äàëüíåéøåãî ðàçâèòèÿ ðàñ-

÷åòíî - òåîðåòè÷åñêèõ ìîäåëåé ýëåêòðè÷åñêîé äóãè è ïðîâåäåíèÿ ÷èñëåííûõ èññëåäîâàíèé.

Êðàòêèé îáçîð ïîêàçûâàåò, ÷òî ðàçâèòèå ìàòåìàòè÷åñêîãî àïïàðàòà äëÿ ÷èñëåííîãî èññëåäî-

âàíèÿ ýëåêòðîäóãîâûõ ïîòîêîâ ïëàçìû ïîçâîëÿåò óñïåøíî ðåøàòü âàæíûå íàó÷íî-òåõíè÷åñêèå
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ïðîáëåìû.

Íåñìîòðÿ íà îïðåäåëåííûå äîñòèæåíèÿ â îáëàñòè ÷èñëåííîãî ìîäåëèðîâàíèÿ ýëåêòðè÷åñêîé

äóãè, ìíîãèå ïðèêëàäíûå âñå åùå æäóò ñâîåãî ðåøåíèÿ. Ýòî îòíîñèòñÿ ê çàäà÷àì, ãäå íåîáõîäèì

ó÷åò ïðèýëåêòðîäíûõ ïðîöåññîâ, çàäà÷è ñ íåñòàöèîíàðíûìè ïðîöåññàìè, òóðáóëåíòíûìè òå÷åíè-

ÿìè ïëàçìû, ñ ó÷åòîì õèìè÷åñêèõ ðåàêöèé â ñòîëáå äóãè è ðÿä äðóãèõ çàäà÷.

Íàäååìñÿ, ðåøåíèå ïîäîáíîãî ðîäà çàäà÷ äåëî áëèæàéøåãî áóäóùåãî, êîãäà áóäåò ðàçâèò

ñîîòâåòñòâóþùèé ìàòåìàòè÷åñêèé è íîâîå ïîêîëåíèå êîìïüþòåðîâ.
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ÏÎËÓÝÌÏÈÐÈ×ÅÑÊÀß ÌÎÄÅËÜ ÒÓÐÁÓËÅÍÒÍÎÃÎ ÏÎÒÎÊÀ

ÍÅÔÒÅÑÌÅÑÈ Ñ ÏÎËÈÌÅÐÍÎÉ ÏÐÈÑÀÄÊÎÉ

Ó.Ê. Æàïáàñáàåâ1, Ã.È. Ðàìàçàíîâà1, F. Pinho2

1Êàçàõñòàíñêî-Áðèòàíñêèé òåõíè÷åñêèé óíèâåðñèòåò, 2Óíèâåðñèòåò Ïîðòó, Ïîðòóãàëèÿ

Abstract. The experimental data on the shear viscosity versus shear rate, the Darcy friction factor

versus the Reynolds number for oil with the drag reduction polymeric additive FLO-XL, as well

as parameters for the extensional viscosity were used to develop a semi-empirical turbulence model

for oil mixture pipe �ow with the polymer additive.
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The results of prediction of the low Reynolds number k− ε turbulent model for fully developed oil
mixture pipe �ow with the polymer additive are presented.

Keywords: turbulent �ow of oil mixture, polymer additive.

À­äàòïà. FLO-XL ©îñïàñû áàð ì´íàé ³øií û¡ûñó ò´ò©ûðëû¡ûíû­ û¡ûñó æûëäàìäû¡ûíà

òºóåëäiëiãi, êåäåðãi êîýôôèöèåíòiíi­ Ðåéíîëüäñ ñàíûíà òºóåëäiëiãi æºíå ñîçûëó ò´ò©ûðëû¡û

áîéûíøà ýêñïåðèìåíòòiê ìºëiìåòòåðäi ïàéäàëà îòûðûï ïîëìåð ©îñïàñû áàð ì´íàéäû­ ©´-

áûðäà¡û à¡ûñû ³øií òîìåíãi Ðåéíîëüäñ ñàíäàðû ³øií æàðòûëàé ýìïèðèêàëû© òóðáóëåíòòiê

ìîäåëü æàñàëäû.

Îñû ìîäåëü áîéûíøà àëûí¡àí êåäåðãiíi àçàéòàòûí ïîëèìåð ©îñïàñû áàð ì´íàéäû­ ©´áûð-

äà¡û à¡ûñûí åñåïòåó íºòèæåëåði êåëòiðiëãåí.

Êiëòòiê ñ°çäåð: ì´íàé ©îñïàñûíû­ òóðáóëåíòòiê à¡ûñû, ïîëèìåð ©îñïàñû.

Àííîòàöèÿ. Ýêñïåðèìåíòàëüíûå äàííûå çàâèñèìîñòåé ñäèãîâîé âÿçêîñòè îò ñêîðîñòè ñäâèãà,

êîýôôèöèåíòà ñîïðîòèâëåíèÿ îò ÷èñëà Ðåéíîëüäñà, à òàê æå äàííûå âÿçêîñòè ðàñòÿæåíèÿ äëÿ

íåôòåñìåñè ñ ïîëèìåðíîé ïðèñàäêîé FLO-XL ñíèæàþùåé ñîïðîòèâëåíèå áûëè èñïîëüçîâàíû

äëÿ ðàçðàáîòêè ïîëóýìïèðè÷åñêîé ìîäåëè òóðáóëåíòíîñòè äëÿ ïîòîêà íåôòåñìåñè â òðóáå.

Ïðèâîäÿòñÿ ðåçóëüòàòû ïðîãíîçèðîâàíèÿ ðàçðàáîòàííîé k − ε ìîäåëè òóðáóëåíòíîñòè ïðè

íèçêèõ ÷èñëàõ Ðåéíîëüäñà äëÿ ïîòîêà íåôòåñìåñè â òðóáå ñ ïîëèìåðíîé ïðèñàäêîé.

Êëþ÷åâûå ñëîâà: òóðáóëåíòíûé ïîòîê íåôòåñìåñè, ïîëèìåðíàÿ ïðèñàäêà.

Ââåäåíèå. Ââîä â òóðáóëåíòíûé ïîòîê æèäêîñòè î÷åíü ìàëûõ êîíöåíòðàöèé âûñîêîìîëåêó-

ëÿðíûõ ïîëèìåðíûõ ïðèñàäîê ïðèâîäèò ê ðåçêîìó ñíèæåíèþ ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ

(ýôôåêò Òîìñà [1]) è ñóùåñòâåííîé ïåðåñòðîéêå åãî ñòðóêòóðû [2 - 5].

Òóðáóëåíòíûé ïîòîê æèäêîñòè ñ ïîëèìåðíîé ïðèñàäêîé îïèñûâàåòñÿ îáîáùåííîé ìîäåëüþ

ðåîëîãèè íåíüþòîíîâñêîé æèäêîñòè ïóòåì èñïîëüçîâàíèÿ âÿçêîñòåé ñäâèãà è ðàñòÿæåíèÿ [6-8].

Ïîêàçàíî ñóùåñòâåííîå çíà÷åíèå îïûòíûõ äàííûõ êîýôôèöèåíòà âÿçêîñòåé ñäâèãà è ðàñòÿæåíèÿ

äëÿ îïèñàíèÿ ðàçâèòîãî òóðáóëåíòíîãî òå÷åíèÿ æèäêîñòè ñ ïîëèìåðíîé ïðèñàäêîé â òðóáå [8,9].

Èçâåñòíî, ÷òî âÿçêîñòü ñäâèãà âûðàæàåò ìîëåêóëÿðíûé ìåõàíèçì âçàèìîäåéñòâèÿ ìåæäó ÷àñòè-

öàìè æèäêîñòè â òóðáóëåíòíîì ïîòîêå. Òîãäà êàê âÿçêîñòü ðàñòÿæåíèÿ õàðàêòåðèçóåò ïîÿâëåíèå

óïðóãèõ ñâîéñòâ æèäêîñòè è óêàçûâàåò íà íîâûé ìåõàíèçì íåíüþòîíîâñêîãî òèïà âçàèìîäåé-

ñòâèÿ ìåæäó ÷àñòèöàìè èç-çà íàëè÷èÿ ïîëèìåðíîé ïðèñàäêè.

Ïåðâûìè Escudier è äð. ýêñïåðèìåíòàëüíî îïðåäåëèëè ñíèæåíèå ñîïðîòèâëåíèÿ òóðáóëåíòíî-

ãî ïîòîêà ïðè âîçäåéñòâèè ïîëèìåðíîé ïðèñàäêè è ïðåäñòàâèëè äàííûå ïî âÿçêîñòè ðàñòÿæåíèÿ

è âÿçêîñòè ñäâèãà [5]. Ýêñïåðèìåíòû òóðáóëåíòíîãî ïîòîêà âîäíîãî ðàñòâîðà â òðóáå ñ ðàçëè÷-

íûìè òèïàìè ïîëèìåðîâ ïîêàçàëè óìåíüøåíèå âÿçêîñòè ñäâèãà ñ óâåëè÷åíèåì ñêîðîñòè ñäâèãà,

è ïîäòâåðäèëè óâåëè÷åíèå âÿçêîñòè ðàñòÿæåíèÿ ñ ðîñòîì ñêîðîñòè ðàñòÿæåíèÿ (êîýôôèöèåíò

Òðóòîíà). Ýòè äàííûå âûðàæàþò ðåîëîãè÷åñêèå îñîáåííîñòè òóðáóëåíòíîãî ïîòîêà æèäêîñòè ñ

ïîëèìåðíîé ïðèñàäêîé.

Èçâåñòíîå ñâîéñòâî ñåãðåãàöèè êðóïíûõ ìàêðîìîëåêóë ïîëèìåðà â ïðèñòåííóþ îáëàñòü òóðáó-

ëåíòíîãî ïîòîêà æèäêîñòè ïðèâîäèò ê ôîðìèðîâàíèþ äåìïèðóþùåãî ñëîÿ âáëèçè ñòåíêè òðóáû.

Ñòðóêòóðó òóðáóëåíòíûõ òå÷åíèé â ïðèñòåííîé çîíå ñòåíêè òðóáû ñ áîëüøîé òî÷íîñòüþ îïèñû-

âàåò (k − ε) � ìîäåëü òóðáóëåíòíîñòè [7-11].
Ñëåäóåò îáìåòèòü, ÷òî âñå èçâåñòíûå òåîðåòè÷åñêèå è ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ òóðáó-

ëåíòíîãî ïîòîêà æèäêîñòè ñ ïîëèìåðíîé ïðèñàäêîé ïðîâåäåíû ñ âîäíûìè ðàñòâîðàìè. Â äàííîé

ðàáîòå âïåðâûå îáîáùåííàÿ ìîäåëü ðåîëîãèè íåíüþòîíîâñêîé æèäêîñòè ñîâìåñòíî ñ äâóõïàðà-
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ìåòðè÷åñêîé (k − ε) � ìîäåëüþ òóðáóëåíòíîñòè èñïîëüçóåòñÿ äëÿ îïèñàíèÿ ïîòîêà íåôòåñìåñè ñ

ïîëèìåðíîé (ïðîòèâîòóðáóëåíòíîé) ïðèñàäêîé â òðóáå.

Îïûòíûå äàííûå.

Ñ÷èòàåòñÿ, ÷òî ñâÿçü ìåæäó òåíçîðîì íàïðÿæåíèÿ è òåíçîðîì ñêîðîñòè äåôîðìàöèè â ïîòîêå

íåôòåñìåñè ñ ïîëèìåðíîé ïðèñàäêîé îïðåäåëÿåòñÿ îáùåïðèíÿòûì âûðàæåíèåì:

σij = 2µSij (1)

ãäå âÿçêîñòü µ ÿâëÿåòñÿ ôóíêöèåé èíâàðèàíòîâ (γ̇, ε̇) òåíçîðà ñêîðîñòè äåôîðìàöèè Sij, êàê â

ôîðìóëå [6,7]:

µ = ηνKe

[
ε̇2
] p−1

2 = Kν

(
γ̇2
)n−1

2 Ke

[
ε̇2
] p−1

2 (2)

Îïûòíûå äàííûå ñäâèãîâîé âÿçêîñòè ñ ïîëèìåðíîé ïðèñàäêîé FLO-XL ïîëó÷åíû â [12]. Âÿç-

êîñòü ðàñòÿæåíèÿ îïðåäåëÿåòñÿ ïî äàííûì îïûòíî-ïðîìûøëåííûõ èñïûòàíèé ïîòîêà íåôòåñìå-

ñè ñ ïîëèìåðíîé ïðèñàäêîé FLO-XL [12].

Ïåðâûé ìíîæèòåëü óðàâíåíèÿ (2) (ην) ïðåäñòàâëÿåò çàâèñèìîñòü âÿçêîñòè îò ñêîðîñòè ñäâè-

ãà, ñ èñïîëüçîâàíèåì ñòåïåííîé çàâèñèìîñòè èíäåêñà êîíñèñòåíöèè Kv è ïîêàçàòåëÿ ñòåïåíè

n. Âòîðîé ìíîæèòåëü � çàâèñèìîñòü îò ñêîðîñòè ðàñòÿæåíèÿ, êîòîðàÿ ÿâëÿåòñÿ áåçðàçìåðíîé è

ïðåäñòàâëÿåò ñîáîé êîýôôèöèåíò Òðóòîíà, ïîäðîáíî îïèñàííûé â ðàáîòàõ Pinho [6], Cruz è Pinho

[7]. Èíâàðèàíòû òåíçîðà ñêîðîñòè äåôîðìàöèè γ̇ =
√

3ε̇ è ε̇ îïðåäåëåíû â ðàáîòå Pinho [6]. Ïî

ñóùåñòâó γ̇ îïðåäåëÿåò ñêîðîñòü äåôîðìàöèè ñäâèãà, à ε̇ ïðåäñòàâëÿåò ñîáîé ñêîðîñòü íîðìàëü-

íîé äåôîðìàöèè, ÷àñòî íàçûâàåìîé ñêîðîñòüþ ðàñòÿæåíèÿ. Ïàðàìåòðû Êå è p � áåçðàçìåðíûå

ïîäãîíî÷íûå ïàðàìåòðû äëÿ âàðèàöèè êîýôôèöèåíòà Òðóòîíà ïî ε̇.

Çíà÷åíèÿ ÷åòûðåõ ðåîëîãè÷åñêèõ ïàðàìåòðîâ Kv, n, Kå è p, èñïîëüçóåìûå â (2) îáû÷íî îïðå-

äåëÿþòñÿ ïî îïûòíûì äàííûì [8, 9].

Ðåîëîãè÷åñêèå ïàðàìåòðû Kv, n íàõîäÿòñÿ ïóòåì èçìåðåíèÿ ñäâèãîâîé âÿçêîñòè. Íà ðèñ. 1

ïðåäñòàâëåíà çàâèñèìîñòü íàïðÿæåíèÿ ñäâèãà îò ñêîðîñòè ñäâèãà íåôòåñìåñè ñ ïðîòèâîòóðáó-

ëåíòíîé ïðèñàäêîé FLO-XL, ïîëó÷åííàÿ ïóòåì ëàáîðàòîðíûõ èçìåðåíèé â [12].

Ýìïèðè÷åñêàÿ çàâèñèìîñòü íàïðÿæåííîñòè ñäâèãà îò ñêîðîñòè ñäâèãà ïîçâîëèëà îïðåäåëèòü

çíà÷åíèÿ èíäåêñà êîíñèñòåíöèè Kv è ïîêàçàòåëÿ ñòåïåíè n äëÿ íåôòåñìåñè ñ ïðîòèâîòóðáó-

ëåíòíîé ïðèñàäêîé FLO-XL. Ïðè êîíöåíòðàöèè ïðîòèâîòóðáóëåíòíîé ïðèñàäêè FLO-XL 15 ppm

ïîëó÷åíû çíà÷åíèÿ Kv = 0.0066956; n = 1.1668.

Îïûòíûå äàííûå êîýôôèöèåíòà ýôôåêòèâíîé âÿçêîñòè îò ñêîðîñòè ñäâèãà èìåþò îäèíàêî-

âûé õàðàêòåð, îíè ìîíîòîííî âîçðàñòàþò c ðîñòîì ñêîðîñòè ñäâèãà (ðèñ. 2). Ñëåäóåò îòìåòèòü,

÷òî îïûòíûå äàííûå êîýôôèöèåíòà ñäâèãîâîé âÿçêîñòè äëÿ íåôòè ñ ïðîòèâîòóðáóëåíòíîé ïðè-

ñàäêîé (ðèñ. 2) ñèëüíî ðàçëè÷àþòñÿ îò îïûòíûõ äàííûõ äëÿ âîäíîãî ðàñòâîðà ñ ïðîòèâîòóðáó-

ëåíòíûìè ïðèñàäêàìè (ðèñ. 3). Åñëè äëÿ âîäíîãî ðàñòâîðà ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé

îïûòíûå äàííûå ñäâèãîâîé âÿçêîñòè ñíèæàþòñÿ ñ ðîñòîì ñêîðîñòè ñäâèãà (ðèñ. 3), òî äëÿ íåôòè

ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé, íàîáîðîò, âîçðàñòàþò ñ ðîñòîì ñêîðîñòè ñäâèãà (ðèñ. 2).

Îòñþäà ñëåäóåò ñóùåñòâåííàÿ ðàçíèöà âîçäåéñòâèÿ ïðîòèâîòóðáóëåíòíîé ïðèñàäêè íà ðàñïðå-

äåëåíèå ñäâèãîâîé âÿçêîñòè îò ñêîðîñòè ñäâèãà äëÿ íåôòåñìåñè è âîäíîãî ðàñòâîðà. Ïî-âèäèìîìó,

òàêîå ðàçëè÷èå âîçäåéñòâèÿ â ðàñïðåäåëåíèÿõ ñäâèãîâîé âÿçêîñòè îò ñêîðîñòè ñäâèãà îáúÿñíÿåò-

ñÿ ìåõàíèçìàìè âçàèìîäåéñòâèÿ ïðîòèâîòóðáóëåíòíîé ïðèñàäêè ñ âîäíûì ðàñòâîðîì è íåôòüþ.
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Ðèñóíîê 1 Çàâèñèìîñòü íàïðÿæåíèÿ ñäâèãà îò ñêîðîñòè ñäâèãà ïðè êîíöåíòðàöèè ïðèñàäêè
FLO-XL 15 ppm

Ýòîò ôàêò òðåáóåò äàëüíåéøåãî òùàòåëüíîãî èññëåäîâàíèÿ äëÿ âûÿâëåíèÿ ìåõàíèçìà âçàèìî-

äåéñòâèÿ ïðîòèâîòóðáóëåíòíîé ïðèñàäêè ñ íåôòüþ.

Ðåîëîãè÷åñêèå ïàðàìåòðû Ke è p îïðåäåëÿþòñÿ ïóòåì èçìåðåíèÿ âÿçêîñòè ðàñòÿæåíèÿ. Ïðÿ-

ìûå èçìåðåíèÿ âÿçêîñòè ðàñòÿæåíèÿ íåôòåñìåñè ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé FLO-XL íå

ïðîâîäèëèñü. Ïîýòîìó çíà÷åíèÿ ýòèõ ïàðàìåòðîâ îïðåäåëÿëèñü êîñâåííûì ìåòîäîì íà îñíîâå

äàííûõ îïûòíî-ïðîìûøëåííûõ èñïûòàíèé çàâèñèìîñòè ïåðåïàäà äàâëåíèÿ îò îáúåìà ïåðåêà÷-

êè ïðè ââîäå ïðîòèâîòóðáóëåíòíîé ïðèñàäêè FLO-XL [12]. Â îïûòíî-ïðîìûøëåííûõ èñïûòàíèÿõ

ïðîòèâîòóðáóëåíòíîé ïðèñàäêè FLO-XL [12] áûëè îïðåäåëåíû ïåðåïàäû äàâëåíèÿ ïðè ðàçëè÷íûõ

îáúåìàõ ïåðåêà÷êè íà ó÷àñòêå Èíäåð � Ñàõàðíûé - Áîëüøîé ×àãàí ìàãèñòðàëüíîãî íåôòåïðîâî-

äà Àòûðàó � Ñàìàðà. Ïî äàííûì îïûòíî-ïðîìûøëåííûõ èñïûòàíèé áûëè íàéäåíû êîýôôèöèåíò

ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ îò ÷èñëà Ðåéíîëüäñà.

Íà ðèñ. 4 ïîêàçàíî èçìåíåíèå êîýôôèöèåíòà ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ îò ÷èñëà

Ðåéíîëüäñà ïðè îäíîì è òîì æå çíà÷åíèè 15 ppm êîíöåíòðàöèè ïðîòèâîòóðáóëåíòíîé ïðèñàäêè

FLO-XL.

Ïóòåì îáîáùåíèÿ îïûòíûõ äàííûõ çàâèñèìîñòè êîýôôèöèåíòà ãèäðîäèíàìè÷åñêîãî ñîïðî-

òèâëåíèÿ îò ÷èñëà Ðåéíîëüäñà áûëè íàéäåíû ïàðàìåòðû âÿçêîñòè ðàñòÿæåíèÿ Ke è p. Â ðå-

çóëüòàòå ïîëó÷åíû ñëåäóþùèå çíà÷åíèÿ ïàðàìåòðîâ äëÿ âÿçêîñòè ðàñòÿæåíèÿ äëÿ íåôòè ñ ïî-

ëèìåðíîé ïðèñàäêîé FLO-XL: Ke = 4.4 è p = 1.176, à òàêæå ïîêàçàíà îïûòíàÿ çàâèñèìîñòü

êîýôôèöèåíòà ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ îò ÷èñëà Ðåéíîëüäñà (ðèñ. 4).

Êàê âèäíî èç ðèñóíêà 4, îïûòíàÿ çàâèñèìîñòü êîýôôèöèåíòà ãèäðîäèíàìè÷åñêîãî ñîïðîòèâ-

ëåíèÿ îò ÷èñëà Ðåéíîëüäñà äëÿ ïîòîêà íåôòåñìåñè ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé FLO-XL

ïðîõîäèò íèæå çàâèñèìîñòè çàêîíà Áëàçèóñà è âûøå çàâèñèìîñòè ïðåäåëüíîãî çàêîíà Âèðêà [4].

Òàêèì îáðàçîì, â ðåçóëüòàòå îáîáùåíèÿ îïûòíûõ äàííûõ ïîëó÷åíû ïàðàìåòðû êîýôôèöèåí-

òîâ ñäâèãîâîé âÿçêîñòè (n = 1.1668, Kv = 0.0066956) è âÿçêîñòè ðàñòÿæåíèÿ (p = 1.176, Kå=4.4)
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Ðèñóíîê 2 Çàâèñèìîñòü ýôôåêòèâíîé âÿçêîñòè îò ñêîðîñòè ñäâèãà äëÿ íåôòè ïðè ðàçëè÷íûõ
êîíöåíòðàöèÿõ ïðèñàäêè FLO-XL

íåôòåñìåñè ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé FLO-XL.

Ïîëó÷åííûå ðåîëîãè÷åñêèå ïàðàìåòðû áûëè èñïîëüçîâàíû äëÿ ðàçðàáîòêè ïîëóýìïèðè÷åñêîé

òåîðèè òóðáóëåíòíîñòè ïîòîêà íåôòåñìåñè ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé â òðóáå.

Ìàòåìàòè÷åñêàÿ ìîäåëü.

Ðàññìàòðèâàåòñÿ ñòàáèëèçèðîâàííîå òóðáóëåíòíîå òå÷åíèå íåôòåñìåñè ñ íà÷àëüíîé òåìïåðà-

òóðîé T0 â òðóáå äëèíîé L è ðàäèóñîì Rw ïðè ââîäå â ïðèñòåííûé ñëîé ïîëèìåðíîé ïðèñàäêè

FLO-XL.

Ïîòîê íåôòåñìåñè îïèñûâàåòñÿ ñèñòåìîé óðàâíåíèÿ Íàâüå-Ñòîêñà, îñðåäíåííîé ïî Ðåéíîëüä-

ñó [6 - 9]:
∂u2

∂z
+

1

r

∂ruv

∂r
= −1

ρ

∂p

∂x
+

1

r

∂

∂r

{
r

(
µ

ρ

∂u

∂r
− uv +

2

ρ
µ′szr

)}
(3)

∂u

∂z
+

1

r

∂rv

∂r
= 0. (4)

Ñðåäíÿÿ ìîëåêóëÿðíàÿ âÿçêîñòü µ â óðàâíåíèè (3) ìîæíî ïðåäñòàâèòü êàê ñóììó ñäâèãîâîé

âÿçêîñòè ηv, îïðåäåëÿåìîé èçìåðåíèåì (2), è îñðåäíåííîé ìîëåêóëÿðíîé âÿçêîñòè µhïðè âûñîêèõ

÷èñëàõ Ðåéíîëüäñà [6]:

µ = fvµh + (1− fv) ηv (5)

µ̄h = (Cµρ)
3m(m−1)A2

8+3m(m−1)A2 2
4m(m−1)A2

8+3m(m−1)A2 k
6m(m−1)A2

8+3m(m−1)A2 ε
[8−3(m−1)A2]m
8+3m(m−1)A2 B

8
8+3m(m−1)A2 (6)

Ðåéíîëüäñîâûå íàïðÿæåíèÿ óðàâíåíèÿ (3) íàõîäÿòñÿ èç âûðàæåíèÿ [10, 11]:

−uiuj = 2νTSij −
2

3
kδij − k

(
β̃2fn,1 + Cwβ̃2,wallfn,3

)(
S∗ikS

∗
kj −

1

6
S∗

2
δij

)
−

−k
(
β̃3fn,2 + Cwβ̃3,wallfn,3

) (
W ∗ikS

∗
kj − S∗ikW ∗kj

)
(7)
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Ðèñóíîê 3 Îïûòíûå äàííûå ñäâèãîâîé âÿçêîñòè äëÿ âîäíîãî ðàñòâîðà ïîëèìåðîâ [5]

Ðèñóíîê 4 Îáîáùåíèå îïûòíûõ äàííûõ êîýôôèöèåíòà ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ îò ÷èñëà
Ðåéíîëüäñà

ãäå òåíçîðû ñêîðîñòè äåôîðìàöèè Sijè íàïðÿæåííîñòè âèõðÿ Wij :

Sij =
1

2

(
∂Ui
∂xj

+
∂Uj
∂xi

)
,Wij =

1

2

(
∂Ui
∂xj
− ∂Uj
∂xi

)
(8)

Çâåçäî÷êè â óðàâíåíèÿõ ïîêàçûâàþò íîðìèðîâàííûå çíà÷åíèÿ:

S∗ij = Sijk/ε̃, W ∗ij = Wijk/ε̃ è S∗ =
√

2S∗ijS
∗
ij

Â óðàâíåíèÿõ (3) - (8): z, r � öèëèíäðè÷åñêèå êîîðäèíàòû; u, v � êîìïîíåíòû âåêòîðà ñêî-

ðîñòè
−→
V ; p, ρ- äàâëåíèå, ïëîòíîñòü æèäêîñòè; υ - êîýôôèöèåíò êèíåìàòè÷åñêîé âÿçêîñòè, υt -

êîýôôèöèåíò òóðáóëåíòíîé âèõðåâîé âÿçêîñòè.



Âû÷èñëèòåëüíûå òåõíîëîãèè 145 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Âèõðåâàÿ âÿçêîñòü νT âûðàæàåòñÿ ôîðìóëîé Ïðàíäòëÿ � Êîëìîãîðîâà [6 - 9]:

νT = Cµfµ
k2

ε̃
(9)

Ïðèñòåíî÷íàÿ ôóíêöèÿ fµîïðåäåëÿåòñÿ ñîãëàñíî [6-8]:

fµ =

{
1−

[
1 +

∣∣∣∣1− n1 + n

∣∣∣∣ y+

]−|1+n/1−n/A+|}
×

{
1−

[
1 +

∣∣∣∣p− 1

3− p

∣∣∣∣ y+C
1−p
2−p

]−|3−p/p−1/A+|}
(10)

ãäå y+ � ïðèñòåííàÿ êîîðäèíàòà, íîðìèðîâàííàÿ ïðèñòåííîé âÿçêîñòüþ.

Äîïîëíèòåëüíîå íåíüþòîíîâñêîå íàïðÿæåíèå 2µ′sxr â óðàâíåíèè (2) ìîäåëèðóåòñÿ ñîãëàñíî

Cruz è äð. [8] ïî ôîðìóëå:

2µ′szr = C̃
KνKe

Ap−1
ε

[
ρCµfµ

k2

ε̃

(
dU
dr

)2
2µ̄

] p+n−2
2
√
Cµfµ

k2

ε̃

1

Lc

dU
dr√∣∣dU
dr

∣∣ (11)

ãäå ïàðàìåòð C̃ îïðåäåëÿåòñÿ êàê C̃ ≡ (1−Cs)p+n−2−1, Cs = +3.0, Lc = u3
R/ε, à ìàñøòàá ñêîðîñòè

uR ïîäáèðàåòñÿ ê âíóòðåííåìó è âíåøíåìó ìàñøòàáàì ñêîðîñòè ïî ôîðìóëå(10) èñïîëüçîâàíèåì

B1 = 4.

u2
R =

k[∣∣∣e−(k/u2
τ )B1 − 1

∣∣∣]1/B1
(12)

Óðàâíåíèå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè èìååò âèä [8]:

∂uk

∂z
+

1

r

∂rvk

∂r
=

1

r

∂

∂r

[
r

(
µ

ρ
+ ft

νT
σk

)
∂k

∂r

]
− uiujSij − ε−

2

ρ
µ′sxr

∂U

∂r
(13)

Äëÿ óäîáñòâà ïîñòàíîâêè ãðàíè÷íîãî óñëîâèÿ íà ñòåíêå óðàâíåíèÿ äëÿ ñêîðîñòè äèññèïàöèè

êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè çàïèñûâàåòñÿ â âèäå [8]:

∂uε̃

∂z
+

1

r

∂rvε̃

∂r
=

1

r

∂

∂r

[
r

(
µ

ρ
+ ft

νT
σε

)
∂ε̃

∂r

]
− f1Cε1

ε̃

k
uiujSij−

−f2Cε2
ε̃2

k
+
µ

ρ
vT (1− fµ)

(
∂2u

∂r2

)
+ Cε4

νT
σεµ

∂ε̃

∂r

∂µ̄

∂r

(14)

Ïðèñòåíî÷íàÿ ôóíêöèÿ ft èìååò âèä:

ft = 1 + 3.5 exp
[
− (RT /150)2

]
, RT ≡

k2

ν̄ε̄
(15)

Äðóãèå ïðèñòåíî÷íûå ôóíêöèè f1 è f2 � òàêèå æå, êàê â ìîäåëÿõ äëÿ íèçêèõ ÷èñåë Ðåéíîëüä-

ñà, à èìåííî f1 = 1, f2 = 1− 0.3 exp
(
−R2

T

)
.

Êîíñòàíòû ìîäåëè ïðèâåäåíû â òàáëèöå.

Òàáëèöà 1 Êîíñòàíòû ìîäåëè

Cµ Cε1 Cε2 Cε4 σk σε A+
0.084 1.45 1.90 1.0 1.1 1.3 26.5

Â óðàâíåíèÿ (7) âõîäÿò êîððåêòèðóþùèå ôóíêöèè, ïðèâåäåííûå â [10, 11].



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 146 Âû÷èñëèòåëüíûå òåõíîëîãèè

Óðàâíåíèÿ äâèæåíèÿ ðåøàþòñÿ ñ ãðàíè÷íûìè óñëîâèÿìè ïðèëèïàíèÿ íà ñòåíêå è ñèììåò-

ðèè íà îñè òðóáû. Ãðàíè÷íûå óñëîâèÿ äëÿ óðàâíåíèÿ êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè è

ñêîðîñòè åå äèññèïàöèè èìåþò âèä:

ïðè r = 0 : 0 ≤ z ≤ L;
∂u

∂r
= v =

∂k

∂r
=
∂ε̃

∂r
= 0; (16)

ïðè r = Rw : 0 ≤ z ≤ L; u = k = ε̃ = 0; (17)

Íà âõîäíîì ñå÷åíèè ñòàâÿòñÿ ñòàíäàðòíûå óñëîâèÿ äëÿ ñòàáèëèçèðîâàííîãî òå÷åíèÿ è òåïëî-

îáìåíà.

×èñëåííûå ðàñ÷åòû ñèñòåìû óðàâíåíèé (1) � (14) ïðè ãðàíè÷íûõ óñëîâèÿõ (15), (16) ïðîâîäè-

ëèñü ïðîãðàììíûì êîäîì ïî ìåòîäó êîíòðîëüíûõ îáúåìîâ, ìîäèôèöèðîâàííûì äëÿ âÿçêîóïðó-

ãèõ æèäêîñòåé [7, 14].

Îáñóæäåíèå ðàñ÷åòíûõ äàííûõ.

Íà ðèñóíêàõ 5 - 7 ïðèâåäåíû ðåçóëüòàòû òåñòîâûõ ðàñ÷åòîâ äëÿ âåðèôèêàöèè ðàçðàáîòàí-

íîé ìîäåëè òóðáóëåíòíîñòè. Ðàñ÷åòíûå ïðîôèëè ïðîäîëüíîé ñêîðîñòè (ðèñ. 5) ïîêàçûâàþò, ÷òî

äàííûå ïðè âîçäåéñòâèè ïðîòèâîòóðáóëåíòíîé ïðèñàäêè FLO-XL âûòÿíóòû ïî ñðàâíåíèþ ñ ëî-

ãàðèôìè÷åñêèì ïðîôèëåì ïðîäîëüíîé ñêîðîñòè ðàçâèòîãî òóðáóëåíòíîãî òå÷åíèÿ â òðóáå. Ýòî

óêàçûâàåò, ÷òî â ðåçóëüòàòå âîçäåéñòâèå ïðîòèâîòóðáóëåíòíîé ïðèñàäêè FLO-XL èíòåíñèâíîñòü

òóðáóëåíòíîãî òðåíèÿ â ïîòîêå íåôòåñìåñè ñíèæàåòñÿ.

Ðèñóíîê 5 Ðàñïðåäåëåíèå ïðîäîëüíîé ñêîðîñòè ïîòîêà íåôòè ñ ïðîèâîòóðáóëåíòíîé ïðèñàäêîé
FLO-XL c êîíöåíòðàöèåé 15 ppm ïðè Re=58530

Âñëåäñòâèå îòñóòñòâèÿ îïûòíûõ äàííûõ ïî ðàñïðåäåëåíèþ ïðîäîëüíîé ñêîðîñòè è òóðáóëåíò-

íûõ õàðàêòåðèñòèê ïîòîêà íåôòåñìåñè ñ ïðîèâîòóðáóëåíòíîé ïðèñàäêîé FLO-XL ïîëó÷åííûå

ðàñ÷åòíûå äàííûå ïîëóýìïèðè÷åñêîé ìîäåëè òóðáóëåíòíîñòè ñðàâíèâàþòñÿ ñ îïûòíûìè äàííû-

ìè âîäíûõ ðàñòâîðîâ ñ ïîëèìåðíîé ïðèñàäêîé.
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Íà ðèñ. 5 ïðèâåäåíû îïûòíûå äàííûå òóðáóëåíòíîãî ïîòîêà âîäíîãî ðàñòâîðà â òðóáå ïðè

êîíöåíòðàöèè 0,25% ïîëèìåðíîé ïðèñàäêè ÑÌÑ [5]. Ðåçóëüòàòû ðàñ÷åòîâ ïðîäîëüíîé ñêîðîñòè

ïîëóýìïèðè÷åñêîé ìîäåëè òóðáóëåíòíîãî ïîòîêà íåôòåñìåñè ñ ïðîèâîòóðáóëåíòíîé ïðèñàäêîé

FLO-XL íàõîäÿòñÿ â êà÷åñòâåííîì ñîãëàñèè ñ èçâåñòíûìè îïûòíûìè äàííûìè ïîòîêà âîäíîãî

ðàñòâîðà ñ ïîëèìåðíîé ïðèñàäêè ÑÌÑ 0,25% (ðèñ. 5).

Ðàñ÷åòíûå äàííûå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè ïîòîêà íåôòåñìåñè ñ ïðîèâîòóðáó-

ëåíòíîé ïðèñàäêîé FLO-XL ïðèâåäåíû íà ðèñ. 6. Îòíîøåíèå âåëè÷èíû êèíåòè÷åñêîé ýíåðãèè

òóðáóëåíòíîñòè íà çíà÷åíèÿ êèíåòè÷åñêîé ýíåðãèè îñðåäíåííîãî äâèæåíèÿ âûðàæàåò èõ ñîîòíî-

øåíèÿ â ïîëå òóðáóëåíòíîãî ïîòîêà íåôòåñìåñè ñ ïîëèìåðíîé ïðèñàäêîé. Êàê âèäíî èç ðèñóíêà

6, ðàñ÷åòíûå äàííûå ðåçêî âîçðàñòàþò â ïðèñòåííîé çîíå, äîñòèãíóâ ìàêñèìàëüíîãî çíà÷åíèÿ,

ìîíîòîííî ñíèæàåòñÿ ê îñè òðóáû. Çäåñü æå ïðåäñòàâëåíû îïûòíûå äàííûå ïîòîêà âîäíîãî ðàñ-

òâîðà ñ ïîëèìåðíîé ïðèñàäêè CMC 0,25%. Â íåïîñðåäñòâåííîé áëèçîñòè ñòåíêè èìååòñÿ óäîâëå-

òâîðèòåëüíîå ñîãëàñèå ðàñ÷åòà ñ îïûòíûìè äàííûìè, à ñ óäàëåíèåì îò ñòåíêè èìåþò ìåñòî ëèøü

êà÷åñòâåííîå ñîãëàñèå.

Ðèñóíîê 6 Ðàñïðåäåëåíèå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè: ëèíèÿ � ðåçóëüòàòû ðàñ÷åòà
äëÿ ïîòîêà íåôòè ñ ïðîòèâîòóðáóëåíòíîé ïðèñàäêîé FLO-XL c êîíöåíòðàöèåé 15 ppm ïðè

Re=58530, - ýêñïåðèìåíòàëüíûå äàííûå äëÿ âîäíîãî ðàñòâîðà ÑÌÑ 0,25% [5]

Ðàñ÷åòíûå äàííûå ïîêàçûâàþò ñíèæåíèå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè ïî ñðàâíåíèþ

êèíåòè÷åñêîé ýíåðãèè îñðåäíåííîãî äâèæåíèÿ ïîòîêà íåôòåñìåñè â òðóáå ñ ïîëèìåðíîé ïðèñàä-

êîé (ðèñ. 6).

Íà ðèñ. 7 ïðåäñòàâëåíî ðàñïðåäåëåíèå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè, ïîñòðîåííîå â

ëîãàðèôìè÷åñêèõ êîîðäèíàòàõ ñòåíêè.

Ðàñ÷åòíûå äàííûå ïîêàçûâàþò, ÷òî â ëàìèíàðíîì ïîäñëîå âåëè÷èíà êèíåòè÷åñêîé ýíåðãèè

òóðáóëåíòíîñòè ðàâíà íóëþ è ðåçêî âîçðàñòàåò íà íèæíåé ãðàíèöå ïåðåõîäíîé çîíû, äîñòèãíóâ

ìàêñèìàëüíîãî çíà÷åíèÿ íà âåðõíåé ãðàíèöå ïåðåõîäíîé çîíû, ñíèæàåòñÿ âî âíóòðåííåé îáëàñòè

òóðáóëåíòíîãî ÿäðà òå÷åíèÿ (ðèñ. 7). Çäåñü æå ïðåäñòàâëåíû îïûòíûå äàííûå òóðáóëåíòíîãî ïî-
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Ðèñóíîê 7 Ðàñïðåäåëåíèå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè ïîòîêà íåôòè ñ
ïðîèâîòóðáóëåíòíîé ïðèñàäêîé FLO-XL c êîíöåíòðàöèåé 15 ppm ïðè Re=58530

òîêà âîäíîãî ðàñòâîðà ñ ïîëèìåðíîé ïðèñàäêîé [7]. Èìååò ìåñòî êà÷åñòâåííîå ñîãëàñèå ðàñ÷åòíûõ

äàííûõ ñ ðåçóëüòàòàìè ýêñïåðèìåíòîâ.

Ìîæíî îòìåòèòü, ÷òî ðàñ÷åòíûå äàííûå êèíåòè÷åñêîé ýíåðãèè òóðáóëåíòíîñòè, ïîñòðîåííûå

â ëîãàðèôìè÷åñêèõ êîîðäèíàòàõ ñòåíêè (ðèñ. 7), áîëåå ïîäðîáíî õàðàêòåðèçóþò âëèÿíèå ïîëè-

ìåðíîé ïðèñàäêè íà ñòðóêòóðó òóðáóëåíòíîãî ïîòîêà íåôòåñìåñè â òðóáå.

Äëÿ ïîëíîãî ðàçâèòèÿ ðàçðàáîòàííîé ïîëóýìïèðè÷åñêîé ìîäåëè òðåáóþòñÿ ðåçóëüòàòû ýêñïå-

ðèìåíòàëüíûõ èññëåäîâàíèé òóðáóëåíòíîãî ïîòîêà íåôòåñìåñè ñ ïðîòèâîòóðáóëåíòíîé ïðèñàä-

êîé.
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ÌÎÄÅÐÍÈÇÀÖÈß ÈÍÔÎÐÌÀÖÈÎÍÍÎÉ ÑÈÑÒÅÌÛ ÀÍÀËÈÇÀ

ÐÀÇÐÀÁÎÒÊÈ ÍÅÔÒÅÃÀÇÎÂÛÕ ÌÅÑÒÎÐÎÆÄÅÍÈÉ - ÈÑÀÐ-II

Á.Ò. Æóìàãóëîâ, Í.Ò. Äàíàåâ, Ä.Æ. Àõìåä-Çàêè

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè Àëü-Ôàðàáè

Abstract. The article describes the main results on the modernization of the information system

analysis of oil and gas deposits - ISAR-II. Created new mathematical and computer models of the

processes. Developed serial and parallel computing algorithms with the construction of curvilinear

grids to account for heterogeneity of the porous structures. Developed a software module for

analyzing injection surfactants into the reservoir. A uni�ed methodology for the design and ve-

ri�cation of parallel numerical programs for solving the problems of oil production. The results of

the application of CUDA technology for visualization and data processing.

Keywords: Heat and mass transfer, �ltration in porous media, hybrid parallelization technologies,

Model Driven architecture. CUDA technology, Model-checking.

À­äàòïà. Ìà©àëàäà ïëàñò©à ïîëèìåð àéäàó òåõíîëîãèÿñûí ïàéäàëàíó àð©ûëû ì´íàéäû

û¡ûñòûðó ³ðäiñiíi­ ìàòåìàòèêàëû© ìîäåëi ©àðàñòûðûëäû. Ñàíäû© ýêñïåðèìåíòòåðìåí æ³ð-

ãiçiëiï, ©ûñûì, ì´íàé ©àíû©òûëû¡û æºíå êîíöåíòðàöèÿíû­ òàðàëóû åñåïòåëäi. Ñîíûìåí ©à-

òàð,îðòàøà ©àíû©òûëû©, ©àçiðãi óà©ûòòà¡û ì´íàé áåðiëói, ì´íàé æºíå ñó äåáèòòåði, áåëãiëi

áið óà©ûòòà äåéiíãi àëûí¡àí ì´íàé ê°ëåìi, àëûí¡àí ïîëèìåð ì°ëøåði åñåïòåëiíäi. Àëûí¡àí
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íºòèæåëåð àéäà¡ûø æºíå ñîð¡ûø ©´­ûìàëàð æ³éåñiìåí æ´ìûñ iñòåéòií ì´íàé-êåí îðûíäà-

ðûíäà ýêñïëóàòàöèÿëû© æà¡äàéëàðäû æîáàëàó æºíå çåðòòåó ³øií ©îëäàíûëà àëàäû.

Êiëòòiê ñ°çäåð:Æûëó àëìàñó, ìàññà àëìàñó, êåóåêòi îðòàäà¡û ôèëüòðàöèÿ,ïàðàëëåëüäåóäi­

ãèáðèäòiê òåõíîëîãèÿñû, Model Driven architecture,CUDA òåõíîëîãèÿñû, ìîäåëüäiê âåðèôè-

êàöèÿ.

Àííîòàöèÿ. Â ñòàòüå îïèñûâàþòñÿ îñíîâíûå ðåçóëüòàòû ïî ìîäåðíèçàöèè èíôîðìàöèîííîé

ñèñòåìû àíàëèçà ðàçðàáîòêè íåôòåãàçîâûõ ìåñòîðîæäåíèé - ÈÑÀÐ-II. Ñîçäàíû íîâûå ìàòå-

ìàòè÷åñêèå è êîìïüþòåðíûå ìîäåëè ïðîöåññîâ. Ðàçðàáîòàíû ïîñëåäîâàòåëüíûå è ïàðàëëåëü-

íûå âû÷èñëèòåëüíûå àëãîðèòìû ñ ïîñòðîåíèåì êðèâîëèíåéíûõ ñåòîê äëÿ ó÷åòà íåîäíîðîäíî-

ñòè ïîðèñòûõ ñòðóêòóð. Ðàçðàáîòàíû ïðîãðàììíûé ìîäóëü äëÿ àíàëèçà çàêà÷êè ïîâåðõíîñòíî-

àêòèâíûõ âåùåñòâ â ïðîäóêòèâíûé ïëàñò. Ïðåäëàãàåòñÿ åäèíàÿ ìåòîäîëîãèÿ ïðîåêòèðîâàíèÿ

è âåðèôèêàöèè ÷èñëåííûõ ïàðàëëåëüíûõ ïðîãðàìì äëÿ ðåøåíèÿ çàäà÷ íåôòåäîáû÷è. Ïðåä-

ñòàâëåíû ðåçóëüòàòû ïðèìåíåíèÿ CUDA òåõíîëîãèè äëÿ âèçóàëèçàöèè è îáðàáîòêè äàííûõ.

Êëþ÷åâûå ñëîâà: Ìàññîîáìåí è òåïëîîáìåí, ôèëüòðàöèÿ â ïîðèñòîé ñðåäå, ãèáðèäíàÿ ïà-

ðàëëåëüíàÿ òåõíîëîãèÿ, Model Driven architecture, òåõíîëîãèÿ CUDA, ìîäåëüíûå âåðèôèêà-

öèè.

Ìàòåìàòè÷åñêàÿ ìîäåëü

Ôèçè÷åñêàÿ ìîäåëü. Íà ñðåäíèõ ñòàäèÿõ ðàçðàáîòêè âûñîêîâÿçêèõ íåôòÿíûõ ìåñòîðîæäåíèé

íåèçìåííî âñòàåò êîìïëåêñíàÿ ïðîáëåìà ñíèæåíèÿ íåôòåîòäà÷è ïëàñòà. Îñíîâíûìè ïðè÷èíàìè

ýòîé ïðîáëåìû ÿâëÿþòñÿ ïàäåíèå ïëàñòîâîãî äàâëåíèÿ è òåìïåðàòóðû, ïîâûøåíèå îáâîäí¼ííî-

ñòè è ò.ä. Îäíèì èç ïîäõîäîâ ðåøåíèÿ ÿâëÿåòñÿ çàêà÷êà ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ (ÏÀÂ)

âìåñòå ñ âîäîé â âèäå àêòèâíîé ïðèìåñè â ïðîäóêòèâíûé ïëàñò äëÿ ñíèæåíèÿ âÿçêîñòè íåôòè

è ïîâåðõíîñòíûõ ñèë ìåæäó ôàçàìè â ñèñòåìå ¾íåôòü-âîäà¿ [1, 2]. Â ïîòîêå àêòèâíàÿ ïðèìåñü

ìîæåò íàõîäèòüñÿ â òðåõ ñîñòîÿíèÿõ: ðàñòâîðåííîé â âîäå, ðàñòâîðåííîé â íåôòè è àäñîðáè-

ðîâàííîé íà ñòåíêàõ ïîðîâûõ êàíàëîâ. Ïðîöåññ ïðîíèêíîâåíèÿ â ïëàñò àêòèâíîé ïðèìåñè ñî-

ïðîâîæäàåòñÿ å¼ äèôôóçèåé ñ ïëàñòîâîé æèäêîñòüþ è ìàññîîáìåíîì ñ äâóõôàçíûìè (æèäêèìè

è òâåðäûìè) êîìïîíåíòàìè ïîðèñòîé ñòðóêòóðû [3]. Îñîáóþ ïðàêòè÷åñêóþ âàæíîñòü èìååò èñ-

ñëåäîâàíèå ìåõàíèçìîâ òåïëîîáìåíà ìåæäó ôëþèäàìè (çàêà÷èâàåìûìè, âíóòðèïëàñòîâûìè) è

ñêåëåòîì ïîðèñòîé ñðåäû äëÿ îöåíêè âëèÿíèÿ òåïëîâûõ ìåòîäîâ âîçäåéñòâèÿ íà ïëàñò [4]. Ïî

îòäåëüíîñòè ïðîöåññû òåïëîïåðåíîñà è ìàññîïåðåíîñà â ïîðèñòîé ñðåäå èçó÷åíû äîñòàòî÷íî õî-

ðîøî [1- 6]. Â òîæå âðåìÿ, çàäà÷à ïîñòðîåíèÿ àäåêâàòíîé ìàòåìàòè÷åñêîé ìîäåëè, îïèñûâàþùåé,

ñîâìåñòíûé ó÷åò ïðîöåññîâ òåïëî è ìàññîïåðåíîñà â àíèçàòðîïíîé íåîäíîðîäíîé ïîðèñòîé ñðåäå

ïðè ïðèìåíåíèè ¾êîìáèíèðîâàííûõ¿ ìåòîäîâ âîçäåéñòâèÿ íà ïëàñò � çàêà÷êà ÏÀÂ ïðè ðàçëè÷-

íûõ òåìïåðàòóðíûõ ðåæèìàõ âñå åùå îñòàåòñÿ ñëîæíîé òåõíîëîãè÷åñêîé ïðîáëåìîé è äàííàÿ

çàäà÷à èññëåäîâàíà â íåïîëíîé ìåðå. Ñ äðóãîé ñòîðîíû, áîëüøèíñòâî [5-7] ìîäåëåé è ïîñòàíîâîê

çàäà÷ ôèëüòðàöèè îðèåíòèðîâàíû íà äîëãîñðî÷íûé ïðîãíîç ïðîöåññîâ â ìàñøòàáàõ âñåãî ìå-

ñòîðîæäåíèÿ, òîãäà êàê ïðîöåññû, ïðîòåêàþùèå íåïîñðåäñòâåííî â ïðèñêâàæèííîé çîíå ïëàñòà

èìåþò êðàòêîñðî÷íûé õàðàêòåð è ñóùåñòâåííî âëèÿþò íà ñòðóêòóðó ðåøåíèÿ â öåëîì. Ïîäîáíûå

ïðîöåññû àäåêâàòíî îïèñûâàþòñÿ êèíåòè÷åñêèìè ñîîòíîøåíèÿìè, âêëþ÷åííûå â ìàòåìàòè÷åñêèå

ìîäåëè [8]. Äîïîëíèòåëüíî, äëÿ àíàëèçà ýòîé ñëîæíîé çàäà÷è íåîáõîäèìà ðàçðàáîòêà àäåêâàò-

íîé êîìïüþòåðíîé ìîäåëè ñ ïðèâëå÷åíèåì èíôîðìàöèîííûõ ðåñóðñîâ äëÿ ¾áûñòðîãî¿ ðàñ÷åòà,

îöåíêè è ïðîãíîçèðîâàíèÿ ïîêàçàòåëåé íåôòåäîáû÷è. Ïîñëåäíåå íåâîçìîæíî ðåàëèçîâàòü áåç

èñïîëüçîâàíèÿ òåõíîëîãèé âûñîêîïðîèçâîäèòåëüíûõ âû÷èñëåíèé [9].
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Öåëüþ íàøèõ èññëåäîâàíèé ÿâëÿëîñü ïîñòðîåíèå, ñïåðâà, ñîîòâåòñòâóþùåé ìàòåìàòè÷åñêîé

ìîäåëè ïðîöåññîâ òåïëî è ìàññîïåðåíîñà â àíèçàòðîïíîé ïîðèñòîé ñðåäå ïðè çàêà÷êå ÏÀÂ äëÿ

ðàçëè÷íûõ òåìïåðàòóðíûõ ðåæèìîâ, à òàêæå ðàçðàáîòêà âû÷èñëèòåëüíîãî ïàðàëëåëüíîãî àëãî-

ðèòìà è èíòåðàêòèâíîé ïðîãðàììû â âèäå Web ðàñïðåäåëåííîãî ïðèëîæåíèÿ ñ âèçóàëèçàöèåé

äàííûõ è îïåðàòèâíûì ðàñ÷åòîì íà äîñòóïíûõ âûñîêîïðîèçâîäèòåëüíûõ ðåñóðñàõ.

Ìàòåìàòè÷åñêàÿ ìîäåëü. Ñèñòåìà óðàâíåíèé äâóõôàçíîé ôèëüòðàöèè, ñîñòîÿùåé èç óðàâíå-

íèé áàëàíñà âîäû è íåôòè â ïîòîêå, çàêîíà ôèëüòðàöèè Äàðñè ïðè ðàññìîòðåíèè òå÷åíèÿ íåñæè-

ìàåìûõ æèäêîñòåé ñ àêòèâíîé ïðèìåñüþ è ó÷åòå òåïëîïåðåíîñà áåç êàïèëëÿðíûõ è ãðàâèòàöè-

îííûõ ñèë â íåäåôîðìèðóåìîé ïîðèñòîé ñðåäå-êîíå÷íîé îáëàñòè Ω ñ êóñî÷íî-ãëàäêîé ãðàíèöåé

∂Ω è Qt = Ω× [0, T̃ ] èìååò âèä:

m
∂si
∂t

+ div(~ui) = 0, (i = 1, 2), (1)

s1 + s2 = 1, ~u1 + ~u2 = V (t) (2)

~ui = −K0
fi(s)

µi(c, T )
∇p, (i = 1, 2), p2 = p1, (3)

ãäå m, si, ui, pi, ρi, µi, fi, K0 è pc(s2, c, T ) � ñîîòâåòñòâåííî ïîðèñòîñòü ñðåäû, íàñûùåííîñòè,

ñêîðîñòè ôèëüòðàöèè, äàâëåíèÿ, ïëîòíîñòè ôàç, âÿçêîñòè æèäêîñòåé, îòíîñèòåëüíûå ôàçîâûå

ïðîíèöàåìîñòè, àáñîëþòíàÿ ïðîíèöàåìîñòü ñðåäû è êàïèëëÿðíîå äàâëåíèå, çäåñü èíäåêñû ñîîò-

âåòñòâóþò 0 � ñêåëåòó ïîðèñòîé ñðåäû, 1 � âîäíîé ôàçå, à 2 � íåôòÿíîé è 3 � ãîðíîé ïîðîäå

êðîâëè è ïîäîøâå ïëàñòà. Óðàâíåíèÿ äëÿ êîíöåíòðàöèè:

m
∂

∂t
(cs1ρ1 + ϕ(c)ρ2(1− s1)) + div(c~u1ρ1 + ϕ(c)~u2ρ2) = div(D∇c), (4)

∂a

∂t
=

1

τ
(G(c)− a), G(c) =


1, c > c∗,

[0, 1], c = c∗,

c, c < c∗.

(5)

αt
∂Tp
∂t

= η(T )− Tp, ïðè αt → 0⇒ η(T ) = T = Tp

∂(θ∗ + 2β
√
t)T

∂t
+ div(FcV T ) + (FεV ) · ∇p = div(λsum∇T )− β√

t
T,

(6)

θ∗ = (1−m)ρ0C0 +m(ρ1C1s1 + ρ2C2s2),

Fcc = ρ1C1u1 + ρ2C2u2 = ρ1C1FV + ρ2C2(1− F )V = (ρ1C1F + ρ2C2(1− F ))V = FcV,

Fεε = ρ1C1FV ε1 + ρ2C2(1− F )ε2 = (ρ1C1Fε1 + ρ2C2(1− F )ε2)V = FεV,

λsum = (1−m)λ0 +m(λ1s1 + λ2(1− s1)), β = 1
H

√
λ3c3
π ,

~u1 + ~u2 = V (t), F (s, α) = f1(s)
f1(s)+αf1(s) , α = µ1

µ2

íà÷àëüíûå óñëîâèÿ:

s1|t=0 = s0(x), c|t=0 = c0(x), a|t=0 = a0(x), T |t=0 = T 0(x) (7)
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ãðàíè÷íûå óñëîâèÿ:

(P, s1, T, c) = (P0, s10, T0, c0), (x, t) ∈
∑1 = ∂Ω2 × [0, T ], (8)

−D ∂c

∂n
+ ~u1nc = qnc̃, (x, t) ∈

∑2 = ∂Ω2 × [0, T ], (9)

ãäå qn � çàäàííûé ðàñõîä íà åäèíèöó ïëîùàäè, c̃ � èçâåñòíîå çíà÷åíèå êîíöåíòðàöèè ïðèìåñè.

Çäåñü −→n � åäèíè÷íûé âåêòîð âíåøíåé íîðìàëè ê ∂Ω, ó÷àñòêè ∂Ω1 è ∂Ω2 ìîäåëèðóþò ó÷àñòêè

íàãíåòàíèÿ è êîíòàêò ñ îêðóæàþùèìè ñðåäîé. Çäåñü ïðåäïîëàãàåòñÿ, ÷òî ÏÀÂ, íàõîäÿùèéñÿ â

ðàñòâîðå, âëèÿåò íà åãî âÿçêîñòü, à ñîðáèðîâàííàÿ ïîðèñòîé ñðåäîé ÏÀÂ èçìåíÿåò îòíîñèòåëüíóþ

ïðîíèöàåìîñòü è îò òåìïåðàòóðû çàâèñèò òîëüêî âÿçêîñòü íåôòè [1].

Îáîçíà÷èì, ÷åðåç Rp(t) � ôðîíò âûòåñíåíèÿ, RT (t) � òåïëîâîé ôðîíò, Rc(t) � ôðîíò êîíöåí-

òðàöèè. Òîãäà â ïîðèñòîé ñðåäå ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ ïðåäñòàâèìû ñëåäóþùèå ñëó÷àè:

1) RT (t) ≤ Rc(t) < Rp(t)

2) Rc(t) ≤ RT (t) < Rp(t)

3) Rc(t) ≤ Rp(t) < RT (t)

(10)

Òðåòèé âàðèàíò ñîîòâåòñòâóþò ñëó÷àþ òåïëîôèçè÷åñêè íåîäíîðîäíûõ ñðåä, ñòåïåíü âëèÿíèÿ

êîòîðûõ ìîæíî îöåíèòü, ñðàâíèâ ÷ëåíû óðàâíåíèÿ (6) îòâå÷àþùèå çà êîíâåêòèâíûé òåïëîïåðå-

íîñ è òåïëîïðîâîäíîñòü [6]

div(λtotal1∇T + λtotal2∇Tp)
div((ρ1C1u1 + ρ2C2u2)T )

≈ div(λaverage∇Taverage)
div((ρmixCmixumixTaverage)

≈ λaverage
ρmixCmixumixLh

≈

≈ λaverageµmix
ρmixCmixkaverage4p

,

(11)

ãäå ïðåäñòàâëåíû Lh � õàðàêòåðíûé ðàçìåð, 4p � ïåðåïàä äàâëåíèÿ è óñðåäíåííûå ïàðàìåò-

ðû ñêåëåòà ïëàñòà è ñìåñè ôëþèäîâ. Èç âûðàæåíèÿ ìîæíî çàìåòèòü, ÷òî óìåíüøåíèå ñêîðîñòè

ôèëüòðàöèè ñìåñè ôëþèäîâ ïðèâîäèò ê âîçðàñòàíèþ ðîëè òåïëîïðîâîäÿùèõ ñâîéñòâ ñèñòåìû

¾æèäêîñòü-ïëàñò¿ è íåîäíîðîäíîìó ðàñïðåäåëåíèþ òåìïåðàòóðíîãî ïîëÿ. Ïîñëåäíåå èìååò îñî-

áóþ ïðàêòè÷åñêóþ öåííîñòü ïðè îïðåäåëåíèè ïðîíèöàåìîñòè ñëîåâ, ïîäâåðãàþùèõñÿ òåïëîâîìó

âîçäåéñòâèþ äî ïðîõîæäåíèÿ â íèõ ôðîíòà âûòåñíåíèÿ íåôòè âîäîé [10].

Ñîâîêóïíîñòü âûøåñêàçàííîãî äåìîíñòðèðóåò îáùóþ ïðîáëåìó àäåêâàòíîãî ìîäåëèðîâàíèÿ

âñåõ òðåõ ñëó÷àåâ (10) ïðîöåññîâ ìàññî- è òåïëîïåðåíîñà â íåîäíîðîäíîì è àíèçàòðîïíîì ïëàñòå

ñ ó÷åòîì ¾òðàíçèòíûõ¿ ïåðåõîäîâ ôðîíòîâ ñîïðîâîæäàåìûõ ôàçîâûìè èçìåíåíèÿìè. Ïîñëåäíèå

äâå õàðàêòåðíûå ÷åðòû ïðèñóùè îáùåìó êëàññó çàäà÷, èçâåñòíûõ êàê çàäà÷è òèïà Ñòåôàíà [11]

è Âåðèãèíà [3].

Âû÷èñëèòåëüíûé ìåòîä

Äëÿ ÷èñëåííîãî ðåøåíèÿ çàäà÷è (1)�(9) ïîñòðîåíû ðàçíîñòíûå àäàïòèâíûå ñåòêè [12] óæå ó÷èòû-

âàþùèõ ñâîéñòâà ïîðèñòûõ ñðåä â âèäå ñåòî÷íûõ ñòðóêòóð ñîãëàñîâàííûõ ñ âåêòîðíûìè ïîëÿìè,

â ÷àñòíîñòè, ñî çíà÷åíèÿìè ïðîíèöàåìîñòè ïîðèñòîé ñðåäû è ó÷åòå ãðàäèåíòîâ äàâëåíèÿ, òåìïå-

ðàòóðû è êîíöåíòðàöèè, ÷åðåç óïðàâëÿþùèå ìîíèòîðíûå ìåòðèêè. Îáû÷íî, ïðè ðåøåíèè çàäà÷

ôèëüòðàöèè èñïîëüçóþò ìåòîäû ðàçäåëüíîãî îïðåäåëåíèÿ ïîëåé äàâëåíèÿ è íàñûùåííîñòè (êîí-
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öåíòðàöèè è òåìïåðàòóðû), òàêèå êàê IMPES, SS, SEQ [7,13,14] è ò.ä. Ìû äëÿ ðåøåíèÿ èñõîäíîé

çàäà÷è èñïîëüçîâàëè ìîäèôèöèðîâàííûé âàðèàíò IMPES-ìåòîäà. Îáùèé àëãîðèòì íàõîæäåíèÿ

ïàðàìåòðîâ çàäà÷è âîçäåéñòâèÿ íà ïëàñò äëÿ ñèñòåìû óðàâíåíèé èìååò âèä



pk+1
ij = pkij + τitL

p
h(sn2ij , p

k+1
ij , unij , v

n
ij , T

n
ij , c

n
ij),

Tn+1
ij = Tnij + τtL

T
h (Tnij , p

l∗
ij , u

n+1
ij , vn+1

ij , sn2ij , c
n
ij),

cn+1
ij = cnij + τtL

c
h(Tn+1

ij , cnij , p
l∗
ij , u

n+1
ij , vn+1

ij , s2nij),

sn+1
1ij = sn1ij + τitL

s
h(sn2ij , p

l∗
ij , u

n+1
ij , vn+1

ij , Tn+1
ij , cn+1

ij ),

sn+1
2ij = 1− sn+1

1ij .

(12)

êîòîðàÿ ðåøàåòñÿ íåÿâíûì èòåðàöèîííûì ìåòîäîì. Óñòîé÷èâîñòü è ñõîäèìîñòü ðàçíîñòíîé ñõåìû

ïðîâåðÿëîñü ïóòåì ñðàâíåíèÿ ñ òåñòîâûìè äàííûìè ðåøåíèé ïðè çàäàííîé ñóììàðíîé ñêîðîñòè.

Ïðè ðàçðàáîòêå ïðîãðàììû èñïîëüçîâàíà ãèáðèäíàÿ òåõíîëîãèÿ îðãàíèçàöèè ïàðàëëåëüíûõ âû-

÷èñëåíèé OpenMP è MPI [15].

Ðàçðàáîòêà ãèäðîäèíàìè÷åñêîãî ñèìóëÿòîðà

Äëÿ ðàöèîíàëüíîãî ïðîåêòèðîâàíèÿ ÷èñëåííîé ïàðàëëåëüíîé ïðîãðàììû-àíàëèçàòîðà è â öåëîì

ðàñïðåäåëåííîé ñèñòåìû ðåøåíèÿ òåõíîëîãè÷åñêîé çàäà÷è çàêà÷êè ÏÀÂ ñ ðàçëè÷íûìè òåìïå-

ðàòóðíûìè ðåæèìàìè â ïðîäóêòèâíûé ïëàñò íàìè èñïîëüçîâàíà åäèíàÿ ìåòîäîëîãèÿ íà îñíî-

âå òåõíîëîãèé Model Driven architecture (MDA) [16] è Model checking [17], ò.å. ïðåäâàðèòåëüíîå

ôîðìàëüíîå îïèñàíèå âñåõ êîìïîíåíò ñèñòåìû, èñïîëüçóÿ UML 2.0 è ñëåäóÿ ìåòîäîëîãèè MDA.

Äàëåå ðåàëèçóåòñÿ äåòàëèçàöèÿ ñâîéñòâ è ñïåöèôèêè çàäà÷è è ó÷åò õàðàêòåðèñòèê âûñîêîïðîèç-

âîäèòåëüíîãî êëàñòåðà URSA [18], â çàâåðøåíèè ôîðìèðóåòñÿ ¾ïîëóàâòîìàòè÷åñêàÿ¿ ãåíåðàöèÿ

ïðîãðàììíîãî êîäà ðåàëèçóþùåãî ïàðàëëåëüíûé ÷èñëåííûé àëãîðèòì (11). Ñêîíñòðóèðîâàííûé

ïàðàëëåëüíûé êîä òåñòèðîâàëñÿ è ôîðìàëüíî âåðèôèöèðîâàëñÿ ñ ïîìîùüþ ïîñòðîåííîé äèñêðåò-

íîé ìîäåëè íà îñíîâå àíàëèçàòîðà SPIN [17], ðåàëèçóþùåãî ìåòîäîëîãèþ Model checking.

Íà áàçå ïîñòðîåííîé ìàòåìàòè÷åñêîé è êîìïüþòåðíîé ìîäåëè äâèæåíèÿ æèäêîñòè â ïîðèñòîé

ñðåäå ñ ó÷åòîì ïðîöåññîâ òåïëî è ìàññîïåðåíîñà ïðåäëàãàåòñÿ ïðîòîòèï � Web ãèäðîäèíàìè÷å-

ñêèé ñèìóëÿòîð � ðàñïðåäåëåííàÿ âû÷èñëèòåëüíàÿ ñèñòåìà äëÿ àíàëèçà è ðàçðàáîòêè íåôòåãà-

çîâûõ ìåñòîðîæäåíèé � ÈÑÀÐ II. Îñîáåííîñòÿìè äàííîé ñèñòåìû ÿâëÿåòñÿ òî, ÷òî âñå ðàñ÷åòû

÷èñëåííûõ ìîäåëåé âåäóòñÿ íà ðàñïðåäåëåííûõ âûñîêîïðîèçâîäèòåëüíûõ âû÷èñëèòåëüíûõ ðåñóð-

ñàõ, îðãàíèçóåòñÿ ðàñïðåäåëåííàÿ îáðàáîòêà è õðàíåíèå äàííûõ, à ïîëüçîâàòåëü â ïðîìûñëîâûõ

óñëîâèÿõ ÷åðåç Èíòåðíåò (âêëþ÷àÿ ìîáèëüíûå ïëàòôîðìû) ïîëó÷àåò äîñòóï ê àâòîìàòèçèðîâàí-

íîìó ðàáî÷åìó ìåñòó òåõíîëîãà-àíàëèòèêà. Ââîä-âûâîä äàííûõ, ðàñ÷åò è àíàëèç ðåçóëüòàòîâ ïî

âûáðàííîé ìîäåëè ðåøåíèÿ òåõíîëîãè÷åñêîé çàäà÷è ìîæíî îñóùåñòâëÿòü ïàðàëëåëüíî è îïåðà-

òèâíî èç ëþáîé òî÷êè ñ äîñòóïîì â Èíòåðíåò. Òàêèì îáðàçîì, ñèñòåìà äîïîëíÿåìà íîâûìè ðå-

øåíèÿìè ìîäåëåé òåõíîëîãè÷åñêèõ çàäà÷ íåôòåäîáû÷è, îïåðàòèâíî îáíîâëÿåìà è ïîëüçîâàòåëü

÷åðåç àâòîðèçàöèþ â ñèñòåìå èìååò äîñòóï ê äàííûì è ðåçóëüòàòàì ðàñ÷åòîâ ãèäðîäèíàìè÷åñêîãî

ñèìóëÿòîðà.
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Ðèñóíîê1 2D ðàñïðåäåëåíèå: a) äàâëåíèÿ, b) íàñûùåííîñòè

Ðèñóíîê 2 3D ðàñïðåäåëåíèå: a) êîíöåíòðàöèè, b) òåìïåðàòóðû

Ðåçóëüòàòû

Âû÷èñëèòåëüíûé ýêñïåðèìåíò ïðîèçâîäèëñÿ â ñðåäå Java � Eclips, ãðàôèêè ïîëó÷åíû íà Tecplot

360 è ðàçðàáîòàííîì ñèìóëÿòîðå. Ðåçóëüòàòû ðàñ÷åòîâ äëÿ 2D è 3D ñëó÷àåâ ïðèâåäåííûå íà

ðèñóíêàõ 1�2.

Ñèñòåìà ïðåäñòàâëÿåò ñîáîé èíòåðàêòèâíûé ïàêåò äëÿ àíàëèçà è îöåíêè òåõíîëîãè÷åñêîé çà-

äà÷è ãèäðîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ íåôòåãàçîâîãî ïëàñòà ïðè çàêà÷êå ÏÀÂ ñ ðàçëè÷íûìè

òåìïåðàòóðíûìè ðåæèìàìè â ïðîäóêòèâíûé ïëàñò è èñïîëüçîâàíèåì ìíîãîïðîöåññîðíîé òåõíè-

êè. Ìîäóëü âèçóàëèçàöèè ïðåäñòàâëåí â âèäå Web-ìîäóëÿ, èñïîëíÿþùåãîñÿ íà ñåðâåðå (êëàñòåðå)

è èñïîëüçóþùèé àïïàðàòíûå ñðåäñòâà ãðàôè÷åñêîé ïîäñèñòåìû (GPU) ñî ñòîðîíû êëèåíòà, ðè-

ñóíîê 3.

Òåì ñàìûì, â íàøåé ðàáîòå ìû ðàññìîòðåëè âîïðîñû ñîçäàíèÿ è èññëåäîâàíèÿ ìàòåìàòè÷å-

ñêîé ìîäåëè ôèëüòðàöèè æèäêîñòè â ïîðèñòîé ñðåäå ñ ó÷åòîì ïðîöåññîâ ìàññî- è òåïëîïåðåíî-

ñà. Ââåäåíèå êèíåòè÷åñêèõ óðàâíåíèé òåïëî è ìàññîïåðåíîñà ïîçâîëèëè âûÿâëÿòü ¾òðàíçèòíûå¿

ïåðåõîäû ôðîíòîâ (10) ñîïðîâîæäàåìûõ ôàçîâûìè èçìåíåíèÿìè è îïðåäåëèòü ðàñïðåäåëåíèå

ïàðàìåòðîâ çàäà÷è çàêà÷êè ÏÀÂ ñ ó÷åòîì òåìïåðàòóðíûõ ýôôåêòîâ. Ïîñòðîåíû ïîñëåäîâàòåëü-

íûé è ïàðàëëåëüíûé âû÷èñëèòåëüíûé àëãîðèòìû ðåøåíèÿ çàäà÷è. Ïðåäñòàâëåíà ðàçðàáîòàííàÿ

Web ðàñïðåäåëåííàÿ âû÷èñëèòåëüíàÿ ñèñòåìà ðàñ÷åòîâ ïàðàìåòðîâ ðàññìàòðèâàåìîé çàäà÷è â

ðåæèìå ðåàëüíîãî âðåìåíè, ñ ðàçíûìè óðîâíÿìè äåòàëèçàöèè ãèäðîäèíàìè÷åñêîãî ìîäåëèðîâà-

íèÿ, ïðîâåäåíèå âû÷èñëåíèé è èõ àíàëèç ÷åðåç óäàëåííûé äîñòóï è Èíòåðíåò ñ èñïîëüçîâàíèåì

âûñîêîïðîèçâîäèòåëüíîãî êëàñòåðà.
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Ðèñóíîê 3 Web ñèìóëÿòîð íåôòÿíîãî ïëàñòà -3D ìîäåëü: a) àêòèâíûå, b) íåàêòèâíûå áëîêè
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ÓÐÀÂÍÅÍÈÅ ÏÓÀÑÑÎÍÀ ÍÀ ÀÄÀÏÒÈÂÍÎÉ ÑÅÒÊÅ, ÏÎÑÒÐÎÅÍÍÎÉ

ÍÀ ÏÎÂÅÐÕÍÎÑÒÈ

Á.Ò. Æóìàãóëîâ, Í.Ò. Äàíàåâ, Î.Í. Òóðàð

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè Àëü-Ôàðàáè

Abstract. The solution of boundary value problems for the Poisson equation on the surface is

an important task, allowing to apply a wide functionality of �nite-di�erence methods in the areas

and on the surfaces of complex shapes. The use of adaptive grids, even without strong gradients

of solutions and other properties of a particular physical process that can lead to large errors,

can greatly improve the accuracy of solutions because of possible severe bends and twists of the

surface, a�ecting the value of the metric tensor, the components of which will be the coe�cients of

the di�erential elliptic equation.

Keywords: adaptive grids, surface, structured grids, Poisson equation.

À­äàòïà. Ïóàññîí òå­äåói ³øií ùåêàðàëû© åñåïòåðäi øû¡àðó ê³ðäåëi ïiøiíäi àóäàíäàð æºíå

áåòòåðäå à©ûðëû-àéûðûìäû© ºäiñòåðäi­ êå­ ôóíêöèîíàëûí ©îëäàíó¡à ì³ìêiíäiê áåðåòií °çåê-

òi ìºñåëå áîëûï òàáûëàäû. Àäàïòèâòi òîðëàðäû ©îëäàíó øåøiìíi­ ê³øòi ãðàäèåíòòåði æºíå,

ñîë ñèÿ©òû ³ëêåí ©àòåëiêòåðãå ºêåëiï ñî¡óû ì³ìêií, ôèçèêàëû© ³ðäiñ åðåêøåëiêòåðií åñêåð-

ìåãåííi­ °çiíäå êîìïîíåíòòåði äèôôåðåíöèàëäû ýëëèïòèêàëû© òå­äåóäi­ êîýôôèöèåíòòåði

áîëûï òàáûëàòûí ìåòðèêàëû© òåíçîð¡à û©ïàë æàñàéòûí áåòòi­ êåéáið á³ãiëóëåði ìåí îðàëó-

ëàðûíû­ ñàëäàðûíàí àéòàðëû©òàé øåøiì äºëäiãií æî¡àðûëàòóû ì³ìêií.

Êiëòòiê ñ°çäåð: àäàïòèâòi òîðëàð, áåò, ©´ðûëûìäû òîðëàð, Ïóàññîí òå­äåói.

Àííîòàöèÿ. Ðåøåíèå êðàåâûõ çàäà÷ äëÿ óðàâíåíèÿ ïóàññîíà íà ïîâåðõíîñòè ÿâëÿåòñÿ àêòó-

àëüíîé çàäà÷åé, ïîçâîëÿþùåé ïðèìåíÿòü øèðî÷àéøèé ôóíêöèîíàë êîíå÷íî-ðàçíîñòíûõ ìå-

òîäîâ â îáëàñòÿõ è íà ïîâåðõíîñòÿõ ñëîæíûõ ôîðì. Èñïîëüçîâàíèå àäàïòèâíûõ ñåòîê, äàæå

áåç ó÷åòà ñèëüíûõ ãðàäèåíòîâ ðåøåíèé è äðóãèõ ñâîéñòâ êîíêðåòíîãî ôèçè÷åñêîãî ïðîöåññà,

ñïîñîáíûõ ïðèâåñòè ê áîëüøèì ïîãðåøíîñòÿì, ìîæåò ñèëüíî ïîâûñèòü òî÷íîñòü ðåøåíèÿ èç-

çà âîçìîæíûõ ñèëüíûõ ñãèáîâ è êðó÷åíèé ïîâåðõíîñòè, âëèÿþùèõ íà çíà÷åíèÿ ìåòðè÷åñêîãî

òåíçîðà, êîìïîíåíòû êîòîðîãî áóäóò ÿâëÿòüñÿ êîýôôèöèåíòàìè äèôôåðåíöèàëüíîãî ýëëèï-

òè÷åñêîãî óðàâíåíèÿ.

Êëþ÷åâûå ñëîâà: àäàïòèâíûå ñåòêè, ïîâåðõíîñòü, ñòðóêòóðèðîâàííûå ñåòêè, óðàâíåíèå

Ïóàññîíà.
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Ââåäåíèå

Îñíîâíîé çàäà÷åé, íà ðàñêðûòèå êîòîðîé íàöåëåíà ñòàòüÿ, ÿâëÿåòñÿ ðàçðàáîòêà êîíå÷íî-

ðàçíîñòíîé ñõåìû íà àäàïòèâíîé ñåòêå äëÿ ðåøåíèÿ êðàåâîé çàäà÷è äëÿ óðàâíåíèÿ Ïóàññîíà.

Òàêàÿ çàäà÷à ÷àñòî âñòðå÷àåòñÿ â âèäå ïîäçàäà÷è ïðè ìîäåëèðîâàíèè ñëîæíûõ ôèçè÷åñêèõ ÿâ-

ëåíèé âî ìíîãèõ ïðèêëàäíûõ îáëàñòÿõ. Â ñòàòüå ðàññìàòðèâàåòñÿ äâóìåðíàÿ çàäà÷à. Íåñìîòðÿ

íà òàêîå óïðîùåíèå, ýòà çàäà÷à èìååò äîñòàòî÷íî øèðîêèé êðóã ïðèëîæåíèé â ïðàêòèêå.

Ïåðåõîä ê êðèâîëèíåéíûì êîîðäèíàòàì ïîçâîëÿåò óïðîñòèòü ðàñ÷åò îêîëî êðèâîëèíåéíûõ

ãðàíèö, òàê êàê â íîâûõ êîîðäèíàòàõ îáëàñòü ðåøåíèÿ èìååò ïðÿìîëèíåéíûå ãðàíèöû. Êðîìå

òîãî, èñïîëüçîâàíèå êðèâîëèíåéíûõ êîîðäèíàò ïîçâîëÿåò ñãóùàòü ðàñ÷åòíûå ñåòêè â îáëàñòÿõ

áîëüøèõ ãðàäèåíòîâ ðåøåíèÿ. Ýòèì ìîæíî äîáèòüñÿ ïîâûøåíèÿ òî÷íîñòè ÷èñëåííîãî ðåøåíèÿ.

Äëÿ ìàòåìàòè÷åñêîãî èçó÷åíèÿ ñâîéñòâ ðàçíîãî ðîäà ôèçè÷åñêèõ ÿâëåíèé íà ñëîæíûõ ïîâåðõ-

íîñòÿõ è îáëàñòÿõ ïðèõîäèòñÿ ïðèìåíÿòü ìåòîä êîîðäèíàò è ïîÿâëÿåòñÿ íåîáõîäèìîñòü ïðèìåíå-

íèÿ àïïàðàòà òåíçîðíîãî àíàëèçà. Êîîðäèíàòíûé ìåòîä ïîçâîëÿåò îñóùåñòâèòü ïàðàìåòðèçàöèþ

ìîäåëè, â äàííîì ñëó÷àå â îñíîâíîì ãåîìåòðè÷åñêèõ ïîñòðîåíèé, è ïðèìåíÿòü îïðåäåëåííûå ìà-

òåìàòè÷åñêèå îïåðàöèè äëÿ êîððåêòíîãî ïîâåäåíèÿ ðàçëè÷íûõ äèôôåðåíöèàëüíûõ îïåðàòîðîâ

ïóòåì èñïîëüçîâàíèÿ ìåòðè÷åñêèõ òåíçîðîâ ïîâåðõíîñòåé è ìíîãîîáðàçèé.

Ïîñòðîåíèå àäàïòèâíîé ñåòêè íà êðèâîëèíåéíîé îáëàñòè

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è ñíà÷àëà áóäåò ïîñòðîåíà êðèâîëèíåéíàÿ ñåòêà íà íåêîòî-

ðîé îáëàñòè, êîòîðàÿ ÿâëÿåòñÿ îáðàçîì àíàëîãè÷íîãî ó÷àñòêà ïîâåðõíîñòè, çàäàííîé ïàðàìåò-

ðè÷åñêè. Ñóùåñòâóåò ìíîæåñòâî ðàçëè÷íûõ ìåòîäîâ ïîñòðîåíèÿ êðèâîëèíåéíûõ ñòðóêòóðèðî-

âàííûõ ñåòîê øèðîêî èñïîëüçóåìûõ â ðàçëè÷íûõ ñèòóàöèÿõ äëÿ ðåøåíèÿ êîíêðåòíûõ çàäà÷.

Â îñíîâíîì èñïîëüçóþòñÿ äèôôåðåíöèàëüíûå ìåòîäû, íî â áîëüøèíñòâå ñëó÷àåâ íàõîäÿò ñâîè

ïðèìåíåíèÿ è ìåòîäû ïîñòðîåíèÿ ñåòîê ïóòåì ðåøåíèÿ ñèñòåì àëãåáðàè÷åñêèõ óðàâíåíèé. Ê ïðè-

ìåðó, àëãåáðàè÷åñêèå óðàâíåíèÿ ìîãóò èñïîëüçîâàòüñÿ äëÿ ïîëó÷åíèÿ íà÷àëüíîãî ïðèáëèæåíèÿ

äëÿ ìíîãèõ èòåðàöèîííûõ äèôôåðåíöèàëüíûõ ìåòîäîâ ïîñòðîåíèÿ àäàïòèâíûõ ñåòîê ïîòîìó,

÷òî êàæäàÿ èòåðàöèÿ ïðîèçâîäèò íåêîòîðûé ñëàáûé ñäâèã ÿ÷ååê ñåòêè, äàëüíåéøåå ñðàâíåíèå

è ïðîâåðêó âûïîëíåíèÿ óñëîâèé ñõîäèìîñòè. È î÷åâèäíî, ÷òî ïðè ïëîõèõ íà÷àëüíûõ äàííûõ

ðàñïîëîæåíèÿ óçëîâ èñêîìîé ñåòêè êîëè÷åñòâî èòåðàöèé âûïîëíÿåìûõ äëÿ ñõîäèìîñòè ìîäåëè

ìîæåò ðåçêî âîçðàñòè.

Ýôôåêòèâíûå ìåòîäû ïîñòðîåíèÿ àäàïòèâíûõ ñåòîê ýòî ìåòîäû, îñíîâàííûå íà ðåøåíèè äèô-

ôåðåíöèàëüíûõ çàäà÷ âòîðîãî ïîðÿäêà. Äëÿ ðåøåíèÿ ýòèõ çàäà÷ íåîáõîäèìû ãðàíè÷íûå óñëîâèÿ.

Â ðàññìàòðèâàåìîé çàäà÷å ãðàíè÷íûìè óñëîâèÿìè ÿâëÿþòñÿ óçëû ñåòêè íà ãðàíèöå îáëàñòè, êî-

òîðûå ñàìè ïî ñåáå ÿâëÿþòñÿ ðåøåíèåì îäíîìåðíîãî óðàâíåíèÿ. Äëÿ ïîëó÷åíèÿ çíà÷åíèé ïàðà-

ìåòðè÷åñêèõ êîîðäèíàò óçëîâ íà ãðàíèöàõ áûëà èñïîëüçîâàíà ñëåäóþùàÿ îäíîìåðíàÿ çàäà÷à:

d

dq

(
w(p)

ds

dq

)
= 0, q ∈ (0, 1),

p(0) = 0, p(1) = l.

(1)

Çäåñü ñàìà êðèâàÿ çàäàåòñÿ ïàðàìåòðè÷åñêè,

p = p(q), q ∈ [0, 1] (2)
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à ÷åðåç s(pj) îáîçíà÷åíà äëèíà äóãè êðèâîé L îò åå íà÷àëà äî óçëà xj . Ðåøåíèå ýòîé çàäà÷è

ïîçâîëèò ïîëó÷èòü ñãóùåíèå ñåòêè çàäàííîå óïðàâëÿþùåé ôóíêöèåé w(x, y).

Êðèâîëèíåéíàÿ ñåòêà ñòðîèòñÿ ïóòåì ïîèñêà íåêîòîðîãî îòîáðàæåíèÿ

x = x(q), (3)

ãäå x è q � âåêòîðû è x = (x1, x2), q = (q1, q2), x(q) = (x1(q1, q2), x2(q1, q2)).

Êàê óïîìèíàëîñü âûøå, äàëåå íóæíî îïðåäåëèòü ïåðâîå ïðèáëèæåíèå äëÿ àäàïòèâíîé ñåòêè.

Äëÿ ýòîãî áûë èñïîëüçîâàí ìåòîä òðàíñôèíèòíîé èíòåðïîëÿöèè (TFI-ìåòîä). Ïðè åãî èñïîëü-

çîâàíèè âû÷èñëåíèå êîîðäèíàò âíóòðåííèõ óçëîâ ïðîèçâîäèòñÿ ñ ó÷åòîì ðàññòàíîâêè óçëîâ íà

âñåõ ÷åòûðåõ ÷àñòÿõ ãðàíèöû. Ôîðìóëû òðàíñôèíèòíîé èíòåðïîëÿöèè ðåàëèçóþòñÿ â äâà ýòàïà.

Íà ïåðâîì ýòàïå èíòåðïîëèðóþòñÿ çíà÷åíèÿ êîîðäèíàò óçëîâ ñåòêè ñ ëåâîé è ïðàâîé ãðàíèö:

x∗j1,j2 = (1− q1
j1)x0,j2 + q1

j1xN1,j2 , jα = 0, . . . , Nα, α = 1, 2. (4)

Íà âòîðîì ýòàïå èíòåðïîëèðóþòñÿ çíà÷åíèÿ êîîðäèíàò óçëîâ ñåòêè ñ íèæíåé è âåðõíåé ãðàíèö:

xj1,j2 = x∗j1,j2 + (1− q2
j2)(xj1,0 − x∗j1,0) + q2

j2(xj1,N2 − x∗j1,N2
), (5)

jα = 0, . . . , Nα, α = 1, 2, q1 è q2 ïàðàìåòðû óæå äâóìåðíîé îáëàñòè. Ëåãêî ïðîâåðèòü, ÷òî

TFI-ìåòîä íå èçìåíÿåò ðàñïîëîæåíèå óçëîâ íà ãðàíèöå îáëàñòè [7].

Ïîñëå ýòîãî áûëî ðåàëèçîâàíî äâà ðàçëè÷íûõ ìåòîäà ïîñòðîåíèÿ êðèâîëèíåéíûõ ñåòîê. Ýòî

êëàññè÷åñêèå ìåòîäû ýêâèðàñïðåäåëåíèÿ è Ãîäóíîâà-Òîìïñîíà. Îíè áûëè òùàòåëüíî èçó÷åíû,

ïîñëå ÷åãî ðåàëèçîâàíû è ïðîòåñòèðîâàíû ïóòåì ðåøåíèÿ íà ïîñòðîåííîé êðèâîëèíåéíîé ñåòêå

êðàåâûõ çàäà÷ äëÿ óðàâíåíèé Ïóàññîíà è òåïëîïðîâîäíîñòè.

Ìåòîä ýêâèðàñïðåäåëåíèÿ

Âíà÷àëå ìû ïîëó÷èì äèôôåðåíöèàëüíûå óðàâíåíèÿ ìåòîäà ýêâèðàñïðåäåëåíèÿ. Â äâóìåðíîì

ñëó÷àå ïðèíöèï ýêâèðàñïðåäåëåíèÿ â ðàçíîñòíîé ôîðìå áóäåò âûãëÿäåòü òàê:

w(xj+1/2)Sj+1/2 = const, jα = 0, . . . , Nα − 1, α = 1, 2, (6)

ãäå Sj+1/2 � ïëîùàäü ÷åòûðåõóãîëüíîé ÿ÷åéêè ñ âåðøèíàìè xj1,j2 , xj1+1,j2 , xj1+1,j2+1, xj1,j2+1;

w(xj+1/2) � çíà÷åíèå çàäàííîé óïðàâëÿþùåé ôóíêöèè â öåíòðå xj+1/2 ýòîé ÿ÷åéêè; j+1/2 = (j1+

1/2, j2 + 1/2). Êîîðäèíàòû öåíòðà îïðåäåëÿþòñÿ êàê ñðåäíåå àðèôìåòè÷åñêîå ñîîòâåòñòâóþùèõ

êîîðäèíàò ÷åòûðåõ åå âåðøèí. Èç ðàâåíñòâà (6) âèäíî, ÷òî åñëè ñåòêà óäîâëåòâîðÿåò ïðèíöèïó

ýêâèðàñïðåäåëåíèÿ, òî ïëîùàäè ÿ÷ååê áóäóò ìàëû òàì, ãäå w ïðèíèìàåò áîëüø�èå çíà÷åíèÿ, è

íàîáîðîò, ñåòêà áóäåò èìåòü ÿ÷åéêè ñ áîëüø�èìè ïëîùàäÿìè â òîé ÷àñòè, â êîòîðîé ôóíêöèÿ w

ïðèíèìàåò ìàëûå çíà÷åíèÿ.

Ó÷èòûâàÿ ñâÿçü ìåæäó ýëåìåíòàðíîé ïëîùàäüþ è ïåðâîé êâàäðàòè÷íîé ôîðìîé è äèôôå-

ðåíöèðóÿ ôîðìóëó (6), âûâîäèòñÿ äèôôåðåíöèàëüíîå óðàâíåíèå ýêâèðàñïðåäåëåíèÿ. Ñòîèò îò-

ìåòèòü, ÷òî ôîðìóëà (28) ïîëó÷àåòñÿ àíàëîãè÷íî è íàçûâàåòñÿ îäíîìåðíûì äèôôåðåíöèàëüíûì

óðàâíåíèåì ýêâèðàñïðåäåëåíèÿ.

∂

∂q1

(
g22

J

∂xα

∂q1
− g12

J

∂xα

∂q2

)
+

∂

∂q2

(
−g12

J

∂xα

∂q1
+
g11

J

∂xα

∂q2

)
= 0. (7)
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çäåñü

g11 = x2
q1 + y2

q1 ; g22 = x2
q2 + y2

q2 ; g12 = xq1xq2 + yq1yq2 . (8)

ÿâëÿþòñÿ êîìïîíåíòàìè ìåòðè÷åñêîãî òåíçîðà, à J � ÿêîáèàí ïðåîáðàçîâàíèÿ (3).

J = xq1yq2 − xq2yq1 , (9)

Äàëåå äåëàåòñÿ äîïóùåíèå, ÷òî èñêîìàÿ ñåòêà ÿâëÿåòñÿ îðòîãîíàëüíîé, à çíà÷èò, óðàâíåíèå

óïðîùàåòñÿ. Ñ ïîìîùüþ ìåòðè÷åñêîãî òåíçîðà óñëîâèå îðòîãîíàëüíîñòè ïèøåòñÿ ñëåäóþùèì

îáðàçîì:

g12 = 0. (10)

À óðàâíåíèÿ ýêâèðàñïðåäåëåíèÿ ïðèíèìàþò âèä:

∂

∂q1

(
g22

J

∂xα

∂q1

)
+

∂

∂q2

(
g11

J

∂xα

∂q2

)
= 0. (11)

Ðèñóíîê 1 Ïðèìåð ñåòêè ïîñòðîåííîé ìåòîäîì òðàíñôèíèòíîé èíòåðïîëÿöèè (ñëåâà); ïðèìåðû
ïîñòðîåíèÿ ñåòîê ìåòîäîì ýêâèðàñïðåäåëåíèÿ äëÿ ðàçëè÷íûõ óïðàâëÿþùèõ ôóíêöèé

Ìåòîä Ãîäóíîâà-Òîìïñîíà

Äðóãîé ïîäõîä äëÿ ïîñòðîåíèÿ äâóìåðíûõ íåïîäâèæíûõ ñåòîê ñ ïîìîùüþ äèôôåðåíöèàëü-

íîãî ìåòîäà � ýòî íàõîæäåíèå îáðàòíîå äëÿ (3) îòîáðàæåíèå

q = q(x), (12)

óäîâëåòâîðÿþùåå óðàâíåíèþ Ïóàññîíà

∆qα ≡ ∂2qα

∂x2
+
∂2qα

∂y2
= Pα(x), α = 1, 2, x ∈ Ω (13)

è çàäàííûì íà îòäåëüíûõ ÷àñòÿõ ãðàíèöû êðàåâûì óñëîâèÿì äëÿ èñêîìîé ôóíêöèè.

Êðèâîëèíåéíîñòü ãðàíèöû ñèëüíî óñëîæíÿåò ÷èñëåííîå ðåøåíèå ïîñòàâëåííîé çàäà÷è. Ïîýòî-

ìó ïðåäïî÷òèòåëüíåå íàõîäèòü ïðÿìîå ïðåîáðàçîâàíèå (3) ïðè óñëîâèè, ÷òî îáðàòíîå ïðåîáðàçî-

âàíèå (12) ÿâëÿåòñÿ ðåøåíèåì óðàâíåíèé (13). Äëÿ ýòîãî ìû îáðàùàåì óðàâíåíèå (13) çàìåíÿÿ
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ôóíêöèþ â ïðàâîé ÷àñòè óðàâíåíèÿ ñëåäóþùèì îáðàçîì

Pα =
1

w

∂w

∂qα
.

Îáðàùåííîå óðàâíåíèå ïðèìåò ñëåäóþùèé âèä:

g22
∂

∂q1

(
w
∂x

∂q1

)
+ g11

∂

∂q2

(
w
∂x

∂q2

)
− 2g12w

∂2x

∂q1∂q2
= 0. (14)

Ðèñóíîê 2 Äåâÿòèòî÷å÷íûé øàá-
ëîí äëÿ àïïðîêñèìàöèè ìåòîäà
Ãîäóíîâà-Òîìïñîíà

Ðèñóíîê 3 Ïðèìåð ñåòêè ïîñòðîåííîé ìåòîäîì Ãîäóíîâà-
Òîìïñîíà

×èñëåííàÿ ðåàëèçàöèÿ ìåòîäîâ ïîñòðîåíèÿ êðèâîëèíåéíûõ ñåòîê

Äëÿ ýòèõ óðàâíåíèé, ïîñëå äîáàâëåíèÿ ê íèì ãðàíè÷íûõ óñëîâèé, ÿâëÿþùèõñÿ ðåøåíèåì

îäíîìåðíîãî óðàâíåíèÿ, äåëàåòñÿ àïïðîêñèìàöèÿ âòîðîãî ïîðÿäêà.

Äàëåå ïðèâåäåíà àïïðîêñèìàöèÿ óðàâíåíèÿ ýêâèðàñïðåäåëåíèÿ ïîçâîëÿþùàÿ íàéòè âíóòðåí-

íèå òî÷êè ñåòêè, ïîëàãàÿ, ÷òî íà ãðàíèöå îáëàñòè ñåòêà óæå ïîñòðîåíà. Áóäåì ïðåäïîëàãàòü çäåñü,

÷òî ñåòî÷íûå ôóíêöèè J è gαα îïðåäåëåíû â öåíòðàõ ÿ÷ååê:

Jj+1/2 =
(
x1
q1x2

q2 − x1
q2x2

q1

)
j+1/2

. (15)

(g11)j+1/2 =
(
(x1

q1)2 + (x2
q1)2

)
j+1/2

; (g22)j+1/2 =
(
(x1

q2)2 + (x2
q2)2

)
j+1/2

, (16)

ãäå ÷åðåç xα îáîçíà÷åíû x è y, α = 1, 2; à ðàçíîñòíûå ïðîèçâîäíûå (xα
qβ

)j+1/2 çàäàþòñÿ âûðàæå-

íèÿìè

(xαq1)j+1/2 =
xα2 + xα3 − xα1 − xα4

2h1
; (17)

(xαq2)j+1/2 =
xα4 + xα3 − xα1 − xα2

2h2
. (18)

Èñïîëüçóÿ îáîçíà÷åíèå

(k11)j+1/2 = (wg22)j+1/2 ; (k22)j+1/2 = (wg11)j+1/2 . (19)

ðàçíîñòíóþ çàäà÷ó Äèðèõëå äëÿ íàõîæäåíèÿ êîîðäèíàò âíóòðåííèõ óçëîâ xj ìîæíî ñôîðìóëè-



Âû÷èñëèòåëüíûå òåõíîëîãèè 161 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

ðîâàòü ñëåäóþùèì îáðàçîì:

Λxj = 0, qj ∈ Qh, (20)

xj = x(qj), qj ∈ ∂Q̄h, (21)

ãäå Λ = Λ1 + Λ2, ðàçíîñòíûå îïåðàòîðû Λ1 è Λ2 àïïðîêñèìèðóþò ñî âòîðûì ïîðÿäêîì ñîîòâåò-

ñòâåííî ïåðâûé è âòîðîé äèôôåðåíöèàëüíûå îïåðàòîðû â ëåâîé ÷àñòè óðàâíåíèÿ (11):

Λ1xj =
1

h1

(
(k11)j1+1/2,j2 ·

xj1+1,j2 − xj1,j2
h1

− (k11)j1−1/2,j2 ·
xj1,j2 − xj1−1,j2

h1

)
; (22)

Λ2xj =
1

h2

(
(k22)j1,j2+1/2 ·

xj1,j2+1 − xj1,j2
h2

− (k22)j1,j2−1/2 ·
xj1,j2 − xj1,j2−1

h2

)
, (23)

(k11)j1±1/2,j2 =
1

2

(
(k11)j1±1/2,j2+1/2 + (k11)j1±1/2,j2−1/2

)
; (24)

(k22)j1,j2±1/2 =
1

2

(
(k22)j1+1/2,j2±1/2 + (k22)j1−1/2,j2±1/2

)
. (25)

Äàëåå èñïîëüçóÿ ñëåäóþùóþ ìîäèôèêàöèþ ìåòîäà ïåðåìåííûõ íàïðàâëåíèé íà ñëó÷àé íåëè-

íåéíîé ðàçíîñòíîé çàäà÷è:

x
n+1/2
j − xnj
τ/2

= Λn1x
n+1/2
j + Λn2x

n
j ;

xn+1
j − xn+1/2

j

τ/2
= Λn1x

n+1/2
j + Λn2x

n+1
j . (26)

íàõîäèòñÿ ðàñïîëîæåíèå âíóòðåííèõ óçëîâ èñêîìîé ñåòêè.

Ïî ñðàâíåíèþ ñ ýòèì ìåòîäîì ðåàëèçàöèÿ ìåòîäà Ãîäóíîâà-Òîìïñîíà ìîæåò áûòü âûïîëíåíà

ãîðàçäî ïðîùå è áûñòðåå, ïîñêîëüêó óðàâíåíèå ìîæåò áûòü â óùåðá ñêîðîñòè ñõîæäåíèÿ ðåøåíî

ïðîñòåéøèìè èòåðàöèîííûìè ìåòîäàìè.

Äàëåå ïðèâåäåíû îêîí÷àòåëüíûå ôîðìóëû äëÿ êîýôôèöèåíòîâ, èñïîëüçóåìûå â ìåòîäå ïî-

ñëåäîâàòåëüíîé âåðõíåé ðåëàêñàöèè (
8∑

k=0

αkxk

)
j

= 0, (27)

ãäå k � ëîêàëüíûé íîìåð óçëà â äåâÿòèòî÷å÷íîì øàáëîíå ðàçíîñòíîãî óðàâíåíèÿ (ñì. ðèñ. 2, ãäå

óçëó qj1,j2 ïðèñâîåí íîìåð 0, óçëó qj1−1,j2 � 1 è ò. ä.),

α1 =
h2

h1
(g22)j wW ; α3 =

h2

h1
(g22)j wE ; α2 =

h1

h2
(g11)j wS ; α4 =

h1

h2
(g11)j wN ; (28)

α0 = −
4∑

k=1

αk; α5 = α7 = −1

2
(g12w)j ; α6 = α8 =

1

2
(g12w)j . (29)

Òåñòîâàÿ çàäà÷à äëÿ óðàâíåíèÿ Ïóàññîíà

Ñ ïîìîùüþ ýòèõ àïïðîêñèìàöèé áûëè ÷èñëåííî ïîñòðîåíû ñåòêè äëÿ íåñêîëüêèõ îáëàñòåé.

Ïîñëå ÷åãî äëÿ îäíîé èç íèõ, à èìåííî äëÿ êâàäðàòà, â êîòîðîì ñåòêà ñãóùàëàñü ê öåíòðó ìå-

òîäîì ýêâèðàñïðåäåëåíèÿ, áûëà ïîñòàâëåíà è ðåøåíà òåñòîâàÿ çàäà÷à äëÿ óðàâíåíèÿ Ïóàññîíà.

Ïðè ýòîì ñãóùåíèå ïðîèñõîäèëî ïî çíà÷åíèÿì òî÷íîãî ðåøåíèÿ, ñ êîòîðûì â êîíå÷íîì èòîãå
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ñðàâíèâàëîñü ÷èñëåííîå ðåøåíèå òåñòîâîé çàäà÷è. Òî÷íîå ðåøåíèå ïðåäñòàâëÿåòñÿ ñëåäóþùèì

îáðàçîì:

φ(x, y) = e−a
2(x2+y2) (30)

òåñòîâàÿ çàäà÷à äëÿ óðàâíåíèÿ Ïóàññîíà ïðèìåò âèä

uxx + uyy = f(x, y) = φxx + φyy (31)

u(x, y)|∂Ω = φ(x, y) (32)

ãäå ∂Ω � ãðàíèöà îáëàñòè.

×òîáû èìåòü âîçìîæíîñòü ðåøàòü ýòî óðàâíåíèå íà êðèâîëèíåéíîé ñåòêå íåîáõîäèìî ïðîèç-

âåñòè ñëåäóþùóþ çàìåíó ïåðåìåííûõ:

x = x(q1, q2) y = y(q1, q2) (33)

Òîãäà óðàâíåíèå (31) ïðèäåò ê âèäó:(
uq1

g22

J
− uq2

g12

J

)
q1

+
(
uq2

g11

J
− uq1

g12

J

)
q2

= f
(
x(q1, q2), y(q1, q2)

)
(34)

Ðèñóíîê 4 Ñðàâíåíèå ïîãðåøíîñòåé ÷èñëåííîãî ðåøåíèÿ íà ðàâíîìåðíîé ñåòêå ñ ñåòêîé ïîñòðî-
åííîé ïî óïðàâëÿþùèì ôóíêöèÿì (35) (ñëåâà) è (36) (ñïðàâà)

Óðàâíåíèÿ (34) áûëî àïïðîêñèìèðîâàíî êîíå÷íûìè ðàçíîñòÿìè âòîðîãî ïîðÿäêà, ïðè÷åì âñå

êîýôôèöèåíòû è ïåðåìåííûìè èñïîëüçîâàëèñü â öåëûõ óçëàõ. Ïîñëå ÷åãî ýòà çàäà÷à áûëà ðåøåíà

ìåòîäîì ïîñëåäîâàòåëüíîé âåðõíåé ðåëàêñàöèåé. Òåñòû ïðîâîäèëèñü ïî äâóì âèäàì óïðàâëÿþùåé

ôóíêöèè:

w(x, y) = 1 + αφ(x, y) (35)

w(x, y) = 1 + α|∇φ(x, y)| (36)

È, ïîñëå ïðîâåäåíèÿ òåñòîâ ñ ðàçëè÷íûìè êîýôôèöèåíòàìè óïðàâëÿþùåé ôóíêöèè, áûëè

îïðåäåëåíû ñåòêè, ïîçâîëÿþùèå ïîëó÷èòü íàèáîëüøèé âûèãðûø ïî òî÷íîñòè. Ê ïðèìåðó, â ñåòêå

40 íà 40 óçëîâ ïîãðåøíîñòü ÷èñëåííîãî ðåøåíèÿ íà ðàâíîìåðíîé ñåòêå áûëà ðàâíà 0,0701, à íà

êðèâîëèíåéíîé � 0,040668.
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Óðàâíåíèå Ïóàññîíà íà ïîâåðõíîñòè

Äëÿ ïîñòðîåíèÿ êðèâîëèíåéíîé ñåòêè íà ïîâåðõíîñòè äîñòàòî÷íî ïîñòðîèòü åå íà ïàðàìåò-

ðè÷åñêîé îáëàñòè ïîâåðõíîñòè. Ïðè ýòîì, â êà÷åñòâå óïðàâëÿþùåé ôóíêöèè äëÿ êðèâîëèíåéíîé

ïîâåðõíîñòè íàðÿäó ñ ðåøåíèåì ìîãóò èñïîëüçîâàòüñÿ ïàðàìåòðè÷åñêèå óðàâíåíèÿ ïîâåðõíîñòè.

Êðîìå òîãî, â ñëó÷àå, êîãäà çíà÷åíèÿ óïðàâëÿþùåé ôóíêöèè çàäàíû íà ïîâåðõíîñòè, çíà÷åíèÿ

â ïàðàìåòðè÷åñêîé îáëàñòè äîëæíû áûòü ðàññ÷èòàíû ñ ïîìîùüþ ñëîæíûõ ôóíêöèé.

Â îñòàëüíîì æå ïîñòðîåíèå êðèâîëèíåéíîé ñåòêè íà ïîâåðõíîñòè ìàëî ÷åì îòëè÷àåòñÿ îò

ïîñòðîåíèÿ ñåòêè íà ïðîèçâîëüíîé îáëàñòè ïëîñêîñòè. Äàæå åñëè ðå÷ü èäåò î àäàïòèâíî ñòðîÿ-

ùåéñÿ ñåòêå, òî åñòü î ñåòêå, ïîñòðîåíèå êîòîðîé ïðîèñõîäèò îäíîâðåìåííî ñ ðåøåíèåì çàäà÷è, â

ñëó÷àå, êîãäà òî÷íîå ðåøåíèå íåèçâåñòíî, à óïðàâëÿþùàÿ ôóíêöèÿ íàïðÿìóþ çàâèñèò îò íåå.

Ãîðàçäî áîëëå ñëîæíîé ïðîáëåìîé ìîæíî íàçâàòü íåïîñðåäñòâåííîå ðåøåíèå çàäà÷è íà êðè-

âîëèíåéíîé ñåòêå íà ïîâåðõíîñòè. Âûøå áûëà ïðåäñòàâëåí ñïîñîá ðåøåíèÿ êðàåâîé çàäà÷è äëÿ

óðàâíåíèÿ Ïóàññîíà íà êðèâîëèíåéíîé ñåòêå. Ïðè ýòîì, â êà÷åñòâå íà÷àëüíîãî óðàâíåíèÿ áûëî

âçÿòà êëàññè÷åñêàÿ çàïèñü óðàâíåíèÿ Ïóàññîíà íà äâóìåðíîé îáëàñòè. Ïîñëå ÷åãî áûëà ïðîèçâå-

äåíà çàìåíà ïåðåìåííûõ.

Â ñëó÷àå ðåøåíèÿ çàäà÷è íà ïîâåðõíîñòè â êà÷åñòâå íà÷àëüíîãî óðàâíåíèÿ âçÿòî óðàâíåíèå

Ïóàññîíà, â êîòîðîì ýëëèïòè÷åñêèé îïåðàòîð ïðåäñòàâëåí â ñïåöèàëüíîé çàïèñè äëÿ ïîâåðõíîñòè

[??].

∆φ =
1√
a

∂

∂ξα

(√
aaαβ

∂φ

∂ξβ

)
(37)

ãäå aαβ � êîíòðàâàðèàíòíûå êîìïîíåíòû ìåòðè÷åñêîãî òåíçîðà ïîâåðõíîñòè a, ξα � ïåðåìåí-

íûå ïàðàìåòðè÷åñêîãî ïðåäñòàâëåíèÿ ïîâåðõíîñòè, α, β = 1, 2. Â ôîðìóëå (9) è â äàëüíåéøåì

ïðîèñõîäèòü ñóììèðîâàíèå ïî îäèíàêîâûì èíäåêñàì.

Çàìåíà ïåðåìåííûõ îñóùåñòâëÿåòñÿ àíàëîãè÷íî (33)

ξα = ξα(q1, q2) (38)

Ïðè çàìåíå ïåðåìåííûõ â íîâîé ñèñòåìå êîîðäèíàò ÷àñòè÷íûå ïðîèçâîäíûå ïðåîáðàçóþòñÿ ñëå-

äóþùèì îáðàçîì
∂

∂ξ1
=

1

J

∂ξ2

∂q2

∂

∂q1
− 1

J

∂ξ2

∂q1

∂

∂q2
(39)

∂

∂ξ2
=

1

J

∂ξ1

∂q1

∂

∂q2
− 1

J

∂ξ1

∂q2

∂

∂q1
(40)

ãäå J � ßêîáèàí ïðåîáðàçîâàíèÿ ïðîñòðàíñòâà

J =

∣∣∣∣∣ ∂ξ1

∂q1
∂ξ1

∂q2

∂ξ2

∂q1
∂ξ2

∂q2

∣∣∣∣∣ (41)

Ïîñëå ïðåîáðàçîâàíèÿ óðàâíåíèå Ïóàññîíà ïðèäåò ê âèäó
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1√
aJ

∂ξ2

∂q2

∂

∂q1

(√
aa11

(
1

J

∂ξ2

∂q2

∂u

∂q1
− 1

J

∂ξ2

∂q1

∂u

∂q2

)
+
√
aa12

(
1

J

∂ξ1

∂q1

∂u

∂q2
− 1

J

∂ξ1

∂q2

∂u

∂q1

))
− (42)

− 1√
aJ

∂ξ2

∂q1

∂

∂q2

(√
aa11

(
1

J

∂ξ2

∂q2

∂u

∂q1
− 1

J

∂ξ2

∂q1

∂u

∂q2

)
+
√
aa12

(
1

J

∂ξ1

∂q1

∂u

∂q2
− 1

J

∂ξ1

∂q2

∂u

∂q1

))
+ (43)

+
1√
aJ

∂ξ1

∂q1

∂

∂q2

(√
aa21

(
1

J

∂ξ2

∂q2
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= f(ξ1(q1, q1), ξ2(q1, q1)) (46)

Ïîñòàíîâêà êðàåâîé çàäà÷è äëÿ ýòîãî óðàâíåíèÿ è åå ÷èñëåííîå ðåøåíèå áóäåò ÿâëÿòüñÿ èñ-

êîìûì ðåøåíèåì óðàâíåíèÿ Ïóàññîíà íà ïîâåðõíîñòè. Ñàìî ïî ñåáå ïðÿìîå ðåøåíèå êðàåâîé

çàäà÷è äëÿ óðàâíåíèÿ Ïóàññîíà ïðè èñïîëüçîâàíèè ëàïëàñèàíà (9) âûäàëî áû êîððåêòíûé ðå-

çóëüòàò çàäà÷è íà ïîâåðõíîñòè, íî ïðè ýòîì ïîÿâëÿåòñÿ ñòðîãàÿ îãðàíè÷åííîñòü â âûáîðå îáëàñòè,

îáóñëîâëåííàÿ ïàðàìåòðè÷åñêèì ïðåäñòàâëåíèåì ïîâåðõíîñòè, à òàêæå, â îïðåäåëåííûõ ñëó÷àÿõ,

íåïðèåìëåìîå ñíèæåíèå òî÷íîñòè â ìåñòàõ ðåçêèõ ñãèáîâ è êðó÷åíèé.

Çàêëþ÷åíèå

Â ñòàòüå ïðåäñòàâëåíû øàãè ïî ïîñòðîåíèþ êðèâîëèíåéíûõ ñåòîê è ðåøåíèþ çàäà÷ íà íèõ.

Òùàòåëüíî îïèñàíû äâà ìåòîäà ïîñòðîåíèÿ ñòðóêòóðèðîâàííûõ ñåòîê íà êðèâîëèíåéíûõ îáëà-

ñòÿõ: ìåòîä ýêâèðàñïðåäåëåíèÿ è ìåòîä Ãîäóíîâà-Òîìïñîíà. Ó ýòèõ ìåòîäîâ åñòü ñâîè îòëè÷èòåëü-

íûå ÷åðòû, ïëþñû è ìèíóñû. Ê ïðèìåðó, ìåòîä ýêâèðàñïðåäåëåíèÿ ñòðîèò ñåòêè ïðèáëèæåííûå

ê îðòîãîíàëüíûì, íî ïðè ýòîì ìîãóò ïîÿâèòüñÿ ÿ÷åéêè ñ ñèëüíûì ñäâèãîì âäîëü äèàãîíàëåé

èëè äðóãèõ ëèíèé, íà êîòîðûõ ñõîäÿòñÿ íåáîëüøèå îáëàñòè, ñîñòîÿùèå èç ïî÷òè ïðÿìîóãîëüíûõ

ÿ÷ååê. À ìåòîä Ãîäóíîâà-Òîìïñîíà ñòðîèò ãëàäêèå ñåòêè, íî ìîæåò ñîçäàòü ñèëüíî ðàçðÿæåííûå

ÿ÷åéêè ïðè ñèëüíî èñêðèâëåííûõ ãðàíèöàõ. Êðîìå òîãî, ïîñëå îïèñàíèÿ èõ ðåàëèçàöèè ïðèâåäåí

ïðèìåð, â êà÷åñòâå òåñòîâîé çàäà÷è, ðåøàþùåé ïåðâóþ êðàåâóþ çàäà÷ó äëÿ óðàâíåíèÿ Ïóàññî-

íà íà ñåòêå, ïîñòðîåííîé îäíèì èç ýòèõ ìåòîäîâ. Ïîêàçàíû çàìåòíûå óëó÷øåíèÿ òî÷íîñòè ïðè

îïðåäåëåííûõ íà÷àëüíûõ ïàðàìåòðàõ óïðàâëÿþùåé ôóíêöèè.

Îïèñàíû ñïîñîáû ðåøåíèÿ çàäà÷è íà àäàïòèâíîé ñåòêå, ïîñòðîåííîé íà ïîâåðõíîñòè. Ïðè

ýòîì îñíîâíîé óïîð äåëàåòñÿ èìåííî íà ïîñòðîåíèè è èñïîëüçîâàíèè êðèâîëèíåéíûõ ñåòîê, ïî-

ñêîëüêó èñïîëüçîâàíèå òîëüêî îïåðàòîðà Ïóàññîíà íà ïîâåðõíîñòè äëÿ ðåøåíèÿ çàäà÷è ìîæåò

ñèëüíî ïîâëèÿòü íà òî÷íîñòü ðåøåíèÿ èç-çà òîïîëîãèè ïîâåðõíîñòè. Êðîìå òîãî, èñïîëüçîâàíèå

êðèâîëèíåéíûõ ñèñòåì êîîðäèíàò ìîæåò áûòü î÷åíü õîðîøèì âàðèàíòîì äëÿ ðåøåíèÿ çàäà÷ â

îáëàñòÿõ ñî ñëîæíîé ôîðìîé ãðàíèöû.

Íà ïðèìåðå óðàâíåíèÿ Ïóàññîíà îïèñàí ïðèíöèï ÷èñëåííîãî ðåøåíèÿ çàäà÷ íà êðèâîëèíåé-

íûõ ñåòêàõ. Òî åñòü, èçíà÷àëüíîå óðàâíåíèå äîëæíî áûòü ïðåîáðàçîâàíî ïóòåì çàìåíû ïåðåìåí-

íûõ, ïîñëå ÷åãî àïïðîêñèìèðîâàíî è ðåøåíî ïîäõîäÿùèìè, ÷àùå âñåãî èòåðàòèâíûìè, ÷èñëåí-

íûìè ìåòîäàìè.
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×ÈÑËÅÍÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÌÍÎÃÎÔÀÊÒÎÐÍÎÃÎ

ÈÌÏÓËÜÑÍÎÃÎ ÂÎÇÄÅÉÑÒÂÈß ÍÀ ÌÍÎÃÎÊÎÌÏÎÍÅÍÒÍÓÞ

ÆÈÄÊÎÑÒÜ

Á.Ò. Æóìàãóëîâ, Ä.Á. Æàêåáàåâ, À. Àñûëáåê´ëû

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èì. àëü-Ôàðàáè, ã. Àëìàòû

Abstract. Multivariable pulse impact on a multicomponent liquid, such as oil in a cylindrical

region in which the propeller is carried out in order to obtain its light fractions, which is actively

used in the production. In this project we present the mathematical modeling of the process.It has

been determined the patterns of in�uence of multi-factor pulsed impact to heavy oil fractions by

solving nonstationary �ltered Navier - Stokes equations, the continuity equation, the equations for

the concentration of given chemical kinetics in a cylindrical coordinate system with the help of

large eddy simulation.

Keywords: Multifactorial pulsed e�ect on heavy oil fractions, the production of light oil fractions,

modeling of chemical kinetics, dissipation of the vortex model.

À­äàòïà. Ê°ïêîìïîíåíòòi ñ´éû©©à ê°ïôàêòîðëû èìïóëüñòiê ºñåð åòó àð©ûëû ì´íàéäû­

æå­ië ôðàêöèÿëàðûí àëó ìà©ñàòûíäà iøiíäå ïðîïåëëåði áàð öèëèíäðëiê îáëûñòà æ³çåãå àñû-

ðûëàäû, àë ì´íäàé ©´ðûë¡ûëàð áåëñåíäi ò³ðäå °íäiðiñ ñàëàëàðûíäà ©îëäàíûëàäû. Îñû æ´-

ìûñòà ê°ðñåòiëãåí ïðîöåñòi­ ìàòåìàòèêàëû© ìîäåëi êåëòiðiëãåí. Öèëèíäðëiê êîîðäèíàòàëàð

æ³éåñiíäå iði ©´éûíäàð ºäiñií ©îëäàíûï, ñòàöèîíàðëû© åìåñ ôèëüòðëåíãåí Íàâüå-Ñòîêñ òå­-

äåóëåðií, ³çiëiññiçäiê òå­äåóií æºíå õèìèÿëû© êèíåòèêàíû åñêåðå îòûðûï æàçûë¡àí êîíöåí-

òðàöèÿ òå­äåóëåðií øåøó àð©ûëû ì´íàéäû­ àóûð ôðàêöèÿëàðûíà ê°ïôàêòîðëû èìïóëüñòiê

ºñåð åòó çà­äûëû©òàðû àíû©òàëäû.

Êiëòòiê ñ°çäåð: ì´íàéäû­ àóûð ôðàêöèÿëàðûíà ê°ïôàêòîðëû èìïóëüñòiê ºñåð åòó, ì´-

íàéäû­ æå­ië ôðàêöèÿëàðûí àëó, õèìèÿëû© êèíåòèêàíû ìîäåëäåó, ©´éûííû­ äèññèïàòèâòi

ìîäåëi.
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Àííîòàöèÿ. Ìíîãîôàêòîðíîå èìïóëüñíîå âîçäåéñòâèå íà ìíîãîêîìïîíåíòíóþ æèäêîñòü, íà-

ïðèìåð, íåôòü, â öèëèíäðè÷åñêîé îáëàñòè, âíóòðè êîòîðîé ðàñïîëîæåí ïðîïåëëåð îñóùåñòâ-

ëÿåòñÿ ñ öåëüþ ïîëó÷åíèÿ åå ëåãêèõ ôðàêöèé, ÷òî àêòèâíî ïðèìåíÿåòñÿ íà ïðîèçâîäñòâå.

Â íàñòîÿùåé ðàáîòå ïðèâåäåíî ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå óêàçàííîãî ïðîöåññà. Ïóòåì

ðåøåíèÿ íåñòàöèîíàðíûõ îòôèëüòðîâàííûõ óðàâíåíèé Íàâüå - Ñòîêñà, óðàâíåíèÿ íåðàçðûâ-

íîñòè, óðàâíåíèÿ äëÿ êîíöåíòðàöèè ñ ó÷åòîì õèìè÷åñêîé êèíåòèêè â öèëèíäðè÷åñêîé ñèñòåìå

êîîðäèíàò, íà îñíîâå ìåòîäà êðóïíûõ âèõðåé, óñòàíîâëåíû çàêîíîìåðíîñòè âëèÿíèÿ ìíîãî-

ôàêòîðíîãî èìïóëüñíîãî âîçäåéñòâèÿ íà òÿæåëûå ôðàêöèè íåôòè.

Êëþ÷åâûå ñëîâà: ìíîãîôàêòîðíîå èìïóëüñíîå âîçäåéñòâèå íà òÿæåëûå ôðàêöèè íåôòè, ïî-

ëó÷åíèå ëåãêèõ ôðàêöèè íåôòè, ìîäåëèðîâàíèå õèìè÷åñêîé êèíåòèêè, äèññèïàòèâíàÿ ìîäåëü

âèõðÿ.

Â ðàáîòå ðàññìàòðèâàåòñÿ ìîäåëèðîâàíèå ìíîãîôàêòîðíîãî èìïóëüñíîãî âîçäåéñòâèÿ íà ìíî-

ãîêîìïîíåíòíóþ æèäêîñòü. Âîçäåéñòâèå îñóùåñòâëÿåòñÿ ñ öåëüþ ïîëó÷åíèÿ ëåãêî ñòðóêòóðè-

ðîâàííîé æèäêîñòè ïóòåì äîñòèæåíèÿ ðàçðûâà ìåæìîëåêóëÿðíûõ ñîåäèíåíèé. Ðàñ÷åò ïðîèç-

âîäèòñÿ äëÿ åìêîñòè öèëèíäðè÷åñêîé ôîðìû, âíóòðè êîòîðîé âðàùàþòñÿ ëîïàñòè ïðîïåëëåðà,

íàõîäÿùèåñÿ íà âûñîòå 2/3H îò îñíîâàíèÿ öèëèíäðà. Ðàáîòîé ïðîïåëëåðà âûçâàíî òóðáóëåíò-

íîå ïåðåìåøèâàíèå. Èññëåäîâàíû ñëó÷àè, êîãäà ëîïàñòè ðàñïîëàãàþòñÿ ïîä óãëàìè 90◦ è 45◦

ê îñíîâàíèþ öèëèíäðà. Íà îñíîâå íèæå èçëîæåííîé çàäà÷è ìîäåëèðîâàíèÿ ìíîãîôàêòîðíîãî

èìïóëüñíîãî âîçäåéñòâèÿ íà ìíîãîêîìïîíåíòíóþ æèäêîñòü, íà îñíîâå ðåøåíèÿ íåñòàöèîíàðíûõ

îòôèëüòðîâàííûõ óðàâíåíèé Íàâüå-Ñòîêñà, óðàâíåíèÿ íåðàçðûâíîñòè, óðàâíåíèÿ äëÿ êîíöåí-

òðàöèè ñ ó÷åòîì õèìè÷åñêîé êèíåòèêè â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò, ïðèìåíÿÿ ìåòîä

êðóïíûõ âèõðåé [1], óñòàíîâëåíû çàêîíîìåðíîñòè âëèÿíèÿ ìíîãîôàêòîðíîãî èìïóëüñíîãî âîç-

äåéñòâèÿ íà âÿçêóþ æèäêîñòü, ïðèìåðîì, êîòîðûé ìîæåò ñëóæèòü � íåôòü. Ïîëó÷åííûå äàííûå

ìîãóò áûòü ïîëåçíû äëÿ ïðåäïðèÿòèé, çàíèìàþùèõñÿ ïåðåðàáîòêîé íåôòè è íåôòåïðîäóêòîâ.

Ðèñóíîê 1 Ôèçè÷åñêàÿ îáëàñòü: äëèíà � Lpr = R2 −R1, âûñîòà �
Hpz = (H2 −H1)/ sinα, 1

2(H2 −H1) = 2
3H, âðåìÿ âðàùåíèÿ çà îäèí ïåðèîä � Tp, ëîïàñòè

ïðîïåëëåðà ïðèêðåïëåíû ê âíóòðåííåìó öèëèíäðó ðàäèóñà � R1, ðàññòîÿíèå îò öåíòðà âíóòðè
öèëèíäðà äî êðàÿ ëîïàñòè � R2, êîëè÷åñòâî ëîïàñòåé � K = 4

Èíòåðåñ ê ïðîáëåìå âëèÿíèÿ öåíòðîáåæíîé è äðóãèõ ìåõàíè÷åñêèõ ñèë íà ìíîãîêîìïîíåíò-

íûå, è ãåòåðîãåííûå îáúåêòû âîçíèê äîñòàòî÷íî äàâíî è îòíîñèòñÿ, ãëàâíûì îáðàçîì, ê îáëàñòè

ðàñ÷åòà õèìè÷åñêèõ ðàâíîâåñèé â õèìè÷åñêîé òåðìîäèíàìèêå, ãäå ìîäåëèðîâàíèå õèìè÷åñêèõ ñè-

ñòåì â ðàâíîâåñíûõ è ñòàöèîíàðíûõ óñëîâèÿõ ÿâëÿåòñÿ ïðèîðèòåòíîé çàäà÷åé [2]. Ïðè ðàññìîòðå-

íèè áîëåå ñëîæíûõ ñìåñåé äîêàçàíî, ÷òî èìååò ìåñòî ïðîòèâîïîëîæíîå ÿâëåíèå � ãîìîãåíèçàöèÿ
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ãåòåðîãåííûõ ñèñòåì, êîòîðàÿ ìîæåò íàáëþäàòüñÿ òîëüêî â ñèñòåìàõ ñ ÷èñëîì êîìïîíåíòîâ áî-

ëåå äâóõ. Â áèíàðíûõ ñìåñÿõ, â ñëó÷àå ïîäîáíîãî ìåõàíè÷åñêîãî âîçäåéñòâèÿ, ìîæíî íàáëþäàòü

òîëüêî ðàññëàèâàíèå ãîìîãåííûõ ñìåñåé.

Ñóùåñòâóþùèå òðàäèöèîííûå ìåòîäû ðàñ÷åòà õèìè÷åñêèõ ðåàêòîðîâ, îñíîâàííûå íà êèíåòè-

÷åñêèõ èññëåäîâàíèÿõ õèìè÷åñêèõ ðåàêöèé è ãèäðîìåõàíè÷åñêèõ ìîäåëÿõ ñòðóêòóðû ïîòîêîâ ñ

èñïîëüçîâàíèåì òåîðèè ïîäîáèÿ, âûçûâàþò îïðåäåëåííûå òðóäíîñòè èç-çà íàëè÷èÿ ýôôåêòà ìàñ-

øòàáèðîâàíèÿ, ñâÿçàííîãî ñ íåñîâìåñòèìîñòüþ îïðåäåëÿþùèõ êðèòåðèåâ ïîäîáèÿ: õèìè÷åñêîãî

� Äàìêåëëåðà è ãèäðîìåõàíè÷åñêîãî � Ðåéíîëüäñà. Èçáåæàòü óêàçàííóþ ïðîáëåìó âîçìîæíî ïðè

ñîâìåñòíîì ðåøåíèè ñèñòåìû óðàâíåíèé, îïèñûâàþùèõ êèíåòèêó, ñòðóêòóðó ïîòîêîâ, òåïëîâûå

è ìàññîîáìåííûå ïðîöåññû â õèìè÷åñêèõ ðåàêòîðàõ, èñïîëüçóÿ ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëè-

ðîâàíèÿ [3].

Íåôòü è íåôòåïðîäóêòû ïðåäñòàâëÿþò ñîáîé ìíîãîêîìïîíåíòíóþ íåïðåðûâíóþ ñìåñü óã-

ëåâîäîðîäîâ è ãåòåðîàòîìíûõ ñîåäèíåíèé, ïîýòîìó îáû÷íûìè ìåòîäàìè ïåðåãîíêè íå óäàåòñÿ

ðàçäåëèòü èõ íà èíäèâèäóàëüíûå ñîåäèíåíèÿ ñî ñòðîãî îïðåäåëåííîé òåìïåðàòóðîé êèïåíèÿ ïðè

îïðåäåëåííîì äàâëåíèè. Ïðèíÿòî ðàçäåëÿòü íåôòè è íåôòåïðîäóêòû ïóòåì ïåðåãîíêè íà îò-

äåëüíûå êîìïîíåíòû, êàæäûé èç êîòîðûõ ÿâëÿåòñÿ ìåíåå ñëîæíîé ñìåñüþ. Òàêèå êîìïîíåíòû

ïðèíÿòî íàçûâàòü ôðàêöèÿìè èëè äèñòèëëÿòàìè.

Äåñòðóêöèÿ ìîëåêóëÿðíûõ ñîåäèíåíèé ìíîãîêîìïîíåíòíîé æèäêîñòè ñ öåëüþ ïîëó÷åíèÿ ëåã-

êèõ ôðàêöèé íåôòè ïóòåì ìíîãîôàêòîðíîãî èìïóëüñíîãî âîçäåéñòâèÿ îñóùåñòâëÿåòñÿ òóðáó-

ëåíòíûì ïåðåìåøèâàíèåì, âûçâàííûì âðàùåíèåì ëîïàñòåé ïðîïåëëåðà, â öèëèíäðè÷åñêîé îáëà-

ñòè.

Ïðèíöèï ðàáîòû àïïàðàòà òàêîâ, ÷òî ïðè âðàùåíèè ëîïàñòåé ïðîïåëëåðà â öèëèíäðè÷åñêîé

îáëàñòè âîçíèêàþò áîëüøèå ñäâèãîâûå íàïðÿæåíèÿ, ãäå ñêîðîñòü ïîòîêà æèäêîñòè âûñîêà è, èìå-

åò ìåñòî âîçíèêíîâåíèå ôëóêòóàöèé, êîòîðûå ÿâëÿþòñÿ ïðåäøåñòâåííèêàìè èíòåíñèâíîé òóðáó-

ëåíòíîñòè, ïðèâîäÿùèõ ê ðàçðóøåíèþ ìîëåêóëÿðíûõ ñòðóêòóð.

Õèìè÷åñêèå ðåàêöèè ïðîèñõîäÿò, êîãäà ðåàãåíòû ñìåøèâàþòñÿ íà ìîëåêóëÿðíîì óðîâíå ïðè

äîñòàòî÷íî âûñîêîé òåìïåðàòóðå. Èçâåñòíî, ÷òî íà óðîâíå ìèêðîïðîöåññîâ, êîòîðûå èìåþò ðåøà-

þùåå çíà÷åíèå äëÿ ìîëåêóëÿðíîãî ïåðåìåøèâàíèÿ, äèññèïàöèÿ ýíåðãèè òóðáóëåíòíîñòè â òåïëî

ñòàíîâèòñÿ ñèëüíî ïðåðûâèñòîé, ò.å. ñîñðåäîòî÷åííîé â îòäåëüíûõ ðåãèîíàõ, ìàëûõ (îòíîñèòåëü-

íî îáùåãî îáúåìà) îáëàñòÿõ, ðàçìåðû êîòîðûõ ìàëû â îäíîì èëè äâóõ íàïðàâëåíèÿõ (íå â òðåõ

íàïðàâëåíèÿõ îäíîâðåìåííî). Ýòè ðåãèîíû çàíèìàþò òîíêèå ñòðóêòóðû, êîòîðûìè ìîãóò áûòü

âèõðåâûå òðóáû, ëèñòû è ïëèòû, õàðàêòåðíûå ðàçìåðû êîòîðûõ ñîâïàäàþò ñ ïîðÿäêîì êîëìî-

ãîðîâñêèõ ìèêðîìàñøòàáîâ. Òîíêèå ñòðóêòóðû íåñóò îòâåòñòâåííîñòü çà äèññèïàöèþ òóðáóëåíò-

íîñòè â òåïëî. Ïîýòîìó ìîæíî ïðåäïîëîæèòü, ÷òî â íèõ ðåàãåíòû áóäóò ñìåøèâàòüñÿ íà ìîëå-

êóëÿðíîì óðîâíå, òåì ñàìûì ñîçäàâàÿ ïðîñòðàíñòâî äëÿ ðåàêöèè íåðàâíîìåðíî ðàñïðåäåëåííûõ

ðåàãåíòîâ.

Äëÿ ðåàëèçàöèè óêàçàííîé çàäà÷è èñïîëüçóåòñÿ äèññèïàòèâíàÿ ìîäåëü âèõðÿ äëÿ ìîäåëèðî-

âàíèÿ õèìè÷åñêîé êèíåòèêè. Âïåðâûå ýòà ìîäåëü áûëà ðàçðàáîòàíà Á.Ô. Ìàãíóññåíîì â 1976 ã.

Ìîäåëü îïèñûâàåò õèìè÷åñêî-òóðáóëåíòíîå âçàèìîäåéñòâèå, êîòîðîå ìîæåò ðàññìàòðèâàòüñÿ êàê

îäíîøàãîâàÿ íåîáðàòèìàÿ ðåàêöèÿ ñ êîíå÷íîé ñêîðîñòüþ. Â ðåàêöèè òèïà YA → sYB + (1 + s)YC ,

ñêîðîñòü îáðàçîâàíèÿ i, Ri ñìåñåé, îïðåäåëÿåòñÿ ïî íàèìåíüøåé ñêîðîñòè òóðáóëåíòíîãî ðàçëî-

æåíèÿ:

Ri = Aρl εκmin
(
YA, YB, B

YC
1+s

)
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ãäå � A ïîñòîÿííàÿ âåëè÷èíà, ïðèíèìàþùàÿ çíà÷åíèå ðàâíîå 4, B � ðàâåí 0.5, ε � êèíåòè÷åñêàÿ

ýíåðãèÿ ñêîðîñòè äèññèïàöèè, κ � êèíåòè÷åñêàÿ ýíåðãèÿ òóðáóëåíòíîñòè. Ìîäèôèöèðîâàííàÿ

âåðñèÿ óêàçàííîé ìîäåëè ðàçëîæåíèÿ âèõðÿ áûëà ðàçðàáîòàíà Á.Ô. Ìàãíóññåíîì â 2005 ã. [4].

Äëÿ ÷èñëåííîãî ðåøåíèÿ óðàâíåíèÿ Íàâüå-Ñòîêñà èñïîëüçóåòñÿ ñõåìà ðàñùåïëåíèÿ ïî ôè-

çè÷åñêèì ïàðàìåòðàì, êîòîðàÿ ñîñòîèò èç òðåõ ýòàïîâ. Íà ïåðâîì ýòàïå ðåøàåòñÿ óðàâíåíèå

Íàâüå-Ñòîêñà áåç ó÷åòà äàâëåíèÿ. Äëÿ àïïðîêñèìàöèè êîíâåêòèâíûõ è äèôôóçèîííûõ ÷ëåíîâ

óðàâíåíèÿ èñïîëüçóåòñÿ êîìïàêòíàÿ ñõåìà ïîâûøåííîãî ïîðÿäêà òî÷íîñòè. Íà âòîðîì ýòàïå ðå-

øàåòñÿ óðàâíåíèå Ïóàññîíà, ïîëó÷åííîå èç óðàâíåíèÿ íåðàçðûâíîñòè ñ ó÷åòîì ïîëÿ ñêîðîñòåé

ïåðâîãî ýòàïà. Äëÿ ðåøåíèÿ òðåõìåðíîãî óðàâíåíèÿ Ïóàññîíà ðàçðàáîòàí àëãîðèòì ðåøåíèÿ �

ñïåêòðàëüíîå ïðåîáðàçîâàíèå â êîìáèíàöèè ñ ìåòîäîì ìàòðè÷íîé ïðîãîíêè. Ïîëó÷åííîå ïîëå

äàâëåíèÿ èñïîëüçóåòñÿ íà òðåòüåì ýòàïå äëÿ ïåðåñ÷åòà îêîí÷àòåëüíîãî ïîëÿ ñêîðîñòåé, çíà÷åíèÿ

êîòîðûõ ïðèìåíÿþòñÿ ïðè ðåøåíèè óðàâíåíèÿ äëÿ êîíöåíòðàöèè.

Ïîñòðîåííàÿ ìîäåëü ïîçâîëÿåò ìîäåëèðîâàòü íåñòàöèîíàðíûå õèìè÷åñêèå ïðîöåññû â ðåàê-

òîðå, ñ ðàçëè÷íûìè âõîäíûìè ïàðàìåòðàìè ðåæèìà, à òàêæå ïîçâîëÿåò óïðàâëÿòü ïðîöåññîì ðå-

àêöèè, ïóòåì ðåãóëèðîâàíèÿ âíåøíèõ ïàðàìåòðîâ, êîòîðûìè ÿâëÿþòñÿ ðàñõîä ñûðüÿ, äàâëåíèå è

òåìïåðàòóðà. Â ðåçóëüòàòå ìîäåëèðîâàíèÿ óñòàíîâëåíû çàêîíîìåðíîñòè âëèÿíèÿ ìíîãîôàêòîð-

íîãî èìïóëüñíîãî âîçäåéñòâèÿ íà íåôòü.

Íà îñíîâå ïîñòðîåííîé ìîäåëè áûëè îïðåäåëåíû ñëåäóþùèå õàðàêòåðèñòèêè � òóðáóëåíò-

íàÿ êèíåòè÷åñêàÿ ýíåðãèÿ, èçìåíåíèå êîíöåíòðàöèè òÿæåëîé ôðàêöèè è êîíöåíòðàöèè ëåãêîé

ôðàêöèè æèäêîñòè äëÿ ðàçëè÷íûõ çíà÷åíèè Ðåéíîëüäñà, à òàêæå äëÿ ðàçíûõ çíà÷åíèé óãëîâûõ

ñêîðîñòåé ïðîïåëëåðà:

Re=2000; 4τ = 0.001; 0.005; 0.01; K=4 ω =1; 2; 10.

Ðèñóíîê 2 Äèíàìèêà èçìåíåíèÿ êèíåòè÷åñêîé ýíåðãèè (à), êîíöåíòðàöèè òÿæåëîé ôðàêöèè (á),
òåìïåðàòóðû (â) ïðè t=0.6 è óãëîâîé ñêîðîñòè ïðîïåëëåðà ω = 1

Ðèñóíîê 3 Äèíàìèêà èçìåíåíèÿ êèíåòè÷åñêîé ýíåðãèè (à), êîíöåíòðàöèè òÿæåëîé ôðàêöèè (á),
òåìïåðàòóðû (â) ïðè t=0.6 è óãëîâîé ñêîðîñòè ïðîïåëëåðà ω = 2

Àíàëèçèðóÿ ðåçóëüòàòû, êîòîðûå èçîáðàæåíû íà ðèñóíêàõ, ìîæíî çàêëþ÷èòü ñëåäóþùåå: ïðè

ìàëûõ çíà÷åíèÿõ ñêîðîñòè âðàùåíèÿ ïðîïåëëåðà íàáëþäàåòñÿ ëàìèíàðíîå äâèæåíèå æèäêîñòè;

ïðè îòíîñèòåëüíî ñðåäíèõ ñêîðîñòÿõ (4τ = 0.001) ïðîèñõîäèò ïîÿâëåíèå âèõðåâûõ çîí, à ïðè
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Ðèñóíîê 4 Äèíàìèêà èçìåíåíèÿ êèíåòè÷åñêîé ýíåðãèè (à), êîíöåíòðàöèè òÿæåëîé ôðàêöèè (á),
òåìïåðàòóðû (â) ïðè t=0.6 è óãëîâîé ñêîðîñòè ïðîïåëëåðà ω = 10

áîëüøèõ ñêîðîñòÿõ âðàùåíèÿ � íàáëþäàåòñÿ ðàçâèòàÿ òóðáóëåíòíîñòü, êîòîðàÿ óñêîðÿåò ïðî-

öåññ ðàçðûâà ìîëåêóëÿðíûõ öåïåé, ÷òî ïðèâîäèò ê ðàçäåëåíèþ æèäêîñòè íà ëåãêóþ è òÿæåëóþ

ôðàêöèè.

Òàêèì îáðàçîì, ïðîâåäåíî ÷èñëåííîå ìîäåëèðîâàíèå çàäà÷è ìíîãîôàêòîðíîãî èìïóëüñíîãî

âîçäåéñòâèÿ íà òÿæ¼ëûå ôðàêöèè íåôòè íà îñíîâå ðåøåíèÿ íåñòàöèîíàðíûõ îòôèëüòðîâàííûõ

óðàâíåíèé Íàâüå-Ñòîêñà, óðàâíåíèÿ íåðàçðûâíîñòè, óðàâíåíèÿ äëÿ êîíöåíòðàöèè ñ ó÷åòîì õè-

ìè÷åñêîé êèíåòèêè â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò ìåòîäîì êðóïíûõ âèõðåé.
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MATHEMATICAL MODELLING OF THERMAL PROCESS TO THE

AQUATIC ENVIRONMENT BY USING PARALLEL TECHNOLOGIES

B. Zhumagulov, A. Issakhov

al-Farabi Kazakh National University

Abstract. This paper presents the mathematical model of the thermal power plant in�uence in

the aquatic environment, which is solved by the Navier - Stokes and temperature equations for an
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incompressible �uid in a strati�ed medium. Numerical algorithm based on the method of splitting

by physical parameters with combination of Fourier method for Poisson equation.

Keywords: thermal power plant, large eddy simulation, parallel technology.

À­äàòïà. Á´ë æ´ìûñòà æûëó ýëåêòð ñòàíöèÿíû­ ñó ©îéìàñûíà ñàë©ûíäàòóäà¡û ºñåðiíi­

ìàòåìàòèêàëû© ìîäåëi ©àðàñòûðûëàäû, îë ñòðàòèôèêàöèÿëû© îðòàäà¡û ñû¡ûëìàéòûí ñ´é-

û© ³øií Íàâüå � Ñòîêñ æºíå òåìïåðàòóðà¡à áàéëàíûñòû òå­äåóëåði ©àðàñòûðûëàäû. Ñàíäû©

òºñiëi Ïóàññîí òå­äåóií Ôóðüå ºäiñiìåí ôèçèêàëû© ïàðàìåòð¡à áàéëàíûñòû á°ëøåêòåó ºäiñi-

ìåí øåøiëãåí.

Êiëòòiê ñ°çäåð: æûëó ýëåêòð ñòàíöèÿñû, iði ©´éûí ºäiñi, ïàðàëëåëüäi òåõíîëîãèÿ.

Àííîòàöèÿ. Â äàííîé ðàáîòå ïðåäñòàâëåíà ìàòåìàòè÷åñêàÿ ìîäåëü òåïëîâîãî âîçäåéñòâèÿ

ÒÝÑ â âîäíóþ ñðåäó, êîòîðàÿ ðåøàåòñÿ ñ ïîìîùüþ íåñæèìàåìîãî óðàâíåíèÿ Íàâüå - Ñòîê-

ñà è óðàâíåíèé òåìïåðàòóðû â ñòðàòèôèöèðîâàííîé ñðåäå. ×èñëåííûé àëãîðèòì îñíîâàí íà

ìåòîäå ðàñùåïëåíèÿ ïî ôèçè÷åñêèì ïàðàìåòðàì â ñî÷åòàíèå ìåòîäîì Ôóðüå äëÿ óðàâíåíèÿ

Ïóàññîíà

Êëþ÷åâûå ñëîâà: òåïëîâàÿ ýëåêòðîñòàíöèÿ, ìåòîä êðóïíûõ âèõðåé, ïàðàëëåëüíûå òåõíî-

ëîãèè.

Introduction

Actually technological progress is impossible without energy development. The great in�uence in

the increasing of the productivity of paramount importance has a mechanization and automation of

production processes, i.e. replace human labour by machines. The problem is that the most of the

equipment has an electric basis. World needs electricity constantly and the needs are increasing every

year. However, stocks of traditional natural fuels are �nite. Moreover nuclear fuel supplies are also

�nite. Therefore it is important to �nd pro�table sources of electricity today. One of such kind of

source is the thermal power plants (TPP). The process on thermal power plants is done by burning

fuels, such as coal, natural gas or oil. Produced body turns the water into vapor, which results in

the movement of the turbine, additionally the power generators too. So water vapor is cooled, and

then turns into water, again heated, and so on. On the small thermal power plants, in addition to the

so-called fossil fuels i.e. coal, natural gas or oil, it is also possible to use other fuels, such as straw or

fast-growing trees. Thermal power plants are divided into the condensing (CPS) which are intended

to provide only an electric energy, and combined heat and power (TPC) which are producing heat

in the form of hot water and steam in addition to electrical power. Large CPSs with subordinance

are called State district power plants (SDPP). Energy production in thermal power plants takes place

with the participation of many successive phases, but overall principle of operation is very simple.

First of all, the fuel is burned in the combustion chamber (steam boiler), standing out a lot of heat,

which later turns the water (circulating in the special systems of pipes inside the boiler) into vapor.

Constantly mounting pressure of the vapor turbine rotates the rotor, which transmits energy to spin

the shaft generator and �nally produces an electrical current. Vapor, after passing through the turbine

condenses and turns into water, which passes through additional heater systems and once again enters

the steam boiler. All types of power plants adversely a�ect the environment. E�ect of TPP in the

aquatic environment is manifested in such main points like: a) liquid plum of pollutants into water

bodies; b) deposition on the surface of the water solids during their air emissions; c) thermal pollution

of water bodies. Special type of water which is used by TPP is cooling water, that are taken from
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the ponds for cooling heat exchangers' surface and capacitors of vapor turbines, water, oil, gas and

air coolers. These waters bring a huge amount of heat in a body of the ponds. Turbine condensers

approximately have up to two thirds of the total amount of heat generated during combustion of fuel,

which far surpasses the amount of heat available from other air-cooled heat exchangers. That is the

reason why "thermal pollution"commonly caused while cooling of condensers because of the water

thrown by power plants. The quantity of heat produced with cooled water of individual power plant

can be measured by installed energy capacity. Hot water is cooled in cooling towers. Then heated

water is returned to the ponds. As a result severe processes resulting to eutrophication water body,

reduction of the concentration of dissolved oxygen, the rapid growth of algae, reducing species diversity

in aquatic fauna happen because of the discharge of heated water to the ponds. We have to say that

the thermal pollution also leads to changes in microclimate. Thus, the water evaporating from the

cooling towers, dramatically improves the moisture of the surrounding air, which in turn leads to the

formation of mist, cloud. Ekibastuz SDPP -1 is taken as an example of such e�ects of the TPP to the

aquatic environment, located in Pavlodar region in 17 km. To the North-East of the city Ekibastuz,

Kazakhstan.

Mathematical model

Actually in the pond-coolers spatial temperature is quite low. So strati�ed �ow in the pond-cooler

can be described by approaching to the Boussinesq equations. Therefore systems like equations of

motion, continuity and temperature are used for mathematical modelling. Moreover well-developed

spatial turbulent is considered for strati�ed pond [1, 2, 2, 8]. Tree dimensionally model is used for

distribution of temperature modelling in a reservoir

∂ui
∂t

+
∂ujui
∂xj

= − ∂p

∂xi
+ ν

∂

∂xj

(
∂ui
∂xj

)
+ βgi(T − T0)− ∂τij

∂xj
(1)

∂uj
∂xj

= 0 (i = 1, 2, 3). (2)

∂T

∂t
+
∂ujT

∂xj
=

∂

∂xj

(
χ
∂T

∂xj

)
(3)

where

τij = uiuj − uiuj (4)

gi− the gravity acceleration, β−the coe�cient of volume expansion, ui - velocity components, χ−
thermal di�usivity coe�cient , T0−the equilibrium temperature, T−deviation of temperature from the

balance.

We start with regular LES corresponding to a �bar-�lter� of ∆x width, an operator associating an

function f(x, t). We then de�ne a second �test �lter� tilde of large width 2∆x associating
∼
f(
−
x, t). Let

us �rst apply this �lter product to the Navier-Stokes equation. The sub grid-scale tensor of the �eld
∼
ui is obtained from equation (4) with the replacement of the �lter bar by the double �lter and tilde

�lter:

τij =
∼
ui
∼
uj −

∼
uiuj (5)

lij =
∼
ui
∼
uj −

∼
uiuj (6)
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We now apply the tilde �lter to equation (4), which leads to

∼
τij =

∼
uiuj −

∼
uiuj (7)

Adding equations (6) and (7) and using equation (5), we obtain

lij = τij −
∼
τij

Now we have to determine , the stress resulting from the �lter product. This is again obtained

using the Smagorinsky model, which yields to

∼
τij −

1

3
δij
∼
τkk = −2C

∼
AijwhereAij = (∆x)2

∣∣S∣∣Sij (8)

We now have to determine τij , the stress resulting from the �lter product. This is again obtained

using the Smagorinsky model, which yields

τij −
1

3
δijτkk = −2CBijwhereBij = (2∆x)2

∣∣∣∣∼S∣∣∣∣ ∼Sij (9)

Subtracting (8) from (9) with the aid of Germano's identity yields to

lij −
1

3
δijlkk = 2CBij − 2C

∼
Aij

lij −
1

3
δijlkk = 2CMij

where

Mij = Bij −
∼
Aij (10)

All the terms of equation (10) may now be determined with the aid of u. Unfortunately, there are

�ve independent equations for only one variable C, and thus the problem is over determined. A �rst

solution proposed by Germano is to multiply (10) tensor ally by Sij to get

C =
1

2

lijSij

MijSij

This provides �nally dynamical evaluation of C, which can be used in the LES of the bar �eld u

[4].

Initial and boundary conditions are de�ned for the non-stationary 3D equations of motion, continuity

and temperature, satisfying the equations.

Numerical algorithm

Numerical solution of (1) - (3) is carried out on the posted grid using the scheme against a stream

of the second type and compact approximation for convective terms [5, 3, 4, 5, 2]. Scheme of splitting

on physical parameters is used to solve the problem in view of the above with the proposed model

of turbulence. It is anticipated that at the �rst stage the transfer of momentum occurs only through

convection and di�usion. Intermediate �eld of speed is handled by using method of fractional steps

through the tridiagonal method (Thomas algorithm). In the second phase is for pressure which is found
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by the help of intermediate �eld of speed. Poisson equation for pressure is solved by Fourier method in

combination with the tridiagonal method (Thomas algorithm) that is applied to determine the Fourier

coe�cients [6]. At the third stage, it is supposed that the transfer is carried out only by the pressure

gradient. The algorithm was parallelized on the high-performance system [7].

I)
~u∗ − ~un

τ
= − (∇~un ~u∗ − ν∆~u∗)

II)∆p =
∇~u∗

τ

III)
~un+1 − ~u∗

τ
= −∇p.

Results of computational modeling

Initial and boundary conditions were posed to meet the challenges. In the calculation we used the

mesh of 100x100x100 size. Figure 1 shows the estimated spatial path and isolines of the temperature

distribution at di�erent points in time after the launch of SDPP-1, on the surface of the water, the

side view. Figure 2 shows the path and isolines of the temperature distribution at di�erent points in

time after the launch of SDPP-1, on the surface of the water, top view.

Figure 1 Outline and isolines of the temperature distribution after 15 and 20 hours after the launch
of SDPS-1, on the surface of the water, the sides view

Conclusion

Temperature distribution with the disposal of runo� is insulated on both diagrams. The results

show that the temperature distribution is over a large area. Therefore, well-developed model of three-

dimensional strati�ed turbulent �ow makes it possible to identify qualitatively and approximately

quantitatively the basic patterns of hydrothermal processes occurring in waters.
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Figure 2 Outline and isolines of the temperature distribution through 15 and 20 hours after the
launch of SDPS-1, on the surface of the water, top view
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×ÈÑËÅÍÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÀÂÀÐÈÉÍÛÕ ÐÀÇËÈÂÎÂ ÍÅÔÒÈ

ÍÀ ÊÀÑÏÈÉÑÊÎÌ ÌÎÐÅ Ñ ÍÅÑÒÀÖÈÎÍÀÐÍÎÃÎ ÈÑÒÎ×ÍÈÊÀ Ñ

ÈÑÏÎËÜÇÎÂÀÍÈÅÌ ÏÀÐÀËËÅËÜÍÛÕ ÒÅÕÍÎËÎÃÈÈ

Á.Ò. Æóìàãóëîâ, À.À. Èñàõîâ, À.Ê. Õèêìåòîâ

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè àëü-Ôàðàáè

Abstract. In this work we consider the dynamics of the transfer of oil stain on the surface of

the sea. A mathematical model of transport of an oil slick on the surface of the sea. Correctly

de�ned and delivered the initial and boundary conditions of the problem taking into account the

operational parameters and the main stream of meteorological conditions in the Northern Caspian.

Developed numerical algorithm for solving this problem. The simulation of the migration of the oil

stains on the surface of the Caspian Sea, made a numerical rating scale of marine pollution and

coastal zone.

Keywords: mathematical modeling, oil spill, the Caspian Sea, oil, destruction, evaporation.

À­äàòïà. Á´ë æ´ìûñòà òå­iç áåòiíäåãi ì´íàé äà¡û òàñûìàëûíû­ äèíàìèêàñû ©àðàñòûðû-

ë¡àí. Òå­iç áåòiíäåãi ì´íàé äà¡û òàñûìàëûíû­ ìàòåìàòèêàëû© ìîäåëi ©´ðàñòûðûë¡àí. Ñîë-

ò³ñòiê Êàñïèéäi­ íåãiçãi à¡ûíûíû­ ðåæèìäiê ïàðàìåòðëåði ìåí ìåòåîðîëîãèÿëû© øàðòòàðû

åñåáiíåí òóûíäà¡àí áàñòàï©û æºíå øåêàðàëû© øàðòòàðû ä´ðûñ ©´ðàñòûðûë¡àí æºíå ©îé-

ûë¡àí. Åñåïòi øåøóäi­ ñàíäû© àëãîðèòìi æàñàë¡àí. Êàñïèé òå­içiíi­ áåòiíäåãi ì´íàé äà¡û

ìèãðàöèÿñûí ìîäåëüäåó, òå­iç æºíå æà¡àëàó àéìà¡ûíû­ ëàñòàíóû ìàñøòàáûí ñàíäû© áà¡à-

ëàó æ³ðãiçiëãåí.

Êiëòòiê ñ°çäåð: ìàòåìàòèêàëû© ïiøiíäåó, ì´íàéäû­ ò°ãiëói, Êàñïèé òå­içi, ì´íàé °íiìäåði,

äåñòðóêöèÿ, áóëàíó.

Àííîòàöèÿ. Â ðàáîòå ðàññìàòðèâàåòñÿ äèíàìèêà ïåðåíîñà íåôòÿíîãî ïÿòíà íà ïîâåðõíî-

ñòè ìîðÿ. Ïîñòðîåíà ìàòåìàòè÷åñêàÿ ìîäåëü ïåðåíîñà íåôòÿíîãî ïÿòíà íà ïîâåðõíîñòè ìîðÿ.

Êîððåêòíî ñôîðìóëèðîâàíû è ïîñòàâëåíû íà÷àëüíûå è ãðàíè÷íûå óñëîâèÿ çàäà÷è ñ ó÷åòîì

ðåæèìíûõ ïàðàìåòðîâ îñíîâíîãî ïîòîêà è ìåòåîðîëîãè÷åñêèõ óñëîâèé Ñåâåðíîãî Êàñïèÿ.

Ðàçðàáîòàí ÷èñëåííûé àëãîðèòì ðåøåíèÿ çàäà÷è. Ïðîâåäåíî ìîäåëèðîâàíèå ìèãðàöèè íåô-

òÿíîãî ïÿòíà íà ïîâåðõíîñòè Êàñïèéñêîãî ìîðÿ, ïðîèçâåäåíà ÷èñëåííàÿ îöåíêà ìàñøòàáîâ

çàãðÿçíåíèÿ ìîðÿ è ïðèáðåæíîé çîíû.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, ðàçëèâ íåôòè, Êàñïèéñêîå ìîðå, íåôòå-

ïðîäóêòû, äåñòðóêöèÿ, èñïàðåíèÿ.

Ââåäåíèå

Ðàçâèòèå ïðîìûøëåííîñòè âî âñåõ ñòðàíàõ ìèðà ïîñòàâèëî ïåðåä ÷åëîâå÷åñòâîì îñòðóþ ïðî-

áëåìó îõðàíû îêðóæàþùåé ñðåäû, ñ öåëüþ ñîõðàíåíèÿ ýêîëîãè÷åñêîãî ðàâíîâåñèÿ. Ëîêàëüíûå



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 176 Âû÷èñëèòåëüíûå òåõíîëîãèè

çàãðÿçíåíèÿ â ðåçóëüòàòå âûáðîñîâ ïðîìûøëåííûõ ïðåäïðèÿòèé âî ìíîãèõ ãîðîäàõ ìèðà äàâíî

ïðåâçîøëè ïðåäåëüíî äîïóñòèìûå íîðìû. Ãèãàíòñêèå ðàáîòû, ñâÿçàííûå ñ äîáû÷åé óãëÿ, íåôòè,

æåëåçíîé ðóäû è äðóãèõ ïîëåçíûõ èñêîïàåìûõ ïðèâåëè ê çàãðÿçíåíèþ îêðóæàþùåé ñðåäû. Âñå

áîëåå îæåñòî÷àþùååñÿ òðåáîâàíèÿ ê îõðàíå îêðóæàþùåé ñðåäû îò çàãðÿçíåíèÿ ïîä âîçäåéñòâèåì

àíòðîïîãåííûõ ôàêòîðîâ, çíà÷èòåëüíî ïîâûñèëè èíòåðåñ ê èññëåäîâàíèþ ïðîöåññîâ ëèêâèäàöèè

àâàðèéíûõ ðàçëèâîâ íåôòè íà âîäíîé ïîâåðõíîñòè. Ïðè ñîçäàíèè ìàòåìàòè÷åñêèõ ìîäåëåé îïè-

ñàíèÿ äèíàìèêè ðàñïðîñòðàíåíèÿ íåôòè íà ïîâåðõíîñòè ìîðÿ íåîáõîäèìî ó÷èòûâàòü áîëüøîå

êîëè÷åñòâî ôèçèêî-õèìè÷åñêèõ ôàêòîðîâ, òàêèõ êàê òóðáóëåíòíîñòü, ìåòåîðîëîãè÷åñêèå óñëî-

âèÿ, õèìèêî-áèîëîãè÷åñêîå ðàñùåïëåíèå ìîëåêóë óãëåâîäîðîäà â ìîðå è ò.ï.

Ìàòåìàòè÷åñêàÿ ìîäåëü

Òåîðåòè÷åñêóþ îñíîâó ìàòåìàòè÷åñêèõ ìîäåëåé ñîñòàâëÿþò óðàâíåíèÿ ãèäðîäèíàìèêè ìîðÿ,

óðàâíåíèÿ ïåðåíîñà è òðàíñôîðìàöèè êîíöåíòðàöèè. Íåîáõîäèìî îòìåòèòü, ÷òî ïîäîáíûå ìîäåëè

ñóùåñòâåííî íåëèíåéíûå è íåñòàöèîíàðíûå. Ïðåäíàìåðåííîå è åñòåñòâåííîå âîçäåéñòâèå ÷åëîâå-

êà íà îêðóæàþùóþ ñðåäó ïðèâîäèò ê çàäàíèþ äîïîëíèòåëüíûõ âîçìóùåíèé, âëèÿþùèõ íà ôîð-

ìèðîâàíèå èññëåäóåìûõ ïðîöåññîâ. Ïðè ìàòåìàòè÷åñêîì ìîäåëèðîâàíèè ïðîöåññîâ ðàñïðîñòðà-

íåíèÿ ïðèìåñåé î÷åíü âàæíûì ýòàïîì ÿâëÿåòñÿ ðàçðàáîòêà è âûáîð ñîîòâåòñòâóþùåãî âû÷èñ-

ëèòåëüíîãî àëãîðèòìà è àïïðîêñèìàöèè óðàâíåíèÿ ïåðåíîñà. Ïðè ïðîãíîçèðîâàíèè âîçìîæíûõ

èçìåíåíèé ðåæèìà ìîðÿ è èõ ýêîëîãè÷åñêèõ ñèñòåì ïîä âëèÿíèåì àíòðîïîãåííûõ âîçäåéñòâèé,

â ïîñëåäíåå âðåìÿ óñïåøíî èñïîëüçóþòñÿ ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ. Îäíàêî äî

íàñòîÿùåãî âðåìåíè íåò îáîáùàþùèõ ðàáîò, â êîòîðûõ äîñòàòî÷íî ïîäðîáíî îñâåùàëèñü áû êàê

îñîáåííîñòè äèíàìè÷åñêèõ ïðîöåññîâ â ìîðÿõ, òàê è èñïîëüçóåìûå äëÿ èõ îïèñàíèé ìàòåìàòè-

÷åñêèå ìîäåëè. Íàëè÷èå íà ïîâåðõíîñòè æèäêîñòè ïëåíêè àáñîðáèðîâàííîãî åþ âåùåñòâà ìîæåò

ñóùåñòâåííî èçìåíèòü ãèäðîäèíàìè÷åñêèå ñâîéñòâà ñâîáîäíîé ïîâåðõíîñòè æèäêîñòè. Äåëî â

òîì, ÷òî ïðè èçìåíåíèè ôîðìû ïîâåðõíîñòè, ñîïðîâîæäàþùåì äâèæåíèå æèäêîñòè, ïðîèñõîäèò

ðàñòÿæåíèå èëè ñæàòèå ïëåíêè, ò.å. èçìåíåíèå ïîâåðõíîñòíîé êîíöåíòðàöèè àáñîðáèðîâàííîãî

âåùåñòâà. Ýòè èçìåíåíèÿ ïðèâîäÿò ê ïîÿâëåíèþ äîïîëíèòåëüíûõ ñèë, êîòîðûå äîëæíû áûòü

ó÷òåíû â ãðàíè÷íûõ óñëîâèÿõ, èìåþùèõ ìåñòî íà ñâîáîäíîé ïîâåðõíîñòè æèäêîñòè. Â âîäîåìàõ

ïðîñòðàíñòâåííîå èçìåíåíèå òåìïåðàòóðû íåâåëèêî, ñîîòâåòñòâóþùåå èçìåíåíèå ïëîòíîñòè íà-

ìíîãî ìåíüøå ñàìîé âåëè÷èíû ïëîòíîñòè âîäû. Ïîýòîìó ñòðàòèôèöèðîâàííîå òå÷åíèå â âîäîåìå

ìîæíî îïèñûâàòü óðàâíåíèÿìè â ïðèáëèæåíèè Áóññèíåñêà, ò.å. â óðàâíåíèÿõ äâèæåíèÿ ïåðå-

ìåííóþ âåëè÷èíó ïëîòíîñòè âîäû ìîæíî çàìåíèòü íåêîòîðûì ïîñòîÿííûì åå çíà÷åíèåì âåçäå,

çà èñêëþ÷åíèåì ÷ëåíîâ, ïðåäñòàâëÿþùèõ àðõèìåäîâó ñèëó. Ñèñòåìà îñíîâíûõ óðàâíåíèé, îïè-

ñûâàþùèõ òå÷åíèÿ ïðè ëàìèíàðíîì ðåæèìå ÿâëÿþòñÿ óðàâíåíèÿ Íàâüå-Ñòîêñà, óðàâíåíèé äëÿ

òåìïåðàòóðû è êîíöåíòðàöèè [1, 3, 8]:

∂vi
∂t

+ (v∇)v = −∇p+ ∆v +
RaL

Pr
(T − C)γ (1)

Óðàâíåíèå íåñæèìàåìîñòè æèäêîñòè

divv = 0 (2)

è ïåðåíîñà òåïëà:

∂T

∂t
+ (v∇)T =

1

Pr
∆T (3)



Âû÷èñëèòåëüíûå òåõíîëîãèè 177 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

äîïîëíÿþòñÿ óðàâíåíèåì ïåðåíîñà ïðèìåñè

∂C

∂t
+ (v∇)C =

1

Sc
(∆C + ε∆T ) + f(c) (4)

ãäå Ñ � ïîëå êîíöåíòðàöèè ïðèìåñè, ïîìèìî ÷èñåë Ïðàíäòëÿ (Pr), Øìèäòà (Sc) è Ðýëåÿ (Ra)

â ñèñòåìó óðàâíåíèé âõîäèò äîïîëíèòåëüíûé áåçðàçìåðíûé ïàðàìåòð ε = αβc/βt, îïèñûâàþùèé

äåéñòâèå òåðìîäèôôóçèè, ãäå α = kt/T , kt � òåðìîäèôôóçèîííîå îòíîøåíèå. Êîíöåíòðàöèîííûé

êîýôôèöåíò ïëîòíîñòè βc õàðàêòåðèçóåò çàâèñèìîñòü ïëîòíîñòè îò êîíöåíòðàöèè.

Ðàçðóøåíèÿ íåôòÿíîãî çàãðÿçíåíèÿ ïðîèñõîäèò çà ñ÷åò åñòåñòâåííûõ ïðè÷èí (èñïàðåíèå, ðàñ-

òâîðåíèå). Ôóíêöèÿ f(c) îïèñûâàåò ñîîòâåòñòâóþùèé ïðîöåññ äåñòðóêöèè è â çàâèñèìîñòè îò

õàðàêòåðà ïðîöåññà äåñòðóêöèè èìååò âèä:

1) f(c) = KEXiPi
RT Mi

(m) îïèñûâàåò óìåíüøåíèå íåôòè òîëüêî çà ñ÷åò èñïàðåíèÿ;

t � âðåìÿ, ñåê;

KE � êîýôôèöèåíò ìàññîïåðåíîñà äëÿ óãëåâîäîðîäà, ì/ñ;

Xi � ìîëÿðíàÿ äîëÿ êîìïîíåíòà ñ íîìåðîì i, ðàâíàÿ ;

Pi � äàâëåíèå ïàðîâ êîìïîíåíòà ñ íîìåðîì i, Ïà;

R � ãàçîâàÿ ïîñòîÿííàÿ, 8,314 Äæ/ìîëü�Ê;

T � òåìïåðàòóðà îêðóæàþùåé ñðåäû íàä ïîâåðõíîñòüþ ìîðÿ, K;

çíà÷åíèå ìîëÿðíîé ìàññû Mi
(m) êîìïîíåíòà ñ íîìåðîì i îïðåäåëÿåòñÿ ïî ïåðèîäè÷åñêîé ñè-

ñòåìå õèìè÷åñêèõ ýëåìåíòîâ Ä.È. Ìåíäåëååâà.

2) f(c) = KD
(W )XiSiMi

(m) îïèñûâàåò óìåíüøåíèå íåôòè òîëüêî çà ñ÷åò äåñòðóêöèè è ðàñòâî-

ðåíèÿ íåôòåïðîäóêòîâ,

ãäå t � âðåìÿ, ñ;

FD � êîýôôèöèåíò ìàññîïåðåíîñà äëÿ óãëåâîäîðîäà, ì/ñ;

Xi � ìîëÿðíàÿ äîëÿ êîìïîíåíòû ñ íîìåðîì i, ðàâíàÿ Mi∑
Mi
;

Si � ðàñòâîðèìîñòü â âîäå êîìïîíåíòû ñ íîìåðîì i, êã/ì3.

×èñëåííûé ìåòîä

Äëÿ ðåøåíèÿ çàäà÷è ñ ó÷åòîì âûøå ïðåäëîæåííîé ìîäåëè, èñïîëüçóåòñÿ ñõåìà ðàñùåïëåíèÿ

ïî ôèçè÷åñêèì ïàðàìåòðàì [2, 4]. Íà ïåðâîì ýòàïå ïðåäïîëàãàåòñÿ, ÷òî ïåðåíîñ êîëè÷åñòâà äâè-

æåíèÿ îñóùåñòâëÿåòñÿ òîëüêî çà ñ÷åò êîíâåêöèè è äèôôóçèè. Ïðîìåæóòî÷íîå ïîëå ñêîðîñòè

íàõîäèòñÿ ìåòîäîì äðîáíûõ øàãîâ, ïðè èñïîëüçîâàíèè ìåòîäà ïðîãîíêè [5]. Íà âòîðîì ýòàïå,

ïî íàéäåííîìó ïðîìåæóòî÷íîìó ïîëþ ñêîðîñòè, íàõîäèòñÿ ïîëå äàâëåíèÿ. Óðàâíåíèå Ïóàññîíà

äëÿ ïîëÿ äàâëåíèÿ ðåøàåòñÿ ìåòîäîì âåðõíåé ðåëàêñàöèè. Íà òðåòüåì ýòàïå ïðåäïîëàãàåòñÿ, ÷òî

ïåðåíîñ îñóùåñòâëÿåòñÿ òîëüêî çà ñ÷åò ãðàäèåíòà äàâëåíèÿ [6, 7].

I)
~u∗ − ~un

τ
= − (∇~un ~u∗ − ν∆~u∗)

II)∆p =
∇~u∗

τ

III)
~un+1 − ~u∗

τ
= −∇p.
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Ðåçóëüòàòû

Äëÿ ìîäåëèðîâàíèÿ ðàçëèâà íåôòè è ïåðåíîñà íåôòè íåîáõîäèìî çàäàíèå èñòî÷íèêîâ è êîëè-

÷åñòâà âûëèâøåãîñÿ íåôòè â îòêðûòîå ìîðå. Ðàññìàòðèâàåòñÿ çàäà÷à, ðàçëèâà íåôòè ñ íåñòàöè-

îíàðíîãî èñòî÷íèêà, ò.å. ñ òàíêåðà, ïîëó÷èâøåãî ïðîáîèíó, âûëèâàåòñÿ íåôòü â îòêðûòîå ìîðå.

Çàäàâàëñÿ íàèõóäøèé ñöåíàðèé ñîáûòèÿ, ïðîáîèíà çíà÷èòåëüíàÿ è íå èìååòñÿ âîçìîæíîñòü çà-

äåëàòü ïðîáîèíó è îòáóêñèðîâàòü òàíêåð íà áåðåã. Âîäîèçìåùåíèå òàíêåðà 50 òûñÿ÷ òîíí.

Ïðè ðåøåíèè çàäà÷è ðàñ÷åòíàÿ îáëàñòü ïîêðûâàëàñü ñåòêîé 100õ100õ100. Ðåëüåô äíà áûëà

ñìîäåëèðîâàíà ìåòîäîì ôèêòèâíûõ îáëàñòåé è ïîäñòàâëåíà â ðàçíîñòíîå óðàâíåíèå äëÿ ó÷åòà â

ïðîöåññå ñ÷åòà.

Â ðåçóëüòàòå ÷èñëåííîãî ìîäåëèðîâàíèÿ ãèäðîäèíàìèêè Êàñïèéñêîãî ìîðÿ ïîëó÷åíû ñëåäó-

þùèå äàííûå, ðàñïðåäåëåíèå ñêîðîñòåé òå÷åíèÿ â ãîðèçîíòàëüíûõ ïëîñêîñòÿõ íà ïîâåðõíîñòè

ìîðÿ ïðè ðàçëè÷íûõ íàïðàâëåíèÿõ âåòðà (þãî-çàïàäíûé, ñåâåðî-çàïàäíûé) ñ ñèëîé 5-8 ì/ñåê.

Íà ðèñóíêàõ 1 è 2 ðàññìàòðèâàåòñÿ ðàñïðîñòðàíåíèå íåôòÿíîãî ïÿòíà â ñëåäå òàíêåðà ïðè þãî-

çàïàäíîì âåòðå, òàíêåð æå äâèæåòñÿ â íàïðàâëåíèè âåòðà, à íà ðèñóíêàõ 3 è 4 ïðè ñåâåðî-

çàïàäíîì âåòðå.

Ðèñóíîê 1 Ìèãðàöèÿ íåôòÿíîãî ïÿòíà ïðè þãî-çàïàäíîì âåòðå ÷åðåç 5 ÷. ïîñëå ðàçëèâà

Ðèñóíîê 2 Ìèãðàöèÿ íåôòÿíîãî ïÿòíà ïðè þãî-çàïàäíîì âåòðå ÷åðåç 48 ÷. ïîñëå ðàçëèâà
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Ðèñóíîê 3 Ìèãðàöèÿ íåôòÿíîãî ïÿòíà ïðè ñåâåðî-çàïàäíîì âåòðå ÷åðåç 5 ÷. ïîñëå ðàçëèâà

Ðèñóíîê 4 Ìèãðàöèÿ íåôòÿíîãî ïÿòíà ïðè ñåâåðî-çàïàäíîì âåòðå ÷åðåç 72 ÷. ïîñëå ðàçëèâà

Òàêèì îáðàçîì, èìåÿ ìåòåîðîëîãè÷åñêèå ïðîãíîçû âåòðà íàä àêâàòîðèåé Êàñïèéñêîãî ìî-

ðÿ è îáúåì ðàçëèâøåéñÿ íåôòè, èñïîëüçóÿ ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ, âîçìîæíî,

îöåíèòü àðåàë ðàñïðîñòðàíåíèÿ íåôòÿíîãî ïÿòíà, è ïðèíÿòü ýôôåêòèâíûå ìåðû ïî ëèêâèäàöèè

íåôòè è íåôòåïðîäóêòîâ â ìîðå.
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ÌÎÄÅËÈÐÎÂÀÍÈÅ ÎÁÎÁÙÅÍÍÎÉ ÏËÎÑÊÎÉ ÔÈËÜÒÐÀÖÈÈ

ÆÈÄÊÎÑÒÈ Â ÄÅÔÎÐÌÈÐÓÅÌÎÉ ÑÐÅÄÅ

Á.Ò. Æóìàãóëîâ, Æ.Ê. Ìàñàíîâ, Í.Ò. Àæèõàíîâ

ÊÃÓÒÈ èìåíè Ø. Åñåíîâà

Abstract. The paper studies the mathematical model of �uid 2.5D �ltration in anisotropic defor-

mable medium with chrosscut chink. De�ne conditions of chink direction.

Keywords: chrosscut chink

Àííîòàöèÿ. Ôèëüòðàöèè æèäêîñòè â äåôîðìèðóåìîé íàêëîííîé òðàíñâåðñàëüíî-èçîòðîïíîé

ïîðèñòîé ñðåäå ïðåäñòàâëÿåòñÿ â âèäå ìîäåëè îáîáùåííîé ïëîñêîé äåôîðìàöèè. Ïðè ìîäåëè-

ðîâàíèé äåôîðìèðîâàííîãî ñîñòîÿíèå ïëàñòà ñî ñêâàæèíîé òèïà êâåðøëàãà ââîäèòñÿ îïðåäå-

ëåíèÿ îáîáùåííîé ïëîñêîé ôèëüòðàöèè.

Êëþ÷åâûå ñëîâà: òðàíñâåðñàëüíî-èçîòðîïíàÿ ïîðèñòàÿ ñðåäà

Ïîñòàíîâêà çàäà÷è. Ïóñòü èç áåñêîíå÷íî äëèííîãî àíèçîòðîïíîãî ìàññèâà îòáèðàåòñÿ æèä-

êîñòü ÷åðåç ðàñïîëîæåíóþ â ñåðåäèíå ãîðèçîíòàëüíóþ ñêâàæèíó (ðèñ.1), òîãäà åå ïîïåðå÷íûå

ñå÷åíèÿ èñêðèâëÿþòñÿ èç-çà íàëè÷èÿ íàêëîííîé ïëîñêîñòè èçîòðîïèè. Ïîýòîìó íàïðÿæåíèÿ, äå-

ôîðìàöèÿ è äàâëåíèÿ çàâèñÿò îò äâóõ êîîðäèíàò y è z � ïåðåìåííûõ â ïëîñêîñòÿõ ïîïåðå÷íîãî

ñå÷åíèÿ. Âñå àíèçîòðîïíûå êîýôôèöèåíòû ôèëüòðàöèè òàêæå çàâèñÿò îò äâóõ ïåðåìåííûõ. Òà-

êîå äâèæåíèå æèäêîñòè ê ãîðèçîíòàëüíîé ñêâàæèíå â íàïðÿæåííîì ìàññèâå áóäåì íàçûâàòü

îáîáùåííîé ïëîñêîé ôèëüòðàöèåé. Ïðè ýòîì óðàâíåíèå ôèëüòðàöèè èìååò âèä

2∑
i,j=1

∂

∂xi

(
kij (ε)

µ

∂ρ

∂xj

)
= W2, (1)

ãäå êîýôôèöèåíòû ôèëüòðàöèè ïðèíèìàåò çíà÷åíèÿ

kyy =
(
ky′
(
cos2ϕ+ 1

)
kz′sin

2ϕ
)
exp (−αεy)
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kzz =
(
ky′sin

2ϕ+ kz′ cos
2ϕ
)
exp (−αεz)

kyz =
(
kz′sinϕcosϕ− ky′sin

2ϕ
)
exp (−αγyz)

Òîãäà îáîáùåííûé çàêîí Ãóêà

{δ} = [D] {ε}+ [I] ρ; (2)

ãäå

{δ} = {δy δz τyz τxz τxy }T ,

{ε} = {εy εz γyz γxz γxy }T ,

[I] = diag {1 1 0 0 0}

Ïëàñò âñêðûò ãîðèçîíòàëüíîé ñêâàæèíîé òèïà êâåðøëàãà (ðèñ.1). Íà êîíòóðå ñòâîëà çàäàíî

äàâëåíèå

ρ|s = ρs (3)

Íà âíåøíèõ ãðàíèöàõ

ρ|ABCD = ρ1, (4)

ρ|
A
′
B
′
C
′
D
′ = ρ2, (5)

∂ρ

∂n
|AA′DD′ =

∂ρ

∂n
|BB′CC′ = 0, (6)

∂ρ

∂n
|AA′DD′ =

∂ρ

∂n
|BB′CC′ = 0, (7)

Êàê âèäíî èç ðèñóíêà 1, ñòâîë ãîðèçîíòàëüíîé ñêâàæèíû (ÃÑ) ðàñïîëîæåí âêðåñò ïðîñòèðàíèþ

ïëîñêîñòè èçîòðîïèè ïëàñòà. Ïîýòîìó ÃÑ îòíîñèòñÿ ê òèïó êâåðøëàãà ãîðíîé âûðàáîòêè. Â ñè-

ëó òðàíñâåðñàëüíîé èçîòðîïèè óïðóãèõ ñâîéñòâ ìàññèâà ïîïåðå÷íîå ñå÷åíèå ÃÑ òèïà êâåðøëàãà

èñêðèâëÿåòñÿ, íî èç-çà îäíîðäíîñòè ýòèõ ñâîéñòâ âäîëü ïðîòÿæåííîãî ñòâîëà ÃÑ íå ìåíÿåòñÿ.

Óðàâíåíèå ðàâíîâåñèÿ çàäàåòñÿ â âèäå ñòàòè÷åñêîé çàäà÷è òåîðèè óïðóãîñòè. À óðàâíåíèå îáîá-

ùåíîãî çàêîíà Ãóêà â òðàíñâåðñàëüíî-èçîòðîïíîì ïëàñòå äëÿ ÃÑ òèïà êâåðøëàãà, ñâÿçûâàþùåå

ïîëíîå íàïðÿæåíèå

Ðèñóíîê 1 Ñõåìà ðàñ÷åòíîé îáëàñòè

ñ äåôîðìàöèåé è äàâëåíèå [1] èìååò âèä (2). Ýëåìåíòû ñèììåòðè÷íîé ìàòðèöû [D] èç (2)
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îïðåäåëÿþòñÿ â âèäå

d1,1 =
E1

(
E1 − E2ν

2
2

)
(1 + ν1)

(
E1 (1− ν1)− 2E2ν2

2

) , (8)

d1,2 =
E1

(
E1ν1 + E2ν

2
2

)
(1 + ν1)

(
E1 (1− ν1)− 2E2ν2

2

)sin2ϕ+
E1E2ν2

E1 (1− ν1)− 2E2ν2
2

cos2ϕ

d1,3 =
E1 [(ν2 − 1)E2ν2 + (E1 − E2ν2) ν1]

2 (1 + ν1)
(
E1 (1− ν1)− 2E2ν2

2

) sin2ϕ

d2,2 =
E1

(
E1 − E2ν

2
2

)
(1 + ν1)

(
E1 (1− ν1)− 2E2ν2

2

)sin4ϕ+
E1E2 (1− ν1)

E1 (1− ν1)− 2E2ν2
2

cos4ϕ+

+
1

4

[
E1E2ν2

E1 (1− ν1)− 2E2ν2
2

+ 2G2

]
sin22ϕ

..........................

d4,5 =
1

2

[
E1

2 (1 + ν1)
−G2

]
sin2ϕ

d5,5 = G2sin
2ϕ+

E1

2 (1 + ν1)
cos2ϕ

Ïðîñòðàíñòâåííàÿ çàäà÷à ôèëüòðàöèè æèäêîñòè â äåôîðìèðóåìîé íàêëîííîé òðàíñâåðñàëüíî-

èçîòðîïíîé ïîðèñòîé ñðåäå ñ ãîðèçîíòàëüíîé ñêâàæèíîé òèïà êâåðøëàãà (1)-(8) ïðåäñòàâëÿåòñÿ

â âèäå çàäà÷è îáîáùåííîé ïëîñêîé ôèëüòðàöèè è îáîáùåííîé ïëîñêîé äåôîðìàöèè.

Íàïðÿæåííî-äåôîðìèðóåìîãî ñîñòîÿíèÿ ÃÑ òèïà êâåðøëàãà Ïðîñòðàíñòâåííàÿ çà-

äà÷à ôèëüòðàöèè æèäêîñòè â íàêëîííîé òðàíñâåðñàëüíî-èçîòðîïíîé ïîðèñòîé ñðåäå ñ ãîðèçîí-

òàëüíîé ñêâàæèíîé ïðåäñòàâëÿåòñÿ â âèäå çàäà÷è îáîáùåííîé ïëîñêîé ôèëüòðàöèè. Ïðè ýòîì

èìååòñÿ âîçìîæíîñòü èñïîëüçîâàòü ñðåäó ñ äâîÿêîïåðèîäè÷åñêîé ñèñòåìîé ùåëåé. Òàêàÿ ñðåäà

ïðåäïîëàãàåò ñèñòåìó ïàðàëëåëíûõ òðåùèí èëè ñëàáûõ ïðîñëîéåê, ðàñïîëîæåííûõ íà îäèíà-

êîâîì ðàññòîÿíèè äðóã îò äðóãà. Òðåùèíû ìîãóòü áûòü íàêëîíåíû ê ãîðèçîíòó ïîä óãëîì ϕ.

Íàïðàâëåíèå îñåé àíèçîòðîïèè ÿâëÿåòñÿ ïîñòîÿííûì äëÿ âñåãî ìàññèâà è ñîâïàäàåò ñ íàïðàâ-

ëåíèÿìè ïðîñòèðàíèÿ è ïàäåíèÿ ñëîåâ. Ñðåäà ìîäåëèðóåòñÿ òàêèìè ïàðàìåòðàìè êàê ìîäóëü

óïðóãîñòè E1 è êîýôôèöèåíòîì Ïóàññîíà ν1 â íàïðàâëåíèè ñëîèñòîñòè è ìîäóëåì óïðóãîñòè E2

ìîäóëåì ñäâèãà G2 êîýôôèöèåíòîì Ïóàññîíà ν2 â íàïðàâëåíèé ïåðïåíäèêóëÿðíûì íàïðàâëåíèþ.

Îáîáùåííàÿ ïëîñêàÿ ôèëüòðàöèÿ æèäêîñòè â àíèçîòðîïíîé (íàêëîííîé òðàíñâåðñàëüíî-èçî-

òðîïíîé) ñðåäå ââîäèòñÿ ñëåäóþùèì îáðàçîì: â ïîðèñòîé ñðåäå çàäàíû ñêîðîñòè ôèëüòðàöèè

νx′′ ,νy′′ ,νz′′ çàâèñÿùèå îò òåêóùèõ êîîðäèíàò ïîïåðå÷íîãî ñå÷åíèÿ ñêâàæèíû è îïðåäåëåííûå

çàêîíîì Äàðñè [2] ïðè êîìïîíåíòå äàâëåíèÿ ïëàñòà px′′ .

Âëèÿíèå íàêëîííîãî òðàíñâåðñàëüíî-èçîòðîïíîãî ïëàñòà ñ êîýôôèöèåíòàìè ôèëüòðàöèè kx,

ky, kz íà èçìåíåíèå äåáèòà ãîðèçîíòàëüíîé ñêâàæèíû ìîæíî ó÷èòûâàòü ïðè ðåøåíèè çàäà÷è

îáîáùåííîé ïëîñêîé ôèëüòðàöèè.

×èñëåííàÿ ðåàëèçàöèÿ

Äëÿ ÷èñëåííîé ðåàëèçàöèè ïðèìåíÿåòñÿ ìåòîä êîíå÷íûõ ýëåìåíòîâ. Ïðåèìóùåñòâî ìåòîäà êî-

íå÷íûõ ýëåìåíòîâ â ÷èñëåííîé ðåàëèçàöèè çàäà÷ ôèëüòðàöèè â íåäåôîðìèðóåìîé íåîäíîðîäíîé

ñðåäå áûëî ïðèâåäåíî â [3]. Íå îñòàíàâëèâàÿñü äåòàëüíî íà òåîðåòè÷åñêèõ îñîáåííîñòÿõ èññëåäî-

âàíèÿ ÌÊÝ, óêàæåì êîðîòêî íåêîòîðûå åãî îòëè÷èòåëüíûå ñâîéñòâà.



Âû÷èñëèòåëüíûå òåõíîëîãèè 183 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Â ñîîòâåòñòâèè ñ ÌÊÝ ðàñ÷åòíàÿ îáëàñòü ðàçáèâàåòñÿ íà íåêîòîðîå êîëè÷åñòâî ïîäîáëàñòåé �

êîíå÷íûõ ýëåìåíòîâ. Äàëåå êàæäûé êîíå÷íûé ýëåìåíò îñíàùàåòñÿ ñèñòåìîé áàçèñíûõ ôóíêöèé

(ôóíêöèåé ôîðìû). Ïðèáëèæåííîå ðåøåíèå èñõîäíîé çàäà÷è èùåòñÿ â âèäå ëèíåéíîé êîìáèíàöèè

òàêèõ áàçèñíûõ ôóíêöèé èç óñëîâèé, ôîðìàëüíî ñîâïàäàþùèõ ñ óðàâíåíèÿìè ìåòîäà Ðèöà.

Òàêèì îáðàçîì, èñõîäíàÿ êðàåâàÿ çàäà÷à ìîæåò áûòü çàìåíåíà ýêâèâàëåíòíîé åé çàäà÷åé äëÿ

îïðåäåëåíèÿ íåèçâåñòíûõ ÷åðåç óçëîâûå çíà÷åíèÿ êîíå÷íûõ ýëåìåíòîâ. Äëÿ îïðåäåëåíèÿ äàâëå-

íèÿ, íàïðÿæåíèÿ è äåôîðìàöèè â äåôîðìèðóåìîé àíèçîòðîïíîé ñðåäå ñîçäàí êîìïëåêñ ïðîãðàìì

FEMDefFilter, ñîçäàííûé íà ÿçûê Object Pascal â ñðåäå Delphi. Ïðîãðàììíûé êîìïëåêñ, ñîñòàâ-

ëåííûé íà ÿçûêå âûñîêîãî óðîâíÿ èìååò âîçìîæíîñòü àâòîìàòè÷åñêîé ðàçáèâêè ìíîãîñâÿçàííîé

îáëàñòè íà êîíå÷íûå òðåóãîëüíûå ýëåìåíòû.

Çàêëþ÷åíèå

Ðàññìîòðåíû ïîñòàíîâêà çàäà÷è ôèëüòðàöèè æèäêîñòè êãîðèçîíòàëüíîé ñêâàæèíû òèïà êâåð-

øëàãà ñ ó÷åòîì óïðóãèõ õàðàêòåðèñòèê äåôîðìèðóåìîé àíèçîòðîïíîé ñðåäû. Ïðîñòðàíñòâåííàÿ

çàäà÷à ôèëüòðàöèè æèäêîñòè â äåôîðìèðóåìîé íàêëîííîé òðàíñâåðñàëüíî-èçîòðîïíîé ïîðèñòîé

ñðåäå ñ ãîðèçîíòàëüíîé ñêâàæèíîé ïðåäñòàâëåíà â âèäå çàäà÷è îáîáùåííîé ïëîñêîé ôèëüòðàöèè

è îáîáùåííîé ïëîñêîé äåôîðìàöèè. Ïðîäóêòèâíîñòü ÃÑ â òàêîé ñðåäå ÷èñëåííî îïðåäåëåí ïðè

ïîìîùè ðàçðàáîòàííûõ âûøå àëãîðèòìîâ.
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ÊÎÌÏÜÞÒÅÐÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÐÎÖÅÑÑÀ ÂÛÒÅÑÍÅÍÈß

ÍÅÔÒÈ ÏÎËÈÌÅÐÎÌ

Ò.Ñ. Èìàíêóëîâ, Ñ.Ò. Ìóõàìáåòæàíîâ, Ä.Æ. Àõìåä-Çàêè

Êàçàõñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè Àëü-Ôàðàáè

Abstract. In this article the hydrodynamic model of displacement process by polymer injection is

given, which consists of the basic equation for modeling of �ow in porous media and describes

the impact process by natural polysaccharide gellan on reservoir. The basic characteristics of

reservoir such as: producible oil index, average oil saturation, the recovery rate, water and oil �ow

rates which characterize the condition of the well, was shown by authors. Furthermore, pressure

distribution, saturation and concentration maps are presented. The main result of the study is a

computational algorithm developed on the basis of this model and the analysis of distribution of
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the main technological parameters.

Keywords: polymer, gellan, porous media, relative permeabilities, Darcy, well, Henry's isotherms,

adsorption, viscosity, concentration.

À­äàòïà. Ìà©àëàäà ïëàñò©à ïîëèìåð àéäàó òåõíîëîãèÿñûí ïàéäàëàíó àð©ûëû ì´íàéäû

û¡ûñòûðó ³ðäiñiíi­ ìàòåìàòèêàëû© ìîäåëi ©àðàñòûðûëäû. Ñàíäû© ýêñïåðèìåíòòåðìåí æ³ð-

ãiçiëiï, ©ûñûì, ì´íàé ©àíû©òûëû¡û æºíå êîíöåíòðàöèÿíû­ òàðàëóû åñåïòåëäi. Ñîíûìåí ©à-

òàð,îðòàøà ©àíû©òûëû©, ©àçiðãi óà©ûòòà¡û ì´íàé áåðiëói, ì´íàé æºíå ñó äåáèòòåði, áåëãiëi

áið óà©ûò©à äåéiíãi àëûí¡àí ì´íàé ê°ëåìi, àëûí¡àí ïîëèìåð ìîëøåði åñåïòåëiíäi. Àëûí¡àí

íºòèæåëåð àéäà¡ûø æºíå ñîð¡ûø ´­¡ûìàëàð æ³éåñiìåí æ´ìûñ iñòåéòií ì´íàé-êåí îðûíäà-

ðûíäà ýêñïëóàòàöèÿëû© æà¡äàéëàðäû æîáàëàó æºíå çåðòòåó ³øií ©îëäàíûëà àëàäû.

Êiëòòiê ñ°çäåð: ïîëèìåð, ãåëëàí, êåóåêòiëiê îðòà, ñàëûñòûðìàëû ôàçàëû© °òiìäiëiêòåð,

Äàðñè, ´­¡ûìà, Ãåíðè èçîòåðìàñû, àäñîðáöèÿ, ò´ò©ûðëû©, êîíöåíòðàöèÿ.

Àííîòàöèÿ. Â íàñòîÿùåé ñòàòüå ïðèâåäåíû ìîäåëüíûå çàäà÷è ïðîöåññà âûòåñíåíèÿ íåôòè

ïîëèìåðîì, êîòîðàÿ ñîñòîèò èç îñíîâíûõ óðàâíåíèè äëÿ ìîäåëèðîâàíèÿ òå÷åíèè æèäêîñòåé

â ïîðèñòîé ñðåäå è ãèäðîäèíàìè÷åñêàÿ ìîäåëü, êîòîðàÿ îïèñûâàåò ïðîöåññ âîçäåéñòâèÿ ïðè-

ðîäíûì ïîëèñàõàðèäîì ãåëëàí íà íåîäíîðîäíûé ïëàñò. Ïîêàçàíû îñíîâíûå õàðàêòåðèñòèêè

ïëàñòà: êîýôôèöèåíò íåôòåîòäà÷è, ñðåäíåå çíà÷åíèå íàñûùåííîñòè íåôòè, äåáèòû íåôòè è

âîäû, êîòîðûå õàðàêòåðèçóþò ðàáîòó è ñîñòîÿíèå ñêâàæèíû. Ê òîìó æå, ïðèâåäåíû ãðàôèêè

ðàñïðåäåëåíèÿ äàâëåíèè, íàñûùåííîñòè è êîíöåíòðàöèè. Îñíîâíûì ðåçóëüòàòîì èññëåäîâà-

íèÿ ÿâëÿåòñÿ âû÷èñëèòåëüíûé àëãîðèòì, ðàçðàáîòàííûé íà îñíîâå ïðåäñòàâëåííîé ìîäåëè è

àíàëèç ðàñïðåäåëåíèÿ îñíîâíûõ òåõíîëîãè÷åñêèõ ïàðàìåòðîâ.

Êëþ÷åâûå ñëîâà: ïîëèìåð, ãåëëàí, ïîðèñòàÿ ñðåäà, îòíîñèòåëüíûå ôàçîâûå ïðîíèöàåìîñòè,

Äàðñè, ñêâàæèíà, èçîòåðìà Ãåíðè, àäñîðáöèÿ, âÿçêîñòü, êîíöåíòðàöèÿ.

Ââåäåíèå

Íà êàçàõñòàíñêèõ ìåñòîðîæäåíèÿõ ÷àñòî èñïîëüçóåòñÿ ìåòîä çàêà÷êè âîäû äëÿ ïîâûøåíèÿ

ïëàñòîâîãî äàâëåíèÿ. Íî, íà ñðåäíèõ ñòàäèÿõ ðàçðàáîòêè âûñîêîâÿçêèõ íåôòÿíûõ ìåñòîðîæäå-

íèé íåèçìåííî âñòàåò êîìïëåêñíàÿ ïðîáëåìà ñíèæåíèÿ íåôòåîòäà÷è ïëàñòà ñîïðÿæåííàÿ ñ ïàäå-

íèåì ïëàñòîâîãî äàâëåíèÿ è ïîâûøåíèåì îáâîäí¼ííîñòè ïðîäóêöèè. Ìåòîä çàêà÷êè ïîëèìåðîâ

â ïðîäóêòèâíûé ïëàñò â íàñòîÿùåå âðåìÿ øèðîêî èñïîëüçóåòñÿ â íåôòÿíîé ïðîìûøëåííîñòè â

êà÷åñòâå çàãóñòèòåëåé âîäû è ðàññìàòðèâàåòñÿ êàê îäèí èç ýôôåêòèâíûõ òðåòè÷íûõ ìåòîäîâ ïî-

âûøåíèÿ íåôòåîòäà÷è ïëàñòîâ ñ âûñîêîé îáâîäíåííîñòüþ è íèçêèì ïëàñòîâûì äàâëåíèåì. Ïðè

òàêîì ìåòîäå âûòåñíåíèÿ ïîëó÷àåì óâåëè÷åíèå âÿçêîñòè è óìåíüøåíèå ïðîíèöàåìîñòè ïî âîä-

íîé ôàçå, ÷òî ïðèâîäèò ê ïîâûøåíèþ ýôôåêòèâíîñòè çàâîäíåíèÿ è óâåëè÷åíèå êîýôôèöèåíòà

íåôòåîòäà÷è. Â ñòàòüå ðàññìàòðèâàåòñÿ ñëó÷àé ïîëèìåðíîãî çàâîäíåíèÿ, êîãäà â êà÷åñòâå âû-

òåñíÿþùåãî àãåíòà èñïîëüçóåòñÿ ãåëåïîëèìåð - ðàñòâîðåííûé â âîäå ãåëëàí. Ïî õèìè÷åñêîìó

ñòðîåíèþ ãåëëàí ÿâëÿåòñÿ ïîëèìåðîì èç ãðóïïû ïîëèñàõàðèäîâ. Ïîâòîðÿþùååñÿ çâåíî â ìàêðî-

ìîëåêóëÿðíîé ñòðóêòóðå ñîñòîèò èç îñòàòêîâ 4 ïîëèñàõàðèäîâ: 2õ β-D-ãëþêîç, β-D-ãëþêóðîíîâîé

êèñëîòû è α-L-ðàìíîçû [1,2]. Íà Ðèñóíêå 1 ïîêàçàíî õèìè÷åñêàÿ ñòðóêòóðà ãåëëàíà, â êîòîðîì

ìîæíî óâèäåòü, ÷òî îíî ñîñòîèò èç ïîâòîðÿþùèõñÿ çâåíüåâ - ïîëèìåðîâ.

Ôèçè÷åñêàÿ ìîäåëü. Ðàññìîòðèì çàäà÷ó, êîãäà ÷åðåç íàãíåòàòåëüíóþ ñêâàæèíó, íà÷èíàÿ ñ

íåêîòîðîãî ìîìåíòà, çàêà÷èâàåòñÿ âîäà çàäàííîé òåìïåðàòóðû ñ ðàñòâîðåííîé â íåé ïîëèìåðîì.

Íà íàãíåòàòåëüíîé è äîáûâàþùåé ñêâàæèíàõ çàäàíî äàâëåíèå íàãíåòàíèÿ è äîáûâàíèÿ, ëèáî îáú-
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Ðèñóíîê 1 Ñòðóêòóðíàÿ ôîðìóëà ãåëëàíà

åìû çàêà÷èâàåìîé âîäû èëè äåáèòû ñêâàæèí. Íàãíåòàåìàÿ âîäà âûòåñíÿåò îñòàâøóþñÿ â ïëàñòå

íåôòü, êîòîðàÿ ïîñòóïàåò â äîáûâàþùóþ ñêâàæèíó. Òðåáóåòñÿ èññëåäîâàòü äàííóþ ïðîáëåìó

è ðàçðàáîòàòü êîìïüþòåðíóþ ìîäåëü àíàëèçà ìàññîîáìåííûõ ïðîöåññîâ ïðè âûòåñíåíèè íåôòè

âîäîé (ñ ñîäåðæàíèåì ïîëèìåðà) â ïëàñòå.

Ðèñóíîê 2 Ñõåìû ðàñïîëîæåíèÿ íàãíåòàòåëüíûõ è äîáûâàþøèõ ñêâàæèí

Ìàòåìàòè÷åñêàÿ ìîäåëü è ïîñòàíîâêà çàäà÷è

Ìàññîïåðåíîñ ïîëèìåðà â ïëàñòå ïðè âûòåñíåíèè íåôòè ïðîòåêàåò ïî ñëîæíîìó ìåõàíèç-

ìó, ïîñêîëüêó ïîëèìåð ó÷àñòâóþò â íåñêîëüêèõ ïàðàëëåëüíî èäóùèõ ïðîöåññàõ: ðàñïðåäåëåíèå

ìåæäó íåôòüþ è âîäîé, àäñîðáöèÿ èç îáåèõ ôàç íà ïîâåðõíîñòè ïîðîäû èç âîäû è íåôòè [3].

Ìàòåìàòè÷åñêàÿ ìîäåëü äâóõôàçíîé ôèëüòðàöèè ñîñòîèò èç óðàâíåíèé áàëàíñà âîäû è íåôòè â

ïîòîêå, îáîáùåííûé çàêîí äâèæåíèÿ Äàðñè è óðàâíåíèè äëÿ êîíöåíòðàöèè ïîëèìåðà ñî ñëåäóþ-

ùèìè äîïóùåíèÿìè:

- òå÷åíèå äâóìåðíîå;

- æèäêîñòè íåñæèìàåìûå;

- ïðåíåáðåãàåì êàïèëëÿðíûìè ýôôåêòàìè;

- íå ó÷èòûâàþòñÿ ãðàâèòàöèîííûå ñèëû;

- ïîòîê ïîä÷èíÿåòñÿ çàêîíó Äàðñè.

Ñèñòåìà óðàâíåíèé äëÿ îáëàñòè Ω ñ ãðàíèöåé ∂Ω ìîæåò áûòü çàïèñàíà â ñëåäóþùåì âèäå:

m
∂s

∂t
+ div(~v1) = q1, (1)
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−m∂s

∂t
+ div(~v2) = q2, (2)

~vi = −K0
fi(s)

µi
5 P, (3)

−m∂

∂t
(c1s+ (1− s)c2) +

∂a

∂t
+ div(~v1c1) + div(~v2c2) = div(D5 c) + q1c1 + q2c2, (4)

ñ óðàâíåíèåì êèíåòèêè ìàññîáìåíà â ïîðèñòîé ñðåäå ïðè c1 = c è c2 = φ(c)

∂a

∂t
=

1

τ
(G(c)− a),

G(c) =


1 , c > c∗

[0, 1] , c = c∗

c , c < c∗

(5)

ãäå m,mui, fi,K0, qi, c
∗ - ñîîòâåòñòâåííî ïîðèñòîñòü ñðåäû, âÿçêîñòè æèäêîñòåé, îòíîñèòåëüíûå

ôàçîâûå ïðîíèöàåìîñòè, àáñîëþòíàÿ ïðîíèöàåìîñòü ñðåäû, ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè

ñêâàæèí, èçâåñòíîå çíà÷åíèå êîíöåíòðàöèè ïðèìåñè. Ó÷åò âëèÿíèè ãåëëàíà íà äâèæåíèå æèäêî-

ñòè â ïîðèñòîé ñðåäå îñóùåñòâëÿåòñÿ ÷åðåç µ = µ(T, c, s) è K0 = K0(x, c) [4].

Òàêèì îáðàçîì, òðåáóåòñÿ íàéòè ôóíêöèé {P, s, V, c, a}, cîîòâåòñòâåííî äàâëåíèå, íàñûùåí-

íîñòü âîäû, ñêîðîñòü òå÷åíèÿ, êîíöåíòðàöèÿ ïîëèìåðà è ôóíêöèÿ àäñîðáöèè óäîâëåòâîðÿþùèå

ñîîòíîøåíèÿì (1)-(4), íà÷àëüíûìè è ãðàíè÷íûìè óñëîâèÿìè [5]:

s|t=0 = s0(x), c|t=0 = c0(x), a|t=0 = a0(x) (6)

Ñëó÷àé 1:

(P, s, c)|∂Ω = (P0, s0, c0); (7)

Ñëó÷àé 2:
∂s
∂n |∂Ω = 0;−D ∂c

∂n + ~v1nc|∂Ω = qnc̃;
∂P
∂n |∂Ω = γV ; (8)

Âû÷èñëèòåëüíûé ìåòîä

Èñïîëüçóåòñÿ àëãîðèòì ðàçäåëüíîãî îïðåäåëåíèÿ ïîëåé äàâëåíèÿ è íàñûùåííîñòè (êîíöåí-

òðàöèè). Ïî çàäàííîìó ðàñïðåäåëåíèþ íàñûùåííîñòè è êîíöåíòðàöèè íà n-îì âðåìåííîì ñëîå

îïðåäåëÿåòñÿ äàâëåíèå íà ýòîì æå ñëîå Pnij , ñ èñïîëüçîâàíèåì êîòîðîãî íàõîäÿòñÿ sn+1
ij , cn+1

ij .

Çàòåì âû÷èñëåíèÿ ïîâòîðÿþòñÿ â òîé æå ïîñëåäîâàòåëüíîñòè. Äëÿ ïðîâåðêè òî÷íîñòè ðåçóëüòà-

òîâ êîíòðîëèðóåòñÿ ñîâïàäåíèå äåáèòîâ äîáûâàþùåé è íàãíåòàòåëüíîé ñêâàæèí, ñðàâíèâàþòñÿ

êîëè÷åñòâî çàêà÷åííîãî ïîëèìåðà è êîëè÷åñòâî äîáûòîãî è íàõîäÿùåãîñÿ â ïëàñòå ïîëèìåðà.

Ïðåæäå ÷åì ïåðåéòè ê ñîçäàíèþ àëãîðèòìà äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è, íåîáõîäè-

ìî ïðèâåñòè óðàâíåíèÿ ê áåçðàçìåðíîìó âèäó, äëÿ òîãî ÷òîáû âñå ïåðåìåííûå ìàòåìàòè÷åñêîé

ìîäåëè èìåëè îäèíàêîâûé ïîðÿäîê. Ââåäåì áåçðàçìåðíûå ïåðåìåííûå ñ ïîìîùüþ ñëåäóþùèõ

ñîîòíîøåíèé:

x =
x

Lx
, y =

y

Ly
, k =

k

Lc
,mu1 =

mu1

muc
,mu2 =

mu2

muc
, P =

P

Pc
, t =

t

T
(9)
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Ïîäñòàâèâ ýòè ïåðåìåííûå â (1)�(3), ïîëó÷èì áåçðàçìåðíûé âèä èñõîäíîé ñèñòåìû óðàâíå-

íèé. Ïðè ýòîì, äëÿ óäîáñòâà îáîçíà÷èì áåçðàçìåðíûå ïåðåìåííûå ïîëó÷åííîãî óðàâíåíèÿ êàê â

èñõîäíîé ñèñòåìå, ïîëó÷èì :

m
∂s

∂t
+ div(~v1) = q1, (10)

−m∂s

∂t
+ div(~v2) = q2, (11)

~vi = −K0
fi(s)

µi
5 P, (12)

−m∂

∂t
(c1s+ (1− s)c2) +R1

∂a

∂t
+ div(~v1c1) + div(~v2c2) = R2div(D5 c) + q1c1 + q2c2, (13)

Ïóòåì ñëîæåíèÿ (10) è (11) ïîëó÷èì óðàâíåíèå äëÿ äàâëåíèÿ:

∂

∂x
(Mx

∂P

∂x
) +

∂

∂y
(My

∂P

∂y
) = −lq(x, y)(P − Pbhp)

2πM

log(Rrc )
, (14)

M = K0
f1(s)
µ1

+K0
f2(s)
µ2

(15)

Mx = K0x
f1(s)
µ1

+K0x
f2(s)
µ2

(16)

My = K0y
f1(s)
µ1

+K0y
f2(s)
µ2

(17)

Ïîñëå ïðèâåäåíèÿ (14) â ðàçíîñòíûé âèä, óðàâíåíèå ðåøàåòñÿ ìåòîäîì ßêîáè [6]. Èòåðàöèè

çàêàí÷èâàþòñÿ ïðè âûïîëíåíèè óñëîâèè√∑n
i=1

∑n
j=1(Pn+1

ij − Pnij)2 < ε (18)

ãäå çíà÷åíèå äàâëåíèÿ ïðîñ÷èòûâàåòñÿ äî òîãî ìîìåíòà, äëÿ êîòîðîãî âûïîëíÿåòñÿ óñëîâèå (18),

òîãäà äëÿ ðåøåíèÿ â óðàâíåíèå íàñûùåííîñòè (10) ïîäñòàâëÿåòñÿ çíà÷åíèå äàâëåíèÿ íà ýòîì ñëîå.

Ðàçíîñòíûå àíàëîãè äëÿ óðàâíåíèÿ íàñûùåííîñòè è êîíöåíòðàöèè çàïèñûâàþòñÿ ñëåäóþùèì

îáðàçîì [6]:

m
sn+1
ij − snij

τ
= (q1)ij + ((k1)i+ 1

2
j

Pni+1j − Pnij
h2

1

− (k1)i− 1
2
j

Pnij − Pni−1j

h2
1

+

+(k1)ij+ 1
2

Pnij+1 − Pnij
h2

2

− (k1)ij− 1
2

Pnij − Pni−1j

h2
2

)

(19)

Äëÿ óðàâíåíèÿ êîíöåíòðàöèè ïîëèìåðà:

Un+1
ij − Unij

τ
= R2((Di+ 1

2
j

cni+1j − cnij
h2

1

−Di− 1
2
j

cnij − cni−1j

h2
1

+Dij+ 1
2

cnij+1 − cnij
h2

2

−Dij− 1
2

cnij − cni−1j

h2
2

)−

−(
(uc)ni+1/2j − (uc)ni−1/2j

h1
+

(vc)nij+1/2 − (vc)nij−1/2

h2
+

(uφ(c))ni+1/2j − (uφ(c))ni−1/2j

h1
+

+
(vφ(c))nij+1/2 − (vφ(c))nij−1/2

h2
) + (q1c)ij + (q2φ(c))ij

(20)

Un+1
ij = m(cn+1

ij sn+1
ij + φ(c)n+1

ij (1− sn+1
ij )) +R1a

n+1
ij (21)
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(cn+1
ij )q+1 = (cn+1

ij )q +
Un+1
ij −m((cn+1

ij )qsn+1
ij + φ(cn+1

ij )q(1− sn+1
ij ))−R1a(cn+1

ij )q

m(sn+1
ij + φ′(cn+1

ij )q(1− sn+1
ij )) +R1a′(c

n+1
ij )q

(22)

Òàêæå óðàâíåíèé ðåøàþòñÿ ïîñëåäîâàòåëüíûì ïðèìåíåíèåì ìåòîäà ñêàëÿðíîé ïðîãîíêè [7] è

ðàçäåëüíî îïðåäåëÿåòñÿ ïîëå äàâëåíèÿ, íàñûùåííîñòè è êîíöåíòðàöèè. Êîýôôèöèåíòû ïðîãîíêè

äëÿ ñèñòåìû óðàâíåíèé (10) - (13) çàïèñàíû íèæå. Äàâëåíèå ïî õ:

Ai = Mxi−1/2j ;Bi = Mxi+1/2j ;

Ci = −(Mxi+1/2j +Mxi−1/2j +Myij−1/2 +Myij−1/2)

Di = −(Myij−1/2Pij+1 +Myij−1/2Pij−1 +MprodPprod +MinjPinj)

(23)

Äàâëåíèå ïî y:

Aj = Myij−1/2;

Bj = Myij+1/2;

Cj = −(Mxi+1/2j +Mxi−1/2j +Myij−1/2 +Myij−1/2)

Dj = −(Mxi+1/2jPi+1j +Mxi−1/2jPi−1j +MprodPprod +MinjPinj)

(24)

Êîíöåíòðàöèÿ ïî õ:

Ai = Ai(x, v1x, v2x, D,R2);

Bi = Ai(x, v1x, v2x, D,R2);

Ci = Ai(x, y, v1x, v2x, v1y, v2y, D, s,R1, R2);

Di = Ai(x, y, v1x, v2x, v1y, v2y, D, s,R1, R2, c);

(25)

Êîíöåíòðàöèÿ ïî y:

Aj = Aj(y, v1y, v2y, D,R2);

Bj = Aj(y, v1y, v2y, D,R2);

Cj = Aj(x, y, v1x, v2x, v1y, v2y, D, s,R1, R2);

Dj = Aj(x, y, v1x, v2x, v1y, v2y, D, s,R1, R2, c);

(26)

Ðåçóëüòàòû ðàñ÷åòîâ ïîëó÷åíû â ñëó÷àå, êîãäà îòíîñèòåëüíûå ôàçîâûå ïðîíèöàåìîñòè è

ôóíêöèÿ àäñîðáöèè èìåþò ñëåäóþùèé âèä:

f1(s) = s3.5; f2(s) = (1− s)3.5; (27)

a = Γc (Èçîòåðìà Ãåíðè) (28)

Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ

Ðåçóëüòàòû ÷èñëåííîãî ðàñ÷åòà, êîòîðûé ïðîèçâîäèëñÿ íà ÿçûêå Ñ++, ìîæíî óâèäåòü íà

íèæåïðèâåäåííûõ ðèñóíêàõ.

Îïðåäåëåíû îñíîâíûå òåõíîëîãè÷åñêèå ïîêàçàòåëè, òàêèå êàê: ñðåäíÿÿ íåôòåíàñûùåííîñòü,

òåêóùàÿ íåôòåîòäà÷à, äîëÿ íåôòè â äîáûâàåìîé ïðîäóêöèè, êîëè÷åñòâî îòîáðàííîãî ïîëèìåðà

íà äîáûâàþùåé ñêâàæèíå, îáùåå êîëè÷åñòâî çà âðåìÿ Tend äîáûòîé íåôòè è âîäû.
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Ðèñóíîê 3 Ãðàôèêè ðàñïðåäåëåíèÿ a) íàñûùåííîñòè âîäû; b) íàñûùåííîñòè íåôòè;c) êîíöåíòðà-
öèè ïîëèìåðà ÷åðåç 3 ìåñÿöà; d) êîíöåíòðàöèè ïîëèìåðà ÷åðåç 10 ìåñÿöåâ

Ðèñóíîê 4 Òåêóùèå äåáèòû íåôòè è âîäû

Ðèñóíîê 5 Ñðåäíÿÿ íàñûùåííîñòü íåôòè è òåêóùàÿ íåôòåîòäà÷à ïëàñòà
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Ðèñóíîê 6 Êîëè÷åñòâî îòîáðàííîãî ïîëèìåðà

Ðåøàÿ çàäà÷ó ïî ÿâíîé ñõåìå, ñòîëêíóëèñü ñ ïðîáëåìîé îãðàíè÷åíèÿ íà øàã ïî âðåìåíè, êî-

òîðîå ñâÿçàíî ñ óñòîé÷èâîñòüþ ñõåìû. Ïîýòîìó ýòà ñõåìà ïðèâîäèò ê áîëüøèì çàòðàòàì âðåìåíè

íà ðåøåíèå çàäà÷è, ÷òî íåóäîáíî. Äëÿ îáåñïå÷åíèÿ óñòîé÷èâîñòè ñõåìû íåîáõîäèìî ÷òîáû âû-

ïîëíÿëîñü ñëåäóþùåå óñëîâèå:

τ <
mδxδy

2

Îò ýòèõ îãðàíè÷åíèé èçáàâèëèñü ïóòåì ïåðåõîäà îò ÿâíîé ñõåìû ê íåÿâíîé. Íî ïðè ýòîì,

óñëîæíèëñÿ ïðîöåññ ðåøåíèÿ ñèñòåìû àëãåáðàè÷åñêèõ óðàâíåíèé, òàê êàê óâåëè÷èâàåòñÿ êîëè-

÷åñòâî âûïîëíÿåìûõ îïåðàöèè.

Íà ðèñóíêå 4 ïîêàçàíû òåêóùèå äåáèòû íåôòè è âîäû çà äåñÿòü ìåñÿöåâ ýêñïëóàòàöèè ñêâà-

æèí. Íà ýòîì ãðàôèêå ìîæíî çàìåòèòü ÷òî, äåáèò âîäû âîçðàñòàåò áûñòðåå ïðèìåðíî ïîñëå òðåõ

ìåñÿöåâ, ïî ñðàâíåíèþ ñ ïðåäûäóùèìè ìåñÿöàìè. Ñîîòâåòñòâåííî, äåáèò íåôòè äîñòèãàåò ñâîåãî

ìàêñèìóìà è â ñëåäóþùèå ìåñÿöû ïîòèõîíüêó íà÷èíàåò ïàäàòü. Ðèñóíîê 5 îïèñûâàåò èçìåíåíèå

ñðåäíåé çíà÷åíèé íåôòè è òåêóùåé íåôòåîòäà÷è ïëàñòà. Ïåðâûå äâà ìåñÿöà ñðåäíÿÿ íåôòåíàñû-

ùåííîñòü ñòðåìèòåëüíî ïàäàåò, â òî âðåìÿ êàê íåôòåîòäà÷à ïëàñòà ðåçêî âîçðàñòàåò. Ïîñëå ÷åãî

ìîæíî óâèäåòü óìåíüøåíèå ñêîðîñòè ïàäåíèÿ íàñûùåííîñòè è ðîñòà íåôòåîòäà÷è. Íà ðèñóíêå

3a è 3b ìîæíî ïîñìîòðåòü ðàñïðåäåëåíèå íàñûùåííîñòåé âîäû è íåôòè, à òàêæå ðàñïðåäåëåíèå

êîíöåíòðàöèè ïîëèìåðà ïîñëå 3-õ è 10-òè ìåñÿöåâ çàêà÷êè.

Çàêëþ÷åíèå

Â ðàáîòå èññëåäîâàíû âîïðîñû ìàòåìàòè÷åñêîãî è ÷èñëåííîãî ìîäåëèðîâàíèÿ ïðîöåññà âû-

òåñíåíèÿ íåôòè ñ èñïîëüçîâàíèåì òåõíîëîãèè çàêà÷êè ïîëèìåðà â íåôòÿíîé ïëàñò. Áûëè ïðî-

âåäåíû ÷èñëåííûå ýêñïåðèìåíòû è îïðåäåëåíû îñíîâíûå òåõíîëîãè÷åñêèå ïîêàçàòåëè: ñðåäíåå

çíà÷åíèå íàñûùåííîñòè íåôòè, òåêóùàÿ íåôòåîòäà÷à, òåêóùèé äåáèò íåôòè è âîäû, êîëè÷åñòâî

îòîáðàííîé íåôòè íà äàííûé ìîìåíò âðåìåíè, êîëè÷åñòâî îòîáðàííîãî ïîëèìåðà. Ïîëó÷åííûå

ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëèçà äàííûõ è ïðîãíîçà óñëîâèé ýêñïëóàòàöèè ìå-

ñòîðîæäåíèé ïðè ðàáîòå â ñèñòåìå íàãíåòàòåëüíûõ è ýêñïëóàòàöèîííûõ ñêâàæèí.
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ÏÐÈÌÅÍÅÍÈÅ ÃÅÎÐÀÄÀÐÀ ÏÎ ÈÑÑËÅÄÎÂÀÍÈÞ

ÀÐÕÅÎËÎÃÈ×ÅÑÊÈÕ ÎÁÚÅÊÒÎÂ È ÏÎÄÏÎÂÅÐÕÍÎÑÒÍÛÕ

ÏÎÊÐÛÒÈÉ

Ê.Ò. Èñêàêîâ

Åâðàçèéñêèé íàöèîíàëüíûé óíèâåðñèòåò èì. Ë.Í. Ãóìèëåâà

Abstract. This paper presents the results of experimental and theoretical researches of determining

the geological section of the upper layers of the Earth. Experimental research was carried out

by the georadar (GPR) for prediction of the location of archaeological mound objects located in

Kazakhstan. And also the experimental researches on the diagnoses of the runway of private airport

located on the territory of Almaty in the Republic of Kazakhstan by using GPR are presented. For

interpretation of GPR data the mathematical model of wave propagation, which perturbed by a

plane wave incident on the surface is proposed.

Keywords: georadar (GPR), interpretation, radagramme, modeling.
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ó¡à àðíàë¡àí òºæiðèáåëiê æºíå òåîðèÿëû© çåðòòåóëåðäi­ íºòèæåëåði êåëòiðiëäi. �àçà©ñòàí

òåððèòîðèÿñûíäà îðíàëàñ©àí ©îð¡àííû­ àðõåîëîãèÿëû© îáúåêòiëåðiíi­ îðíàëàñóûí áîëæàó
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³øií ãåîðàäàðäû ©îëäàíóìåí òºæiðèáåëiê çåðòòåóëåð æ³ðãiçiëäi. Ñîíûìåí ©àòàð ãåîðàäàð-

äû ©îëäàíóìåí �Ð Àëìàòû îáëûñûíû­ àéìà¡ûíäà îðíàëàñ©àí æåêå ìåíøiê àýðîäðîìíû­

´øó-©îíó æîëà¡ûí áà©ûëàó áàðûñûíäà¡û òºæiðèáåëiê çåðòòåóëåð êåëòiðiëäi. Ãåîðàäàð ìºëi-

ìåòòåðií èíòåðïðåòàöèÿëàó ³øií æàçû©òû©©à ò³ñåòií æàçû© òîë©ûííû­ ºñåðiíåí àóûò©èòûí

òîë©ûí òàðàëóûíû­ ìàòåìàòèêàëû© ìîäåëi ´ñûíûëäû.

Êiëòòiê ñ°çäåð: ãåîðàäàð, èíòåðïðåòàöèÿ, ðàäàãðàììà, ìîäåëäåó.

Àííîòàöèÿ. Â íàñòîÿùåé ðàáîòå ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è òåîðåòè÷å-

ñêèõ èññëåäîâàíèé ïî îïðåäåëåíèþ ãåîëîãè÷åñêîãî ðàçðåçà âåðõíèõ ñëîåâ Çåìëè. Ïðîâåäåíû

ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî ïðîãíîçèðîâàíèþ ìåñòîðàñïîëîæåíèÿ àðõåîëîãè÷åñêèõ

îáúåêòîâ êóðãàíà ðàñïîëîæåííîãî íà òåððèòîðèè Êàçàõñòàíà ñ èñïîëüçîâàíèåì ãåîðàäàðà. À

òàêæå ïðèâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî äèàãíîñòèêå âçëåòíî-ïîñàäî÷íîé ïî-

ëîñû êîììåð÷åñêîãî àýðîäðîìà, ðàñïîëîæåííîãî íà òåððèòîðèè Àëìàòèíñêîé îáëàñòè ÐÊ, ñ

èñïîëüçîâàíèåì ãåîðàäàðà. Äëÿ èíòåðïðåòàöèè äàííûõ ãåîðàäàðà, ïðåäëàãàåòñÿ ìàòåìàòè÷å-

ñêàÿ ìîäåëü ðàñïðîñòðàíåíèÿ âîëí, âîçìóùåííûõ ïëîñêîé âîëíîé ïàäàþùèõ íà ïîâåðõíîñòü.

Êëþ÷åâûå ñëîâà: ãåîðàäàð, èíòåðïðåòàöèÿ, ðàäàãðàììà, ìîäåëèðîâàíèå.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî îïðåäåëåíèþ àðõåîëîãè÷åñ-

êèõ îáúåêòîâ

Â äàííîì ïóíêòå ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ èññëåäîâàíèé

ïî îïðåäåëåíèþ ãåîëîãè÷åñêîãî ðàçðåçà âåðõíèõ ñëîåâ Çåìëè. Ðàáîòû âûïîëíåíà ïîä ðóêîâîä-

ñòâîì, ïðîôåññîðà ÅÍÓ èìåíè Ë.Í. Ãóìèëåâà Ê.Ò. Èñêàêîâà è ïðîôåññîðà ÍÃÓ Ñ.È. Êàáàíèõè-

íà. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî ïðîãíîçèðîâàíèþ ìåñòîðàñïîëîæåíèÿ àðõåîëîãè÷åñêèõ

îáúåêòîâ êóðãàíà ðàñïîëîæåííîãî íà òåððèòîðèè Êàçàõñòàíà ñ èñïîëüçîâàíèåì ãåîðàäàðà (GPR),

ïðîâåäåíû ýêñïåäèöèåé: çàâåäóþùèì îòäåëîì ýïîõè êàìíÿ è ïàëåîìåòàëëà Èíñòèòóò àðõåîëîãèè

èìåíè À.Õ. Ìàðãóëàíà Ìèíèñòåðñòâî Îáðàçîâàíèÿ è Íàóêè ÐÊ ïðîôåññîðîì Êóðìàíêóëîâûì

Æîëäàñáåêîì, àðõåîëîãîì Èøàíãàëè Ñàãûíäûêîì è äîêòîðàíòîì PhD ÊàçÍÏÓ èìåíè Àáàÿ Áà-

êûòãåðååì Øîëïàíáàåâûì. Êîíñóëüòàöèè ïî ïðîâåäåíèþ ãåîðàäàðíîãî îáñëåäîâàíèÿ è àíàëèçà

îêàçûâàëè: Ìîðîçîâ Ï.À., Ìèõíî À.Í. è Ìåðêóëîâ Ñ.Â.

Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ èññëåäîâàíèé áûëè èçëîæåíû íà ìåæäóíà-

ðîäíûõ êîíôåðåíöèÿõ [1]-[4] â ñîàâòîðñòâå ñ ïðîôåññîðîì Ñ.È. Êàáàíèõèíûì.

Äëÿ ðåøåíèÿ îáðàòíîé çàäà÷è ïðèíÿòà ìàòåìàòè÷åñêàÿ ìîäåëü äâóìåðíîé çàäà÷è äëÿ óðàâ-

íåíèÿ ãåîýëåêòðèêè â ëèíåàðèçîâàííîé ïîñòàíîâêå [5]. Ïîñòðîåí èòåðàöèîííûé ìåòîä íàèñêî-

ðåéøåãî ñïóñêà. Âûïèñàíû ãðàäèåíòû ôóíêöèîíàëîâ è ñîîòâåñòâóþùèå èì ñîïðÿæåííûå çàäà÷è

[6,7].

Ïîñòàíîâêà çàäà÷è ñîñòîÿëà â ñëåäóþùåì: âûÿâëåíèå âíóòðåííåé ñòðóêòóðû ñòðîåíèÿ êóð-

ãàíà (îñòàâøèåñÿ îò íàäìîãèëüíûõ ñîîðóæåíèé è ìàâçîëååâ) ðàñïîëîæåííîãî íà òåððèòîðèè

Ðåñïóáëèêè Êàçàõñòàí; ãåîôèçè÷åñêîå îáñëåäîâàíèå ñòðóêòóðû ãðóíòà íà ïðåäìåò îáíàðóæåíèÿ

äðåâíèõ çàõîðîíåíèé è êóëüòîâûõ ñîîðóæåíèé ïîä çåìëåé.

Ðàáîòà ñîñòîÿëà èç ñëåäóþùèõ ÷àñòåé: îïèñàíèå îáúåêòà è åå ôèçè÷åñêîå ñîñòîÿíèå; òîïî-

ãðàôè÷åñêàÿ ñúåìêà îáúåêòà è ïëàí ðàçìåòêè êóðãàíà äëÿ ïðîâåäåíèÿ ãåîðàäàðíûõ èçìåðåíèé;

äàííûå ãåîëîãè÷åñêèõ ïðîôèëåé èññëåäóåìûõ îáúåêòîâ; ýêñïåðòíîå çàêëþ÷åíèå ïî ïðîãíîçèðî-

âàíèþ èññëåäóåìîãî îáúåêòà; ìàòåìàòè÷åñêàÿ ìîäåëü îáðàòíîé çàäà÷è.
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Ýêñïåðèìåíòàëüíûå ðàáîòû âûïîëíåíû ãåîôèçè÷åñêèì êîìïëåêñîì Ëîçà-Â, ñ èñïîëüçîâàíèåì

àíòåííû 150ñì (150ÌÃö), øàã ïî ïðîôèëþ 20ñì, ãëóáèíà çîíäèðîâàíèÿ äî 256 íñ.

Îáúåêòû èññëåäîâàíèÿ: áîëüøîé êóðãàí, ìàëûé êóðãàí è ïåðåøååê. Èçìåðåíèÿ ñ ãåîðàäàðîì

ïðîâåäåíû ñ èñïîëüçîâàíèåì 1,5 ìåòðîâîé àíòåííîé ñ èíòåðâàëîì ñíÿòèÿ äàííûõ ïîðÿäêà - 20 ñì.

Ïåðâûé îáúåêò �Áîëüøîé êóðãàí� çàíèìàåò ïëîùàäü 41 ìåòð x 48 ìåòð. Âòîðîé îáúåêò �Ìàëûé

êóðãàí� çàíèìàåò ïëîùàäü 21 ìåòð x 29,30 ìåòð.

Òðåòèé îáúåêò � �Ïåðåøååê� çàíèìàåò 4 ìåòðà õ 14 ìåòð. Íà �Áîëüøîì êóðãàíå� ïðîôèëü

èçìåðåíî 3 ìåòðîâîé àíòåííîé ìåæäó ëèíèÿìè 10-13 ñ øàãîì 30ñì. Âòîðîé ïðîôèëü èçìåðåí

3 ìåòðîâîé àíòåííîé ìåæäó ëèíèÿìè 21-24 â îáðàòíîì íàïðàâëåíèé, ñ øàãîì 30 ñì ñ çàïàñîì

èçìåðåíèÿ íà 22 ìåòðà.

Íà ðèñóíêàõ 1-2 ïîêàçàíû 3D ðàçðåçû Áîëüøîãî Áîëüøîãî Êóðãàíà è Ìàëîãî Êóðãàíà ñîîò-

âåòñòâåííî.

Ðèñóíîê 1 3D ðàçðåç Áîëüøîãî Êóðãàíà

Ðèñóíîê 2 Ðàçðåç Ìàëîãî êóðãàíà â 3D ðåæèìå ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ôèëüòðîâ
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Ýêñïåðòíîå çàêëþ÷åíèå ïî ïðîãíîçèðîâàíèþ èññëåäóåìîãî îáúåêòà

Îáúåêò � 1. �Áîëüøîé êóðãàí� � êðóãëûé õîëì ñ óãëóáëåíèåì íà âåðøèíå. Ãðóíò ïðåäñòàâ-

ëÿåò ñîáîé òîíêèé ïðèïîâåðõíîñòíûé ñëîé ïåñêà, êàìåííî-ïåñî÷íóþ ñìåñü.

Â ðåçóëüòàòå ïëîùàäíîãî 3Ä îáñëåäîâàíèÿ â ìàññèâå �Áîëüøîãî êóðãàíà� îáíàðóæåí îáúåêò

ïðàâèëüíîé ãåîìåòðè÷åñêîé ôîðìû ðàçìåðàìè (10 õ 12 ì). Îáúåêò óâåðåííî âûäåëÿåòñÿ íà ôîíå

ãåîëîãè÷åñêîé ñòðóêòóðû íàñûïíîãî ãðóíòà ìàññèâà êóðãàíà. Îáúåêò îðèåíòèðîâàí ÞÇ � ÑÂ.

Åñòü îñíîâàíèÿ ïðåäïîëîæèòü, ÷òî îáíàðóæåííûé îáúåêò, ïî êîíñòðóêöèè è ðàçìåðàì, ïîäîáíûì,

îáíàðóæåííûì ðàíåå â ýòîì ðàéîíå, ÿâëÿåòñÿ àðõèòåêòóðíîé êîíñòðóêöèåé èç íåîáðàáîòàííîãî

êàìíÿ, âõîäÿùåé â êîìïëåêñ öåíòðàëüíîãî çàõîðîíåíèÿ. Ïî ðåçóëüòàòàì ãåîðàäàðíîãî îáñëåäîâà-

íèÿ, åñòü îñíîâàíèÿ äëÿ ðåêîìåíäàöèé ïðîâåñòè àðõåîëîãè÷åñêèå ðàñêîïêè â çîíå îáíàðóæåííîãî

îáúåêòà.

Ñëåäóåò îòìåòèòü, ÷òî â öåíòðàëüíîé ÷àñòè ñ þæíîãî ñêëîíà êóðãàíà ðåãèñòðèðóþòñÿ ñëåäû

ïîãðåáåííîé ÿìû, ÷òî ìîæåò ñâèäåòåëüñòâîâàòü î âîçìîæíîì íåñàíêöèîíèðîâàííîì ïðîíèêíîâå-

íèè â çàõîðîíåíèå.

Îáúåêò � 2. �Ìàëûé êóðãàí� � êðóãëûé õîëì, óãëóáëåíèåì íà âåðøèíå. Íà âåðøèíå ïðîõîäèò

óãëóáëåííàÿ äîðîãà. Ãðóíò ïðåäñòàâëÿåò ñîáîé òîíêèé ïðèïîâåðõíîñòíûé ñëîé ïåñêà, êàìåííî

ïåñî÷íóþ ñìåñü.

Â ðåçóëüòàòå ïëîùàäíîãî 3Ä îáñëåäîâàíèÿ â ìàññèâå �Ìàëîãî êóðãàíà� îáíàðóæåíû ôðàã-

ìåíòû êîíñòðóêöèè èç íåîáðàáîòàííîãî êàìíÿ, îáðàçóþùèå ¾ïîäêâàäðàòíóþ¿ ôîðìó áîëüøèõ

ðàçìåðîâ, îðèåíòèðîâàííóþ òàê æå, êàê è îáúåêò â Áîëüøîì êóðãàíå.

Ïî êîíñòðóêöèè è ðàçìåðàì, îáúåêò ïîõîæ íà ïîãðåáåííîå îãðàæäåíèå èç íåîáðàáîòàííîãî

êàìíÿ.

Îáúåêò � 3. �Ïåðåøååê ìåæäó êóðãàíàìè� � îòíîñèòåëüíî ðîâíûé ñ óêëîíîì â íà÷àëå è â

êîíöå. Ãðóíò ïðåäñòàâëÿåò ñîáîé òîíêèé ïðèïîâåðõíîñòíûé ñëîé ïåñêà, êàìåííî ïåñî÷íóþ ñìåñü.

Â ðåçóëüòàòå ïëîùàäíîãî 3D îáñëåäîâàíèÿ â ìàññèâå ïëîùàäêè �3 çàðåãèñòðèðîâàíà ëèíåé-

íàÿ êîíñòðóêöèÿ, ñîåäèíÿþùàÿ îáúåêòû Áîëüøîãî è Ìàëîãî êóðãàíîâ.

Ïðèìåíåíèå ãåîðàäàðà â çàäà÷àõ èäåíòèôèêàöèè ïîäïîâåðõíîñò-

íûõ ïîêðûòèé

Â äàííîì ïóíêòå ïðèâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïî äèàãíîñòèêå âçëåòíî-ïîñà-

äî÷íîé ïîëîñû êîììåð÷åñêîãî àýðîäðîìà, ðàñïîëîæåííîãî íà òåððèòîðèè Àëìàòèíñêîé îáëàñòè

ÐÊ, ñ èñïîëüçîâàíèåì ãåîðàäàðà (GPR) [8-12]. Äëÿ èíòåðïðåòàöèè äàííûõ ãåîðàäàðà, ïðåäëàãà-

åòñÿ ìàòåìàòè÷åñêàÿ ìîäåëü ðàñïðîñòðàíåíèÿ âîëí, âîçìóùåííûõ ïëîñêîé âîëíîé ïàäàþùèõ íà

ïîâåðõíîñòü [13]. Äëÿ ðåøåíèÿ äâóìåðíîé îáðàòíîé êîýôôèöèåíòíîé çàäà÷è èñïîëüçóåòñÿ ìåòîä

ëèíåàðèçàöèè. Ðàçðàáîòàí îïòèìèçàöèîííûé ìåòîä ðåøåíèÿ îáðàòíûõ ëèíåàðèçîâàííûõ çàäà÷

[5-6, 12-14]. Ïðåäëîæåí àëãîðèòì ÷èñëåííîãî ðåøåíèÿ îäíîìåðíîé ïðÿìîé è îáðàòíîé çàäà÷è ïî

âîññòàíîâëåíèþ ôèçè÷åñêèõ ñâîéñòâ ñðåäû, ñ ó÷åòîì âëèÿíèÿ âîçäóõà, à òàêæå ïîìåõ, âîçíèêà-

þùèõ ïðè ýêñïëóàòàöèè ïðèáîðà [12].

Ïîñòàíîâêà çàäà÷è ñîñòîÿëà â ñëåäóþùåì: âûÿâëåíèå âíóòðåííåé ñòðóêòóðû ñòðîåíèÿ ó÷àñò-

êà âçëåòíî-ïîñàäî÷íîé ïîëîñû (ñ ÿâíûì äåôåêòîì). Îáñëåäîâàíèå ñòðóêòóðû ãðóíòà íà ïðåä-

ìåò îáíàðóæåíèÿ ïðè÷èí äåôåêòà ïîâåðõíîñòè ïîëîñû. Ïîñòàíîâêà çàäà÷è òðåáóåò ïðèìåíåíèÿ

íåðàçðóøàþùåãî ìåòîäà, äàþùåãî ïðåäñòàâëåíèå î ñîñòîÿíèè ãðóíòà ðàñïîëîæåííîãî ïîä ðàáî-



Âû÷èñëèòåëüíûå òåõíîëîãèè 195 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Ðèñóíîê 3 Äàííûå ãåîðàäàðíûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé îáúåêòà

Ðèñóíîê 4 3D ðàçðåç îáúåêòà

÷åé ïîêðûòèé ïîëîñû.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâåäåíû: ðóêîâîäèòåëåì ñëóæáû áåçîïàñíîñòè ïîëåòîâ

àýðîäðîìà, ïðîôåññîðîì ÅÍÓ èìåíè Ë.Í. Ãóìèëåâà Ê.Ò. Èñêàêîâûì, ïðîôåññîðîì ÍÃÓ Ñ.È.

Êàáàíèõèíûì è äîêòîðàíòîì PhD ÊàçÍÏÓ èìåíè Àáàÿ Æ.Î. Îðàëáåêîâîé.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âûïîëíåíû ãåîôèçè÷åñêèì êîìïëåêñîì Ëîçà-Â, ñ èñïîëü-

çîâàíèåì àíòåííû 100ñì (100ÌÃö), øàã ïî ïðîôèëþ 10ñì. ïî ïåðâîé òðàññå. Ñ èñïîëüçîâàíèåì

àíòåííû 150 ñì. (150 ÌÃö) ñ øàãîì 20 ñì. ïî âòîðîé òðàññå.

Íà ðèñóíêå 3 ïîêàçàíû äàííûå ãåîðàäàðà â âèäå ðàäàãðàìì.

Íèæå íà ðèñóíêå 4 ïðèâåäåíà 3D îáðàáîòêà, ïîëó÷åííûõ ïðîôèëåé:

Çàêëþ÷åíèå

Â ðåçóëüòàòå ïðîâåäåííîãî àíàëèçà ïðèõîäèì ê ñëåäóþùåìó çàêëþ÷åíèþ:

1 � ëèíåéíî ïðîòÿæåííûé îáúåêò (òðåùèíà, øîâ, êàáåëü. . . )
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2 � ïëîòíûé ñëîé ãðóíòà (ãëèíà, ïîäñûïêà ãðàâèÿ ñ êðóïíûì êàìíåì. . . )

3 � æåëåçî-áåòîííûé ëîòîê (äðåíàæ, òðóáû. . . )

4 - æåëåçî-áåòîííûé ëîòîê (äðåíàæ, òðóáû. . . )

5 � ÿìà, ñòàðîå ðóñëî ðó÷üÿ. . .

Çàìå÷àíèå. Â ñëó÷àå ïðîâåäåíèÿ ýêñïåðèìåíòàëüíûõ èçìåðåíèé ïàðàëëåëüíûõ âäîëü ïðåä-

ïîëàãàåìîãî èññëåäóåìîãî îáúåêòà, êàê âèäíî èç çàêëþ÷åíèÿ, ìû ïîëó÷àåì áîëåå ïîäðîáíóþ

êàðòèíó îá èññëåäóåìîì äåôåêòå ïîâåðõíîñòè àýðîäðîìà. Êàê ïîêàçàëî ýêñïåðèìåíòàëüíûå èñ-

ñëåäîâàíèÿ, íåîáõîäèìî ïðîâåäåíèÿ äâóõ ýòàïîâ ýêñïåðèìåíòà, íà ïåðâîì âûÿâëÿåòñÿ ïðåäïîëà-

ãàåìûé îáúåêò, à íà âòîðîì âîêðóã ýòîãî îáúåêòà íóæíî ïðîâåñòè òùàòåëüíûå èçìåðåíèÿ.

Ðàáîòà ïîääåðæàíà ãðàíòîì ÌÎÍ ÐÊ 2217/ÃÔ3.
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Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ä. Ñåðèêáàåâà

Abstract. This article deals with the use of mathematical and computer modeling to improve the

e�ciency of the insurance company. The results of the method of statistical equations dependencies,

the results of computer simulation.

Keywords: risk management, the method of statistical equations dependencies, factor analysis.
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Àííîòàöèÿ. Â äàííîé ñòàòüå ðàññìàòðèâàþòñÿ âîïðîñû èñïîëüçîâàíèÿ ìàòåìàòè÷åñêîãî è

êîìïüþòåðíîãî ìîäåëèðîâàíèÿ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè äåÿòåëüíîñòè ñòðàõîâîé êîì-

ïàíèè. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ïðèìåíåíèÿ ìåòîäà ñòàòèñòè÷åñêèõ óðàâíåíèé çà-

âèñèìîñòåé, ïðåäñòàâëåíû ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: ðèñê-ìåíåäæìåíò, ìåòîä ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé, ôàê-

òîðíûé àíàëèç.

Ââåäåíèå.

Ñóùíîñòü ñòðàõîâàíèÿ çàêëþ÷àåòñÿ â ðàñïðåäåëåíèè óùåðáà ìåæäó âñåìè ó÷àñòíèêàìè ñòðà-

õîâàíèÿ. Ýòî ñâîåãî ðîäà êîîïåðàöèÿ ïî áîðüáå ñ ïîñëåäñòâèÿìè ñòèõèéíûõ áåäñòâèé è ïðîòè-

âîðå÷èÿìè, âîçíèêàþùèìè âíóòðè îáùåñòâà èç-çà ðàçëè÷èÿ èìóùåñòâåííûõ èíòåðåñîâ ëþäåé,

âñòóïèâøèõ â ïðîèçâîäñòâåííûå îòíîøåíèÿ.

Ñòðàõîâàíèå ÿâëÿåòñÿ îäíèì èç ýëåìåíòîâ ïðîèçâîäñòâåííûõ îòíîøåíèé. Îíî ñâÿçàíî ñ âîç-

ìåùåíèåì ìàòåðèàëüíûõ ïîòåðü, ÷òî ñëóæèò îñíîâîé äëÿ íåïðåðûâíîñòè è áåñïåðåáîéíîñòè

ïðîöåññà âîñïðîèçâîäñòâà. Âîçìåùåíèå ïîòåðü ïðîèçâîäèòñÿ â äåíåæíîé ôîðìå, ïîýòîìó ïðî-

èçâîäñòâåííûå îòíîøåíèÿ, ëåæàùèå â îñíîâå ñòðàõîâàíèÿ, ïðîÿâëÿþòñÿ ÷åðåç îáîðîò äåíåæíûõ

ñðåäñòâ, äåíåæíûå îòíîøåíèÿ. Ïîýòîìó ñòðàõîâàíèå îòíîñèòñÿ ê ñèñòåìå ôèíàíñîâ. Êàê è ôè-

íàíñû, ñòðàõîâàíèå ÿâëÿåòñÿ êàòåãîðèåé ðàñïðåäåëåíèÿ. Îäíàêî ýòî íå èñêëþ÷àåò âîçìîæíîñòè

èñïîëüçîâàíèÿ åãî íà âñåõ ñòàäèÿõ îáùåñòâåííîãî ïðîèçâîäñòâà: ïðîèçâîäñòâî, ðàñïðåäåëåíèå,

îáìåí, ïîòðåáëåíèå.

Â äàííîé ñòàòüå ðàññìàòðèâàþòñÿ âîïðîñû èñïîëüçîâàíèÿ ìàòåìàòè÷åñêîãî è êîìïüþòåðíîãî

ìîäåëèðîâàíèÿ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè äåÿòåëüíîñòè ñòðàõîâîé êîìïàíèè. Ñîâðåìåí-

íîå íàó÷íîå íàïðàâëåíèå ïðèêëàäíîé ìàòåìàòèêè, ñâÿçàííîå ñ íàó÷íî îáîñíîâàííûìè ìåòîäàìè

îöåíêè ñòðàõîâîãî ðèñêà - ñòðàõîâàÿ ìàòåìàòèêà ïðåäëàãàåò ðàçëè÷íûå ïîäõîäû ê ðåøåíèþ çàäà÷

ðèñê-ìåíåäæìåíòà.

Îäíèì èç ìàòåìàòè÷åñêèõ ìåòîäîâ, èñïîëüçóåìûõ â ñòðàõîâîé ìàòåìàòèêå, ÿâëÿåòñÿ ìåòîä

ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé, øèðîêî ïðèìåíÿåìûõ â ýêîíîìè÷åñêèõ ñèñòåìàõ. Äàí-

íûé ìåòîä ïîçâîëÿåò ïðîèçâåñòè îïðåäåëåíèå ìàòåìàòè÷åñêîé ìîäåëè çàâèñèìîñòè ðåçóëüòàòèâ-

íîãî ïðèçíàêà, íàïðèìåð îáùåãî êîëè÷åñòâà ñòðàõîâûõ ñëó÷àåâ îò ðàçëè÷íûõ ôàêòîðîâ, íàïðè-

ìåð îò âîçðàñòíîãî ôàêòîðà, îò âðåìåíè ãîäà, îò óñëîâèé íà ïðîèçâîäñòâå è ò.ä.

Ìåòîä ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé.

Ðåøåíèå çàäà÷è ýôôåêòèâíîé äåÿòåëüíîñòè ñòðàõîâîé êîìïàíèè íåâîçìîæíî áåç îöåíêè ñâÿ-

çåé ìåæäó ðàçëè÷íûìè ôàêòîðàìè è ðåçóëüòàòèâíûìè ïîêàçàòåëÿìè, âûÿâëåíèÿ èõ òåíäåíöèé

è ðàçðàáîòêè íîðìàòèâîâ è ïðîãíîçîâ. Ðåøåíèþ ýòîé çàäà÷è ñïîñîáñòâóåò ñîçäàíèå íàäåæíîé

èíôîðìàöèîííîé áàçû, ñîäåðæàùåé ñâåäåíèÿ î òåõ ôàêòîðàõ îêðóæàþùåé ñðåäû, êîòîðûå ôîð-

ìèðóþò òå èëè èíûå ÿâëåíèÿ â ñòðàõîâîì áèçíåñå.

Íåîáõîäèìî ÷åòêî ïðåäñòàâëÿòü èññëåäóåìóþ ñèñòåìó âî âñåì ìíîãîîáðàçèè âçàèìîñâÿçàí-

íûõ ôàêòîðíûõ è ðåçóëüòàòèâíûõ ïðèçíàêîâ. Ïðè ýòîì âàæíî âûäåëèòü ðîëü ôàêòîðîâ, êîòîðûå

ïîëîæèòåëüíî èëè îòðèöàòåëüíî âëèÿþò íà ïîâåäåíèå ñòðàõîâûõ ðèñêîâ. Îáúåêòèâíóþ õàðàê-

òåðèñòèêó âîçäåéñòâèÿ ðàçëè÷íûõ ôàêòîðîâ íà ñîñòîÿíèå ñòðàõîâûõ ðèñêîâ, ìîãóò îáåñïå÷èòü

ïðàâèëüíî ïîäîáðàííûå ñòàòèñòè÷åñêèå è ìàòåìàòè÷åñêèå ìåòîäû.

Ïðèìåíåíèå â ðàñ÷åòàõ ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé ïðåäóñìàòðèâàåò îïðåäåëå-

íèå íîðìàòèâîâ íà îñíîâàíèè ó÷åòà äåéñòâèÿ ôàêòîðîâ, à òàêæå îöåíêó ïîòåíöèàëà äåéñòâèÿ

ôàêòîðîâ ñ öåëüþ äîñòèæåíèÿ îïòèìóìà ïðè ïîäãîòîâêå äàëüíåéøèõ ìåðîïðèÿòèé.
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Ñòàòèñòè÷åñêèå óðàâíåíèÿ çàâèñèìîñòåé ïîçâîëÿþò îáîñíîâûâàòü ïðåäïðèíèìàåìûå øàãè ïî

îïòèìèçàöèè äåÿòåëüíîñòè ñòðàõîâîé êîìïàíèè, âû÷èñëÿòü ïðîãíîçíûå óðîâíè, äàâàòü îöåíêó

âëèÿíèÿ îòäåëüíûõ ôàêòîðîâ íà ðåçóëüòàòèâíûé ïðèçíàê, óñòàíàâëèâàòü óðîâíè ôàêòîðîâ ïðè

èçìåíåíèè ðåçóëüòàòèâíîãî ïðèçíàêà íà åäèíèöó, èëè êàêóþ-ëèáî çàäàííóþ âåëè÷èíó, îïðåäåëÿòü

ñîâîêóïíîå âëèÿíèå íà ðåçóëüòàòèâíûé ïðèçíàê èçìåíåíèÿ êàæäîãî èç ôàêòîðîâ íà åäèíèöó,

èëè äðóãóþ çàäàííóþ âåëè÷èíó, à òàêæå îöåíèâàòü èíòåíñèâíîñòü èñïîëüçîâàíèÿ ôàêòîðîâ äëÿ

äîñòèæåíèÿ ñðåäíåé âåëè÷èíû ðåçóëüòàòèâíîãî ïîêàçàòåëÿ.

Îñíîâíîé öåëüþ èçó÷åíèÿ ïðè÷èííîé çàâèñèìîñòè ÿâëÿåòñÿ âûÿâëåíèå ñâÿçåé, çàêîíîìåðíî-

ñòåé è òåíäåíöèé ðàçâèòèÿ. Ïðè÷èííàÿ çàâèñèìîñòü âûðàæàåò ñîîòíîøåíèå ìåæäó ôóíêöèåé è

àðãóìåíòîì â âèäå ðîñòà èëè ñíèæåíèÿ îäíîé ïåðåìåííîé âåëè÷èíû ïðè óâåëè÷åíèè èëè óìåíü-

øåíèè äðóãîé. Äëÿ âûÿâëåíèÿ çàâèñèìîñòè íåîáõîäèìî îïðåäåëèòü îñíîâíûå, íàèáîëåå âàæíûå

ïðèçíàêè ñòàòèñòè÷åñêîé ñîâîêóïíîñòè. Âñåñòîðîííåå èññëåäîâàíèå ñâÿçåé ìåæäó ÿâëåíèÿìè òðå-

áóåò íåèçîëèðîâàííîãî èçó÷åíèÿ îòäåëüíîãî ÿâëåíèÿ âíå ñâÿçè åãî ñ îêðóæàþùèìè ÿâëåíèÿìè è

ïðîöåññàìè.

Ñòàòèñòè÷åñêèå óðàâíåíèÿ çàâèñèìîñòåé îáåñïå÷èâàþò òàêæå ïîëó÷åíèå îäèíàêîâûõ çíà÷å-

íèé ïðè ïàðàìåòðàõ è îäèíàêîâûõ çíàêîâ äëÿ çíà÷åíèé ïàðàìåòðîâ ïðè ïåðåõîäå îò îäíîôàêòîð-

íûõ ê ìíîãîôàêòîðíûì óðàâíåíèÿì. Ïîñëåäíåå îáñòîÿòåëüñòâî ïîçâîëÿåò ðàçäåëèòü ôàêòîðíûå

ïðèçíàêè íà òå, êîòîðûå ïîëîæèòåëüíî èëè îòðèöàòåëüíî âëèÿþò íà ðåçóëüòàòèâíûå ïðèçíàêè.

Åùå îäíîé îñîáåííîñòüþ äàííîãî ìåòîäà ÿâëÿåòñÿ äîñòîâåðíîñòü ðàñ÷åòîâ ïðè ìàëî÷èñëåííûõ

ñîâîêóïíîñòÿõ äàííûõ äëÿ èçó÷åíèÿ ÿâëåíèé.

Ïðèìåíåíèå ìåòîäà ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé äëÿ ðàñ÷åòîâ â óñëîâèÿõ ìàëî-

÷èñëåííûõ ñîâîêóïíîñòåé äàåò âîçìîæíîñòü îòãðàíè÷èòü óñòîé÷èâóþ è íåóñòîé÷èâóþ çàâèñè-

ìîñòü ìåæäó ôàêòîðàìè è ðåçóëüòàòàìè õîçÿéñòâåííîé äåÿòåëüíîñòè. Òîëüêî íàëè÷èå óñòîé÷è-

âîé çàâèñèìîñòè äàåò âîçìîæíîñòü ïðîâîäèòü îáúåêòèâíûå íîðìàòèâíûå è ïðîãíîçíûå ðàñ÷åòû

è òåì ñàìûì ïîëó÷àòü äîñòîâåðíûå âûâîäû î ðàçâèòèè ýêîíîìè÷åñêèõ ÿâëåíèé è ïðîöåññîâ.

Êîýôôèöèåíòû ñðàâíåíèÿ � îñíîâàíèå ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé.

Ðàñ÷åò ïàðàìåòðîâ ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé îñíîâûâàåòñÿ íà îïðåäåëåíèè êî-

ýôôèöèåíòîâ ñðàâíåíèÿ ôàêòîðíûõ è ðåçóëüòàòèâíûõ ïðèçíàêîâ ïóòåì îòíîøåíèÿ îòäåëüíûõ

çíà÷åíèé îäíîèìåííîãî ïðèçíàêà ê åãî ìèíèìàëüíîìó èëè ìàêñèìàëüíîìó óðîâíþ. Îòíîñèòåëü-

íûå âåëè÷èíû ñðàâíåíèÿ îïðåäåëÿþò ñîîòíîøåíèåì óðîâíåé îäíîèìåííûõ âåëè÷èí ÿâëåíèÿ çà

îäèí è òîò æå ïåðèîä èëè ìîìåíò âðåìåíè ïî ðàçëè÷íûì îáúåêòàì (òåððèòîðèÿì), îäèí èç êî-

òîðûõ ïðèíèìàåòñÿ çà áàçó ñðàâíåíèÿ. Èõ èñïîëüçîâàíèå ïîçâîëÿåò óñòðàíèòü íåñðàâíèìîñòü â

ïðîâåäåíèè ñòàòèñòè÷åñêèõ ðàñ÷åòîâ ïîêàçàòåëåé, âûðàæåííûõ ðàçíîèìåííûìè âåëè÷èíàìè.

Êîýôôèöèåíòû ñðàâíåíèÿ ïîêàçûâàþò ñòåïåíü èçìåíåíèÿ (óâåëè÷åíèÿ èëè óìåíüøåíèÿ) âå-

ëè÷èíû ïðèçíàêà ïî îòíîøåíèþ ê ïðèíÿòîé áàçå ñðàâíåíèÿ. Ïðè óâåëè÷åíèè çíà÷åíèé ïðèçíàêà

êîýôôèöèåíòû ñðàâíåíèÿ èñ÷èñëÿþò îò ìèíèìàëüíîãî óðîâíÿ, à ïðè óìåíüøåíèè � îò ìàêñè-

ìàëüíîãî. Íà îñíîâå ýòèõ êîýôôèöèåíòîâ îïðåäåëÿåòñÿ ïàðàìåòð óðàâíåíèÿ çàâèñèìîñòè, ïðåä-

ñòàâëÿþùèé ñîáîé îòíîøåíèå ñóììû îòêëîíåíèé îò åäèíèöû âû÷èñëåííûõ êîýôôèöèåíòîâ ñðàâ-

íåíèÿ ðåçóëüòàòèâíîãî è ôàêòîðíîãî ïðèçíàêîâ.

Â îòëè÷èå îò èçâåñòíûõ â ñòàòèñòèêå êîýôôèöèåíòîâ ýëàñòè÷íîñòè ïàðàìåòð óðàâíåíèÿ çà-

âèñèìîñòè ïîçâîëÿåò ó÷åñòü âëèÿíèå íà ðåçóëüòàòèâíûé ïðèçíàê íå òîëüêî îäíîãî ôàêòîðà, íî

è ñîâîêóïíîãî äåéñòâèÿ ìíîãèõ ôàêòîðîâ.

Ïðèìåíåíèå ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòè äëÿ àíàëèçà âçàèìîñâÿçåé ÿâëåíèé òðåáó-

åò: êà÷åñòâåííîãî àíàëèçà èññëåäóåìûõ ôàêòîðíûõ è ðåçóëüòàòèâíûõ ïðèçíàêîâ; îäíîðîäíîñòè
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èçó÷àåìîãî ÿâëåíèÿ; îöåíêè óñòîé÷èâîñòè ñâÿçè ìåæäó ÿâëåíèÿìè; Ïåðâîå òðåáîâàíèå ïðåäó-

ñìàòðèâàåò íàëè÷èå ëîãè÷åñêîé çàâèñèìîñòè ìåæäó ôàêòîðíûìè è ðåçóëüòàòèâíûìè ïðèçíàêà-

ìè è èñïîëüçîâàíèå ïðÿìûõ ïîêàçàòåëåé, ïîçâîëÿþùèõ ïðîâîäèòü íîðìàòèâíûå ðàñ÷åòû. Âòîðîå

òðåáîâàíèå ïðåäïîëàãàåò èñêëþ÷åíèå èç ðàñ÷åòîâ çíà÷åíèé ïðèçíàêà (ìèíèìàëüíûõ èëè ìàêñè-

ìàëüíûõ), çíà÷èòåëüíî îòëè÷àþùèõñÿ (â äâà�òðè ðàçà) ñîîòâåòñòâåííî îò ñëåäóþùåé çà ìèíè-

ìàëüíîé èëè ïðåäøåñòâóþùåé ìàêñèìàëüíîé âåëè÷èíû.

Îöåíêà óñòîé÷èâîé èëè íåóñòîé÷èâîé ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì ïðèçíàêîì

ïðîâîäèòñÿ ïî øêàëå çàâèñèìîñòåé íà îñíîâå ðàñ÷åòà êîýôôèöèåíòà óñòîé÷èâîé ñâÿçè. Èñõîäíû-

ìè äàííûìè äëÿ ðàñ÷åòà ýòîãî êîýôôèöèåíòà ñëóæàò òàáëè÷íûå ìîäåëè îïðåäåëåíèÿ ïàðàìåòðîâ

óðàâíåíèé çàâèñèìîñòè.

Ñòàòèñòè÷åñêèå óðàâíåíèÿ çàâèñèìîñòåé âûðàæàþò ðàçëè÷íûå âèäû (îäíîôàêòîðíûå è ìíî-

ãîôàêòîðíûå) è íàïðàâëåíèÿ ñâÿçè (ëèíåéíóþ, êðèâîëèíåéíóþ è äð.) Äëÿ ðàñ÷åòà ïàðàìåòðîâ

óðàâíåíèé çàâèñèìîñòåé èñïîëüçóåòñÿ ñèñòåìà ôîðìóë, îïèñûâàþùàÿ çàâèñèìîñòè â âèäå ëèíåé-

íîé, ïàðàáîëè÷åñêîé, ãèïåðáîëè÷åñêîé è äð. ôóíêöèé.

Êðèòåðèÿìè âûáîðà âèäà óðàâíåíèÿ çàâèñèìîñòè ÿâëÿþòñÿ: íàèìåíüøàÿ ñóììà ëèíåéíûõ

îòêëîíåíèé ýìïèðè÷åñêèõ çíà÷åíèé ðåçóëüòàòèâíîãî ïðèçíàêà îò åãî òåîðåòè÷åñêèõ çíà÷åíèé;

ñîâïàäåíèå çíà÷åíèé êîýôôèöèåíòà è èíäåêñà êîððåëÿöèè (èõ ðàçëè÷èå íå äîëæíî ïðåâûøàòü

0,01).

Ìèíèìèçàöèÿ ñóììû îòêëîíåíèé ýìïèðè÷åñêèõ çíà÷åíèé ðåçóëüòàòèâíîãî ïðèçíàêà îò åãî

òåîðåòè÷åñêèõ çíà÷åíèé ïðè èñïîëüçîâàíèè êîìïüþòåðîâ îñóùåñòâëÿåòñÿ àâòîìàòè÷åñêè ïåðåáî-

ðîì äåñÿòè âèäîâ è íàïðàâëåíèé îäíîôàêòîðíîé ñâÿçè ñ âûáîðîì íàèëó÷øåãî óðàâíåíèÿ çàâè-

ñèìîñòè, îáåñïå÷èâàþùåãî ìèíèìóì ñóììû îòêëîíåíèé.

Ìîäåëè ðàñ÷åòà ïàðàìåòðîâ ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòè ñîîòâåòñòâóþùèõ âèäîâ

è íàïðàâëåíèé ñâÿçè ÿâëÿþòñÿ èñõîäíûìè äëÿ ðàñ÷åòà òåñíîòû ñâÿçè (êîýôôèöèåíòà è èíäåêñà

êîððåëÿöèè). Èõ ðàñ÷åò îñóùåñòâëÿåòñÿ êàê ñ öåëüþ îöåíêè òåñíîòû ñâÿçè, òàê è äëÿ ïîäòâåð-

æäåíèÿ ïðàâèëüíîñòè âûáîðà òèïà óðàâíåíèÿ çàâèñèìîñòè.

Îïðåäåëåíèå òèïà ôóíêöèè ÿâëÿåòñÿ ðåøàþùèì ìîìåíòîì â ðàñ÷åòàõ, òàê êàê îò ýòîãî çà-

âèñèò, ïðàâèëüíî ëè âûáðàííîå óðàâíåíèå îòðàæàåò ñóòü ñâÿçè ìåæäó ÿâëåíèÿìè. Âû÷èñëåíèå

ïàðàìåòðîâ çàâèñèìîñòè

Ñâîáîäíûé ÷ëåí óðàâíåíèÿ çàâèñèìîñòè èìååò ðåàëüíûé ïðàêòè÷åñêèé ñìûñë. Ýòî ìèíèìàëü-

íîå ymin èëè ìàêñèìàëüíîå ymax çíà÷åíèå ðåçóëüòàòèâíîãî ïðèçíàêà (ðèñóíîê 1)

Ðèñóíîê 1 Òåîðåòè÷åñêàÿ ëèíèÿ çàâèñèìîñòè

Ìèíèìàëüíîå çíà÷åíèå èçó÷àåìîãî ïðèçíàêà ymin îòðàæåíî ïðÿìîé ëèíèåé, ïàðàëëåëüíîé îñè

àáöèññ, à òåîðåòè÷åñêàÿ ëèíèÿ ëèíåéíîãî óðàâíåíèÿ çàâèñèìîñòè yx-íàêëîííîé ïðÿìîé. Óãîë á

ìåæäó ëèíèåé ìèíèìàëüíîãî çíà÷åíèÿ ïðèçíàêà è òåîðåòè÷åñêîé ëèíèåé õàðàêòåðèçóåò òåñíîòó
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ñâÿçè. Ïàðàìåòð b îïðåäåëÿåòñÿ ïî ôîðìóëå:

à) ïî àáñîëþòíûì îòêëîíåíèÿì:

b =

∑
(yi − ymin)∑
(xi − xmin)

. (1)

á) ïî îòêëîíåíèÿì êîýôôèöèåíòîâ ñðàâíåíèÿ îò åäèíèöû:

b =

∑
( yi
ymin

− 1)∑
( xi
xmin

− 1)
. (2)

Äëÿ óòî÷íåíèÿ âèäà óðàâíåíèÿ íóæíî âû÷èñëèòü ïàðàìåòð çàâèñèìîñòè b. Ïàðàìåòð çàâèñèìî-

ñòè âû÷èñëÿåòñÿ ïî ñëåäóþùåé ôîðìóëå:

b =

∑
(dy)∑
(dx)

. (3)

Âû÷èñëåíèå êîýôôèöèåíòîâ ñðàâíåíèÿ ôàêòîðíîãî ïðèçíàêà dx ïðîèçâîäèòñÿ ïî ñîîòâåòñòâóþ-

ùåé ôîðìóëå â çàâèñèìîñòè îò âûáðàííîé ìàòåìàòè÷åñêîé ìîäåëè. Âû÷èñëåíèå êîýôôèöèåíòîâ

ñðàâíåíèÿ ðåçóëüòàòèâíîãî ïðèçíàêà dy îñóùåñòâëÿåòñÿ ñ ó÷åòîì èçìåíåíèÿ åãî çíà÷åíèé:

à) ïðè óâåëè÷åíèè yi
ymin

− 1;

á) ïðè óìåíüøåíèè 1− yi
ymin

;

Ðàññìîòðèì ïðîöåññ îïðåäåëåíèÿ óðàâíåíèÿ çàâèñèìîñòè ñ ïîìîùüþ ðàññìàòðèâàåìîãî ìåòî-

äà íà ñëåäóþùåì ïðèìåðå:

Òàáëèöà 1 Ïðîðàíæèðîâàííûå ýìïèðè÷åñêèå äàííûå

X 8.5 14.5 21.2 21.9 24.4 28.9 31.6 32.9 35.6 52.4

Y 0.9 1.8 1.9 1.8 2 1.9 2.1 2.4 3.1 2.7

Ôàêòîðíûé ïðèçíàê õàðàêòåðèçóåò äàííûå ïî ñðåäíåìó âîçðàñòó êëèåíòîâ, äëÿ êîòîðûõ íà-

ñòóïèë äàííûé ñòðàõîâîé ñëó÷àé. Íàáëþäåíèÿ ïðîèçâîäèëèñü â òå÷åíèå äåñÿòè ïåðèîäîâ âðåìåíè.

Ðåçóëüòàòèâíûé ïðèçíàê õàðàêòåðèçóåò äîëþ íàñòóïëåíèÿ ñòðàõîâûõ ñëó÷àåâ â ýòè ïåðèîäû.

Çàäà÷à: Ïðèìåíèâ ìåòîä ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé, ïðîàíàëèçèðîâàòü è âû-

ÿâèòü óðàâíåíèå çàâèñèìîñòè äîëè ñòðàõîâûõ ñëó÷àåâ îò ñðåäíåãî âîçðàñòà êëèåíòîâ.

Ñòðîèòñÿ ýìïèðè÷åñêàÿ êðèâàÿ, ïîñòðîåííàÿ íà îñíîâå ïðîðàíæèðîâàííûõ äàííûõ îòíîñè-

òåëüíî ôàêòîðíîãî ïðèçíàêà. Âèä êðèâîé ïîçâîëÿåò ñóäèòü, ÷òî íàèáîëåå áëèçêî îòîáðàæàåò ýòó

ñâÿçü óðàâíåíèå ïðÿìîé ëèíåéíîé çàâèñèìîñòè.

Îáùèé âèä äàííîãî óðàâíåíèÿ:

yx = ymin(1 + bd xi
xmin

−1). (4)

Ðàññ÷èòàåì ïàðàìåòð çàâèñèìîñòè b. Äëÿ âû÷èñëåíèÿ êîýôôèöèåíòîâ ñðàâíåíèÿ ôàêòîðíîãî

ïðèçíàêà dx èñïîëüçóåì ñëåäóþùóþ ôîðìóëó:

dx =
xi
xmin

− 1

.
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Äëÿ âû÷èñëåíèå êîýôôèöèåíòîâ ñðàâíåíèÿ ôàêòîðíîãî ïðèçíàêà dx èñïîëüçóåì ñëåäóþùóþ

ôîðìóëó:

dy =
yi
ymin

− 1

.

Íåîáõîäèìûå ðàñ÷åòû ïðèâåäåíû â ñëåäóþùåé òàáëèöå:

Òàáëèöà 2 Òàáëèöà ðàñ÷åòîâ êîýôôèöèåíòîâ ñðàâíåíèÿ ôàêòîðíîãî è ðåçóëüòàòèâíîãî

ïðèçíàêîâ

� x y dx dy

1 8.5 0.9 0.00 0.00

2 14.5 1.8 0.706 1.00

3 21.2 1.9 1.494 1.111

4 21.9 1.8 1.577 1.00

5 24.4 2 1.871 1.222

6 28.9 1.9 2.4 1.111

7 31.6 2.1 2.718 1.333

8 32.9 2.4 2.871 1.666

9 35.6 3.1 3.188 2.444

10 52.4 2.7 5.165 2.00

ÈÒÎÃÎ 271.9 20.6 21.988 12.889

b =
12.889

21.988
= 0.586172 ≈ 0.59.

Èñêîìîå óðàâíåíèå èìååò âèä:

yx = 0.9(1 + 0.59dx)

Ñ ïîìîùüþ äàííîãî óðàâíåíèÿ, âû÷èñëèì òåîðåòè÷åñêèå çíà÷åíèÿ ðåçóëüòàòèâíîãî ïðèçíà-

êà. Ïðàâèëüíîñòü ïîäáîðà ìàòåìàòè÷åñêîé ìîäåëè çàâèñèìîñòè ìîæíî ïðîâåðèòü, ïîñòðîèâ íà

ïðåäûäóùåé êîîðäèíàòíîé ïëîñêîñòè êðèâóþ ïî òåîðåòè÷åñêèì çíà÷åíèÿì ðåçóëüòàòèâíîãî ïðè-

çíàêà. Ïðè óñïåøíîñòè ïîäáîðà ìîäåëè òåîðåòè÷åñêàÿ äîëæíà îòíîñèòåëüíî áëèçêî îïèñûâàòü

ýìïèðè÷åñêóþ êðèâóþ. Íà ñëåäóþùåì ðèñóíêå ìîæíî óâèäåòü, ÷òî ìîäåëü ïîäîáðàíà óñïåøíî.

Îöåíêà òåñíîòû è óñòîé÷èâîñòè ñâÿçè.

Îöåíêà òåñíîòû ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì ïðèçíàêàìè ïðîèçâîäèòñÿ ñ ïî-

ìîùüþ êîýôôèöèåíòà è èíäåêñà êîððåëÿöèè, çíà÷åíèÿ êîòîðûõ äîëæíû ëåæàòü â èíòåðâàëå îò 0

äî 1. ×åì áëèæå çíà÷åíèå äàííûõ âåëè÷èí ê 1, òåì òåñíåå ñâÿçü ìåæäó ïðèçíàêàìè. Ñòåïåíü òåñ-

íîòû èìååò ðåàëüíûé ïðàêòè÷åñêèé ñìûñë, òàê êàê ïîçâîëÿåò â êàêîé ìåðå ôàêòîðíûé ïðèçíàê

âëèÿåò íà ðåçóëüòàòèâíûé ïðèçíàê, íàñêîëüêî ôàêòîðíûé ïðèçíàê ÿâëÿåòñÿ îáóñëàâëèâàþùèì

ïîâåäåíèå ðåçóëüòàòèâíîãî ïðèçíàêà.

Çíà÷åíèå êîýôôèöèåíòà êîððåëÿöèè âû÷èñëÿåòñÿ ïî ñëåäóþùåé ôîðìóëå:

rxy =

∑
dxdy√∑
d2
x

∑
d2
y

. (5)
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Ðèñóíîê 2 Ýìïèðè÷åñêàÿ è òåîðåòè÷åñêàÿ êðèâûå çàâèñèìîñòè äîëè íàñòóïëåíèÿ ñòðàõîâûõ
ñëó÷àåâ îò ñðåäíåãî âîçðàñòà êëèåíòîâ

Çíà÷åíèå èíäåêñà êîýôôèöèåíòà êîððåëÿöèè âû÷èñëÿåòñÿ ïî ñëåäóþùåé ôîðìóëå:

R =

√
1−

∑
(dx − dyx)2∑

d2
y

. (6)

Äëÿ ïðåäûäóùåé çàäà÷è îöåíèì òåñíîòó ñâÿçè ìåæäó äîëåé ñòðàõîâûõ ñëó÷àåâ è ñðåäíèì âîç-

ðàñòîì êëèåíòîâ.

Òàáëèöà 3 Òàáëèöà ðàñ÷åòîâ îöåíêè òåñíîòû ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì

ïðèçíàêàìè

dx dy dxdy dx2 dx2 dyx (dx-dyx)2

0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.706 1.000 0.7059 0.498 1.000 0.414 0.344

1.494 1.111 1.6601 2.232 1.235 0.876 0.055

1.576 1.000 1.5765 2.485 1.000 0.924 0.006

1.871 1.222 2.2863 3.499 1.494 1.096 0.016

2.400 1.111 2.6667 5.760 1.235 1.407 0.087

2.718 1.333 3.6235 7.386 1.778 1.593 0.067

2.871 1.667 4.7843 8.240 2.778 1.683 0.0003

3.188 2.444 7.7935 10.165 5.975 1.869 0.331

5.165 2.000 10.329 26.674 4.000 3.027 1.056

21.988 12.889 35.426 66.940 20.494 12.889 1.963

rxy = 0.956466; R = 0.95091.

Ïîëó÷åííûå çíà÷åíèÿ êîýôôèöèåíòà è èíäåêñà ïîçâîëÿþò ïîäòâåðäèòü óñïåøíîñòü âûáðàí-

íîé ìàòåìàòè÷åñêîé ìîäåëè çàâèñèìîñòè è ñäåëàòü âûâîä î òîì, ÷òî ìåæäó ôàêòîðíûì è ðåçóëü-

òàòèâíûì ïðèçíàêàìè ñóùåñòâóåò âûñîêîé ñòåïåíè òåñíàÿ ñâÿçü, ò.å. âîçðàñò êëèåíòîâ ñòðàõîâîé

êîìïàíèè âëèÿåò íà äîëþ ñòðàõîâûõ ñëó÷àåâ.
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Îöåíêà óñòîé÷èâîñòè ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì ïðèçíàêàìè ïîçâîëÿåò îò-

ãðàíè÷èòü óñòîé÷èâûå è íåóñòîé÷èâûå ñâÿçè. Òàêàÿ õàðàêòåðèñòèêà êàê óñòîé÷èâîñòü ÿâëÿåòñÿ

äîñòàòî÷íî âàæíîé, òàê êàê ïîçâîëÿåò îïðåäåëèòü ìîæíî ëè íà îñíîâàíèè äàííîé ìîäåëè ïî-

ñòðîèòü äîñòîâåðíûå ïðîãíîçû î ïîâåäåíèè äàííîé ñèñòåìû â áóäóùåì.

Óñòîé÷èâîñòü ñâÿçè îöåíèâàåòñÿ ñ ïîìîùüþ êîýôôèöèåíòà óñòîé÷èâîñòè ïî ñëåäóþùåé ôîð-

ìóëå:

K = 1−
∑
| dy − bdx |∑

dy
. (7)

Óñòîé÷èâîñòü ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì ïðèçíàêàìè îöåíèâàåòñÿ ïî ïîëó-

÷åííîìó çíà÷åíèþ êîýôôèöèåíòà óñòîé÷èâîñòè ïî øêàëå êðèòåðèåâ óñòîé÷èâîñòè.

Òàáëèöà 4 Òàáëèöà îöåíêè çàâèñèìîñòåé íà óñòîé÷èâîñòü

Êðèòåðèé îöåíêè Êîýôôèöèåíò óñòîé÷èâîñòè ñâÿçè

Íåóñòîé÷èâàÿ ñâÿçü î÷åíü íèçêàÿ äî 0,5

Íåóñòîé÷èâàÿ ñâÿçü íèçêàÿ 0,5-0,6

Íåóñòîé÷èâàÿ ñâÿçü çàìåòíàÿ 0,6-0,7

Óñòîé÷èâàÿ ñâÿçü ñðåäíÿÿ 0,7-0,8

Óñòîé÷èâàÿ ñâÿçü âûñîêàÿ 0,8-0,9

Óñòîé÷èâàÿ ñâÿçü î÷åíü âûñîêàÿ 0,9 è áîëåå

Øêàëà îöåíêè çàâèñèìîñòåé ïîçâîëÿåò ðàçãðàíè÷èòü ñâÿçü ìåæäó ôàêòîðíûì è ðåçóëüòàòèâ-

íûìè ïðèçíàêàìè íà óñòîé÷èâóþ è íåóñòîé÷èâóþ. Íàëè÷èå óñòîé÷èâîé ñâÿçè ñâèäåòåëüñòâóåò î

äîñòîâåðíîñòè ïàðàìåòðîâ óðàâíåíèé çàâèñèìîñòè, ÷òî äàåò âîçìîæíîñòü èñïîëüçîâàòü èõ ïðè

ïðîâåäåíèè íîðìàòèâíûõ è ïðîãíîçíûõ ðàñ÷åòîâ. Ïðèìåð: Äëÿ ïðåäûäóùåé çàäà÷è îöåíèì óñòîé-

÷èâîñòü ñâÿçè ìåæäó äîëåé ñòðàõîâûõ ñëó÷àåâ è ñðåäíèì âîçðàñòîì êëèåíòîâ.

Òàáëèöà 5 Òàáëèöà ðàñ÷åòîâ óñòîé÷èâîñòè ñâÿçè ìåæäóôàêòîðíûì è ðåçóëüòàòèâíûì

ïðèçíàêàìè

dy bdx |dy-bdx|

0.000 0.000 0.000

1.000 0.414 0.586

1.111 0.876 0.235

1.000 0.924 0.076

1.222 1.096 0.126

1.111 1.407 0.296

1.333 1.593 0.260

1.667 1.683 0.016

2.444 1.869 0.576

2.000 3.027 1.027

12.889 12.889 3.198

K = 0.752.
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Ïîëó÷åííîå çíà÷åíèå êîýôôèöèåíòà óñòîé÷èâîñòè ñîîòâåòñòâóåò ïî ñèñòåìå êðèòåðèåâ ñðåäíåé

óñòîé÷èâîé ñâÿçè, ýòî îçíà÷àåò, ÷òî íîðìàòèâíûå è ïðîãíîçíûå, ïðîèçâåäåííûå íà áàçå äàííîé

ìàòåìàòè÷åñêîé ìîäåëè íå îáåñïå÷èâàþò âûñîêîé ñòåïåíè äîñòîâåðíîñòè.

Íîðìàòèâíûå è ïðîãíîçíûå ðàñ÷åòû

Íîðìàòèâíûå ðàñ÷åòû ïðîèçâîäÿòñÿ, â ñëó÷àå åñëè àíàëèç ñèñòåìû ïîêàçàë âûñîêóþ òåñíîòó

è óñòîé÷èâîñòü ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûìè ïðèçíàêàìè. Â ïðîòèâíîì ñëó÷àå

ïðîèçâåäåííûå ðàñ÷åòû áóäóò ÿâëÿòüñÿ íåäîñòîâåðíûìè. Íîðìàòèâíàÿ çàäà÷à ðåøàåòñÿ ñ öå-

ëüþ îïðåäåëåíèÿ ìåðû âîçäåéñòâèÿ íà ôàêòîðíûé ïðèçíàê äëÿ òîãî, ÷òîáû ýòî â ñâîþ î÷åðåäü

âûçâàëî îïðåäåëåííûé çàïëàíèðîâàííûé ýôôåêò â ñìûñëå ðåçóëüòàòèâíîãî ïðèçíàêà. Öåëü íîð-

ìàòèâíîé çàäà÷è ìîæåò áûòü ïîñòàâëåí ñëåäóþùèì îáðàçîì: íà ñêîëüêî åäèíèö è êàê èçìåíèòü

çíà÷åíèå ôàêòîðíîãî ïðèçíàêà äëÿ òîãî, ÷òîáû çíà÷åíèå ðåçóëüòàòèâíîãî ïðèçíàêà óìåíüøèëîñü

èëè óâåëè÷èëîñü íà n åäèíèö.

Ðàñ÷åòû ïðîèçâîäÿòñÿ ïî ñëåäóþùåé ñõåìå:

- Âû÷èñëèòü ðàçíîñòü êîýôôèöèåíòîâ ñðàâíåíèÿ ðåçóëüòàòèâíîãî ïðèçíàêà: ïðè óâåëè÷åíèè

çíà÷åíèé ðåçóëüòàòèâíîãî ïðèçíàêà:

dyn =
yn
ymin

− 1. (8)

ïðè óìåíüøåíèè çíà÷åíèé ðåçóëüòàòèâíîãî ïðèçíàêà:

dyn = 1− yn
ymin

. (9)

- Âû÷èñëèòü íîðìàòèâíûå óðîâíè ôàêòîðíûõ ïðèçíàêîâ:

ïðè ïðÿìîé çàâèñèìîñòè: xn = (
dyn
bx

+ 1)xmin;

ïðè îáðàòíîé çàâèñèìîñòè: xn = (1− dyn
bx

)xmax;

Ïðèìåð: Äëÿ ïðåäûäóùåé çàäà÷è îïðåäåëèòü íîðìó âîçäåéñòâèÿ íà òàêîé ôàêòîð, êàê ñðåä-

íèé âîçðàñò êëèåíòîâ ñòðàõîâîé êîìïàíèè, ñ öåëüþ óìåíüøåíèÿ ïîêàçàòåëåé ïî äîëå ñòðàõîâûõ

ñëó÷àåâ íà 0.05.

Âû÷èñëèì ðàçíîñòü êîýôôèöèåíòîâ ñðàâíåíèÿ ðåçóëüòàòèâíîãî ïðèçíàêà:

dyn =
0.9− 0.05

0.9
− 1 = −0.056;

Âû÷èñëèì íîðìàòèâíûé óðîâåíü ôàêòîðíûõ ïðèçíàêîâ:

xn = (
−0.556

0.586
+ 1) ∗ 8.5 = 0.43;

Ðàçíîñòü ìåæäó xn è xmin ñîñòàâëÿåò −0.81 åä.

Èç ïîëó÷åííîãî íîðìàòèâíîãî çíà÷åíèÿ ôàêòîðíîãî ïðèçíàêà ñëåäóåò âûâîä: äëÿ òîãî, ÷òî-

áû äîëÿ ñòðàõîâûõ ñëó÷àåâ óìåíüøèëàñü íà 0.05 åäèíèöû, íóæíî óìåíüøèòü ñðåäíèé âîçðàñò

êëèåíòîâ íà 0.81 åäèíèö. Ïðîãíîçíûå ðàñ÷åòû ïðîèçâîäÿòñÿ â ñëó÷àå, êîãäà àíàëèç çàâèñèìî-

ñòè ïîêàçûâàåò âûñîêóþ óñòîé÷èâîñòü ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì ïðèçíàêàìè

(çíà÷åíèå êîýôôèöèåíòà óñòîé÷èâîñòè ïðèìåðíî 0.8 è áîëåå). Ïðîãíîçèðîâàíèå ïðîèçâîäèòñÿ ñ

öåëüþ îïðåäåëåíèÿ òîãî, êàêîå çíà÷åíèå ðåçóëüòàòèâíîãî ïðèçíàêà îæèäàåòñÿ, åñëè èçâåñòíî, ÷òî

çíà÷åíèå ôàêòîðíîãî ïðèçíàêà äîñòèãíåò èçâåñòíîãî óðîâíÿ.

Äëÿ ïðîãíîçíûõ ðàñ÷åòîâ áåðåòñÿ óðàâíåíèå çàâèñèìîñòè, â êîòîðîå íóæíî ïîäñòàâèòü çíà÷å-

íèå êîýôôèöèåíòà ñðàâíåíèÿ ôàêòîðíîãî ïðèçíàêà, âû÷èñëåííîãî ñ ó÷åòîì èçâåñòíîãî çíà÷åíèÿ.
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Ïðèìåð: Äëÿ ïðåäûäóùåé çàäà÷è îïðåäåëèòü ïðîãíîçíîå çíà÷åíèå ïîêàçàòåëåé ïî äîëå ñòðà-

õîâûõ ñëó÷àåâ, åñëè èçâåñòíî, ÷òî ñðåäíèé âîçðàñò êëèåíòîâ ñòðàõîâîé êîìïàíèè äîñòèãíåò óðîâ-

íÿ 41.6.

Âû÷èñëèì êîýôôèöèåíò ñðàâíåíèÿ ôàêòîðíîãî ïðèçíàêà:

dx =
41, 6

8, 5
− 1 = 3.89. (10)

Âû÷èñëèì ïðîãíîçíîå çíà÷åíèå ðåçóëüòàòèâíîãî ïðèçíàêà:

yx = 0.9(1 + 0.59 ∗ 3.89) = 2.97. (11)

Âûâîä: åñëè â áóäóùåì ñðåäíèé âîçðàñò êëèåíòîâ äîñòèãíåò óðîâíÿ 41.6 ëåò, òî äîëÿ ñòðàõî-

âûõ ñëó÷àåâ îæèäàåòñÿ ðàâíûì 2.97 åä.

Êðèòåðèåì ïîëó÷åíèÿ ðåïðåçåíòàòèâíûõ ïðîãíîçíûõ ðàñ÷åòîâ ÿâëÿåòñÿ âû÷èñëåíèå äëÿ äàí-

íîãî óðàâíåíèÿ êîýôôèöèåíòà óñòîé÷èâîñòè òðåíäà.

Êîìïüþòåðíîå ìîäåëèðîâàíèå ïðîöåññà óïðàâëåíèÿ ýêîíîìè÷åñêîé ñèñòåìû ïðè ïîìîùè ìå-

òîäà ðåàëèçîâàíî ïóòåì àâòîìàòèçàöèè âñåõ ïðîöåäóð â ñðåäå Visual Basic. Õðàíåíèå äàííûõ

îñóùåñòâëÿåòñÿ â MS Access.

Ðåçóëüòàòû ðàáîòû ðàçðàáîòàííîãî ïðîãðàììíîãî ïðèëîæåíèÿ ïðåäñòàâëåíû íà ðèñóíêàõ 3,

4.

Ðèñóíîê 3 Îïðåäåëåíèå ìàòåìàòè÷åñêîé ìîäåëè çàâèñèìîñòè ðåçóëüòàòèâíîãî ïðèçíàêà îò
ôàêòîðíîãî

Òàêèì îáðàçîì, ðàññìîòðåí ïîäõîä èñïîëüçîâàíèÿ ìàòåìàòè÷åñêîãî è êîìïüþòåðíîãî ìîäåëè-

ðîâàíèÿ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè äåÿòåëüíîñòè ñòðàõîâîé êîìïàíèè. Â ðàáîòå ïðåäñòàâëå-

íû ðåçóëüòàòû ïðèìåíåíèÿ ìåòîäà ñòàòèñòè÷åñêèõ óðàâíåíèé çàâèñèìîñòåé, ïîñòðîåíà ôóíêöèÿ

çàâèñèìîñòè íàñòóïëåíèÿ ñòðàõîâûõ ñëó÷àåâ îò ñðåäíåãî âîçðàñòà êëèåíòîâ. Âûïîëíåíû îöåíêà

óñòîé÷èâîñòè ñâÿçè ìåæäó ôàêòîðíûì è ðåçóëüòàòèâíûì ïðèçíàêàìè, íîðìàòèâíûå è ïðîãíîç-

íûå ðàñ÷åòû, ïðåäñòàâëåíû ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ. Ðàññìîòðåííûé â ñòàòüå

ïðèìåð èëëþñòðèðóåò ýôôåêòèâíîñòü ïðèìåíåíèÿ ìåòîäîâ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ è

ñîâðåìåííûõ èíôîðìàöèîííûõ òåõíîëîãèé â ðèñê-ìåíåäæìåíòå.
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Ðèñóíîê 4 Îöåíêà òåñíîòû è óñòîé÷èâîñòè ñâÿçè
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ÏÐÈÐÎÄÍÛÌÈ ÖÅÎËÈÒÀÌÈ

Ì.Ê. Êàðèáàåâà, Í.À. Íóðáàåâà, Å.Þ. Âàí, À.À. Êàñïåðñêàÿ

Âîñòî÷íî-Êàçàõñòàíñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èì. Ä. Ñåðèêáàåâà

Abstract. In today's world, and in the Republic of Kazakhstan for treating water containing heavy

metal ions, di�erent cleaning methods. Selection of treatment method with optimal �ow sheet is
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challenging due to the predominant variety in the water of impurities and related claims brought

to the quality of water puri�cation.

Keywords: Water metal method

À­äàòïà. �àçiðãi óà©ûòòà ºëåìäå æºíå �àçà©ñòàí Ðåñïóáëèêàñûíäà ©´ðàìûíäà àóûð ìåòàë-

äàð èîíäàðû áàð ñóäû òàçàëàó ³øií ºðò³ðëi ºäiñòåð ©îëäàíûëàäû. Ñóäû òàçàëàóäû­ òèiìäi

òåõíîëîãèÿëû© ñóëáàñûíòà­äàó ê³ðäåëi ìºñåëå, îíû­ ñåáåái ñóäû­ ©´ðàìûíäà ºðò³ðëi ©îñïà-

ëàðäû­ áîëóû æºíå ñóäû­ òàçàëû¡û òàëàïòàð¡à ñºéêåñ áîëóû ©àæåò.

Êiëòòiê ñ°çäåð: Ñó, ìåòàëë, ºäiñ

Àííîòàöèÿ. Â íàñòîÿùåå âðåìÿ â ìèðå è â Ðåñïóáëèêå Êàçàõñòàí äëÿ î÷èñòêè âîäû, ñî-

äåðæàùåé èîíû òÿæåëûõ ìåòàëëîâ, èñïîëüçóþòñÿ ðàçëè÷íûå ìåòîäû î÷èñòêè. Âûáîð ìåòîäà

î÷èñòêè ñ îïòèìàëüíîé òåõíîëîãè÷åñêîé ñõåìîé äîñòàòî÷íî ñëîæíàÿ çàäà÷à, îáóñëîâëåííàÿ

ïðåèìóùåñòâåííûì ìíîãîîáðàçèåì íàõîäÿùèõñÿ â âîäå ïðèìåñåé è ñîîòâåòñòâóþùèìè òðåáî-

âàíèÿìè, ïðåäúÿâëåííûìè ê êà÷åñòâó î÷èñòêè âîäû.

Êëþ÷åâûå ñëîâà: Âîäà, ìåòàëë, ìåòîä

Â íàñòîÿùåå âðåìÿ â ìèðå è â Ðåñïóáëèêå Êàçàõñòàí äëÿ î÷èñòêè âîäû, ñîäåðæàùåé èîíû

ìåòàëëîâ c ïîâûøåííîé ìèíåðàëèçàöèåé è æåñòêîñòüþ, èñïîëüçóþòñÿ ñëåäóþùèå ìåòîäû î÷èñò-

êè:

õèìè÷åñêèé � îñíîâàí íà äîáàâëåíèè â î÷èùàåìóþ âîäó ðàçëè÷íûõ õèìè÷åñêèõ ðåàãåíòîâ,

êîòîðûå âñòóïàþò â õèìè÷åñêèå ðåàêöèè ñ çàãðÿçíèòåëÿìè, îáðàçîâàâøèåñÿ â ðåçóëüòàòå ñîåäè-

íåíèÿ çàòåì îñàæäàþòñÿ â âèäå íåðàñòâîðèìûõ îñàäêîâ;

ìåìáðàííàÿ ôèëüòðàöèÿ � â îñíîâå ìåòîäà ëåæèò ðàçäåëåíèå èñõîäíîé âîäû íà âûñîêîìè-

íåðàëèçîâàííóþ è ïðåñíóþ çà ñ÷åò ïðîïóñêà ÷åðåç ïîëóïðîíèöàåìûå ìåìáðàíû ïîä äàâëåíèåì

âûøå îñìîòè÷åñêîãî (îáðàòíûé îñìîñ èëè áàðîìåìáðàííûé ïðîöåññ) èëè çà ñ÷åò ïðÿìîãî îñìîñà

(ðàçíîñòè êîíöåíòðàöèé ðàñòâîðîâ);

èîíîîáìåííûé ìåòîä � îñíîâàí íà ñïîñîáíîñòè èîíîâ ìåòàëëîâ ýôôåêòèâíî çàäåðæèâàòüñÿ

ñîîòâåòñòâóþùèìè èîíîîáìåííûìè ñìîëàìè.

Âûáîð ìåòîäà î÷èñòêè ñ îïòèìàëüíîé òåõíîëîãè÷åñêîé ñõåìîé äîñòàòî÷íî ñëîæíàÿ çàäà÷à,

îáóñëîâëåííàÿ ïðåèìóùåñòâåííûì ìíîãîîáðàçèåì íàõîäÿùèõñÿ â âîäå ïðèìåñåé è ñîîòâåòñòâó-

þùèìè òðåáîâàíèÿìè, ïðåäúÿâëåííûìè ê êà÷åñòâó î÷èñòêè âîäû.

Ïðè íåîáõîäèìîñòè èîíîîáìåííûå ìåòîäû î÷èñòêè âîäû èñïîëüçóþòñÿ äëÿ äîñòèæåíèÿ î÷åíü

íèçêèõ êîíöåíòðàöèé çàãðÿçíÿþùèõ âåùåñòâ èëè ïîëíîãî îáåññîëèâàíèÿ âîäû. Äëÿ âûáîðà ìå-

òîäà îïðåäåëåíèÿ îïòèìàëüíûõ óñëîâèé î÷èñòêè âîäû íåîáõîäèìî ñîçäàíèå ìàòåìàòè÷åñêèõ ìî-

äåëåé, ïîçâîëÿþùèõ àïðèîðå óñòàíîâèò öåëåñîîáðàçíîñòü âûáðàííîãî ìåòîäà î÷èñòêè.

Â ëàáîðàòîðíûõ è óêðóïíåííûõ ëàáîðàòîðíûõ ìàñøòàáàõ ïðîâåäåíû èññëåäîâàíèÿ ïî î÷èñòêå

ïðèðîäíûõ âîä îò ñîëåé æåñòêîñòè öåîëèòàìè Òàéæóçãåíñêîãî ìåñòîðîæäåíèÿ, êîòîðûå â ñèëó

îñîáåííîñòåé ñâîåãî ñòðîåíèÿ è ñâîéñòâ îáëàäàþò èîíîîáìåííûìè ñâîéñòâàìè.

Èññëåäîâàíèÿ ïî èçâëå÷åíèþ èîíîâ Ca2+ ïðîâîäèëèñü íà ðåàëüíûõ âîäàõ Äîíñêîãî âîäîçàáî-

ðà. Âîäû Äîíñêîãî âîäîçàáîðà õàðàêòåðèçóþòñÿ ÷ðåçâû÷àéíûì âûñîêèì ñîäåðæàíèåì æåñòêîñòè,

áîëåå 15 ììîëü/äì3.

Âîäû Äîíñêîãî âîäîçàáîðà ïðè ïåðèîäè÷åñêîì ïåðåìåøèâàíèè îáðàáàòûâàëèñü öåîëèòàìè

Òàéæóçãåíñêîãî ìåñòîðîæäåíèÿ.. Ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ â ñòàòè÷åñêîì ðåæèìå âàðüè-

ðîâàëè âðåìÿ êîíòàêòà ñîðáåíòà ñ ðàñòâîðîì (1,3,6,24 ÷àñîâ) è Ò:Æ. Ïî îêîí÷àíèè êîíòàêòà

öåîëèòà ñ ðàñòâîðîì îòôèëüòðîâûâàëè òâåðäóþ ÷àñòü, à â ðàñòâîðå îïðåäåëÿëè îñòàòî÷íîå ñî-

äåðæàíèå èîíîâ êàëüöèÿ òèòðèìåòðè÷åñêèì ìåòîäîì.
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Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå äàííûå ïî î÷èñòêå î÷èùåííîé âîäû îò èîíîâ Ca2+ áûëè îá-

ðàáîòàíû ìåòîäàìè ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ. Íà îñíîâàíèè ïîëó÷åííûõ ýêñïåðèìåíòàëü-

íûõ ðåçóëüòàòîâ ïîëó÷åíî óðàâíåíèå ðåãðåññèè, ñâÿçûâàþùåå ñêîðîñòü î÷èñòêè è âðåìÿ êîíòàêòà

ñîðáåíòà ñ âîäîé.

Ìîäåëèðîâàíèå ðàçëè÷íûõ ôóíêöèîíàëüíûõ çàâèñèìîñòåé ïîêàçûâàåò ÷òî, íàèëó÷øèì îá-

ðàçîì ïðîöåññ ñîðáöèè èîíîâ Ca2+ îïèñûâàåòñÿ ñòåïåííîé ôóíêöèåé è çàâèñèò îò íà÷àëüíîé

êîíöåíòðàöèè, ìàññû è âðåìåíè êîíòàêòà ñîðáåíòà ñ ðàñòâîðîì.

Íà ðèñóíêàõ 1 è 2 ïîêàçàíû çàâèñèìîñòè ñêîðîñòè ñîðáöèè îò âðåìåíè êîíòàêòà ñîðáåíòà ñ

âîäîé äëÿ ðàçëè÷íûõ Ò:Æ

Ðèñóíîê 1 Ãðàôèê çàâèñèìîñòè ñêîðîñòè ñîðáöèè îò âðåìåíè êîíòàêòà ñîðáåíòà ïðè Ò:Æ=1:10

Ðèñóíîê 2 Ãðàôèê çàâèñèìîñòè ñêîðîñòè ñîðáöèè îò âðåìåíè êîíòàêòà ñîðáåíòà ïðè Ò:Æ=1:5

Èç ïðåäñòàâëåííûõ äàííûõ âèäíî, ÷òî ñêîðîñòü ñîðáöèè óìåíüøàåòñÿ ñ òå÷åíèåì âðåìåíè,

òî åñòü ñêîðîñòü ñîðáöèè çàâèñèò îò êîíöåíòðàöèè èîíîâ Ca2+ â âîäå, óâåëè÷åíèå ðàñõîäà ñîð-

áåíòà íå ïðèâîäèò ê óâåëè÷åíèþ ñêîðîñòè àäñîðáöèè, òî åñòü ïðè ïðîâåäåíèè î÷èñòêè ìîæíî

îãðàíè÷èòüñÿ ìåíüøèìè ðàñõîäàìè ñîðáåíòà, ÷òî ñäåëàåò äàííóþ î÷èñòêó áîëåå ýêîíîìè÷íîé.
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ENERGY SAVING TECHNOLOGIES FOR STABILIZING PRESSURE IN

PNEUMATIC GEAR MINING MACHINERY

T. Kumykova, V. Kumykov

D. Serikbayev East Kazakhstan State Technical University, Ust-Kamenogorsk, Kazakhstan

Abstract. The article assesses the modes of consumption of compressed air by processing equipment

with compressed air. It is proposed to introduce a hydro- pneumatic accumulator of compressed

air into the underground mine of pneumatic energy complex. This will allow stabilize the pressure

in the pneumatic shaft, thus improving the productivity of the pneumatic mining machines and

reduce the cost of electricity for the production of compressed air.

Keywords: ñompressed air, pneumatic energy complex, hydro-pneumatic accumulator.

À­äàòïà. Ìà©àëàäà ©ûñûë¡àí àóàíû­ ïíåâìîæåòåãi áàð òåõíîëîãèÿëû© æàáäû©òû­ ò´òû-

íó ðåæèìäåði áà¡àëàíûï ©àðàñòûðûëàäû. Øàõòàëû© ïíåâìîýíåðãîêåøåíãå ©ûñûë¡àí àóàíû­

ãèäðîïíåâìàòèêàëû© àêêóìóëÿòîðûí êiðiñòiðói ´ñûíûëàäû. Á´ë øàõòàëû© ïíåâìîæåëiäå ñû-

¡ûë¡àí àóàíû­ ©ûñûìûí ò´ðà©òàíäûðàäû, ïíåâìîæåòåãi áàð òàó-êåí ìàøèíàëàðäû­ °íiì-

äiëiãií æî¡àðëàòàäû æºíå ñû¡ûë¡àí àóàíû­ °íäiðiñiíå æ´ìñàëàòûí ýëåêòðýíåðãèÿíû­ ©´íûí

ò°ìåíäåòåäi.

Êiëòòiê ñ°çäåð: ñû¡ûë¡ûí àóà,ïíåâìîýíåðãîêåøåí,ãèäðîïíåâìàòèêàëû© àêêóìóëÿòîð.

Àííîòàöèÿ. Â ñòàòüå îöåíèâàåòñÿ ðåæèì ïîòðåáëåíèÿ ñæàòîãî âîçäóõà òåõíîëîãè÷åñêèì

îáîðóäîâàíèåì ñ ïíåâìîïðèâîäîì. Ïðåäëàãàåòñÿ ââåñòè ãèäðîïíåâìàòè÷åñêèé àêêóìóëÿòîð

ñæàòîãî âîçäóõà â øàõòíûé ïíåâìîýíåðãîêîìïëåêñ. Ýòî ïîçâîëèò ñòàáèëèçèðîâàòü äàâëåíèå

ñæàòîãî âîçäóõà â øàõòíîé ïíåâìîñåòè, ïîâûñèòü ïðîèçâîäèòåëüíîñòü ãîðíûõ ìàøèí ñ ïíåâ-

ìîïðèâîäîì è ñíèçèòü ñòîèìîñòü ýëåêòðîýíåðãèè äëÿ ïðîèçâîäñòâà ñæàòîãî âîçäóõà.

Êëþ÷åâûå ñëîâà: ñæàòûé âîçäóõ, ïíåâìîýíåðãîêîìïëåêñ, ãèäðîïíåâìîàêêóìóëÿòîð.

Work of major processing equipment (drill rigs, loaders, etc.), by its nature is probabilistic, while

the most natural mode of operation of compressor units is a continuous mode, due to the di�culties

of starting and stopping power installations. These circumstances, in practice, lead to the continuous

�uctuations of the basic parameters of compressed air (the �ow and pressure) virtually in all elements

of the pneumatic network. Thus, the elements of the pneumatic network, of which there is a direct

intake of compressed air, are most likely to su�er from the energy point of view of the situation.

At the same time, the parameters of compressed air at the technological equipment have a direct

impact on the performance of this equipment. Thus, with increasing air pressure for 0.1 MPa, drilling

productivity increases at an average of more than 20 per cents , with simultaneous reduction in speci�c

consumption of compressed air to more than 1,5 times. At the same time, reducing the pressure in

the faces below the nominal, leads to a sharp deterioration in the performance of some pneumatic

mechanisms.

The investigation of pneumatic energy complex of Tishinsky mine (Ridder, Kazakhstan) showed

that the drop in air pressure at the technological equipment during the work shift is 0.2 MPa (Fig. 1)

[1].
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The use of hydro-pneumatic accumulators of compressed air (HPA) in the systems of pneumatic

energy complex of mines allows upgrade their work to a fundamentally new regime. One of the positive

e�ects of engaging the HPA pneumatic energy complex of a mine is that its presence allows enclosing

into speci�c characteristics of the compressor station and pneumatic network into the speci�cations

of HPA [2]. In �rst approximation, speci�cations of GPA is a horizontal line Ðhpa= const. But this

option is valid only during active operation of HPA.

Engaging HPA in the pneumatic energy complex of a coal mine lets control the work of compressors,

regardless of the amount of intake of compressed air by coal mine pneumatic network at each moment.

This makes it possible to accumulate surpluses of compressed air, available in the work of the compressor

station in shift breaks, with its subsequent applications using them for the shortfall in compressed air

during a working shift.

In addition, the presence of HPA in the pneumatic energy complex gives the possibility to manage

the work of the pneumatic system, not only by regulating the performance of compressor stations, but

also through the managing the regimes of accumulation of compressed air in the HPA and harmonizing

in timing its work with the work of a compressor station.

To determine the parameters of compressed air, pressure and temperature sensors were used, which

had been installed at the exit from the compressor station, the entrance to the mine's pneumatic

network, in pneumatic camera of HPA and at points of mass air intake on the line from the compressor

station to the HPA.

During the HPA work the following was controlled:

� level of water in hydro camera of hydro-pneumatic accumulator;

� air pressure in hydro camera of HPA;

� air pressure in the pneumatic network.

In the results of measurements of compressed air in pneumatic energy complex without HPA the

following was established.

Pressure of compressed air in the mine at idle pneumatic receivers (rotary hammers, drills, etc.) varies

between 0.5-0.7 MPa. Compressed air pressure in the working faces with pneumatic receivers working,

varies between 0.35 and 0.5 MPa, and air pressure equal to 0.4-0.48 MPa is dominating. Duration of

peak loads during the shift reaches 1.7-3.4 hours, and dominated by yielding a peak period of 2.1 hours

per shift.

Compressed air pressure at the compressor station in the period of measurement �uctuates within

0.58-0.8 MPa. Predominant pressure is equal to 0.6-0.7 MPa. Fluctuation of compressed air pressure

is equal to 0.22 MPa, predominant air pressure � 0.15 MPa. An average of 4 - 5 compressors were

running. Fluctuation of compressed air pressure during a shift is 0.1-0.3 MPa.

Processing of the data obtained with a running HPA showed that a most rational mode of operation

of the HPA allows use 3 compressors to during the work day. In this mode of operation of compressor

station air pressure in the working faces was equal to 0.56-0.62 MPa, with a predominant pressure 0,6

MPa. Fluctuation of pressure of compressed air was 0.04 � 0.06 MPa, with a predominant pressure of

0.05 MPa (Fig. 2).

Thus, the results of the investigations suggest that the presence of hydro-pneumatic accumulator

in the system of coal mine pneumatic energy complex leads the work of compressed air network to a

fundamentally new mode, in which the characteristics of both, the compressor station and of the mine
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Figure 1 Compressed air pressure change in the 2-m main pipeline for x-1 (a), 2 (b) and 3 (c) of the
days of observations

pneumatic network, each separately, depend on the characteristics of hydro-pneumatic accumulator

[3].

Introducing HPA in the pneumatic system allows for the system of automatic regulation of pneu-

matic energy complex be carried out on qualitatively new principles: by controlling the accumulation

mode of compressed air in the HPA, and harmonizing the work of the compressor station and HPA

over time [4]. Work of hydro pneumatic accumulator in a mine pneumatic energy complex permits

increase the pressure of compressed air in the working faces during a shift from 0.4 to 0.58 MPa.

The advantages of pneumatic systems with a HPA include:

� compressed air is supplied to the process equipment with constant and increased pressure, which

increases its productivity;

� a drier compressed air is supplied to pneumatic receivers, which improves their work;

� constant pressure bene�ts the work of compressors and pneumatic receivers and increases their

service life;
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Figure 2 Diagram of the pressure of compressed air in mountain development in the "peak
hours"without the in�uence of HPA

� compressor stations can be designed not to "peak"loadings, but taking into account the accu-

mulation of air power in the HPA, which gives the possibility to signi�cantly reduce energy

consumption in the systems and, in some cases, reduce the number of operating compressors;

� in the case of a short break in work of compressors, pneumatic mining machines may be employed

during some time receiving the compressed air from the accumulator.

The most rational way of balancing peak loads, as in a pneumatic system, the same as in the

power system, is the use of underground storage of compressed air in mines, which provide stabilizing

and increasing pressure of compressed air in the working faces, regardless of the number of pneumatic

receivers at work.

Using hydro pneumatic accumulators of compressed air in the mines and quarries will provide

signi�cant savings of electricity while developing compressed air and will align the schedule of daily

power consumption, allowing the processing equipment work during the hours of peak loads on com-

pressed air of the pneumatic system, located in pneumatic camera of HPA.
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THE RELATIONSHIP BETWEEN SIMILARITY AND EQUIVALENCE OF

BILINEAR SEQUENTIAL MACHINES

G.H. Mammadova

Institute of Applied Mathematics, Baku State University,Azerbaijan, Baku

Abstract. In this paper the relationship between similarity and equivalence of minimal bilinear

sequential machines are investigated.

Keywords: Galua �eld, bilinear sequential machine

Sequential machines over �nite �elds represent an important class of �nite state systems. Now

questions on analysis, synthesis, controllability, diagnosis of linear sequential machines and also linear

discrete systems are su�ciently well�investigated. In this connection we note monographs [1]-[3].

An investigating subclass of such �nite-state automation as well as bilinear sequential machines

(BSM) considered in [4]-[5] and other papers.

Consider n-dimensional BSM < over the Galua �eld GF (p), where p is a simple number for which

the state and output equations have the following form

s(t+ 1) = As(t) +Bu(t) +
l∑

k=1

Gts(t)uk(t)

y(t) = Cs(t)

Here s(t)is n- dimensional state vector, u(t) is a l− dimensional input vector, y(t) is n−dimensional
output vector, A = ‖aij‖n×n , B = ‖bij‖n×l , C = ‖cij‖m×n , Gk =

∥∥∥gkij∥∥∥
n×n

, (k = 1, l) are cha-

racterizing matrices.

The components of diagnostic vectors and matrices are elements of GF (p). Let rank of diagnostic

matrix

K =
∥∥CAα0Gα1

1 Gα2
2 ...Gαll

∥∥
of machine < be equal to r (r ≤ n).

Further, r- dimensional BSM <̂ which is a minimal form of BSM <, is de�ned by means of

characterizing matrices

Â = TAR, B̂ = TB, Ĉ = CR, Ĝk = TGkR (k = 1, l),
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where T is a matrix formed by the �rst r-linear independent rows of diagnostic matrix K and R is

right inverse to T matrix.

De�nition 1. If BSM < is de�ned by matrices A,B,C,Gk (k = 1, l) and BSM <̄ is de�ned by

matrices

Ā = PAP−1, B̄ = PB, C̄ = CP−1, Ḡk = PGkP
−1 (k = 1, l),

where P is nonsingular matrix, then < and <̄ are called similar BSM.

De�nition 2. The state s1 of BSM <
1

and the state s2 of BSM <2are called equivalent if under

the in�uence of some input sequence BSM <
1
and <2, in the states s1and s2 generate the same output

sequence.

Theorem 1. Let BSM < and BSM <̄ be equivalent and every state s of BSM <is equivalent to
state Ps of BSM <̄, where P - nonsingular matrix. Then <and <̄ are similar.

Theorem 2 . If BSM <and <̄ are minimal and equivalent, then every state s of BSM < is

equivalent to the state Ps BSM <̄ , where P -nonsingular matrix.

Corollary. The equivalent minimal BSM are similar.
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MÎÄÅËÈÐÎÂÀÍÈÅ ÄÅÔÎÐÌÈÐÓÅÌÎÃÎ ÑÎÑÒÎßÍÈÅ

ÐÀÇÍÎÎÐÈÅÍÒÈÐÎÂÀÍÍÛÕ ÃÎÐÍÛÕ ÂÛÐÀÁÎÒÎÊ Â

ÒÐÀÍÑÒÐÎÏÍÎÌ ÌÀÑÑÈÂÅ

Æ.Ê. Ìàñàíîâ, Í.Ò. Àæèõàíîâ, Ò.À. Òóðûìáåòîâ, Í.Ì. Æóíèñîâ

ÊÃÓÒÈ èìåíè Ø. Åñåíîâà

Abstract. Modeling of the anisotropic medium with doubly periodic system of slits in the form of

equivalent sti�ness of a homogeneous transversely isotropic solid body with the approximate elastic

constants as a function of geometrical and physical rock parameters.
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Studying of the elastic and creeping states of cavities in a substantial transtropic array to represent

the main systems resolving equations of the �nite element method with computational isoparamet-

rical elements as well as with the algorithms and programs for numerical solutions.

Obtained many variant computational results about distributing regularity of initial and creeping

states of diagonal cavities of shallow inception in array of rocks by it parameters of cracks.

À­äàòïà. Æ´ìûñòà æàðû©òàðû áàð ñåðïiìäi-æûëæóëû© òàó æûíûñòàðûí åêi ïåðèîäòû

ñà­ûëàóëû àíèçîòðîïòû© ìàññèâ ò³ðiíäå ©àðàñòûðûëûï, îíû­ ©àòòûëû¡û áîéûíøà ýêâè-

âàëåíòòi, êåëòiðiëãåí ìîäóëäåði ñà­ûëàóëàðäû­ ãåîìåòðèÿëû© ïàðàìåòðëåði ìåí òàó æûíû-

ñòàðûíû­ ôèçèêà-ìåõàíèêàëû© ©àñèåòòåðiìåí °ðíåêòåëãåí, áiðòåêòi òðàíñòðîïòû© äåíåìåí

ìîäåëäåíãåí.

Ñàëìà©òû ìàññèâòå °çàðà æà©ûí äèàãîíàëäû© ©àçáàëàðäû­ ê³éií çåðòòåó ³øií áàñòàï©û

ñåðïiìäi æºíå æûëæóëû© åñåïòåðäi­ òå­äåóëåð æ³éåñi, îëàðäû ØÝ�-ìåí øåøóäi­ àëãîðèòìi

æºíå áà¡äàðëàìàëû© êåøåíi ©´ðûë¡àí.

Ñåðïiìäiëiê æºíå æûëæóëû© åñåïòåðäi æóû©òàé ê°ïâàðèàíòòû åñåïòåóëåð æ³ðãiçiëäi. Äèàãî-

íàëäû© ©àçáàëàðäû­ ìà­ûíäà¡û ñàëìà©òû ìàññèâòå êåðíåóëåð ìåí îðûíàóûñòûðóëàð ©´ðà-

óøûëàðûíû­ îíû­ ñåðïiìäi, æûëæóëû© ©àñèåòòåðiíå, ñà­ûëàóëàðäû­ ãåîìåòðèÿñû, ©´ëàó

á´ðûøòàðûí æºíå äå åñåïòåðäi­ áåðiëãåí ãåîìåòðèÿëû©, ôèçèêàëû© ïàðàìåòðëåðiíå áàéëà-

íûñòû °çãåðóëåði ìåí îðíàëàñó çà­äûëû©òàðû àíû©òàëäû.

Àííîòàöèÿ. Â ðàáîòå ìîäåëèðîâàíû àíèçîòðîïíîãî ìàññèâà ñ äâîÿêîïåðèîäè÷åñêèìè ñèñòå-

ìàìè ùåëåé â âèäå ýêâèâàëåíòíîãî ïî æåñòêîñòè îäíîðîäíîãî ñïëîøíîãî òðàíñâåðñàëüíî-

èçîòðîïíîãî òåëà ñ ïðèâåäåííûìè óïðóãèìè ïîñòîÿííûìè â âèäå ôóíêöèé îò ãåîìåòðè÷åñêèõ

è ôèçè÷åñêèõ ïàðàìåòðîâ ïîðîä.

Äëÿ èññëåäîâàíèÿ óïðóãîãî è ïîëçó÷åãî ñîñòîÿíèÿ äâóõ äèàãîíàëüíûõ ïîëîñòåé â âåñîìîì

òðàíñòðîïíîì ìàññèâå ïðåäñòàâëåíèå îñíîâíûõ ñèñòåì ðàçðåøàþùèõ óðàâíåíèé ìåòîäà êî-

íå÷íûõ ýëåìåíòîâ ñ èçîïàðàìåòðè÷åñêèìè ðàñ÷åòíûìè ýëåìåíòàìè ñ ðàçðàáîòàííûìè àëãî-

ðèòìàìè è êîìïëåêñîì ïðîãðàìì äëÿ ÷èñëåííîãî èõ ðåøåíèÿ.

Èññëåäîâàíû è ïðîâåäåíû ìíîãîâàðèàíòíûå ðàñ÷åòíûå ðåçóëüòàòû î çàêîíîìåðíîñòÿõ ðàñïðå-

äåëåííîå íà÷àëüíûõ è ïîëçó÷èõ íàïðÿæåíèé äèàãîíàëüíûõ ïîëîñòåé íåãëóáîêîãî çàëîæåíèÿ

â ìàññèâå ãîðíûõ ïîðîä â çàâèñèìîñòè îò ïàðàìåòðà ùåëåé è äðóãèõ èñõîäíûõ äàííûõ.

Ãîðèçîíòàëüíûå ïîäçåìíûå ïîëîñòè â çàâèñèìîñòè îò íàïðàâëåíèÿ èõ ïðîäîëüíîé îñè îòíî-

ñèòåëüíî ëèíèè ïðîñòèðàíèÿ íàêëîííûõ ñëîåâ ïîäðàçäåëÿåòñÿ íà òðè ãðóïïû: øòðåêè-ïîëîñòè,

ïðîéäåííûå âäîëü ëèíèè ïðîñòèðàíèÿ ñëîåâ, êâåðøëàãè-âûðàáîòêè, çàëîæåííûå âêðåñò ïðîñòè-

ðàíèÿ ñëîåâ è äèàãîíàëüíûå ïîëîñòè-âûðàáîòêè, çàíèìàþùèå ïðîìåæóòî÷íîå ïîëîæåíèå ìåæäó

øòðåêàìè è êâåðøëàãàìè.

Íàïðÿæåííîå è äåôîðìèðîâàííîå ñîñòîÿíèå ýòèõ ãîðèçîíòàëüíûõ ïîëîñòåé êðîìå âçàéìíîãî

ðàñïîëîæåíèÿ, ãëóáèíû çàëîæåíèÿ, ôîðìû ïîïåðå÷íîãî ñå÷åíèÿ çàâèñèò òàêæå îò óïðóãèõ è

ïîëçó÷èõ ñâîéñòâ îêðóæàþùåãî ãîðíîãî ìàññèâà.

Èññëåäîâàíèå çàêîíîìåðíîñòè ðàñïðåäåëåíèÿ óïðóãî-ïîëçó÷èõ íàïðÿæåíèé è ïåðåìåùåíèé

âáëèçè ïîëîñòåé ïðîèçâîëüíîé ãëóáèíû çàëîæåíèÿ è ôîðì ñå÷åíèÿ â çàâèñèìîñòè òàêæå îò

íåîäíîðîäíî-òðåùèíîâàòîãî ñòðîåíèÿ ÿâëÿåòñÿ íå òîëüêî òåîðåòè÷åñêèé èíòåðåñ, íî è íåïîñðåä-

ñòâåííîå ïðàêòè÷åñêîå çíà÷åíèå.

Ðîçíîîðèåíòèðîâàííûå ïîäçåìíûå ïîëîñòåé íåãëóáîêîãî çàëîæåíèÿ â òÿæåëîì òðàíñòðîïíîì

ìàññèâå â çàâèñèìîñòè îò ñòåïåíè íåñïëîøíîñòè ñöåïëåíèåì ìåëêèõ íàêëîííûõ ñëîåâ ïîä óã-

ëîì ϕ, êîãäà ïðîäîëüíûå îñè ïîëîñòåé ñîñòàâëÿþò ïðîèçâîëüíûé óãîë ψ ñ ëèíèåé ïðîñòèðàíèÿ

ïëîñêîñòè èçîòðîïèè, ñîâïàäàþùåé ñ ïëîñêîñòüþ ùåëåé. Îáîçíà÷èì ÷åðåç Í ãëóáèíó çàëîæåíèÿ

âûðàáîòîê ñ ðàññòîÿíèåì ìåæäó èõ öåíòðàìè L.
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Óðàâíåíèå îáîáùåííîãî çàêîíà Ãóêà àíèçîòðîïíîãî ìàññèâà ñ ïîëîñòÿìè ïðè îáîáùåííîé

ïëîñêîé äåôîðìàöèè îòíîñèòåëüíî äåêàðòîâîé ñèñòåìîé êîîðäèíàò Oxyz çàïèñûâàåòñÿ â âèäå

{σ} =
[
D̄
]
{ε} ; (1)

ãäå {σ} = (σx, σz, τyz, τxz, τxy)
T , {ε} = (εx, εz, γyz, γxz, γxy)

T ,
[
D0
]

= [aij ] , (i, j = 1, 2, ..., 6)

êîýôôèöèåíòû äåôîðìàöèè aij ðàâíû:

d11 = a11 cos4 ψ + (2a12 + a66) sin2 ψ cos2 ψ + a22 sin4 ψ,

d22 = a33,

d33 = a44 cos2 ψ + a55 sin2 ψ, d44 = a44 sin2 ψ + a55 cos2 ψ,

d55 = (a11 + a22 − 2a12 − a66)4 sin2 ψ cos2 ψ + a66,

d12 = a13 cos2 ψ + a23 sin2 ψ,

d13 = a25 sin3 ψ + (a15 − a46) sinψ cos2 ψ,

d14 = a15 cos3 ψ + a25 cosψ sin2 ψ,

d15 = 2(a11 − a12) cos3 ψ sinψ + 2(a12 − a22) sin3 ψ cosψ − 0.5a66 cos 2ψ sin 2ψ,

d23 = a35 sinψ, d24 = a35 cosψ,

d25 = 2(a13 − a23) cosψ sinψ, d34 = (a44 − a55) cosψ sinψ,

d35 = a46 cos3 ψ + (2a15 − 2a25 − a46) sin2 ψ cosψ,

d45 = a46 sin3 ψ + (2a15 − 2a25 − a46) cos2 ψ sinψ.

(2)

a11 = 1
E1

cos4 ϕ+ 1
4

(
1
G2
− 2ν1

E1

)
sin2 2ϕ+ 1

E2
sin4 ϕ,

a22 = 1
E1
,

a33 = 1
E1

sin4 ϕ+ 1
4

(
1
G2
− 2ν1

E1

)
sin2 2ϕ+ 1

E2
cos4 ϕ,

a44 = 2(1+ν1)
E1

sin2 ϕ+ 1
G2

cos2 ϕ,

a55 = 1
G2

+
(

1+2ν2
E1

+ 1
E2
− 1

G2

)
sin2 2ϕ,

a66 =
1 + 2ν1

E1
cos2 ϕ+

1

G2
sin2 ϕ,

a12 = − ν1
E1

cos2 ϕ− ν2
E1

sin2 ϕ,

a13 = ν2
E1

+ 1
4

(
1+2ν2
E1

+ 1
E2
− 1

G2

)
sin2 2ϕ,

a15 =
(

1+ν2
E1

cos2 ϕ−
(

1
E2

+ ν2
E1

)
sin2 ϕ− 1

2G2
cos 2ϕ

)
sin 2ϕ,

a23 = − ν1
E1

sin2 ϕ− ν2
E1

cos2 ϕ,

a25 = −ν1−ν2
E1

sin 2ϕ,

a35 =
(

1+ν2
E1

sin2 ϕ−
(

1
E2

+ ν2
E1

)
cos2 ϕ+ 1

2G2
cos 2ϕ

)
sin 2ϕ,

a46 = −1
2

(
1
G2
− 2(1+ν1)

E1

)
sin 2ϕ

Â ýòèõ ôîðìóëàõ EMk , ν
M
k , G

M
2 (k = 1, 2)- ýôôåêòèâíûå óïðóãèå ïîñòîÿííûå òðàíñòðîïíîãî

ìàññèâà, ýêâèâàëåíòíîãî ïî æåñòêîñòè àíèçîòðîïíîìó ìàññèâó ñ ùåëÿìè, êîòîðûå çàâèñèÿò îò

óïðóãèõ ïîñòîÿííûõ ïîñëåäíåãî Ek, νk, G2(k = 1, 2) è ãåîìåòðèåè ùåëåé a, ω, iω [2-4].

Ñ ïîìîùüþ òåîðèè ïîëçó÷åñòè ãîðíûõ ïîðîä Æ.Ñ.Åðæàíîâà è ìåòîäîì êîíå÷íûõ ýëåìåíòîâ

â óñëîâèÿõ îáîáùåííîé ïëîñêîé äåôîðìàöèè èññëåäîâàíû çàêîíîìåðíîñòè ðàñïðåäåëåíèÿ ïîë-
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çó÷èõ íàïðÿæåíèé è ïåðåìåùåíèé â áëèçè ïàðíûõ äèàãîíàëüíûõ ïîëîñòåé â âåñîìîì ïîëçó÷åì

òðàíñòðîïíîì ìàññèâå.

Âðåìåííûå ïðîöåññû (ïðè t>0) âáëèçè ïîäçåìíûõ ïîëîñòåé îáóñëîâëåíû ïðîÿâëåíèåì ñâîéñòâ

ïîëçó÷åñòè îêðóæàþùèõ ãîðíûõ ïîðîä. Äëÿ èõ èññëåäîâàíèÿ, ïðèâëåêàÿ îñíîâíûå ïðèíöèïû òåî-

ðèè ïîëçó÷åñòè ãîðíûõ ïîðîä Æ.Ñ.Åðæàíîâà, (2) ïðèâåäåííûå óïðóãèå ïîñòîÿííûå E−1 , E
−
2 , G

−
2 è

êîýôôèöèåíòû Ïïóàññîíà ν−1 , ν
−
2 çàìåíÿþòñÿ âðåìåííûìè îïåðàòîðàìè Ẽ−1 , Ẽ

−
2 , G̃

−
2 , ν̃

−
1 , ν̃

−
2

Ẽ−
∗

n = E−n (1− E∗n) ,
(
Ẽ−3 = G̃−2

)
, νk = ν−k (1 + ν∗k) , (k = 1, 2;n = 1, 2, 3), (3)

E∗nf =

∫ t

0
Mn(t− τ)f(τ)dτ, ν∗kf =

∫ t

0
Lk(t− τ)f(τ)dτ ;

Mn(t− τ), Lk(t− τ) - ÿäðî íàñëåäñòâåííîñòè.

Êàê ïîêàçàëè ëàáîðàòîðíûå èññëåäîâàíèÿ [5] ïîëçó÷èå ïàðàìåòðû àíèçîòðîïíûõ ãîðíûõ ïî-

ðîä íåçíà÷èòåëüíî èçìåíÿþòñÿ â ðàçíûõ íàïðàâëåíèÿõ.

Ïîýòîìó â ðàáîòå âðåìåííûå îïåðàòîðû Ẽ−1 , Ẽ
−
2 , G̃

−
2 , ν̃

−
1 , ν̃

−
2 çàäàþòñÿ â âèäå

Ẽ−n = E−n [1− ℵ −∗α (−β)] , ν̃−k = ν−k , Ẽ
−
i /Ẽ

−
j = E−i /E

−
j = const, (n, i, j = 1, 2, 3; k = 1, 2).

Òîãäà ïîëçó÷èå ïàðàìåòðû ãîðíûõ ïîðîä ïðè àáåëåâîì ÿäðå ïîëçó÷åñòè îïðåäåëÿþòñÿ ôîð-

ìóëàìè

E−k,t = E−k (1 + Φt)
−1 , ν−k,t = 0.5− (0.5− νk) (1 + Φt)

−1 ,Φk,t = δ (1− α)−1 t1−α;

α, δ−ïîëçó÷èå ïàðàìåòðû ãîðíûõ ïîðîä, t−âðåìÿ.
Ïðè ðàñ÷åòå íàïðÿæåííîãî ñîñòîÿíèÿ äèàãîíàëüíûõ ïîëîñòåé â óñëîâèÿõ èçîòðîïíîãî ïðî-

ÿâëåíèÿ ñâîéñòâ ïîëçó÷åñòè òðàíñòðîïíûõ ãîðíûõ ïîðîä èñïîëüçîâàííû çíà÷åíèÿ âðåìåííûõ

ìîäóëåé äëÿ t=120÷ è t=600÷, ïðèâåäåííûå [2].

Â òÿæåëîì íåòðîíóòîì ìàññèâå ðàñïðåäåëåíèå îñíîâíûõ íàïðÿæåíèé ïðåäñòàâëÿåòñÿ äèííè-

êîâûì è ñ êîýôôèöèåíòàìè áîêîâûõ äàâëåíèé λx, λy, ÿâëÿþùèìèñÿ ôóíêöèÿìè óïðóãèõ ïîñòî-

ÿííûõ ñðåäû è óãëîâ ϕ, ψ.

Â ñèëó ñëîæíîñòè ñòðîãîãî ðåøåíèÿ çàäà÷è î íàïðÿæåííîì ñîñòîÿíèè äèàãîíàëíûõ ïîëîñòåé

â òÿæåëîì ìàññèâå â óñëîâèÿõ ïîëçó÷åñòè ãîðíûõ ïîðîä, â ðàáîòå ïðèâëåêàåòñÿ ÷èñëåííûå ìå-

òîäû àíàëèçà ÌÊÝ ñ èçîïàðàìåòðè÷åñêèìè ðàñ÷åòíûìè ýëåìåíòàìè ïðè îáîáùåííûé ïëîñêîé

äåôîðìàöèè.

Èññëåäóåìàÿ ðàñ÷åòíàÿ îáëàñòü ñ ïîëîñòÿìè àâòîìàòè÷åñêè ðàçáèâàåòñÿ íà èçîïàðàìåòðè÷å-

ñêèå ýëåìåíòû ñ ïîìîùüþ ïðîãðàììû FEM_3D â îáúåêòíîå îðèåíòèðîâàííîì ñðåäå Delphi. Íà

êàæäûé óçåë äåéñòâóåò âåðòèêàëüíàÿ ñèëà îò âåñà.

Âñå ñîñòîâëÿþùèå ïåðåìåùåíèÿ ïðåäñòàâëÿþòñÿ â âèäå ôóíêöèè îò êîîðäèíàò x, z ïîïåðå÷-

íîãî ñå÷åíèÿ ïîëîñòåé.

Îñíîâíàÿ ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé ïîðÿäêà 3N îòíîñèòåëüíî êîìïîíåíòîâ ïåðå-

ìåùåíèé ñ N óçëîâ, ñ ïîìîùüþ êîòîðûõ èçó÷àåìàÿ îáëàñòü ðàçáèâàåòñÿ íà ýëåìåíòû, ðåøà-

åòñÿ èòåðàöèîííûì ìåòîäîì Çåéäåëÿ-Ãàóññà ñ êîýôôèöèåíòîì âåðõíåé ðåëàêñàöèè β(1 ≤ β ≤
2).Ïðåäâàðèòåëüíî ïðîãðàììíûé êîìïëåêñ òåñòèðîâàí íà ðåøåíèÿõ èçâåñòíûõ òåñòîâûõ çàäà÷.

Ïðîâåäåíû ìíîãîâàðèàíòíûå ðàñ÷åòû ïî âû÷èñëåíèþ êîìïîíåíòîâ íàïðÿæåíèé âáëèçè ïîëî-

ñòåé ñâîä÷àòîãî ïîïåðå÷íîãî ñå÷åíèÿ ïðè ðàçíûõ ïàðàìåòðàõ: ãëóáèíàõ çàëîæåíèÿ, óãëîâ ϕ, ψ è
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ñòåïåíè ñöåïëåíèÿ ñëîåâ, êîòîðàÿ îïðåäåëÿåòñÿ ÷åðåç ïåðèîäîâ ùåëåé ω, iω.

Îñîáåííî óäàëåíî âíèìàíèå íà çàêîíîìåðíîñòè ðàñïðåäåëåíèÿ âåðòèêàëüíûõ íàïðÿæåíèè íà

ïåðåìû÷êå � öåëèêå ìåæäó ïîëîñòÿìè è íà ñîñòàâëÿþùèõ ïåðåìåùåíèè è ïÿòè êîìïîíåíòîâ

íàïðÿæåíèè â òî÷êàõ êîíòóðîâ ñáëèæåííûõ øòðåêîâ (ψ=0).

Â òàáëèöå 1 ñîäåðæèò çíà÷åíèÿ äàâëåíèÿ σz è âåðòèêàëüíîãî ïåðåìåùåíèÿ w â òî÷êàõ êîí-

òóðîâ ïîëîñòåé. Íóìåðàöèÿ íîìåðîâ òî÷åê êîíòóðîâ ïîëîñòåé ïîêàçàíà íà ýòîì ðèñóíêå.

Òàáëèöà 1 Çíà÷åíèÿ óïðóãî-ïîëçó÷èõ âåðòèêàëüíûõ ïåðåìåùåíèé è äàâëåíèÿ â òî÷êàõ

ïîðîäíûõ êîíòóðîâ ïîëîñòåé â ìàññèâå ñ íåñïëîøíûì ñöåïëåíèåì ñëîåâ ïðè t=120 ÷. è t=600 ÷.

ω/a=6.

Ëåâàÿ

ïî-

ëîñòü

t=120÷. t=600÷.

w/a=6.0 106u 106w σx/γH σz/γH 106u 106w σx/γH σz/γH

1 0,045 -0,610 0,001 0,000 0,071 -0,943 0,001 0,000

2 0,053 -0,588 0,001 0,001 0,082 -0,908 0,001 0,000

3 0,043 -0,514 0,000 0,001 0,067 -0,795 0,000 0,001

4 0,012 -0,420 0,000 0,001 0,018 -0,649 0,000 0,001

5 -0,013 -0,348 0,000 0,000 -0,020 -0,538 0,000 0,000

6 0,003 -0,251 0,001 0,001 0,005 -0,388 0,001 0,001

7 0,000 -0,113 0,001 0,000 0,001 -0,174 0,001 0,000

8 0,002 -0,248 0,001 0,001 0,002 -0,384 0,001 0,001

9 0,037 -0,348 0,000 0,000 0,058 -0,538 0,000 0,000

10 0,037 -0,409 -0,001 0,001 0,058 -0,632 -0,001 0,001

11 0,031 -0,499 0,000 0,001 0,048 -0,772 0,000 0,001

12 0,036 -0,575 0,001 0,000 0,055 -0,890 0,001 0,000

Ïðàâàÿ

ïî-

ëîñòü

t=120÷. t=600÷.

w/a=6.0 106u 106w σx/γH σz/γH 106u 106w σx/γH σz/γH

1 0,075 -0,591 0,002 0,000 0,116 -0,914 0,002 0,000

2 0,087 -0,582 0,002 0,001 0,134 -0,900 0,002 0,001

3 0,087 -0,526 0,000 0,001 0,134 -0,814 0,000 0,000

4 0,080 -0,443 0,000 0,000 0,124 -0,685 0,000 0,000

5 0,061 -0,373 0,000 0,000 0,094 -0,577 0,000 0,000

6 0,005 -0,267 0,000 0,000 0,007 -0,413 0,000 0,000

7 -0,008 -0,114 0,000 0,000 -0,013 -0,177 0,001 0,000

8 -0,003 -0,243 -0,001 0,001 -0,005 -0,375 0,000 0,001

9 -0,024 -0,336 0,000 -0,001 -0,036 -0,520 0,000 -0,001

10 -0,009 -0,396 -0,001 -0,001 -0,014 -0,613 -0,001 -0,001

11 0,023 -0,482 -0,001 -0,001 0,036 -0,746 -0,001 -0,001

12 0,052 -0,555 0,000 0,000 0,081 -0,858 0,000 0,000

Àíàëèç ðàñ÷åòíûõ äàííûõ ïîêàçûâàåò îá óâåëè÷åíèè âåðòèêàëüíûõ ïåðåìåùåíèé ñ óìåíüøå-

íèåì ïàðàìåòðà ω/a. Çàâèñèìîñòü âåðòèêàëüíîãî äàâëåíèÿ îò ω/a ñóùåñòâåííà, ïðè÷åì âëèÿíèå

óãëà íàêëîíà ïëîñêîñòåé ùåëåé íà âåëè÷èíû äàâëåíèÿ è ïåðåìåùåíèÿ çíà÷èòåëüíà; èõ ðàñïðå-

äåëåíèå ïî êîíòóðàì ïîëîñòåé íåñèììåòðè÷íî; íà ïîðîäíûõ êîíòóðàõ ïîëîñòåé (ñì.òàáë.1) ñî

ñòîðîí âèñÿùèõ áîêîâ íàáëþäàåòñÿ óâåëè÷åíèå ïåðåìåùåíèè, ÷åì ñî ñòîðîíû ëåæàùèõ áîêîâ è
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òàêàÿ òåíäåíöèÿ â çíà÷åíèÿõ ïåðåìåùåíèé âîçðàñòàåò ñ óìåíüøåíèåì ðàññòîÿíèÿ öåíòðîâ ïîëî-

ñòåé.
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GEOLOGY AND EXPLORATION MODEL OF THE WORLD-CLASS

BAKYRCHIK GOLD DEPOSIT, EAST KAZAKHSTAN

I. Mataibayeva, O. Frolova, A. Miroshnikova

D. Serikbayev East Kazakhstan state technical university

Abstract. Geology of the Bakyrchik type of gold deposits in carbonaceous terrigenous rocks is

described, including model of axial zoning of ore and primary geochemical halos. An exploration

model for this deposit is also proposed.

Keywords: Geology, Bakyrchik deposit, exploration model, gold, Kazakhstan.
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Âû÷èñëèòåëüíûå òåõíîëîãèè 221 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Introduction

The Bakyrchik geological and economic type of gold deposits is the most important category of ore

closely related to mineralized carbonaceous terrigenous rocks. The reference world-class giant Bakyrchik

deposit is located in the West Kalba metallogenic zone formed in the Late Paleozoic as a linear suture

between the Kazakhstan and Altay-Mongolian paleocontinents.

Geology and metallogeny

The NW-trending West Kalba lithotectonic zone adjoins the Kalba-Naryn rare-metal belt in the

northeast. The Shar-Gornostaevka ophiolitic suture plunging beneath the gold-bearing Kalba is its

southwestern boundary (Fig. 1).

At the level of the upper mantle, a swell-like doming of the asthenosphere with the upper edge at a

depth of 65 km as opposed to 130 km in the adjacent structural areas corresponds to the West Kalba

zone. The epicenter of this doming �ts the Miyaly Uplift � a complexly di�erentiated paleovolcanic

arc clearly expressed in gravity �eld, seismic and electric sections (Lyubetsky, 2008). The contrasting

increase in thickness of granulitic-basic layer and the reduction of granitic-metamorphic layer are

typical. In regional gravity �eld data, the West Kalba is manifested as a zone of high gradients dividing

positive and negative anomalies pertaining to neighboring metallogenic zones.

Figure 1 S. The Bakyrchik gold district in East Kazakhstan: (a) geological scheme and (b) curve of

redox potential and geological section across the ore district, (after Narseev and Bortsov, 2001) (1)

Middle Carboniferous carbonaceous terrigenous complex; (2) Lower and Middle Carboniferous

carbonaceous terrigenous complexes, unspeci�ed; (3) Lower Carboniferous volcanic-terrigenous

complex of the Shar (Charsk) Zone; (4) Upper Devonian black shale, siltstone, and sandstone of the

Takyr Formation; (5) �elds of carbonaceous terrigenous rocks with elevated magnetization

(250-500-10 5 CGSM and higher); (6, 7) buried granitic plutons: (6) Permian Kalba Complex and (7)

Late Carboniferous Kunush Complex; (5) master faults (numerals in boxes): I, Shar (Igorevka); II,

West Kalba; III, Northwestern; IV, Miyaly; V, Seismic; (9) Kyzylovo Shear Zone; (10) other faults;

(11) faults inferred from seismic data; (12-15) gold deposits and ore �elds: (12) Bakyrchik ore �eld,

(13) giant Bakyrchik deposit; (14) large Bolshevik deposit, (15) small Bakyrchik-type deposits.

The nearly latitudinal shear zones and faults that break the region into a series of stepwise blocks play
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a special role in localization of the gold-sul�de deposits. These shear zones and faults are elements

of the trans-regional Kyzylovo-Serebryansk Lineament traced by V.N. Lyubetsky in geophysical �elds

from the Gorny Altay to the Shyngyz Range. The Bakyrchik ore district and the reference Bakyrchik

deposit within it are related to the latitudinal Kyzylovo Shear Zone.

The Kyzylovo Shear Zone, gently dipping to the north, cuts the Carboniferous carbonaceous

terrigenous.

The most important ore-controlling structural elements � thrust-fault sutures with angular bends of

their surfaces, tectonic lenses, cataclastic zones, cleavage, mylonitization, boudinage, intraformational

detachments, and diamictite units. According to Bortsov and Mizernaya, the Kyzylovo Shear Zone

is characterized by negative anomalies of natural polarization reaching -100 to -300 mV against the

background values of 0 to -50 mV in barren sequences (data of SP geophysical exploration method). The

zones of carbonic metasomatisn and superimposed sul�dation in thermal �elds of intrusions pertaining

to the Kunush Complex are additionally noted by anomalies of induced polarization in intensity of

5-10% (Mizernaya, 2001).

The Bakyrchik deposit is hosted in carbonaceous terrigenous rocks (siltstone, sandstone, gravelsto-

ne, conglomerate) containing pyrite-pyrrhotite, ferrous carbonate (siderite, ankerite), and phosphate

mineralization. Tectonic and gravity diamictites are typical. These coarse clastic, unsorted, and non-

strati�ed complexes of rocks with sandstone, siltstone, and shale fragments cemented by coaly and

clayey material are reservoir rocks and geochemical barriers controlling the formation and localization

of gold mineralization (Narseev et al., 2001). Diagenetic alteration and early metamorphism correspond

to the zeolite facies. The carbonaceous matter belongs to the kerite-anthraxolite-shungite-graphite-

bitumoid series. Dispersed carbon, plant remnants, spore and pollen complexes are contained in the

productive unit. The Bakyrchik deposit is characterized by chains of 2D-ordered carbonic matter,

hexagonal graphite polycrystals, �ne tabular crystalline aggregates of shungite, montmorillonite �lms,

and colloform silica. Linear carbon polymer (carbine) occurs occasionally. A signi�cant percentage of

gold at the Bakyrchik deposit is concentrated in carbonaceous matter. Electron microscope examination

shows that the �nest grains of native gold are contained in shungite (Marchenko, 2007). In bitumoids

of the alcohol-benzene fraction, gold is linked to carbonyl-carboxyl hydrocarbons. Other Au-bearing

organometallic compounds are suggested. The quantity of gold contained in carbon-bearing compounds

can attain 10-30% of its total amount in ore (Marchenko, 2007).

The relationships of carbonaceous terrigenous and volcanic rocks are of special interest. Andesitic

and trachyandesitic subvolcanic intrusions, including interformational sills; lava �ows and tu�aceous

interlayers of the same composition; dacitic tu�s and tu�tes; and silicic volcanic rocks are known in the

Bakyrchik formation. These not easily identi�ed rocks are distinct indicators of formation conditions

of the host sequence and speci�c elements of the pre-ore stage. Intermediate volcanic rocks of elevated

alkalinity: andesitic, trachyandesitic, and trachytic lavas, tu�s, tu�tes, tu�stones, tu�aceous siltstones,

and other pyroclastic rocks are predominant (Zenkova, 1975). Submarine volcanic eruptions are coeval

with terrigenous sedimentation. Breccias consisting of fragments of volcanic rocks (50-70%) cemented

by coaly and clayey material and transformed into quartz-sericite aggregate are typical. The fragments

are enriched in acicular arsenopyrite. Tu�aceous siltstone and silty claystone also contain arsenopyrite

grains. Pyrite commonly concentrates in chemogenic-terrigenous cherty-clayey, calcareous clayey, and

clayey-calcareous-phosphate rocks. The rhythmic pulsatory mechanism of sedimentation and volcanic

activity controlled the variable distribution of organic matter, carbonates, silica sul�des, and trace

elements (Au, As, Fe, P, Ni, B, CI, etc.) in rocks of the Bakyrchik Formation. The Middle Carboniferous
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terrigenous rocks of this formation and volcanics incorporated therein can be correlated with the coeval

carbonaceous terrigenous and volcanic rocks (sandstone, siltstone, volcanogenic sandstone, tu�aceous

siltstone, and tu�aceous breccia) of the Karashakh Formation in Uzbekistan, which hosts the giant

gold-sul�de orebody at the Kokpatas deposit. The intrusive rocks at the Bakyrchik deposit comprise

minor stocks and dikes of the Late Carboniferous Qunush diorite-granodiorite-plagiogranite complex.

The granitoid magma chamber occurs at a depth of 3.0-3.5 km, whereas dikes are localized above within

the ore-bearing thrust-fault zone. The Au-PGE-bearing "carbonic �uidisite"inferred to be explosive in

origin is noteable (Marchenko, 2007).

A model of vertical axial zoning of ore and primary geochemical halos at the Bakyrchik deposit is

as follows: V, Ni, Co, Cr � Sn, Zr, Cu, Mo, W � As, Au � Zn, Pb, Ag � Sr, Ba � Sb, Hg (Novozhilov

and Gavrilov, 1999). The ordering of elements in pyrite and arsenopyrite (from deep to shallow): Sn,

Bi, As � Cu, Ni, Co, Mo � Zn, Pb � Ag, Sb, Hg is consistent with this series. The Cu contents in pyrite

and arsenopyrite are 0.8-1.0% at middle and deep levels and 0.1-0.3% in the near-surface zone (Fig.

2). Pyrite and arsenopyrite from the upper level are enriched in Sb (up to 1%) and Hg (up to a few

ppm).

Figure 2 Cu content in pyrite (py) and arsenopyrite (apy) at depths of 0-1000m at the Bakyrchik

deposit (after Rafailovich, 2011)

The ore from the Bakyrchik deposit is important as a source of PGM. The Pt and Os contents in

sul�dized silty sandstones attain a few gpt (stripping voltammetry analysis). High PGM concentrations

are characteristic of stringer-disseminated pyrite-arsenopyrite ore (gpt): 5.71 Pt, 2.8 Os, 3.2 Ir and

0.27 Pt. Platinum accumulates in gravity and �otation concentrates (�rst gpt). Further studies of

reproducibility of PGM contents and the an in-depth study of their speciation are necessary (Rafailovich,

2008).

Summary

The signi�cance of the Bakyrchik deposit as a type example of ore hosted in carbonaceous terrige-

nous sequences and as a model of a giant deposit with a long and complex evolution can scarcely

be exaggerated. The reference chronological events in its history were (1) near-shore marine and

deltaic sedimentation with formation of vast �elds of the source carbonaceous terrigenous formation;

(2) metamorphism, fold-and-nappe and ductile deformation, localization of shear zones and screens,

rejuvenation and concentration of primary ore; (3) �uid and magmatic activity and metasomatism as

a result of collision and accretion. The distinct multistage evolution, several mineralisation sources,

stepwise concentration of gold, contrasting zoning, and location in a relatively restricted geological

volume are the de�ning characteristics of the Bakyrchik deposit.
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ÑÎÂÅÐØÅÍÑÒÂÎÂÀÍÈÅ ÊÎÍÑÒÐÓÊÖÈÈ ÊÎÌÏÐÅÑÑÎÐÀ ÄËß ÒÍÓ

ÍÀ ÎÑÍÎÂÅ ÀÍÀËÈÇÀ ÑÎÐ

Ñ.È. Ìèðãîðîäñêèé

Âîñòî÷íî-Êàçàõñòàíñêèé Ãîñóäàðñòâåííûé Òåõíè÷åñêèé Óíèâåðñèòåò èì. Ä. Ñåðèêáàåâà

Abstract. The paper presents an analysis of the e�ciency of the heat pump system based on the

calculation of the thermodynamic cycle for determining the direction of improving the design of an

important component of HPS - compressor - in order to optimize and improve performance.

Keywords: compressor, heat pump installation

À­äàòïà. Á´ë ìà©àëàäà æûëó ñîð¡ûø ©îíäûð¡ûñûí ©îëäàíó òèiìäiëiãi æàéëû æàçûë¡àí

æºíå îë òåðìîäèíàìèêàëû© öèêëäåð åñåáiíå íåãiçäåëiï ÆÑ�- êîìïðåññîð ©´ðûëûñûí æåòië-

äiðó áà¡ûòûí òàíäàó ìåí ©àòàð æ´ìûñ iñòåó áàðûñûí î¡òàéëàíäûðûï òèiìäiëiãií àðòòûðó

áîëûï òàáûëàäû.

Êiëòòiê ñ°çäåð: êîìïðåññîð, æûëó ñîð¡ûø ©îíäûð¡û

Àííîòàöèÿ. Â ñòàòüå ïðåäñòàâëåí àíàëèç ýôôåêòèâíîñòè ðàáîòû òåïëîâîé íàñîñíîé óñòà-

íîâêè íà îñíîâå ðàñ÷åòà òåðìîäèíàìè÷åñêîãî öèêëà äëÿ îïðåäåëåíèÿ íàïðàâëåíèÿ ñîâåðøåí-

ñòâîâàíèÿ êîíñòðóêöèè âàæíîãî êîìïîíåíòà ÒÍÓ � êîìïðåññîðà, - ñ öåëüþ îïòèìèçàöèè è

ïîâûøåíèÿ ýôôåêòèâíîñòè ðàáîòû.

Êëþ÷åâûå ñëîâà: êîìïðåññîð, òåïëîâàÿ íàñîñíàÿ óñòàíîâêà
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Óâåëè÷åíèå ïðîèçâîäñòâà òåïëîâîé ýíåðãèè ïðèâîäèò ê áîëüøîìó âûáðîñó ðàçëè÷íûõ çàãðÿç-

íÿþùèõ âåùåñòâ â àòìîñôåðó Çåìëè, òàê êàê áàçèðóåòñÿ íà ñæèãàíèè îðãàíè÷åñêîãî òîïëèâà:

óãëÿ, ïðèðîäíîãî ãàçà è íåôòåïðîäóêòîâ.

Îäíèì èç ïóòåé óìåíüøåíèÿ âûáðîñîâ � ýòî çàìåíà òðàäèöèîííûõ ñïîñîáîâ òåïëîñíàáæåíèÿ

îáúåêòîâ æèçíåäåÿòåëüíîñòè ÷åëîâåêà ñèñòåìàìè, èñïîëüçóþùèå íèçêîïîòåíöèàëüíûå òåïëîâûå

ðåñóðñû. Â íàñòîÿùåå âðåìÿ øèðîêîå ðàñïðîñòðàíåíèå ïîëó÷èëè òåïëîâûå íàñîñû, ðàáîòàþùèå

ïî öèêëó ñ èçìåíåíèåì íàïðàâëåíèÿ öèðêóëÿöèè õëàäîàãåíòà. Èçâåñòíûé ïðèíöèï ðàáîòû òåïëî-

âîãî íàñîñà îñíîâàí íà îòáîðå èç îêðóæàþùåé ñðåäû òåïëà ñ òåìïåðàòóðîé 10Ñ è âûøå. Ïðèíöèï

ðàáîòû îñíîâàí íà îáðàòèìîì òåïëîâîì öèêëå Êàðíî è èìååò ôóíäàìåíòàëüíîå çíà÷åíèå â òåî-

ðèè òåïëîâûõ íàñîñîâ. Ïðîöåññ íàçûâàåòñÿ îáðàòèìûì, åñëè ïîñëå çàâåðøåíèÿ öèêëà ðàáî÷åå

òåëî ìîæíî âåðíóòü â ïåðâîíà÷àëüíîå ïîëîæåíèå áåç çàòðàò êàêîãî áû òî íè áûëî âèäà ýíåðãèè.

Íåîáðàòèìîñòü öèêëà îïðåäåëÿåòñÿ âíóòðåííèìè è âíåøíèìè ïðè÷èíàìè. Èñòî÷íèêè âíóòðåí-

íåé íåîáðàòèìîñòè: ïîòåðè ðàáîòû çàñ÷åò âíóòðåííåãî âçàèìîäåéñòâèÿ ÷àñòèö òåïëîâîãî àãåí-

òà (âêëþ÷àÿ ñèëû òðåíèÿ ïðè äâèæåíèè ïîòîêà), òðåíèå â ýëåìåíòàõ ìàøèíû, ïîòåðè ýíåðãèè

ïðè äðîññèëèðîâàíèè, õèìè÷åñêèå ðåàêöèè, íåðàâíîâåñíûå ôàçîâûå ïðåâðàùåíèÿ è òä. Âíåøíÿÿ

íåîáðàòèìîñòü ïðîöåññîâ îïðåäåëÿåòñÿ ïîòåðÿìè òåïëîòû â îêðóæàþùóþ ñðåäó.

Ðàáîòà òåïëîâîãî íàñîñà õàðàêòåðèçóåòñÿ êîýôôèöèåíòîì òåïëîâîãî ïðåîáðàçîâàíèÿ µ ðàâ-

íûì

µ =
Qk
L

=
QiL

L
= ε̇+ 1

çäåñü Qk � òåïëîïðîèçâîäèòåëüíîñòü êîíäåíñàòîðà; Qi � õîëîäîïðîèçâîäèòåëüíîñòü èñïàðè-

òåëÿ; L � ðàáîòà êîìïðåññîðà; ε̇� õîëîäèëüíûé êîýôôèöèåíò.

Êîýôôèöèåíò ïðåîáðàçîâàíèÿ çàâèñèò îò ðàçíîñòè òåìïåðàòóð îõëàæäàþùåé æèäêîñòè â èñ-

ïàðèòåëå è íà âûõîäå èç êîíäåíñàòîðà. Ïîâûøåíèå åå îò 200äî 800 ïðèâîäèò ê ñíèæåíèþ ñ µ 6,0 äî

1,7 ò.å. â 3,5 ðàçà. Ðåçóëüòàòû ðàñ÷¼òîâ ïî îïðåäåëåíèþ ýôôåêòèâíîñòè òåïëîâîãî ïðåîáðàçîâàíèÿ

µ (ÑÎÐ äåéñòâ) äåéñòâèòåëüíîãî öèêëà òåïëîâîãî íàñîñà [1; 2] è àíàëèç ýôôåêòèâíîñòè ðàáîòû

òð¼õ òèïîâ êîìïðåññîðîâ (ïîðøíåâîé, ðîòàöèîííûé è ñïèðàëüíûé) â ñîñòàâå ÒÍÓ ñ ó÷åòîì òåð-

ìîäèíàìè÷åñêèõ ñâîéñòâ ðàáî÷èõ òåë, à èìåííî õëàäàãåíòîâ R600 (áóòàí), R404a (íåàçåîòðîïíàÿ

ñìåñü íà áàçå ÃÔÓ R143à/R125/R134à), R290 (ïðîïàí) ìåòîäîì àíàëèçà èåðàðõèè [3] ïîêàçûâàþò

ýôôåêòèâíîñòü ðàáîòû (äèàãðàììà çàâèñèìîñòè êîýôôèöèåíòà ïðåîáðàçîâàíèÿ (ÑOP äåéñò) îò

òèïà êîìïðåññîðà èçîáðàæåíà íà ðèñóíêå 1):

à) ýôôåêòèâíîñòü êîìïðåññîðà â ñîñòàâå ÒÍÓ íà õëàäàãåíòå R600 ìåíÿåòñÿ îò (ÑOP äåéñò)

=5,12 (êîìïðåññîð ïîðøíåâîãî òèïà) äî (ÑOP äåéñò) =5,556 (êîìïðåññîð ñïèðàëüíîãî òèïà), ÷òî

ñîñòàâëÿåò 8,5%. á) ýôôåêòèâíîñòü êîìïðåññîðà â ñîñòàâå ÒÍÓ íà õëàäàãåíòå R404a ìåíÿåòñÿ

îò (ÑOP äåéñò) =5,398 (êîìïðåññîð ïîðøíåâîãî òèïà) äî (ÑOP äåéñò) =5,731 (êîìïðåññîð ñïè-

ðàëüíîãî òèïà), ÷òî ñîñòàâëÿåò 6,2%. â) ýôôåêòèâíîñòü êîìïðåññîðà â ñîñòàâå ÒÍÓ íà õëàäàãåíòå

R290 ìåíÿåòñÿ îò (ÑOP äåéñò) =5,373 (êîìïðåññîð ïîðøíåâîãî òèïà) äî (ÑOP äåéñò) =5,715 (êîì-

ïðåññîð ñïèðàëüíîãî òèïà), ÷òî ñîñòàâëÿåò 6,3%. Íà îñíîâàíèè ïðèâåäåííûõ ðåçóëüòàòîâ ìîæíî

çàêëþ÷èòü, ÷òî íà îäíîì è òîì æå õëàäàãåíòå íàèáîëüøóþ ýôôåêòèâíîñòü èìååò ñïèðàëüíûé

êîìïðåññîð. Äëÿ ïîðøíåâîãî è ðîòàöèîííîãî êîìïðåññîðà èñïîëüçîâàíèå õëàäàãåíòîâ ñ íåáîëü-

øèì óäåëüíûì îáúåìîì ïåðåãðåòîãî ïàðà (R404a è R290) íå äà¼ò îïðåäåëåííîãî ïðåèìóùåñòâà

îäíîãî òèïà êîìïðåññîðà íàä äðóãèì, ìàêñèìàëüíîå èçìåíåíèå ýôôåêòèâíîñòè ñîñòàâëÿåò 1,5%.

Ïîðøíåâûå, âèíòîâûå è ñïèðàëüíûå êîìïðåññîðû ïðèìåíÿþòñÿ äëÿ ïåðåêà÷êè èëè ñæàòèÿ

äâóõôàçíûõ âåùåñòâ, â æèäêîì èëè ãàçîîáðàçíîì ñîñòîÿíèè è èñïîëüçóþòñÿ â òåïëîâûõ íàñîñàõ,
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Ðèñóíîê 1 Äèàãðàììà çàâèñèìîñòè êîýôôèöèåíòà ïðåîáðàçîâàíèÿ ÑÎÐ äåéñò îò òèïà
êîìïðåññîðà

õîëîäèëüíûõ êàìåðàõ, ïàðîâûõ ìàøèíàõ. Â äàííîé ñòàòüå ìû ñðàâíèì îñíîâíûå ïàðàìåòðû

ïîðøíåâîãî, âèíòîâîãî è ñïèðàëüíîãî êîìïðåññîðà.

Âèíòîâîé êîìïðåññîð ïîÿâèëñÿ ïîçæå ïîðøíåâîãî êîìïðåññîðà, òàê êàê òðåáîâàíèÿ ê òî÷-

íîñòè èçãîòîâëÿåìûõ äåòàëåé áûëè î÷åíü âûñîêè, è íå áûëî îáîðóäîâàíèÿ, íà êîòîðîì ìîæ-

íî áûëî îáåñïå÷èòü çàäàííóþ òî÷íîñòü. Îòëè÷èòåëüíûìè îñîáåííîñòÿìè âèíòîâîãî êîìïðåññîðà

ÿâëÿþòñÿ: íèçêèé óðîâåíü øóìà ïðè ðàáîòå; âîçìîæíîñòü áåñïðåðûâíîé ðàáîòû; âîçìîæíîñòü

ðåãóëèðîâàíèÿ ïðîèçâîäèòåëüíîñòè; äëèòåëüíûé ñðîê ñëóæáû; íèçêàÿ òåìïåðàòóðà ïîëó÷àåìîãî

ñæàòîãî âîçäóõà; ÊÏÄ âèíòîâûõ êîìïðåññîðîâ, êàê ïðàâèëî, âûøå, ÷åì ó ïîðøíåâûõ; ïðîñòîòà

ìîíòàæíûõ ðàáîò.

Ýòî îñíîâíûå ïðåèìóùåñòâà, çà ñ÷åò êîòîðûõ âèíòîâîé êîìïðåññîð çíà÷èòåëüíî ïðåäïî÷òè-

òåëüíåå ïîðøíåâûõ êîìïðåññîðîâ. Îäíàêî åñòü ñèòóàöèè, ãäå èñïîëüçîâàíèå âèíòîâûõ êîìïðåñ-

ñîðîâ íå ñîâñåì îïðàâäàíî. Íàïðèìåð, êîãäà êîìïðåññîð â ïðîöåññå ðàáîòû äîëæåí ÷àñòî âêëþ-

÷àòüñÿ è âûêëþ÷àòüñÿ. Êàê ìû çíàåì, òàêîé ðåæèì ðàáîòû ãóáèòåëåí äëÿ âèíòîâûõ êîìïðåñ-

ñîðîâ. Â òî âðåìÿ êàê äëÿ ïîðøíåâîãî êîìïðåññîðà ýòî íîðìàëüíûé ðåæèì, ïðè êîòîðîì ñðîê

åãî ýêñïëóàòàöèè çíà÷èòåëüíî âîçðàñòàåò. Ýòî ñâÿçàíî ñ òåì, ÷òî ïîðøíåâîé êîìïðåññîð äîëæåí

ðàáîòàòü â ðåæèìå 50/50. Äðóãèìè ñëîâàìè ïîñëå îïðåäåëåííîãî ïðîìåæóòêà ðàáî÷åãî âðåìåíè

åìó íåîáõîäèìî äàòü îòäîõíóòü (îõëàäèòüñÿ). Òàêæå, ïðåäïî÷òèòåëüíåå èñïîëüçîâàòü ïîðøíåâîé

êîìïðåññîð â òÿæåëûõ ïðîìûøëåííûõ óñëîâèÿõ: ñèëüíàÿ çàïûëåííîñòü, îòíîñèòåëüíî âûñîêàÿ

âëàæíîñòü, íåáëàãîïðèÿòíûé òåìïåðàòóðíûé ðåæèì. Â ïðîäîëæåíèå ñðàâíåíèÿ ïîðøíåâîãî è

âèíòîâîãî êîìïðåññîðîâ, ñðàçó õî÷åòñÿ îòìåòèòü, ÷òî ïîðøíåâûå êîìïðåññîðû ïðèìåíÿþòñÿ äëÿ

ñæàòèÿ òåõíè÷åñêèõ ãàçîâ. È âñåãäà íóæíî ïîìíèòü, ÷òî ïîðøíåâîé êîìïðåññîð, ýòî êîìïðåññîð

âûñîêîãî äàâëåíèÿ, è íè îäèí òèï êîìïðåññîðîâ ïîêà íå ìîæåò äàòü ïîòðåáèòåëþ òå çíà÷åíèÿ

äàâëåíèé, êîòîðûå äàþò íàì ïîðøíåâûå êîìïðåññîðû.

Â íàñòîÿùåå âðåìÿ øèðîêîå ïðèìåíåíèå ïîëó÷èëè ñïèðàëüíûå êîìïðåññîðû. Â ñëó÷àå ïðèìå-

íåíèÿ â ñèñòåìàõ êîíäèöèîíèðîâàíèÿ ãàçîîáðàçíûõ âåùåñòâ, ãäå, êàê èçâåñòíî, îòíîøåíèÿ äàâëå-

íèé íèçêèå, ñïèðàëüíûé êîìïðåññîð ìîæåò ïðîäåìîíñòðèðîâàòü ñâîè ïðåèìóùåñòâà: îòñóòñòâèå

ïîòåðü â êëàïàíàõ; âûñîêèé ÊÏÄ ïðè íåáîëüøîé òåïëîâîé è ìåõàíè÷åñêîé íàãðóçêå èç-çà íèçêîãî

òðåíèÿ, ÷òî ñâÿçàíî ñ íèçêîé îòíîñèòåëüíîé ñêîðîñòüþ; ìàëûå âíóòðåííèå ïåðåòå÷êè (áëàãîäàðÿ

îòíîñèòåëüíî íåáîëüøîé ðàçíîñòè äàâëåíèé).Â òîì æå êîìïðåññîðå ïðè áîëåå âûñîêîé ñòåïåíè

ñæàòèÿ âåëè÷èíà ðàáîòû ñæàòèÿ óâåëè÷èâàåòñÿ â êîíöå ýòîãî ïðîöåññà èç-çà îáðàòíîãî ðàñøèðå-

íèÿ â íàïðàâëåíèè, ïðîòèâîïîëîæíîì íàïðàâëåíèþ âðàùåíèÿ. Ýòî ïîâûøàåò òåïëîâóþ íàãðóçêó
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è óâåëè÷èâàåò âíóòðåííèå ïåðåòå÷êè, ÷òî îïðåäåëÿåò ñíèæåíèå ÊÏÄ. Ðàâíîìåðíîñòü ñæàòèÿ â

ñïèðàëüíîì êîìïðåññîðå äëÿ íîðìàëüíîãî îõëàæäåíèÿ çíà÷èòåëüíî ìåíüøå, ÷åì â êîìïðåññîðå,

ðàáîòàþùåì â ñèñòåìàõ êîíäèöèîíèðîâàíèÿ ãàçîâ, ÷òî ìîæåò ïðèâåñòè ê ïîâûøåííûì ïóëüñà-

öèÿì ãàçà. Â ýòîì ñîñòîèò ïðèíöèïèàëüíûé íåäîñòàòîê ñïèðàëüíûõ êîìïðåññîðîâ ïî ñðàâíåíèþ

ñ ïîðøíåâûìè, êîòîðûé óñóãóáëÿåòñÿ ñ ðîñòîì ñòåïåíè ñæàòèÿ.

Èçìåíåíèå äàâëåíèÿ â ïîðøíåâûõ êîìïðåññîðàõ ïðîèñõîäèò ïðè âîçâðàòíî-ïîñòóïàòåëüíîì

äâèæåíèè ïîðøíÿ â öèëèíäðè÷åñêîé êàìåðå ñæàòèÿ. Èíäèêàòîðíûå äèàãðàììû õîëîäèëüíîãî

ïîðøíåâîãî êîìïðåññîðà ïðè ðàáîòå â ðåæèìàõ îõëàæäåíèÿ è çàìîðàæèâàíèÿ ïðåäñòàâëåíû íà

ðèñóíêå 2.

Îò÷åòëèâî âèäíî, ÷òî ïðè áîëåå âûñîêîé ñòåïåíè ñæàòèÿ êîýôôèöèåíò ïîäà÷è ïàäàåò, ïðè-

÷åì ãëàâíûì îáðàçîì èç-çà óâåëè÷åíèÿ âëèÿíèÿ ïðîöåññà îáðàòíîãî ðàñøèðåíèÿ. Ïðè îáðàòíîì

ðàñøèðåíèè ðàáîòà ïåðåäàåòñÿ íà êîëåí÷àòûé âàë, ïðîèñõîäèò îõëàæäåíèå ãàçà è èçîýíòðîïè-

÷åñêèé ÊÏÄ ïîðøíåâîãî êîìïðåññîðà óìåíüøàåòñÿ, íî íå òàê ñèëüíî, êàê êîýôôèöèåíò ïîäà÷è.

Ýòî ñâîéñòâî õàðàêòåðíî òîëüêî äëÿ ïîðøíåâûõ êîìïðåññîðîâ.

Íà ïðàêòèêå îïèñàííûå îñîáåííîñòè ðàáîòû ïîðøíåâûõ êîìïðåññîðîâ ïðèâîäÿò ê òîìó, ÷òî

îáúåìíàÿ ïðîèçâîäèòåëüíîñòü ïðè ãëóáîêîì îõëàæäåíèè çàìåòíî ïàäàåò, ÷òî âëèÿåò íà âûáîð

ðàáî÷åãî îáúåìà. Òîò æå ýôôåêò ìîæåò íàáëþäàòüñÿ â ñëó÷àÿõ ïðèâîäà ïîðøíåâîãî êîìïðåññî-

ðà îò äâèãàòåëÿ ñ èçìåíÿåìîé ÷àñòîòîé âðàùåíèÿ. Ïðè óâåëè÷åíèè ÷àñòîòû âðàùåíèÿ ñòåïåíü

ñæàòèÿ ïîâûøàåòñÿ, à êîýôôèöèåíò ïîäà÷è óìåíüøàåòñÿ (ðèñóíîê 2).

Ðèñóíîê 2 Èçìåíåíèå ðàáî÷åãî ïðîöåññà (ïîðøíåâîé ïðîöåññîð) ïðè èçìåíåíèè ÷àñòîòû

âðàùåíèÿ

Â ñëó÷àå ïðèìåíåíèÿ â ñèñòåìàõ êîíäèöèîíèðîâàíèÿ âîçäóõà, ãäå, êàê èçâåñòíî, îòíîøåíèÿ

äàâëåíèé íèçêèå, ñïèðàëüíûé õîëîäèëüíûé êîìïðåññîð ìîæåò ïðîäåìîíñòðèðîâàòü ñâîè ïðåèìó-

ùåñòâà: îòñóòñòâèå ïîòåðü â êëàïàíàõ; âûñîêèé ÊÏÄ ïðè íåáîëüøîé òåïëîâîé è ìåõàíè÷åñêîé

íàãðóçêå èç-çà íèçêîãî òðåíèÿ, ÷òî ñâÿçàíî ñ íèçêîé îòíîñèòåëüíîé ñêîðîñòüþ; ìàëûå âíóòðåííèå

ïåðåòå÷êè (áëàãîäàðÿ îòíîñèòåëüíî íåáîëüøîé ðàçíîñòè äàâëåíèé).Â òîì æå êîìïðåññîðå ïðè áî-

ëåå âûñîêîé ñòåïåíè ñæàòèÿ âåëè÷èíà ðàáîòû ñæàòèÿ óâåëè÷èâàåòñÿ â êîíöå ýòîãî ïðîöåññà èç-çà

îáðàòíîãî ðàñøèðåíèÿ â íàïðàâëåíèè, ïðîòèâîïîëîæíîì íàïðàâëåíèþ âðàùåíèÿ. Ýòî ïîâûøàåò

òåïëîâóþ íàãðóçêó è óâåëè÷èâàåò âíóòðåííèå ïåðåòå÷êè, ÷òî îïðåäåëÿåò ñíèæåíèå ÊÏÄ. Ðàâíî-

ìåðíîñòü ñæàòèÿ â ñïèðàëüíîì êîìïðåññîðå äëÿ íîðìàëüíîãî îõëàæäåíèÿ çíà÷èòåëüíî ìåíüøå,

÷åì â êîìïðåññîðå, ðàáîòàþùåì â ñèñòåìàõ êîíäèöèîíèðîâàíèÿ âîçäóõà, ÷òî ìîæåò ïðèâåñòè ê

ïîâûøåííûì ïóëüñàöèÿì ãàçà. Â ýòîì ñîñòîèò ïðèíöèïèàëüíûé íåäîñòàòîê ñïèðàëüíûõ êîìïðåñ-

ñîðîâ ïî ñðàâíåíèþ ñ ïîðøíåâûìè, êîòîðûé óñóãóáëÿåòñÿ ñ ðîñòîì ñòåïåíè ñæàòèÿ.
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Ñðàâíèâàÿ ïîðøíåâûå è ñïèðàëüíûå êîìïðåññîðû, ìîæíî îòìåòèòü, ÷òî êîýôôèöèåíò ïîäà÷è

ñïèðàëüíûõ êîìïðåññîðîâ âûøå, ÷åì ó ïîðøíåâûõ, ïðè ëþáîé ñòåïåíè ñæàòèÿ. Íåñìîòðÿ íà ýòî,

èçîýíòðîïè÷åñêèé ÊÏÄ äâóõ ðàçíûõ ïî ýôôåêòèâíîñòè ñïèðàëüíûõ êîìïðåññîðîâ â ëþáîì ñëó-

÷àå íèæå èçîýíòðîïè÷åñêîãî ÊÏÄ ïîðøíåâûõ õîëîäèëüíûõ êîìïðåññîðîâ ïðè ñòåïåíè ñæàòèÿ,

ïðåâûøàþùåé ñòåïåíü ñæàòèÿ êîìïðåññîðîâ, ïðèìåíÿåìûõ â êîíäèöèîíèðîâàíèè âîçäóõà.

Âèíòîâîé êîìïðåññîð ïî ðàçëè÷íûì ïðè÷èíàì èíîãäà ïðåäïî÷òèòåëüíåå äëÿ ïðèìåíåíèÿ â

òåõíèêå, ÷åì ñïèðàëüíûé. Ïðàâäà, ðå÷ü èäåò î âèíòîâûõ êîìïðåññîðàõ, òðàäèöèîííî îõëàæäàå-

ìûõ ìàñëîì. Êðîìå òîãî, â âèíòîâûõ êîìïðåññîðàõ áîëüøîé îáúåìíîé ïðîèçâîäèòåëüíîñòè ìîæ-

íî "èñêóññòâåííî ïîäïèòàòü"ïðîöåññ ñæàòèÿ ïîñðåäñòâîì ýêîíîìàéçåðíîãî ðåæèìà [6, 7].

Â ñïèðàëüíûõ êîìïðåññîðàõ ðåàëèçîâàòü ýòî ãîðàçäî òðóäíåå, òàê êàê â íèõ ñå÷åíèÿ êàíàëîâ

íåäîñòàòî÷íû äëÿ ïîäâîäà ãàçà. Âîçìîæíîñòü óñòàíîâêè ïîðòà ýêîíîìàéçåðà îãðàíè÷åíà òîëùè-

íîé ñòåíîê ñïèðàëåé. Êðîìå òîãî, çàòðàòû íà ïîäêëþ÷åíèå ýêîíîìàéçåðà ê ñïèðàëüíûì êîìïðåñ-

ñîðàì îòíîñèòåëüíî áîëåå âûñîêè.

Ïîýòîìó â ñïèðàëüíûõ êîìïðåññîðàõ ÷àñòî èñïîëüçóþò íåýêîíîìè÷íûé âïðûñê æèäêîñòè,

êîòîðûé â äåéñòâèòåëüíîñòè ëèøü ïðåäîòâðàùàåò òåïëîâóþ ïåðåãðóçêó êîìïðåññîðà, íå âëèÿÿ

íà óâåëè÷åíèå äàâëåíèÿ.

Âèíòîâûå è ñïèðàëüíûå êîìïðåññîðû ðåêîìåíäóåòñÿ ïðèìåíÿòü ïðè ìàëûõ ñòåïåíÿõ ñæàòèÿ

(ñðåäíåòåìïåðàòóðíîå îõëàæäåíèå è êîíäèöèîíèðîâàíèå âîçäóõà), ãäå îíè ìîãóò áûòü îñîáåííî

ýôôåêòèâíû. Íî â îòëè÷èå îò ñïèðàëüíûõ âèíòîâûå êîìïðåññîðû ñ ìàñëÿíûì îõëàæäåíèåì è

ýêîíîìàéçåðîì ïðè áîëüøèõ ðàáî÷èõ îáúåìàõ ÿâëÿþòñÿ íàèáîëåå èíòåðåñíûì è ïåðñïåêòèâíûì

ðåøåíèåì äëÿ èñïîëüçîâàíèÿ â ÒÍÓ.

Ó÷èòûâàÿ âñå îñíîâíûå äîñòîèíñòâà è íåäîñòàòêè ðàññìîòðåííûõ òèïîâ êîìïðåññîðîâ, êîì-

ïàíèÿ BITZER ñîçäàëà íîâóþ ñåðèþ ïîðøíåâûõ ïîëóãåðìåòè÷íûõ êîìïðåññîðîâ Octagon, â êî-

òîðîé ñ öåëüþ èõ óñîâåðøåíñòâîâàíèÿ ïîäâåðãñÿ ìîäèôèêàöèè ðÿä ñóùåñòâåííûõ ïàðàìåòðîâ,

ñðåäè êîòîðûõ: ïëàâíîñòü õîäà è øóìîâûå õàðàêòåðèñòèêè, ÊÏÄ, ðåãóëèðóåìîñòü ïðîèçâîäè-

òåëüíîñòè, ãàáàðèòíûå ðàçìåðû è ìàññà, ñòîèìîñòü. Øóìîâûå õàðàêòåðèñòèêè ïîðøíåâûõ ïîëó-

ãåðìåòè÷íûõ êîìïðåññîðîâ ñåðèè Octagon ñ äåìïôåðîì ïóëüñàöèé â ãîëîâêå áëîêà öèëèíäðîâ.

Íåñìîòðÿ íà èñêëþ÷èòåëüíóþ ïëàâíîñòü õîäà, îáóñëîâëåííóþ êîíñòðóêöèîííûìè îñîáåííîñòÿìè

êîìïðåññîðîâ ýòîé ñåðèè, â îòäåëüíûõ ñëó÷àÿõ âîçíèêàëè çíà÷èòåëüíûå ðåçîíàíñíûå ïóëüñàöèè

â íàãíåòàòåëüíûõ òðóáîïðîâîäàõ. Êàê ïðàâèëî, òàêèå ïóëüñàöèè ñîêðàùàþòñÿ äî ïðèåìëåìîé

âåëè÷èíû ïóòåì óñòàíîâêè ãëóøèòåëåé (äåìïôåðîâ) íà òðóáîïðîâîäå. Íåäîñòàòîê òàêîãî òåõíè-

÷åñêîãî ðåøåíèÿ ñîñòîèò â òîì, ÷òî íà ó÷àñòêå íàãíåòàòåëüíîãî òðóáîïðîâîäà ìåæäó äåìïôåðîì

è êîìïðåññîðîì âñåãäà ïðèñóòñòâóþò çíà÷èòåëüíûå ïóëüñàöèè. Ïîëíîñòüþ èçáåæàòü íåãàòèâíîãî

âîçäåéñòâèÿ ïóëüñàöèé äàâëåíèÿ â ñèñòåìå óäàëîñü áëàãîäàðÿ íîâîé ãîëîâêå áëîêà öèëèíäðîâ,

ãäå ñ ïîìîùüþ ðåçîíàíñíîãî êàíàëà ïóëüñàöèè ãàñÿòñÿ â ìåñòå èõ âîçíèêíîâåíèÿ [8,9].
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GEOCHEMICAL AND MINERALOGICAL CHARACTERISTICS OF THE

GIANT BAKYRCHIK GOLD DEPOSIT, EAST KAZAKHSTAN
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D. Serikbayev East Kazakhstan state technical university, YugGeo, Almaty, Kazakhstan

Abstract. Presented here are complex metasomatic, mineralogical, and geochemical characteristics

of the giant Bakyrchik gold deposit (East Kazakhstan) hosted in carbonaceous terrigenous rocks.

Possibilities for an increase in gold resources of the Bakyrchik ore district are also discussed.
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íîñëàíöåâîé òîëùè. Ïåðñïåêòèâíîñòü çîëîòîãî ìåñòîðîæäåíèÿ Áàêûð÷èê äî íàñòîÿùåãî âðå-

ìåíè ïîëíîñòüþ íå îöåíåíà.

Êëþ÷åâûå ñëîâà: Ìåñòîðîæäåíèå Áàêûð÷èê, ìåòàñîìàòè÷åñêàÿ çîíàëüíîñòü, ãåîõèìè÷å-

ñêàÿ ñïåöèàëèçàöèÿ

Introduction

The Bakyrchik deposit is hosted in carbonaceous terrigenous rocks (siltstone, sandstone, gravelsto-

ne, conglomerate) containing pyrite-pyrrhotite, ferrous carbonate (siderite, ankerite), and phosphate
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mineralization. The Bakyrchik gold deposit is potentially economic and a type example of ore closely

related to mineralized carbonaceous terrigenous rocks (Marchenko, 2007).

Geochemical and mineralogical characteristics

Systematic metasomatic, mineralogical, and geochemical zoning at di�erent scales is the basis

for the prospecting model and ore estimation of the Bakyrchik deposit. Carbonaceous sericite rocks,

kaolinite-hydromica, quartz-sericite, sericite-phlogopite-carbonate, chlorite-albite, and other metaso-

matic rocks occur at the deposit (Marchenko, 2007; Rafailovich, 2009). Carbonaceous sericite rock is

the leading type of hydrothermal alteration. The total carbon content varies from 0.3 to 26.5% in the

host terrigenous rocks and 2.5-6.0% in ore zones. Carbon occurs as carbonates (oxidized species) and

as kerite, anthraxolite, shungite, graphite, and bitumoids (reduced species).

Metasomatic carbonate bodies consisting of dolomite, ankerite, and breunnerite are often sul�dized.

Kerite-anthraxolite-shungite, graphite, and bitumoids occur throughout the ore-bearing sequence. Chlo-

roformic bitumoid dominates in the orebodies, and alcohol-benzene bitumoid is prevalent in geoche-

mical haloås.

The metasomatic zoning of the Bakyrchik deposit is as follows. The carbonaceous-kaolinite-hydro-

mica metasomatic rocks occur at the upper levels; carbonaceous sericite rocks occur throughout with

a maximum in the middle zone; sericite-phlogopite- carbonate assemblage with apatite and tourmaline

occupies the lower levels. Breunnerite, ankerite, dolomite, quartz, native gold, chalcopyrite, and schee-

lite also occur at the deeper levels. Albite and albite-chlorite alteration (10-20%) is developed in the

upper ore and supraore zones, spreading along fracture zones for many hundreds of meters. Thin

chlorite-albite veinlets combined with supraore haloes of carbonaceous matter act as indicators of

hidden ore mineralization (Fig.1).

Figure 1 Model of metasomatic (I) and geochemical (II) zoning of the Bakyrchik deposit (after M.

Rafailovich, 2011) 1-carbon-terrigenous rock; 2-faults and fractures: à-thrust faults, b-fault �ssures;

3-sericitization; 4-tourmalinization; 5-clinochlore-albite alteration; 6-8-hydrothermal alterations

in-line of main metalliferous deposits: 6-carbon-kaolinite-hydromica, 7-carbon-sericite,

8-sericite-phlogopite-carbonaceous; 9-contour of ore zone in longitudinal section; 10-11 - axial line of

metalliferous deposits: 10 - con�rmed, 11- proposed; 12-geochemical zone; À-D-reference zones

Five ore mineral assemblages are distinguished: (1) early melnikovite-pyrite-pyrrhotite-marcasite
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with nickeline and pentlandite; (2-4) productive (2) gold-pyrite-arsenopyrite with cubanite and gers-

dor�te, (3) gold-quartz-polymetallic with fahlore, chalcopyrite, galena, and sphalerite; (4) gold-quartz-

carbonate-scheelite-chalcopyrite with breunnerite, dolomite, aikinite, and free gold; and (5) late quartz-

carbonate-stibnite-tetrahedrite with marcasite and �ne redeposited gold.

The gold-pyrite-arsenopyrite assemblage appears ubiquitous; melnikovite-pyrite-pyrrhotite-mar-

casite and gold-quartz-carbonate-scheelite-chalcopyrite assemblages are noted at great depth; gold-

quartz-polymetallic and quartz-carbonate-stibnite-tetrahedrite assemblages occur at the middle and

upper levels.

The leading role (>90%) in the total gold budget belongs to the stringer-disseminated gold-pyrite-

arsenopyrite assemblage (1.5-22.0% pyrite and 3-15% arsenopyrite). At the upper levels pyrite prevails

over arsenopyrite (3.5 : 1); at the middle and lower levels pyrite is of subordinate abundance (1 : 3)

(Fig. 2). Fe disul�de forms aggregates, globules, cubic, pentagonal dodecahedral, and cubic octahedral

crystals. In the middle zone crystals of complex habits 210, 210 + 100, and 100 + 111 are predominant,

whereas crystals of cubic habit dominate in the upper and lower zones.

Figure 2 Pyrite-arsenopyrite mineralization.

Pyrite contains inclusions of native gold, arsenopyrite, chalcopyrite, galena, and tennantite-tetrahedrite.

Acicular, prismatic, and columnar crystals are characteristic of arsenopyrite. Pyrite and arsenopyrite

contain Au (tens and rarely hundreds ppm in pyrite and hundreds ppm in arsenopyrite as per ICP-

MS analyses). Native gold occurs as �lms, droplike grains, spherules, amoeba-like and lumpy grains,

dendrites and veinlets (Fig. 3). Microscopic and submicroscopic (< 10 um) dusty and amoeba-like gold

inclusions in pyrite and arsenopyrite are predominant.

Figure 3 Native gold has the form of dendrites.

Pyrite contains inclusions of native gold, arsenopyrite, chalcopyrite, galena, and tennantite-tetrahedrite.

Acicular, prismatic, Gold in microfractures of sul�des in association with tennantite-tetrahedrite,

sphalerite, galena, chalcopyrite, quartz, and carbonate, as well as gold in quartz-sericite-carbonate

rocks rimming pyrite and arsenopyrite grains, are of subordinate abundance. Free lumpy gold grains
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in quartz-polymetallic and quartz-carbonate-scheelite-chalcopyrite assemblages are sporadic, as well as

minute redeposited gold associated with late quartz, stibnite, and tetrahedrite. The �neness of minute

gold in sul�des at the upper level is 760%�, whereas free gold at the middle and lower levels exhibit a

�neness of 960%�.

The mineral distribution is characterised by telescoping and redeposition features. The zonal series

of epigenetic Fe-As sul�des and other minerals have been established within a depth interval from

1200-1500 m to the surface and are as follows: pyrrhotite, arsenopyrite, pyrite � pyrite, arsenopyrite �

pyrite, nickeline, gersdor�te � chalcopyrite, scheelite, aikinite, molybdenite � chalcopyrite, sphalerite

� tennantite, galena � stibnite, tetrahedrite, and native antimony.

The Bakyrchik deposit is highly enriched in Au, As, Sb, Ag, Cu, Pb, Zn, Mo, W, Sn, Bi, Co,

Ni, V, P, PGE, etc. The widespread elemental association and mineral assemblages (in parentheses)

are: upper ore and supraore Au-Sb-As (quartz-carbonate-stibnite-tetrahedrite), middle ore Cu-Pb-

Zn (chalcopyrite-sphalerite-galena-tennantite-tetrahedrite), middle and lower ore As-Ni-Co (combined

pyrite-pyrrhotite-marcasite and pyrite-arsenopyrite) with ubiquitous Au-As (Au-pyrite-arsenopyrite)

throughout. The Au content in geochemical haloes is 0.01-1.0 gpt and a few gpt to 20-25 gpt in

orebodies (average of the deposit is 9.4 gpt). The As contents are 0.005-0.6 and 0.7-1.4%, respectively.

Uniform direct correlations are characteristic of the following element pairs: Au-As, As-Sb, Cu-As,

Ñu-W, Cu-Co, and Co-Ni.

The orebodies in the Bakyrchik ore �eld are bundle-like with 3D concentric zoning. According to

the geochemical data, the following zones are distinguished in the vertical plane: upper Sb-Au-As,

�rst intermediate Au-As-Sb (with W), second intermediate Au-As (with W), and the lower Au-W-

As-Cu-Mo in the lower root zone (Rafailovich, 2009). Two kinds of geochemical zonal patterns are

distinguished: centrifugal vertical (vector is oriented updip of the ore bunch) and centripetal horizontal

(from �anks to center). The Main orebody in the axial part of the cluster is characterized by maximum

geochemical heterogeneity and strongest contrasts in zoning. In contrast, the small �anking orebodies

(e.g., Intermediate, Glubokii Log) are simpler in elemental composition and have lesser zoning.

Summary

A cuto� grade of 3.0 gpt Au, which has existed for many years, is today probably overestimated,

especially in the light of impressive progress in processing of low-grade ores. The transition to a cuto�

of 1.0-1.5 gpt, like at the Muruntau, Sukhoi Log, Kumtor and other giant deposits, will double gold

resources and thus increase capitalization of the mine. Such a transition will allow transformation of

the Kyzylovo Zone into a single giant orebody no less than 4-5 km in extent and with a vertical range

of ore mineralization reaching 2.5-3.0 km depth (Narseev et al. 2001). The enormous mass of ore and its

complex composition (Au, shungite, probably PGM) reinforce the attractiveness of the Bakyrchik-type

mineralization.
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ÎÄÈÍ ÌÅÒÎÄ ÐÀÑÏÀÐÀËËÅËÈÂÀÍÈß ÏÐÎÖÅÑÑÀ ÐÅØÅÍÈß

ÍÅËÈÍÅÉÍÛÕ ÀËÃÅÁÐÀÈ×ÅÑÊÈÕ ÑÈÑÒÅÌ

Ì. Îòåëáàåâ, Á. Òóëåóîâ, Ä. Æóñóïîâà

Åâðàçèéñêèé íàöèîíàëüíûé óíèâåðñèòåò èìåíè Ë. Í. Ãóìèëåâà

Abstract. A new method of �nding approximate solutions to linear algebraic systems with ill-con-

ditioned or singular matrices, using Schmidt orthogonalization, is presented. This method can be

useful for arranging parallel computations for matrices of large size.

Keywords: ill conditioned matrices, eigenvalues, approximate solutions, parallel computation,

Schmidt orthogonalization

À­äàòïà. Ìàòðèöàñû íàøàð øàðòòàë¡àí, íåìåñå ñèíãóëÿð àëãåáðàëû© æ³éåëåðäi­ æóû©

øåøiìäåðií òàáóäû­ æà­à ºäiñi êåëòiðiëãåí. Á´ë ºäiñòå Øìèäò îðòîãîíàëäàóû ©îëäàíûëàäû.

�äiñ ³êåí ìàòðèöàëû æ³éåëåðäi ïàðàëëåëäåó ³øií ©îëäàíûëóû ì³ìêií.

Êiëòòiê ñ°çäåð: íàøàð øàðòòàë¡àí ìàòðèöà, ìåíøiêòi ìºíäåð, æóû© øåøiìäåð, ïàðàëëåëü

åñåïòåó, Øìèäò îðòîãîíàëäàóû

Àííîòàöèÿ. Ïðåäñòàâëåí íîâûé ìåòîä íàõîæäåíèÿ ïðèáëèæåííûõ ðåøåíèé àëãåáðàè÷åñêèõ

ñèñòåì ñ ïëîõî îáóñëîâëåííûìè èëè îñîáûìè ìàòðèöàìè, ñ èñïîëüçîâàíèåì îðòîãîíàëèçàöèè

Øìèäòà. Ýòîò ìåòîä ìîæíî èñïîëüçîâàòü äëÿ îðãàíèçàöèè ïàðàëëåëüíûõ âû÷èñëåíèé ñ áîëü-

øèìè ìàòðèöàìè.

Êëþ÷åâûå ñëîâà: ïëîõî îáóñëîâëåííûå ìàòðèöû, ñîáñòâåííûå çíà÷åíèÿ, ïðèáëèæåííûå ðå-

øåíèÿ, ïàðàëëåëüíûå âû÷èñëåíèÿ, îðòîãîíàëèçàöèÿ Øìèäòà

Çàäà÷à ðàñïàðàëëåëèâàíèÿ ïðèîáðåòàåò âñå áîëüøóþ ïîïóëÿðíîñòü â ñâÿçè ñ ïîòðåáíîñòüþ ðå-

øàòü ñèñòåìû ëèíåéíûõ è íåëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé ñ áîëüøèì ÷èñëîì íåèçâåñò-

íûõ. Ïîñëåäíåå âðåìÿ ýòèì çàäà÷àì ïîñâÿùàåòñÿ îãðîìíîå êîëè÷åñòâî ðàáîò.

Â ýòîì äîêëàäå ìû èçëàãàåì ìåòîä ðåøåíèÿ è ðàñïàðàëëåëèâàíèÿ îäíîãî êëàññà íåëèíåéíûõ

àëãåáðàè÷åñêèõ óðàâíåíèé.

Îêàçûâàåòñÿ, ÷òî ïðîöåññ ðåøåíèÿ àëãåáðàè÷åñêèõ ñèñòåì óðàâíåíèé (ëèíåéíûõ èëè íåëè-

íåéíûõ) âàðèàöèîííûì ìåòîäîì õîðîøî ðàñïàðàëëåëèâàåòñÿ, à èìåííî, èñïîëüçóÿ n îäèíàêîâûõ

êîìïüþòåðîâ (ïðîöåññîðîâ) ìîæíî ñîêðàòèòü âðåìÿ âû÷èñëåíèé ïî÷òè â n ðàç!

Ïóñòü äàíà ñèñòåìà ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé

Ax = f (1)
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Ðàññìîòðèì ýòî óðàâíåíèå â êîíå÷íîìåðíîì ïðîñòðàíñòâå H, ðàçìåðíîñòü êîòîðîãî ðàâíà N .

Äîïóñòèì, ÷òî ìàòðèöà A è âåêòîð f âû÷èñëåíû ïðèáëèæåííî, ò.å.

A = A0 + εB, f = f0 + εg, (2)

ãäå A0 è f0 - ïðåäïîëàãàåìûå òî÷íûå çíà÷åíèÿ A è f , à ‖B‖ ≤ 1, |g| ≤ 1 è ε- ìàëîå ÷èñëî

îòâåòñòâåííîå çà òî÷íîñòü.

Äëÿ A è A0 âåðíû ïîëÿðíûå ïðåäñòàâëåíèÿ

A = US, A0 = Ů S̊. (3)

Çäåñü U è U0 óíèòàðíûå, à S è S0 - ñàìîñîïðÿæåííûå ìàòðèöû, ïðè÷åì

S = (A∗A)
1
2 , S̊ = (A∗0A0)

1
2 .

Ñîáñòâåííûå ÷èñëà ìàòðèöû S è S0 áóäóò íåîòðèöàòåëüíûìè.

Åñëè s1, s2, . . . , sn è s̊1, s̊2, . . . , s̊n - ñîáñòâåííûå ÷èñëà ìàòðèö S è S0, òî â ñèëó (2) èìååì

sj = s̊j + εj , j = 1, 2, . . . , (4)

ãäå εj- ìàëûå ÷èñëà. Äëÿ ðåøåíèé u è x óðàâíåíèé

Au = f, A0x = f0, (5)

â ñèëó (3) èìååì

Su = U∗f, S̊x = Ů∗f0.

Ïóñòü

U∗f =
n∑
j=1

fjej , Ů
∗f0 =

n∑
j=1

f0jϕj ,

ãäå {ej} è {ϕj} - îðòîíîðìèðîâàííûå ñîáñòâåííûå âåêòîðû ìàòðèö S è S0, ò.å.

Sej = sjej , S̊ϕj (j = 1, 2, . . . , n)

Îòñþäà ïîëó÷àåì, ÷òî åñëè ñóùåñòâóþò ðåøåíèÿ óðàâíåíèé Au = f è A0x = f0, òî äîëæíû

èìåòü ìåñòî ðàâåíñòâà

u =

n∑
j=1

s−1
j fjej è x =

n∑
j=1

s−1
0j f0jej . (6)

Îòñþäà ìû âèäèì, ÷òî ó îáåèõ óðàâíåíèé (5) íå âñåãäà ñóùåñòâóþò ðåøåíèÿ; âîçìîæåí ñëó-

÷àé, êîãäà îäíî èç óðàâíåíèé (5) èìååò ðåøåíèå, à äðóãîå íå èìååò. È íàêîíåö, åñëè äàæå îáà

óðàâíåíèÿ èìåþò ðåøåíèÿ èõ ðåøåíèÿ ìîãóò áûòü íå áëèçêèìè.

Â ñèëó âûøå ñêàçàííûõ ìû âìåñòî çàäà÷è (1) ðåøàåì çàäà÷ó íàõîæäåíèÿ u0 ∈ H è x0 ∈ H,
óäîâëåòâîðÿþùèõ óñëîâèÿì

inf
{
|Au− f |2 + δ|u|2

}
= |Au0 − f |2 + δ|u0|2,
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inf
{
|A0u− f0|2 + δ|u0|2

}
= |A0x0 − f0|2 + δ|x0|2,

ãäå in�mum áåðåòñÿ ïî âñåì u ∈ H. Òàê êàê H - êîíå÷íîìåðíî, ðåøåíèÿ ýòèõ çàäà÷ ñóùåñòâóþò.

Ïðè÷åì ïðè δ = 0 äëÿ u0 è x0 âåðíû ðàâåíñòâà

u0 =

n∑
sj 6=0

s−1
j fjej è x0 =

n∑
s0j 6=0

s−1
0j f0jej . (7)

Ðåøåíèÿ çàäà÷ äëÿ in�mum ïðè δ = 0 äàþò íàèëó÷øèå ïðèáëèæåíèÿ f è f0 ýëåìåíòàìè âèäà

Au è A0u.

Êîãäà ó ìàòðèöû A∗0A0 åñòü ìàëûå ñîáñòâåííûå ÷èñëà, òî ìàòðèöà A∗A òàêæå èìååò ñîáñòâåí-

íûå ÷èñëà, (â ñèëó (2)). Íî ïðè ýòîì u0δ è x0δ èç (7) íå âñåãäà áóäóò áëèçêèìè.

Êîãäà ðàçìåðíîñòü ìàòðèöû A è A0 áîëüøàÿ, òî ÷àñòî A∗0A0 èìååò ìàëûå ñîáñòâåííûå ÷èñëà

(ñ òàêèìè ìàòðèöàìè ïðèõîäèòñÿ èìåòü äåëî, íàïðèìåð, â ýêîíîìè÷åñêèõ çàäà÷àõ). Â òàêèõ ñëó-

÷àÿõ, êàê ïðàâèëî, ìàëûå ñîáñòâåííûå ÷èñëà ìàòðèöû A∗A íå åñòü âîçìóùåíèå ñîîòâåòñâóþùèõ

ñîáñòâåííûõ ÷èñåë ìàòðèöû A∗0A0 è ìîæåò áûòü ðåçóëüòàò îøèáêà âû÷èñëåíèé, èñïîëüçîâàííûõ

ïðè ïîñòðîåíèè A. Èñïîëüçóÿ ìîùíûå âû÷èñëèòåëüíûå ñðåäñòâà ìîæíî ïîâûñèòü òî÷íîñòü ïî-

ñòðîåíèÿ A è f , è òåì ñàìûì óëó÷øèòü ïðèáëèæåííîå A è f ê A0 è f0 ñîîòâåòñòâåííî è ïîëó÷èòü

ïðèåìëåìîå ïðèáëèæåíèå u0δ ê x0δ.

Òåïåðü îïèøåì âêðàòöå ïðîöåññ îðòîãîíàëèçàöèè Øìèäòà äëÿ íàøåé ñèòóàöèè.

Ïóñòü e1, . . . , en � áàçèñ â H è A � ïëîõî îáóñëîâëåííàÿ ìàòðèöà. Òîãäà

Aej = (a1j , a2j , . . . , anj), A = {aij} .

Îðòîãîíàëèçóåì ñåìåéñòâî {Aej}nj=1 ïî Øìèäòó. Íàçíà÷èì ÷èñëî ε > 0. Åñëè |Ae1| > ε, òî

ïîëîæèì ψ1 = (Ae1) |Ae1|−1. Åñëè æå |Ae1| 6 ε, òî ïîëîæèì ψ1 = 0.

Ïóñòü âåêòîðû ψ1, . . . , ψj ïîñòðîåíû. Îïðåäåëèì

ψ̃j+1 = Aej+1 −
j∑

k=1

αkψk,

ãäå

αk =

0, åñëè ψk = 0

〈Aej+1, ψk〉 , åñëè ψk 6= 0.

Òåïåðü îïðåäåëèì ψj+1. Åñëè

ψ̃j+1 6= 0 è�
∣∣∣ψ̃j+1

∣∣∣ ∣∣∣∣∣ej+1 −
j∑

k=1

αkA
−1ψk

∣∣∣∣∣
−1

> ε,

òî ïîëîæèì

ψj+1 = ψ̃j+1

∣∣∣ψ̃j+1

∣∣∣−1
.
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Â ñëó÷àå, êîãäà

ψ̃j+1 = 0 èëè
∣∣∣ψ̃j+1

∣∣∣ ∣∣∣∣∣ej+1 −
j∑

k=1

αkA
−1ψk

∣∣∣∣∣
−1

6 ε

òî ïîëîæèì ψj+1 = 0.

Âû÷èñëåíèå A−1ψk íå âûçûâàåò òðóäíîñòè. Åñëè ψk = 0, òî áåðåì A−1ψk = 0, åñëè æå ψk 6= 0,

òî ââèäó

ψ̃k+1 = Aek+1 −
k∑
l=1

αlψl,

èìååò ìåñòî ïðåäñòàâëåíèå

ψ̃k+1 = AΘk+1,

ãäå Θk+1 îïðåäåëÿþòñÿ ðåêóððåíòíî.

Ìû ïîëó÷èì ψ1, . . . , ψn, êîòîðûå óäîâëåòâîðÿþò ñîîòíîøåíèÿì 〈ψi, ψj〉 = 0, ïðè i 6= j, |ψj | = 1

èëè ψj = 0.

Òåïåðü ïîëîæèì

f̃ =
n∑
j=1

〈f, ψj〉ψj =
∑
ψj 6=0

〈f, ψj〉
AΘj∣∣∣ψ̃j∣∣∣ = A

∑
ψj 6=0

〈f, ψj〉
Θj∣∣∣ψ̃j∣∣∣ .

òåïåðü â êà÷åñòâå ïðèáëèæåííîãî ðåøåíèÿ
◦
x̃ çàäà÷è

inf
x∈H
|Ax− f | =

∣∣∣A◦x− f ∣∣∣
áåðåì âåêòîð

x̃ =
∑
ψj 6=0

〈f, ψj〉
Θj∣∣∣ψ̃j∣∣∣ .

Ìîæíî ïîêàçàòü, ÷òî áóäåò âûïîëíåíî íåðàâåíñòâî

|Ax̃− f | 6 C(ε),

ãäå C(ε)→ 0 ïðè ε→ 0.

Ñïèñîê ëèòåðàòóðû

[1] Israel Gohberg, Seymour Goldberg, Marinus A. Kashoek. Basic Classes of Linear Operators.

Birkhauser Verlag, 2003.

[2] M. Otelbaev, B. Tuleuov, D. Zhusupova. On a Method of Finding Approximate Solutions of Ill-

conditioned Algebraic Systems and Parallel Computation. Eurasian Mathematical Journal, Vol.2,

No. 1, 2011, pp.149-151.

[3] M. Otelbaev, B. I. Tuleuov, and D. Zhussupova. On an Orthogonal Method of Finding Approximate

Solutions of Ill-Conditioned Algebraic Systems and Parallel Computation. Proceedings of The

World Congress on Engineering 2013, pp54-58.



Âû÷èñëèòåëüíûå òåõíîëîãèè 237 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

ÓÄÊ 536.7; 621.577

ÏÐÈÌÅÍÅÍÈÅ ÌÅÒÎÄÎÂ ÌÎÄÅËÈÐÎÂÀÍÈß ÏÐÈ ÐÀÇÐÀÁÎÒÊÅ

ÌÅÒÎÄÈÊÈ ÂÛÁÎÐÀ ÎÏÒÈÌÀËÜÍÎÃÎ ÕËÀÄÀÃÅÍÒÀ ÄËß

ÒÅÏËÎÂÎÉ ÍÀÑÎÑÍÎÉ ÓÑÒÀÍÎÂÊÈ

Ò.À. Ñåãåäà

Âîñòî÷íî-Êàçàõñòàíñêèé Ãîñóäàðñòâåííûé Òåõíè÷åñêèé Óíèâåðñèòåò èì. Ä. Ñåðèêáàåâà

Abstract. Cost e�ective and e�cient operation of thermal devices, such as a heat pump system,

linked to many aspects of the operation and use of the respective components. Plays an important

role optimal selection of a component, in this case it is reasonable to use of modeling techniques,

in particular, a method of hierarchical.

Keywords: refrigerant, heat pump installation, the method of analysis of the hierarchy

À­äàòïà. Òåõíîëîãèÿëû© ©îíäûð¡ûëàðäûí iøiíäå æûëó ñîð¡ûø ©îíäûð¡ûíû ©îëäàíó îíû­

æ´ìûñû ýêîíîìäû æºíå òèiìäi, á´ë ê°ïòåãåí ©îëäàíûëàòûí ñºéêåñ ©´ðàìäàñ á°ëøåêòåðäi

©îëäàíó¡à áàéëàíûñòû. �´ðàìäàñ á°ëiêòåðäi òà­äàóäàáàñòû ð°ëäi ©îëàéëû í´ñ©àíû òà­äàó

áîëûï òàáûëàäû, á´ë æà¡äàéëàðäà ³ëãiëåói ºäiñòåði ©îëäàíó òèiìäi æºíå èåðàðõèÿëû© òàëäàó

³ëãiñií ©îëäàíó ä´ðûñ áîëûï òàáûëàäû.

Êiëòòiê ñ°çäåð: õëàäàãåíò, æûëó ñîð¡ûø ©îíäûð¡û, èåðàðõèÿëû© òàëäàó ³ëãiñi

Àííîòàöèÿ. Ýêîíîìè÷íàÿ è ýôôåêòèâíàÿ ðàáîòà òåïëîòåõíè÷åñêèõ óñòðîéñòâ, íàïðèìåð,

òåïëîâîé íàñîñíîé óñòàíîâêè, ñâÿçàíà ñî ìíîãèìè àñïåêòàìè ýêñïëóàòàöèè è èñïîëüçîâàíèÿ

ñîîòâåòñòâóþùèõ êîìïîíåíòîâ. Âàæíóþ ðîëü èãðàåò îïòèìàëüíûé âûáîð òîãî èëè èíîãî êîì-

ïîíåíòà, è â ýòîì ñëó÷àå öåëåñîîáðàçíûì ïðåäñòàâëÿåòñÿ ïðèìåíåíèå ìåòîäîâ ìîäåëèðîâàíèÿ,

â ÷àñòíîñòè, ìåòîäà àíàëèçà èåðàðõèè.

Êëþ÷åâûå ñëîâà: õëàäàãåíò, òåïëîâàÿ íàñîñíàÿ óñòàíîâêà, ìåòîä àíàëèçà èåðàðõèè

Íà ñîâðåìåííîì ýòàïå ðàçâèòèÿ õîëîäî- è òåïëîïðîèçâîäÿùèõ óñòàíîâîê, à òàêæå ñâÿçàííûõ ñ

ýòèì âîïðîñîâ ýíåðãîîáåñïå÷åíèÿ æèçíåííûõ ïîòðåáíîñòåé îáùåñòâà, àêòóàëüíûìè çàäà÷àìè ÿâ-

ëÿþòñÿ ðàçâèòèå ìåòîäîâ ïðîãíîçèðîâàíèÿ òåðìîäèíàìè÷åñêèõ õàðàêòåðèñòèê âåùåñòâ íà îñíîâå

àäåêâàòíûõ ìîäåëåé, ïîèñê àëüòåðíàòèâíûõ âûñîêîýôôåêòèâíûõ ýêîëîãè÷åñêèõ õëàäàãåíòîâ, à

òàêæå ðàçâèòèå ìåòîäîâ îïòèìèçàöèè ðàáîòû õîëîäèëüíûõ è òåïëîíàñîñíûõ óñòàíîâîê, îäíèì èç

êîòîðûõ ìîæåò âûñòóïàòü îáîñíîâàííûé àíàëèç äëÿ îïðåäåëåíèÿ íàèëó÷øåãî ïî ðÿäó êðèòåðèåâ

ðàáî÷åãî òåëà - õëàäàãåíòà.

Ðàáîòà òåïëîâîãî íàñîñà ñõîæà ñ ïðîöåññîì õîëîäèëüíèêà [1]. Òåïëîâîé íàñîñ ïåðåêà÷èâàåò

íèçêîïîòåíöèàëüíóþ òåïëîâóþ ýíåðãèþ ãðóíòà, âîäû èëè äàæå âîçäóõà â îòíîñèòåëüíî âûñîêîïî-

òåíöèàëüíîå òåïëî äëÿ îòîïëåíèÿ îáúåêòà. Ïðèìåðíî 2/3 îòîïèòåëüíîé ýíåðãèè ìîæíî ïîëó÷èòü

èç ïðèðîäû: ãðóíòà, âîäû, âîçäóõà è òîëüêî 1/3 ýíåðãèè íåîáõîäèìî çàòðàòèòü äëÿ ðàáîòû ñàìîé

òåïëîíàñîñíîé óñòàíîâêè. Èíûìè ñëîâàìè, òåïëîâàÿ íàñîñíàÿ óñòàíîâêà (ÒÍÓ) ìîæåò ïîçâîëèòü

ñýêîíîìèòü äî 70% ñðåäñòâ, êîòîðûå, ïðè îòîïëåíèè äîìà, ìàãàçèíà, öåõà è ò.ï. òðàäèöèîííûì

ñïîñîáîì ðåãóëÿðíî òðàòèëèñü áû íà äèçòîïëèâî èëè ýëåêòðîýíåðãèþ. Òåïëîâîé íàñîñ, òàêæå êàê

è õîëîäèëüíàÿ óñòàíîâêà, â ñâîåé ðàáîòå èñïîëüçóþò ïåðåõîä àãðåãàòíîãî ñîñòîÿíèÿ âåùåñòâà èç

æèäêîãî â ãàçîîáðàçíîå, è íàîáîðîò [2-4]. Èõ ïðèíöèï ðàáîòû îñíîâûâàåòñÿ íà îáùåèçâåñòíûõ

ôèçè÷åñêèõ ÿâëåíèÿõ. Ïåðâîå � ýòî ñâîéñòâî âåùåñòâ èìåòü ðàçëè÷íóþ òåìïåðàòóðó êèïåíèÿ
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è êîíäåíñàöèè â çàâèñèìîñòè îò äàâëåíèÿ îêðóæàþùåé ñðåäû. Òàê, ÷åì íèæå äàâëåíèå � òåì

íèæå ñòàíîâèòñÿ òåìïåðàòóðà êèïåíèÿ âåùåñòâà, è íàîáîðîò. Âòîðîå � ïðè èñïàðåíèè âåùåñòâî

çàáèðàåò òåïëî, à ïðè êîíäåíñàöèè îòäàåò åãî. Äëÿ îòáîðà òåïëà è ïîñëåäóþùåé åãî îòäà÷è èñ-

ïîëüçóþòñÿ ñïåöèàëüíûå âåùåñòâà, íàçûâàåìûå õëàäàãåíòàìè [2-4].

Ê îñíîâíûì òðåáîâàíèÿì, ïðåäúÿâëÿåìûì ê õëàäàãåíòàì, îòíîñÿòñÿ ñëåäóþùèå [2; 5; 6]:

1. ýêîëîãè÷åñêèå:

- îçîíîáåçîïàñíîñòü; - íèçêèé ïîòåíöèàë ãëîáàëüíîãî ïîòåïëåíèÿ; - íåãîðþ÷åñòü, íåòîêñè÷-

íîñòü;

2. òåðìîäèíàìè÷åñêèå:

- áîëüøàÿ îáúåìíàÿ õîëîäîïðîèçâîäèòåëüíîñòü; - íèçêàÿ òåìïåðàòóðà êèïåíèÿ ïðè àòìîñôåð-

íîì äàâëåíèè; - íåâûñîêîå äàâëåíèå êîíäåíñàöèè; - õîðîøàÿ òåïëîïðîâîäíîñòü; - ìàëûå ïëîòíîñòü

è âÿçêîñòü; - ìàêñèìàëüíàÿ ïðèáëèæåííîñòü ê çàìåíÿåìûì õëàäàãåíòàì ïî äàâëåíèÿì, òåìïåðà-

òóðàì, óäåëüíîé îáúåìíîé õîëîäîïðîèçâîäèòåëüíîñòè è õîëîäèëüíîìó êîýôôèöèåíòó;

3. ýêñïëóàòàöèîííûå:

- òåðìîõèìè÷åñêàÿ ñòàáèëüíîñòü; - õèìè÷åñêàÿ ñîâìåñòèìîñòü ñ ìàòåðèàëàìè è õîëîäèëüíûìè

ìàñëàìè, äîñòàòî÷íàÿ ðàñòâîðèìîñòü ñ ìàñëîì äëÿ îáåñïå÷åíèÿ åãî öèðêóëÿöèè, òåõíîëîãè÷íîñòü

ïðèìåíåíèÿ; - íåãîðþ÷åñòü è íåâçðûâîîïàñíîñòü; - ñïîñîáíîñòü ðàñòâîðÿòü âîäó; - íàëè÷èå öâåòà,

çàïàõà è ò.ä.;

4. ýêîíîìè÷åñêèå � íàëè÷èå òîâàðíîãî ïðîèçâîäñòâà, äîñòóïíûå (íèçêèå) öåíû.

Îäèí èç îñíîâíûõ âîïðîñîâ, âîçíèêàþùèõ ïðè ñîçäàíèè ÒÍÓ - âûáîð õîëîäèëüíûõ àãåíòîâ,

êîòîðûå ñïîñîáñòâîâàëè áû íàäåæíîé è ýêîíîìè÷íîé ðàáîòå óñòàíîâêè â çàäàííîì òåìïåðàòóð-

íîì äèàïàçîíå. Îò òîãî, êàêîé õëàäàãåíò ïðèìåíåí â õîëîäèëüíîé èëè òåïëîíàñîñíîé óñòàíîâêå,

çàâèñÿò êîíñòðóêöèÿ ìàøèí è òåïëîîáìåííîé àïïàðàòóðû, âåñ, ãàáàðèòû, ðàñõîä ýíåðãèè è äðó-

ãèå ýêñïëóàòàöèîííûå ïîêàçàòåëè.

Õîëîäîïðîèçâîäèòåëüíîñòü õàðàêòåðèçóåòñÿ êîëè÷åñòâîì òåïëà, êîòîðîå îòáèðàåò 1 ì3 ïàðîâ

õëàäàãåíòà, îáðàçóþùèõñÿ ïðè êèïåíèè õëàäàãåíòà. ×åì áîëüøå îáúåìíàÿ õîëîäîïðîèçâîäèòåëü-

íîñòü, òåì ïðè ìåíüøåì êîëè÷åñòâå õëàäàãåíòà, ïîñòóïàþùåãî â åäèíèöó âðåìåíè â èñïàðèòåëü,

ìîæåò áûòü îòíÿòî òî æå êîëè÷åñòâî òåïëà îò îõëàæäàåìîãî îáúåêòà. Ñëåäîâàòåëüíî, ïðè èñïîëü-

çîâàíèè õëàäàãåíòà ñ îòíîñèòåëüíî áîëüøîé îáúåìíîé õîëîäîïðîèçâîäèòåëüíîñòüþ ÒÍÓ ìîæåò

áûòü áîëåå êîìïàêòíà [7].

Òåìïåðàòóðà êèïåíèÿ ëþáîé æèäêîñòè çàâèñèò îò äàâëåíèÿ åå íàñûùåííûõ ïàðîâ. Ñ ïîíèæå-

íèåì äàâëåíèÿ òåìïåðàòóðà êèïåíèÿ æèäêîñòè ïîíèæàåòñÿ. Ïðè òðåáóåìûõ íèçêèõ òåìïåðàòóðàõ

êèïåíèÿ ðàáî÷èå äàâëåíèÿ â èñïàðèòåëå íå äîëæíû áûòü íèæå àòìîñôåðíîãî. Â ïðîòèâíîì ñëó-

÷àå ïîÿâëÿåòñÿ âîçìîæíîñòü ïîäñîñà àòìîñôåðíîãî âîçäóõà. Ïîäñîñ âîçäóõà íåæåëàòåëåí, òàê

êàê ïðè ýòîì óõóäøàåòñÿ ïåðåäà÷à òåïëà îò îõëàæäàåìîé ñðåäû õëàäàãåíòó â èñïàðèòåëå è ïåðå-

äà÷à åãî õëàäàãåíòîì îêðóæàþùåé' ñðåäå â êîíäåíñàòîðå. Êðîìå òîãî, ñ àòìîñôåðíûì âîçäóõîì

ïîïàäàþò âîäÿíûå ïàðû, êîòîðûå áóäóò çàìåðçàòü è çàêóïîðèâàòü òðóáîïðîâîäû, à òàêæå ðàñ-

òâîðÿòüñÿ â ñìàçî÷íîì ìàñëå è óõóäøàòü åãî êà÷åñòâî. Íàêîíåö, ïîäñîñ âîçäóõà áóäåò ïîâûøàòü

ðàáî÷èå äàâëåíèÿ â êîíäåíñàòîðå [2; 3; 5; 7].

Òåìïåðàòóðû è äàâëåíèÿ êîíäåíñàöèè íàñûùåííûõ ïàðîâ. Ïðåä-ïî÷òèòåëüíî, ÷òîáû äàâëå-

íèÿ, ïðè êîòîðûõ êîíäåíñèðóþòñÿ íàñûùåííûå ïàðû õëàäàãåíòà, áûëè íåâûñîêè. Åñëè êîíäåí-

ñàöèÿ ïàðîâ õëàäàãåíòà ïðè ñóùåñòâóþùèõ òåìïåðàòóðíûõ óñëîâèÿõ îêðóæàþùåãî âîçäóõà ïðî-

èñõîäèò ïðè âûñîêèõ äàâëåíèÿõ, òî ýòî ïîòðåáóåò ïðèìåíåíèÿ áîëåå ìîùíîãî êîìïðåññîðà è

ýëåêòðîäâèãàòåëÿ, à òàêæå ïîâûøåíèÿ ìåõàíè÷åñêîé ïðî÷íîñòè ÷àñòåé òåïëîâîãî íàñîñà. Ñ ïî-
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âûøåíèåì äàâëåíèÿ õëàäàãåíòà â ìàøèíå óâåëè÷èâàåòñÿ òàêæå âîçìîæíîñòü åãî óòå÷êè [2; 3; 5;

7].

Õîëîäèëüíûé àãåíò äîëæåí áûòü õèìè÷åñêè ñòîéêèì (èíåðòíûì) ïî îòíîøåíèþ ê ìåòàëëè-

÷åñêèì ÷àñòÿì òåïëîâîãî íàñîñà. Õîëîäèëüíûå àãåíòû áûâàþò ðàçëè÷íîé âðåäíîñòè. Ìíîãèå èç

íèõ â ñëó÷àå óòå÷êè èç ìàøèíû èëè áàëëîíîâ, â êîòîðûõ èõ òðàíñïîðòèðóþò è õðàíÿò, ìîãóò

îêàçûâàòü âðåäíîå äåéñòâèå íà ëþäåé, ïîðòèòü ïèùåâûå ïðîäóêòû è ðàçëè÷íûå ìàòåðèàëû â

ïîìåùåíèè [2; 3; 5; 7].

Âåùåñòâà, îòâå÷àþùèå âñåì âûøåïåðå÷èñëåííûì òðåáîâàíèÿì, íàéòè ïðàêòè÷åñêè íåâîçìîæ-

íî, è â êàæäîì îòäåëüíîì ñëó÷àå íåîáõîäèìî ïðîèçâîäèòü îïòèìàëüíûé ïîäáîð õëàäàãåíòà â çà-

âèñèìîñòè îò êîíêðåòíûõ óñëîâèé ðàáîòû òåïëîíàñîñíîé óñòàíîâêè, îòäàâàÿ ïðåäïî÷òåíèå ïðèí-

öèïèàëüíûì è îïðåäåëÿþùèì òðåáîâàíèÿì [2; 3; 5; 7]. Â îáùåì ñëó÷àå, âûáîð õëàäàãåíòà çàâèñèò

îò íàçíà÷åíèÿ ìàøèíû, óñëîâèé åå ðàáîòû è êîíñòðóêòèâíûõ îñîáåííîñòåé [2; 8].

Â êà÷åñòâå èíñòðóìåíòà äëÿ âûáîðà îïòèìàëüíîãî õëàäàãåíòà öåëåñîîáðàçíî èñïîëüçîâàòü

ýêñïåðòíûå îöåíêè, áàçèðóþùèåñÿ íà èíôîðìàöèè î òåïëîôèçè÷åñêèõ è òåðìîäèíàìè÷åñêèõ

ñâîéñòâàõ õëàäàãåíòîâ è ðàñ÷åòå òåðìîäèíàìè÷åñêîãî öèêëà ÒÍÓ. Äëÿ ðàññìàòðèâàåìîé çàäà÷è

íàèáîëåå ïðîäóêòèâíûì ïðåäñòàâëÿåòñÿ èñïîëüçîâàòü ìåòîä àíàëèçà èåðàðõèé [9], òàê êàê íåîá-

õîäèìî àíàëèçèðîâàòü è ñîïîñòàâëÿòü êàê êîëè÷åñòâåííûå, òàê è êà÷åñòâåííûå õàðàêòåðèñòèêè.

Ìåòîä àíàëèçà èåðàðõèé (ÌÀÈ) ïðåäïîëàãàåò äåêîìïîçèöèþ ïðîáëåìû íà áîëåå ïðîñòûå ñî-

ñòàâëÿþùèå ÷àñòè è îáðàáîòêó ñóæäåíèé ëèöà, ïðèíèìàþùåãî ðåøåíèå (ËÏÐ). Àíàëèç ïðîáëåìû

ïðèíÿòèÿ ðåøåíèé â ÌÀÈ íà÷èíàåòñÿ ñ ïîñòðîåíèÿ èåðàðõè÷åñêîé ñòðóêòóðû, êîòîðàÿ âêëþ÷à-

åò öåëü, êðèòåðèè, àëüòåðíàòèâû è äðóãèå ðàññìàòðèâàåìûå ôàêòîðû, âëèÿþùèå íà âûáîð. Ýòà

ñòðóêòóðà îòðàæàåò ïîíèìàíèå ïðîáëåìû. Êàæäûé ýëåìåíò èåðàðõèè ìîæåò ïðåäñòàâëÿòü ðàç-

ëè÷íûå àñïåêòû ðåøàåìîé çàäà÷è, ïðè÷åì âî âíèìàíèå ìîãóò áûòü ïðèíÿòû êàê ìàòåðèàëüíûå,

òàê è íåìàòåðèàëüíûå ôàêòîðû, èçìåðÿåìûå êîëè÷åñòâåííûå ïàðàìåòðû è êà÷åñòâåííûå õàðàê-

òåðèñòèêè, îáúåêòèâíûå äàííûå è ñóáúåêòèâíûå ýêñïåðòíûå îöåíêè. Ñëåäóþùèì ýòàïîì àíà-

ëèçà ÿâëÿåòñÿ îïðåäåëåíèå ïðèîðèòåòîâ, ïðåäñòàâëÿþùèõ îòíîñèòåëüíóþ âàæíîñòü èëè ïðåäïî-

÷òèòåëüíîñòü ýëåìåíòîâ ïîñòðîåííîé èåðàðõè÷åñêîé ñòðóêòóðû, ñ ïîìîùüþ ïðîöåäóðû ïàðíûõ

ñðàâíåíèé. Áåçðàçìåðíûå ïðèîðèòåòû ïîçâîëÿþò îáîñíîâàííî ñðàâíèâàòü ðàçíîðîäíûå ôàêòîðû,

÷òî ÿâëÿåòñÿ îòëè÷èòåëüíîé îñîáåííîñòüþ ÌÀÈ. Íà çàêëþ÷èòåëüíîì ýòàïå àíàëèçà âûïîëíÿåòñÿ

ñèíòåç (ëèíåéíàÿ ñâåðòêà) ïðèîðèòåòîâ íà èåðàðõèè, â ðåçóëüòàòå êîòîðîé âû÷èñëÿþòñÿ ïðèî-

ðèòåòû àëüòåðíàòèâíûõ ðåøåíèé îòíîñèòåëüíî ãëàâíîé öåëè. Ëó÷øåé ñ÷èòàåòñÿ àëüòåðíàòèâà

ñ ìàêñèìàëüíûì çíà÷åíèåì ïðèîðèòåòà. Äëÿ óñòàíîâëåíèÿ îòíîñèòåëüíîé âàæíîñòè ýëåìåíòîâ

èåðàðõèè èñïîëüçóåòñÿ øêàëà îòíîøåíèé. Äàííàÿ øêàëà ïîçâîëÿåò ñòàâèòü â ñîîòâåòñòâèå ñòå-

ïåíÿì ïðåäïî÷òåíèÿ îäíîãî ñðàâíèâàåìîãî îáúåêòà ïåðåä äðóãèì íåêîòîðûå ÷èñëà [9].

×òîáû îïðåäåëèòü, êàêèå èç òåðìîäèíàìè÷åñêèõ è èíûõ õàðàêòåðèñòèê âàæíû äëÿ ñðàâíå-

íèÿ è óñòàíîâèòü ñòåïåíü çíà÷èìîñòè õàðàêòåðèñòèê õëàäàãåíòîâ, íà îñíîâàíèè êîòîðûõ áóäåò

âîçìîæíî ïðîâåñòè ðàñ÷åò ïî ìåòîäó àíàëèçà èåðàðõèé ñ öåëüþ îïðåäåëåíèÿ îïòèìàëüíîãî ðàáî-

÷åãî òåëà ÒÍÓ, áûë ïðîâåäåí ðàñ÷åò òåïëîíàñîñíîé óñòàíîâêè ïî ìåòîäèêå [3]. Äèàãðàììû äëÿ

ðàñ÷åòà òåðìîäèíàìè÷åñêèõ öèêëîâ ñòðîèëèñü ïî äàííûì [10]. Íà ðèñóíêå 1 ïðåäñòàâëåíî ñðàâ-

íåíèå ðåçóëüòàòîâ ðàñ÷åòà ðàçëè÷íûõ òåðìîäèíàìè÷åñêèõ öèêëîâ ñ èñïîëüçîâàíèåì ðàçëè÷íûõ

âèäîâ õëàäàãåíòîâ. Íà îñíîâàíèè ïðîâåäåííîãî òåïëîâîãî ðàñ÷åòà òåïëîíàñîñíîé óñòàíîâêè è ñ

ó÷åòîì ýêîëîãè÷åñêèõ òðåáîâàíèé, ïðåäúÿâëÿåìûõ ê õëàäàãåíòàì, ïðîâåäåì àíàëèç õëàäàãåíòîâ

ïî ñëåäóþùèì õàðàêòåðèñòèêàì:

1. Ïîæàðî- è âçðûâîîïàñíîñòü 2. Ïîòåíöèàë ãëîáàëüíîãî ïîòåïëåíèÿ 3. Îçîíîðàçðóøàþùèé
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Ðèñóíîê 1 Ñðàâíåíèå COP ÒÍÓ ñ ðàçëè÷íûìè õëàäàãåíòàìè

ïîòåíöèàë 4. Óäåëüíûé îáúåì ïåðåãðåòûõ ïàðîâ 5. Òåïëîåìêîñòü 6. Òåïëîïðîâîäíîñòü 7. Óäåëüíàÿ

ýíòàëüïèÿ 8. Óäåëüíàÿ òåïëîòà ïàðîîáðàçîâàíèÿ

Äàëåå, áóäåì ðàññìàòðèâàòü îäíîêîìïîíåíòíûå õëàäàãåíòû: R744, R717, R702, R704, R170,

R290, R718, R846, R1270, R32, R134a, RC318, R143a.

Äëÿ óñòàíîâëåíèÿ îòíîñèòåëüíîé âàæíîñòè ýëåìåíòîâ èåðàðõèè ñîñòàâèì øêàëó îòíîøåíèé

(òàáëèöà 1). Äàííàÿ øêàëà ïîçâîëèò ñòàâèòü â ñîîòâåòñòâèå ñòåïåíÿì ïðåäïî÷òåíèÿ îäíîãî ñðàâ-

íèâàåìîãî îáúåêòà ïåðåä äðóãèì íåêîòîðûå ÷èñëà.

Òàáëèöà 1 Øêàëà îòíîøåíèé

Íà îñíîâå òåîðèè ìåòîäà àíàëèçà èåðàðõèé [9] îïðåäåëÿåì íîðìèðîâàííûé âåêòîð ïðèîðèòå-

òîâ ìàòðèöû ïàðíûõ ñðàâíåíèé, ïðîïîðöèîíàëüíóþ ïðåäïî÷òèòåëüíîñòü ìàòðèöû ïàðíûõ ñðàâ-

íåíèé, ìàêñèìàëüíîå ñîáñòâåííîå çíà÷åíèå ìàòðèöû. Äàëåå, îöåíèâàåòñÿ îäíîðîäíîñòü ñóæäåíèé

ñ ïîìîùüþ èíäåêñà îäíîðîäíîñòè (ÈÎ) èëè îòíîøåíèÿ îäíîðîäíîñòè (ÎÎ). Â òàáëèöå 2 ïðåä-

ñòàâëåíû ñðåäíèå çíà÷åíèÿ èíäåêñà îäíîðîäíîñòè â çàâèñèìîñòè îò ïîðÿäêà ìàòðèöû. Â êà÷åñòâå

äîïóñòèìîãî èñïîëüçóåòñÿ çíà÷åíèå ÎÎ<=0,10.
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Ðèñóíîê 2 Ðåçóëüòàò èñïîëüçîâàíèÿ ÌÀÈ äëÿ âûáîðà îïòèìàëüíîãî õëàäàãåíòà ÒÍÓ

Òàáëèöà 2 Çíà÷åíèÿ èíäåêñà îäíîðîäíîñòè â çàâèñèìîñòè îò ïîðÿäêà ìàòðèöû

Èñïîëüçóÿ ìåòîä ïîïàðíîãî ñðàâíåíèÿ ýëåìåíòîâ èåðàðõèè, áûëè ïîñòðîåíû ìàòðèöû ïàð-

íûõ ñðàâíåíèé äëÿ èåðàðõèè âûáîðà îïòèìàëüíîãî õëàäàãåíòà. Îäíàêî äëÿ ñðàâíåíèÿ ôàêòîðîâ

íåëüçÿ ñ óâåðåííîñòüþ óòâåðæäàòü î íàëè÷èè áîëüøåé çíà÷èìîñòè êàêîé-ëèáî îäíîé òåðìîäèíà-

ìè÷åñêîé õàðàêòåðèñòèêè. Ïîýòîìó ïðè îïðåäåëåíèè ôàêòîðîâ âñå òåðìîäèíàìè÷åñêèå õàðàêòå-

ðèñòèêè èìåþò îäèíàêîâóþ ñòåïåíü çíà÷èìîñòè.

Äëÿ êàæäîé ìàòðèöû ðàññ÷èòàíû íîðìèðîâàííûé âåêòîð ïðèîðèòåòîâ (W), ñîáñòâåííîå ÷èñ-

ëî ìàòðèöû (λmax) è îòíîøåíèå ñîãëàñîâàííîñòè (ÎÑ). Ðåçóëüòèðóþùèé âåêòîð ïðèîðèòåòîâ

àëüòåðíàòèâ îïðåäåëÿëñÿ ïóòåì ïåðåìíîæåíèÿ ìàòðèöû, ñôîðìèðîâàííîé èç çíà÷åíèé âîñüìè

âåêòîðîâ ïðèîðèòåòîâ W1, W2, W3, W4, W5, W6,W7, W8 íà âåêòîð W, îïðåäåëÿþùèé çíà÷è-

ìîñòü ôàêòîðîâ. Ãðàôè÷åñêèé ðåçóëüòàò âûáîðà îïòèìàëüíîãî õëàäàãåíòà èç îòîáðàííûõ äëÿ

àíàëèçà ïî âîñüìè êðèòåðèÿì ïðåäñòàâëåí íà ðèñóíêå 2, èç êîòîðîãî âèäíî, ÷òî ìàêñèìàëüíîå

çíà÷åíèå ïðèîðèòåòà 18,4% èìååò õëàäàãåíò R718 � âîäà, çàòåì àììèàê (NH3) - 12,63%, äàëåå

äèîêñèä óãëåðîäà (CO2) - 11,55%, âîäîðîä ïî èòîãàì ÌÀÈ ñîñòàâèë 10,9%, ïðîïàí (R290) - 8,52%.

Äàëåå, íà îñíîâå ðåçóëüòàòîâ òåïëîâîãî ðàñ÷åòà ïðîâîäèëñÿ àíàëèç îïòèìàëüíîñòè õëàäàãåíòà

ïî ÌÀÈ ñ ðàñøèðåíèåì øêàëû êðèòåðèåâ ïî óäåëüíîé òåïëîòå, îòâåäåííîé èç êîíäåíñàòîðà, è

ðàçíîñòè äàâëåíèé èñïàðåíèÿ è êîíäåíñàöèè äëÿ ñëåäóþùèõ õëàäàãåíòîâ: R134a, R1270, R290,

RC318, R718, R744, R170 è R717. Òàêæå áûëè ðàññ÷èòàíû íîðìèðîâàííûé âåêòîð ïðèîðèòåòîâ

(W), ñîáñòâåííîå ÷èñëî ìàòðèöû (λmax) è îòíîøåíèå ñîãëàñîâàííîñòè (ÎÑ). Ðåçóëüòèðóþùèé

âåêòîð ïðèîðèòåòîâ àëüòåðíàòèâ îïðåäåëÿëñÿ ïóòåì ïåðåìíîæåíèÿ ìàòðèöû, ñôîðìèðîâàííîé

èç çíà÷åíèé äåñÿòè âåêòîðîâ ïðèîðèòåòîâ W1, W2, W3, W4, W5, W6, W7, W8, W9, W10 íà

âåêòîð W, îïðåäåëÿþùèé çíà÷èìîñòü ôàêòîðîâ. Ãðàôè÷åñêèé ðåçóëüòàò âûáîðà îïòèìàëüíîãî

õëàäàãåíòà ïî ðàñøèðåííîìó ñïèñêó êðèòåðèåâ ïðåäñòàâëåí íà ðèñóíêå 3.

Ñîãëàñîâàííîñòü ðåçóëüòàòîâ îïðåäåëåíèÿ îïòèìàëüíîãî õëàäàãåíòà äëÿ ÒÍÓ íà îñíîâå ìå-
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Ðèñóíîê 3 Ðåçóëüòàò èñïîëüçîâàíèÿ ÌÀÈ ïî ðàñøèðåííîé øêàëå êðèòåðèåâ äëÿ âûáîðà
îïòèìàëüíîãî õëàäàãåíòà ÒÍÓ

òîäà àíàëèçà èåðàðõèè ïîêàçûâàåò, ÷òî ðàçðàáîòàííàÿ íà îñíîâå òåïëîâîãî ðàñ÷åòà ÒÍÓ øêàëà

êðèòåðèåâ ìîæåò áûòü ïðèìåíåíà äëÿ äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ ìåòîäèêè âûáîðà õëàä-

àãåíòà ñ öåëüþ îïòèìàëüíîãî ñî÷åòàíèÿ ýíåðãîýôôåêòèâíîñòè, ýêîíîìè÷íîñòè è ýêîëîãè÷íîñòè

ðàáîòû òåïëîâîé íàñîñíîé óñòàíîâêè, à ïðèìåíåíèå äëÿ ýòîé öåëè ìåòîäà àíàëèçà èåðàðõèè îáîñ-

íîâàííî è ïðîäóêòèâíî.
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ÐÀÑ×ÅÒ ÒÅÏËÎÅÌÊÎÑÒÈ ÌÎËÅÊÓËßÐÍÎ-ÊËÀÑÒÅÐÍÎÉ ÃÀÇÎÂÎÉ

ÑÌÅÑÈ ÍÀ ÎÑÍÎÂÅ ÊËÀÑÒÅÐÍÎÉ ÌÎÄÅËÈ

Ò.À. Ñåãåäà

Âîñòî÷íî-Êàçàõñòàíñêèé Ãîñóäàðñòâåííûé Òåõíè÷åñêèé Óíèâåðñèòåò èì. Ä. Ñåðèêáàåâà

Abstract. In modern industrial technologies relevant is the accurate prediction of the characte-

ristics of the processes and systems through appropriate models. These models include the cluster

model of the gas, which is also e�ective in the �eld of fundamental research of the properties of

substances at the molecular level, in particular, the speci�c heat of gases
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ëÿì ìîæíî îòíåñòè êëàñòåðíóþ ìîäåëü ãàçà, êîòîðàÿ òàêæå ÿâëÿåòñÿ ýôôåêòèâíîé â íàïðàâ-

ëåíèè ôóíäàìåíòàëüíûõ èññëåäîâàíèé ñâîéñòâ âåùåñòâ íà ìîëåêóëÿðíîì óðîâíå, â ÷àñòíîñòè,
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Íà ñåãîäíÿøíèé äåíü àêòóàëüíûì â òåïëîýíåðãåòèêå êàê ñ òåõíîëîãè÷åñêîé, òàê è ñ ýêîíîìè-

÷åñêîé òî÷êè çðåíèÿ ÿâëÿåòñÿ òî÷íîå ïðîãíîçèðîâàíèå ïðîöåññîâ, ëåæàùèõ â îñíîâå ïðîèçâîäñòâ.

Ïðîâåñòè èçìåðåíèÿ ïðè âñåõ óñëîâèÿõ, êîòîðûå ìîãóò âñòðåòèòüñÿ íà ïðàêòèêå, íåâîçìîæíî, ïî-

ýòîìó äëÿ ïðîãíîçèðîâàíèÿ íåîáðàòèìûõ òåïëîâûõ ïðîöåññîâ âîçíèêàåò ïîòðåáíîñòü â òåîðèè,

êîòîðàÿ áàçèðóåòñÿ íà íàäåæíîé ìîäåëè. Â êà÷åñòâå òàêîé ìîäåëè äëÿ ãàçîîáðàçíîãî ñîñòîÿíèÿ

ðàáî÷åãî òåëà ìîæåò áûòü ïðèíÿòà ìîëåêóëÿðíî-êëàñòåðíàÿ ìîäåëü, â ðàìêàõ êîòîðîé ðàçðà-

áîòàíû ñõåìû ðàñ÷åòîâ òåðìîäèíàìè÷åñêèõ ñâîéñòâ âåùåñòâà â ãàçîâîé ôàçå, à òàêæå âåäóòñÿ

äàëüíåéøèå èññëåäîâàíèÿ ïî îïðåäåëåíèþ òåïëîôèçè÷åñêèõ è òåðìîäèíàìè÷åñêèõ ñâîéñòâ íà

îñíîâå äàííîé ìîäåëè, â òîì ÷èñëå è ïî òåïëîåìêîñòè.

Ñóùåñòâîâàíèå ìåæìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ â òîé èëè èíîé ñòåïåíè ñêàçûâàåòñÿ íà

âñåõ ñâîéñòâàõ ðåàëüíûõ ãàçîâ. Òàê, íà ñåãîäíÿøíèé äåíü çàâèñèìîñòü òåïëîåìêîñòè îò òåìïå-

ðàòóðû â ñïðàâî÷íîé ëèòåðàòóðå îïèñûâàåòñÿ ñ ïîìîùüþ ôîðìóë ëèíåéíîé çàâèñèìîñòè, ÷òî íå
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âñåãäà êîððåêòíî îòðàæàåò òåïëîåìêîñòü ðåàëüíîãî ãàçà. Êðîìå òîãî, êîýôôèöèåíòû â òàêèõ ëè-

íåéíûõ çàâèñèìîñòÿõ ðàçíûå, èìåþò ðàçíûå çíà÷åíèÿ äëÿ êîíêðåòíûõ èíòåðâàëîâ òåìïåðàòóð,

â êîòîðûõ îïðåäåëÿåòñÿ òåïëîåìêîñòü. Ïðè ýòîì, íàäî îòìåòèòü, òàêèå êîýôôèöèåíòû íå èìå-

þò ÿñíîãî ôèçè÷åñêîãî ñìûñëà. Âûâîä ýìïèðè÷åñêèõ ôîðìóë â âèäå íåëèíåéíûõ çàâèñèìîñòåé

ïðèâîäèò ê òðóäíîñòÿì â âû÷èñëåíèÿõ, êðîìå âûøåïåðå÷èñëåííûõ íåäîñòàòêîâ êîëè÷åñòâåííîãî

îïèñàíèÿ çàâèñèìîñòè òåïëîåìêîñòè îò òåìïåðàòóðû. Ïîïûòêè ó÷åñòü ìåõàíèçìû, ëåæàùèå â

îñíîâå òåìïåðàòóðíîé çàâèñèìîñòè òåïëîåìêîñòè ñâÿçàíû â îñíîâíîì ñ êà÷åñòâåííûì îáúÿñíå-

íèåì, êîòîðîå ñâîäèòñÿ ê òîìó, ÷òî ñ ðîñòîì òåìïåðàòóðû çàäåéñòâóþòñÿ íîâûå ñòåïåíè ñâîáîäû

ìîëåêóëû, ïðè÷åì ó êàæäîãî âåùåñòâà ýòî ïðîÿâëÿåòñÿ èíäèâèäóàëüíî [1-3]. Ýòî òàêæå ñòàâèò

áîëüøèå òðóäíîñòè ïåðåä êîëè÷åñòâåííûì òåîðåòè÷åñêè îáîñíîâàííûì îïèñàíèåì ïîâåäåíèÿ òåï-

ëîåìêîñòè ãàçîâ.

Ñëåäóåò îáðàòèòü âíèìàíèå íà òî, ÷òî âñå âûøåñêàçàííîå îòíîñèòñÿ ê ñëó÷àþ, êîãäà ãàç ðàñ-

ñìàòðèâàåòñÿ êàê ñèñòåìà, ñîñòîÿùàÿ òîëüêî èç ìîëåêóë. Îäíàêî åùå Âàí-äåð-Âààëüñ ïðåäïî-

ëàãàë âîçìîæíîñòü âîçíèêíîâåíèÿ àññîöèàöèé ìîëåêóë â ãàçå âñëåäñòâèå íàëè÷èÿ ñèë ìåæìîëå-

êóëÿðíîãî âçàèìîäåéñòâèÿ - ïðèòÿæåíèÿ è îòòàëêèâàíèÿ. Ó÷åñòü òàêîå âçàèìîäåéñòâèå êîëè÷å-

ñòâåííî ïðè îïèñàíèè ñâîéñòâ ðåàëüíîãî ãàçà î÷åíü ñëîæíî è ïî íàñòîÿùåå âðåìÿ. Ñîçäàíû áîëåå

òðåõñîò óðàâíåíèé ñîñòîÿíèÿ ãàçîâ, êàê ïðàâèëî, äëÿ îïðåäåëåííûõ âåùåñòâ, â êîòîðûõ ó÷òåíû

òå èëè èíûå èõ îñîáåííîñòè. Òàêèì îáðàçîì, ïðîáëåìà òåîðåòè÷åñêè îáîñíîâàííîãî êîëè÷åñòâåí-

íîãî îïèñàíèÿ è íà ýòîé îñíîâå ïðîãíîçèðîâàíèÿ ñâîéñòâ ðåàëüíûõ ãàçîâ â øèðîêèõ äèàïàçîíàõ

ìàêðîïàðàìåòðîâ òàê è îñòàåòñÿ îòêðûòîé [1-6]. ×òî êàñàåòñÿ ñîâðåìåííûõ ìåòîäîâ è ñïîñîáîâ

òåîðåòè÷åñêîãî îïèñàíèÿ óðàâíåíèé ñîñòîÿíèÿ ãàçà, òî îäíèì èç ïåðñïåêòèâíûõ íàïðàâëåíèé â

ðåøåíèè äàííîé ïðîáëåìû â íàñòîÿùåå âðåìÿ ìîæíî îòìåòèòü êëàñòåðíóþ ìîäåëü ãàçà. Â íåé

ðåàëüíûå ñâîéñòâà ãàçà îáúÿñíÿþòñÿ íàëè÷èåì êëàñòåðîâ - ïîëèìîëåêóëÿðíûõ îáðàçîâàíèé, íå

ìåíÿþùèõ õèìè÷åñêèõ ñâîéñòâ âåùåñòâà. Íî äàæå è â ýòîì íàïðàâëåíèè ñóùåñòâóþò îïðåäåëåí-

íûå ðàçëè÷èÿ â ïîäõîäàõ ê ðåøåíèþ ïðîáëåìû îïèñàíèÿ çàâèñèìîñòè òåïëîåìêîñòè ðåàëüíîãî

ãàçà îò òåìïåðàòóðû.

Â êëàñòåðíîé ìîäåëè ãàç ñ÷èòàåòñÿ èäåàëüíûì â òîì ñìûñëå, ÷òî ïðåíåáðåãàåòñÿ âçàèìîäåé-

ñòâèåì êëàñòåðîâ ìåæäó ñîáîé. Âçàèìîäåéñòâèå ìîëåêóë ó÷èòûâàåòñÿ ðåàêöèÿìè îáðàçîâàíèÿ è

ðàñïàäà êëàñòåðîâ è ýíåðãèåé ñâÿçè ìîëåêóë â êëàñòåðå [7-10].

Íàïðèìåð, â êëàñòåðíîé òåîðèè òåïëîåìêîñòè ãàçîâ, [7] åñëè ó ìîëåêóë îäíîàòîìíîãî ãàçà íåò

âðàùàòåëüíûõ è êîëåáàòåëüíûõ ñòåïåíåé ñâîáîäû, òî ó èõ êîìïëåêñîâ èëè êëàñòåðîâ îíè ïîÿâ-

ëÿþòñÿ. Ïî ýòîé ïðè÷èíå ïðè îïðåäåëåíèè âíóòðåííåé ýíåðãèè ãàçà ñëåäóåò ó÷èòûâàòü íå òîëüêî

ïîñòóïàòåëüíóþ ýíåðãèþ äâèæåíèÿ ìîëåêóë, íî è ýíåðãèþ ñâÿçè êëàñòåðîâ, à òàêæå èõ âðàùà-

òåëüíóþ è êîëåáàòåëüíóþ ýíåðãèþ. Ïðè÷åì, êàê îêàçàëîñü, ýòè âèäû ýíåðãèè ñëåäóåò ó÷èòûâàòü

ïî-ðàçíîìó ó ìàëûõ è áîëüøèõ êëàñòåðîâ, ïðè ýòîì èñïîëüçóåòñÿ ïîíÿòèå "êëàñòåðèçîâàííîãî

ãàçà". Ó ìàëûõ êëàñòåðîâ âñëåäñòâèå íåáîëüøîé ýíåðãèè ñâÿçè, êîëåáàòåëüíàÿ ýíåðãèÿ â òåõ

ïðåäåëàõ èçìåíåíèÿ òåìïåðàòóðû, ïðè êîòîðûõ êëàñòåðû ñóùåñòâóþò, ìåíÿåòñÿ íåçíà÷èòåëüíî.

Ïîýòîìó ó ìàëûõ êëàñòåðîâ êîëåáàòåëüíóþ ýíåðãèþ ìîæíî íå ó÷èòûâàòü. Çäåñü ó÷èòûâàåòñÿ

òîëüêî ýíåðãèÿ ñâÿçè, à òàêæå ýíåðãèÿ ïîñòóïàòåëüíîãî è âðàùàòåëüíîãî äâèæåíèé. Áîëüøèå

êëàñòåðû, âñëåäñòâèå èõ çíà÷èòåëüíîé ìàññû, èìåþò ìàëûå ñêîðîñòè ïîñòóïàòåëüíîãî è âðàùà-

òåëüíîãî äâèæåíèé. Ïîýòîìó ýòè âèäû äâèæåíèé ïðàêòè÷åñêè íå ó÷àñòâóþò â ïåðåäà÷å ýíåðãèè.

Îäíàêî ÷èñëî êîëåáàòåëüíûõ ñòåïåíåé ñâîáîäû î÷åíü áîëüøîå. Êîëåáàòåëüíûå äâèæåíèÿ îòäåëü-

íûõ àòîìîâ èëè ìîëåêóë ïåðåñòàþò áûòü íåçàâèñèìûìè [7]. Ê ñîæàëåíèþ, â [7] íå ïîÿñíÿåòñÿ,

êàê îïðåäåëèòü êðèòåðèé - ñèëüíî èëè ñëàáî êëàñòåðèçîâàííîãî ãàçà. Êðîìå òîãî, ïðèâëåêàþòñÿ
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ýëåìåíòû òåîðèè ïîòåíöèàëîâ, â äàííîì ñëó÷àå èñïîëüçóåòñÿ êðèòåðèé ïîòåíöèàëà Ëåííàðäà-

Äæîíñîíà, êîòîðûé ïîäõîäèò íå äëÿ âñåõ âèäîâ ìîëåêóë, èìååò îáîñíîâàíèå äëÿ ïîñòîÿííîãî

÷èñëà ñòðóêòóðíûõ ýëåìåíòîâ ñèñòåìû, îáëàäàþùèõ íåèçìåííîé ìîëÿðíîé ìàññîé.

Äðóãîé ïîäõîä ïðè èñïîëüçîâàíèè êëàñòåðíîé ìîäåëè ñâÿçàí ñ òàêèì ïîíÿòèåì êàê "ïîòåí-

öèàë ñòðóêòóðíîñòè�, ó÷èòûâàþùèé íàëè÷èå êëàñòåðíûõ ñóáêîìïîíåíòîâ [8]. Ïðè ýòîì òåïëî-

åìêîñòü ñâÿçûâàåòñÿ ñ êîíöåíòðàöèåé êëàñòåðîâ, à êëàñòåðíûé ñîñòàâ çàâèñèò îò òåìïåðàòóðû.

Â äàííîì ñëó÷àå òåïëîåìêîñòü êëàñòåðíîãî ãàçà ðàçáèâàåòñÿ íà äâå ñîñòàâëÿþùèå - òàê íàçû-

âàåìûå ¾çàìîðîæåííóþ¿ è ¾ñòðóêòóðíóþ¿. ¾Çàìîðîæåííàÿ¿ òåïëîåìêîñòü ïðåäñòàâëÿåò ñîáîé

òåïëîåìêîñòü, êîòîðóþ ìîæíî íàõîäèòü ïî îáû÷íûì ïðàâèëàì äëÿ ñìåñåé ñ ó÷åòîì òîãî, ÷òî

ãàç â ýòîì ñëó÷àå ïðåäñòàâëÿåò ñîáîé ìîëåêóëÿðíî-êëàñòåðíóþ ñìåñü. Ìåõàíèçì çàâèñèìîñòè

òåïëîåìêîñòè îò òåìïåðàòóðû ñâÿçûâàåòñÿ ñ òåìïåðàòóðíîé çàâèñèìîñòüþ êëàñòåðíîãî ñîñòàâà

÷åðåç ïîòåíöèàë ñòðóêòóðíîñòè. Ðàçáèåíèå òåïëîåìêîñòè êëàñòåðíîãî ãàçà íà äâå òàêèå ñîñòàâ-

ëÿþùèå íåñêîëüêî óñëîæíÿåò òåîðåòè÷åñêîå îïèñàíèå, òðåáóåòñÿ áîëåå äåòàëüíîå îáîñíîâàíèå

íàëè÷èþ äîïîëíèòåëüíîé èçìåíÿåìîé ÷àñòè òåïëîåìêîñòè, ÷òîáû èñêëþ÷èòü äâîéíîé ó÷åò âëè-

ÿíèÿ êëàñòåðíîãî ñîñòàâà. Ïðè îïðåäåëåíèè òåïëîåìêîñòè ñîãëàñíî [8] íåîáõîäèìû ñâåäåíèÿ è

ïî ïîòåíöèàëó ñòðóêòóðíîñòè, ÷òî ïðåäñòàâëÿåò ñîáîé áîëüøîé èíòåðåñ. Â öåëîì, òàêîé ïîä-

õîä ïðåäñòàâëÿåòñÿ áîëåå ïåðñïåêòèâíûì. Îñíîâíàÿ òðóäíîñòü çàêëþ÷àåòñÿ â êîððåêòíîì ó÷åòå

ìåõàíèçìà èçìåíåíèÿ êëàñòåðíîãî ñîñòàâà â îïðåäåëåíèè òåïëîåìêîñòè ðåàëüíîãî ãàçà [8].

Ïðè èññëåäîâàíèè çàâèñèìîñòè òåïëîåìêîñòè îò êëàñòåðíîãî ñîñòàâà ìîëåêóëÿðíî-êëàñòåðíîé

ñìåñè èñïîëüçóåòñÿ ìîäåëü íåîäíîðîäíîé ñïëîøíîé ñðåäû, ðàçáèâàåìîé íà äîìåíû ïîñòîÿííîé

êîíôèãóðàöèè, íî ïåðåìåííîãî ñîñòàâà [9; 10]. Ó÷åò èçìåíåíèÿ ÷èñëà ìîëåé ãàçà ïðè èçìåíåíèè

äàâëåíèÿ èëè òåìïåðàòóðû çíà÷èòåëüíî óñëîæíÿåò îïèñàíèå íå òîëüêî ïðîöåññîâ ïåðåíîñà â íåîä-

íîðîäíîì ãàçå, íî äàæå ñàìî óðàâíåíèå ñîñòîÿíèÿ äëÿ ðàâíîâåñíîãî ñîñòîÿíèÿ. Â ñâÿçè ñ ýòèì,

ïðè òîì ìíîæåñòâå ðàçëè÷íûõ óðàâíåíèé ñîñòîÿíèÿ íå èçâåñòíî òàêîå òðàäèöèîííîå óðàâíåíèå,

â êîòîðîì áû ó÷èòûâàëàñü çàâèñèìîñòü ÷èñëà ìîëåé îò ìàêðîïàðàìåòðîâ [9; 10].

Ê íàñòîÿùåìó âðåìåíè ïðåäëîæåíî áîëüøîå êîëè÷åñòâî óðàâíåíèé ñîñòîÿíèÿ ðåàëüíûõ ãàçîâ

[1-4]. Àíàëèç ïîêàçûâàåò, ÷òî îáû÷íî îíè çàïèñûâàþòñÿ äëÿ îäíîãî ìîëÿ ÷åðåç ìîëÿðíûé îáúåì,

÷òî äåëàåò èõ ìàëî ïðèãîäíûìè äëÿ èñïîëüçîâàíèÿ â êëàñòåðíîé ìîäåëè. Êðîìå òîãî, ïîïðàâêè,

âõîäÿùèå â ýòè óðàâíåíèÿ õîðîøî óñòàíîâëåíû â ðàìêàõ ïîäõîäà ïîñòîÿííîé ìîëÿðíîé ìàññû,

íî ïåðåìåííîñòü ÷èñëà ìîëåé â ýòèõ óðàâíåíèÿõ ó÷åñòü íåëüçÿ. Óðàâíåíèå ñîñòîÿíèÿ, â êîòîðîì

ìîæíî ó÷åñòü ïåðåìåííîñòü ÷èñëà ìîëåé è ñîáñòâåííûé îáúåì ÷àñòèö, çàïèñûâàåòñÿ â âèäå:

p = z ∗ nn ∗ k ∗ T (1)

ãäå nn� ÷èñëîâàÿ ïëîòíîñòü ìîëåêóë êàê ÿäåð, íå èçìåíÿþùèõñÿ ïðè âñåõ èçìåíåíèÿõ ìàêðî-

ïàðàìåòðîâ, z � ôàêòîð ñæèìàåìîñòè, k�ïîñòîÿííàÿ Áîëüöìàíà, Äæ/Ê.

Â êëàñòåðíîé ìîäåëè ãàç, ñîñòîÿùèé èç îäèíàêîâûõ ìîëåêóë, ïðåäñòàâëÿåò ñîáîé ñìåñü èç

êëàñòåðíûõ ñóáêîìïîíåíòîâ. Îïèñàíèå òàêîé ñìåñè ìîæíî ïðîâåñòè ñ èñïîëüçîâàíèåì îñíîâíûõ

ñîîòíîøåíèé äëÿ ñìåñåé ãàçîâ, òîëüêî âìåñòî íîìåðà êîìïîíåíòà íåîáõîäèìî ðàññìàòðèâàòü íî-

ìåð êëàñòåðà îïðåäåëåííîãî ðàçìåðà: äèìåðà, òðèìåðà, êâàäðîìåðà è ò.ä [9; 10]. Âëèÿíèå ñèë

âçàèìíîãî ïðèòÿæåíèÿ îòðàæàåòñÿ ÷åðåç îáðàçîâàíèå êëàñòåðîâ, ÷òî ïðèâîäèò ê ïåðåìåííîñòè

÷èñëà ìîëåé êëàñòåðíîé ñìåñè.

Â êëàñòåðíîé ìîäåëè îòêëîíåíèÿ â óðàâíåíèè ñîñòîÿíèÿ ðåàëüíîãî ãàçà îò èäåàëüíîãî îòðà-

æàåòñÿ ÷åðåç ôàêòîð ñæèìàåìîñòè z:
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z =
1

(1− b)
∑γ

g=1 gC
(c)
g

(2)

ãäå b � ñîáñòâåííûé îáúåì ÷àñòèö, g � ðàçìåð êëàñòåðîâ, C(c)
g � êîíöåíòðàöèÿ g- ìåðíûõ êëà-

ñòåðîâ îòíîñèòåëüíî ñóììàðíîé ÷èñëîâîé ïëîòíîñòè âñåõ êëàñòåðîâ.

Êàê âèäíî èç ýòîé ôîðìóëû, äëÿ èäåàëüíîãî ãàçà ôàêòîð ñæèìàåìîñòè ñòàíîâèòñÿ ðàâíûì

åäèíèöå, ÷òî è ñîîòâåòñòâóåò åãî ñìûñëó: ôàêòîð ñæèìàåìîñòè îòðàæàåò îòêëîíåíèÿ óðàâíåíèÿ

ñîñòîÿíèÿ ãàçà îò óðàâíåíèÿ Ìåíäåëååâà-Êëàïåéðîíà. Â èäåàëüíîì ãàçå b=0, òàê ìîëåêóëû íå

èìåþò ñîáñòâåííîãî îáúåìà, è â íåì íåò êëàñòåðîâ, à åñòü òîëüêî ìîëåêóëû, ò.å. g=1 è C(c)
g ≡ 1

. Èç ôîðìóëû (2) òàêæå âèäíî, ÷òî â íåé îòðàæåíî ñóùåñòâîâàíèå äâóõ ïðè÷èí, ïðèâîäÿùèõ

ê îòêëîíåíèÿì ôàêòîðà ñæèìàåìîñòè îò åäèíèöû. Ïåðâàÿ õîðîøî èçâåñòíàÿ ïðè÷èíà, êîòîðàÿ

ïðàêòè÷åñêè ó÷èòûâàåòñÿ âî âñåõ èçâåñòíûõ óðàâíåíèÿõ ñîñòîÿíèÿ ðåàëüíûõ ãàçîâ, ýòî � îòëè÷-

íûé îò íóëÿ ñîáñòâåííûé îáúåì ÷àñòèö, êîòîðûé îòðàæåí ïîïðàâêîé b. Âèäíî, ÷òî ñîáñòâåííûé

îáúåì ïðèâîäèò ê ïðåâûøåíèþ ôàêòîðà ñæèìàåìîñòè íàä åäèíèöåé, òàê êàê (1-b)<1. Âòîðàÿ

ïðè÷èíà îòðàæåíà ñóììîé êîíöåíòðàöèé êëàñòåðîâ, óìíîæåííûõ íà ðàçìåðû êëàñòåðîâ. Ãðóï-

ïèðîâêà ìîëåêóë â êëàñòåðû ïðèâîäèò ê óìåíüøåíèþ ÷èñëà ñòðóêòóðíûõ ýëåìåíòîâ, ñîçäàþùèõ

äàâëåíèå, ïîýòîìó:

1C
(c)
1 + 2C

(c)
2 + 3C

(c)
3 + 4C

(c)
4 + ... > 1 (3)

òàê êàê ïî îïðåäåëåíèþ êîíöåíòðàöèè:

C
(c)
1 + C

(c)
2 + C

(c)
3 + C

(c)
4 + ... = 1 (4)

Òàêèì îáðàçîì, â êëàñòåðíîé ìîäåëè äàåòñÿ ïðîñòîå îáúÿñíåíèå èçâåñòíîãî ôàêòà ïåðåõîäà

ôàêòîðà ñæèìàåìîñòè ÷åðåç åäèíèöó ïðè èçìåíåíèÿõ äàâëåíèÿ èëè òåìïåðàòóðû.

Ïîäâîäÿ èòîã, ìîæíî ñêàçàòü, ÷òî äëÿ îïèñàíèÿ ïðîöåññîâ â êëàñòåðíûõ ãàçàõ íåîáõîäèìî

çíàòü åãî èçìåíåíèÿ â çàâèñèìîñòè îò ïàðàìåòðîâ ñîñòîÿíèÿ è èìåòü äàííûå ïî êëàñòåðíîìó ñî-

ñòàâó. Äëÿ ýòîé öåëè íàìè èñïîëüçóåòñÿ ðàçðàáîòàííàÿ ðàñ÷åòíàÿ ñõåìà, êîòîðàÿ ðàíåå ðåøàëàñü

ðàçëè÷íûìè ñïîñîáàìè: âðåìÿïðîëåòíûé ìåòîä, íà îñíîâå ýêñïîíåíöèàëüíîãî ðàñïðåäåëåíèÿ, à

òàêæå ïðè ïîìîùè ñòàíäàðòíûõ âû÷èñëèòåëüíûõ ñðåäñòâ, êîòîðûå ïîêàçûâàëè õîðîøóþ ñîãëà-

ñîâàííîñòü ñ èçìåðåííûìè ýêñïåðèìåíòàëüíûìè äàííûìè ïî ìàêðîïàðàìåòðàì [9; 10]. Òàê êàê

äëÿ îïðåäåëåíèÿ êëàñòåðíîãî ñîñòàâà âàæíîå çíà÷åíèå èìååò ïàðàìåòð ýôôåêòèâíîãî äèàìåòðà

ìîëåêóëû (ìîíîìåðà), òî â äàííîì îòíîøåíèè ìîæíî ñ÷èòàòü äîñòèæåíèÿ â îáëàñòè ìîäåëüíûõ

ïîòåíöèàëîâ âçàèìîäåéñòâèÿ ìîëåêóë î÷åíü ïîëåçíûìè [2; 11; 12].

Òåïëîåìêîñòü â îáùåì âèäå îïðåäåëÿåòñÿ êàê îòíîøåíèå êîëè÷åñòâà òåïëîòû, ïîäâåäåííîãî

ê òåëó, ïðè ìàëîì èçìåíåíèè åãî òåìïåðàòóðû. Èçâåñòíî, ÷òî äëÿ èäåàëüíûõ ãàçîâ ìîëÿðíàÿ

(èëè óäåëüíàÿ) òåïëîåìêîñòü íå çàâèñèò íè îò òåìïåðàòóðû, íè îò îáúåìà, çàíèìàåìîãî ãàçîì.

Ýòî ñâÿçàíî ñ òåì, ÷òî âíóòðåííÿÿ ýíåðãèÿ U èäåàëüíîãî ãàçà íå çàâèñèò îò îáúåìà, çàíèìàåìîãî

ìîëåì (èëè åäèíèöû ìàññû) ýòîãî ãàçà, ò.å. îò ïëîòíîñòè è îïðåäåëÿåòñÿ òîëüêî òåìïåðàòóðîé.

Íî ýòî âåðíî òîëüêî äëÿ èäåàëüíîãî ãàçà. Äëÿ íåèäåàëüíîãî ãàçà, êàê è âîîáùå äëÿ ëþáîãî òåëà,

âíóòðåííÿÿ ýíåðãèÿ U ìîæåò çàâèñåòü íå òîëüêî îò òåìïåðàòóðû, íî è îò ïëîòíîñòè äàííîãî

âåùåñòâà. Òåïëîåìêîñòü â îáùåì âèäå äëÿ íåèäåàëüíûõ ãàçîâ çàïèñûâàåòñÿ [1; 13]:

C =

(
dU

dT

)
ν

+

[
P +

(
dU

dV

)
T

]
∗
(
dU

dT

)
p

(5)
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Âûðàæåíèå (5) äëÿ òåïëîåìêîñòè áóäåò ÿâëÿòüñÿ îáùèì, ïðèãîäíûì äëÿ âñåõ èçîòðîïíûõ

òåë, è åå ìîæíî çàïèñàòü ÷åðåç óäåëüíûå õàðàêòåðèñòèêè

C =

(
dυ

dT

)
ν

+

[
P +

(
dυ

dV

)
T

]
∗
(
dυ

dT

)
p

(6)

Èç îáùåãî óðàâíåíèÿ (6) ïóòåì ïðåîáðàçîâàíèé ïðîèçâîäíûõ ñ ÷åðåç ïàðàìåòðû ñîñòîÿíèÿ

ïîëó÷àåì òåïëîåìêîñòü êëàñòåðíîãî ãàçà ïðè ïîñòîÿííîì îáúåìå, êîòîðàÿ áóäåò èìåòü âèä:

Cν =

(
dυ

dT

)
ν

=
imkc

2

R

µkl.cm
=
i

2

R∑r
g=1C

(c)
g µg

=
R

2

∑n
g=1C

(c)
g ig∑n

g=1C
(c)
g µg

(7)

×èñëî ñòåïåíåé ñâîáîäû ig äëÿ:

- îäíîàòîìíûõ ãàçîâ: äëÿ ìîíîìåðà g=1, ig =3;

äëÿ äèìåðà g =2, ig =5;

äëÿ òðèìåða g >=3, ig =6;

- äâóõàòîìíûõ ãàçîâ: äëÿ ìîíîìåðà g=1, ig =5; äëÿ äèìåðà è áîëåå g >=2, ig =6;

- òðåõàòîìíûõ è áîëåå: ig =6.

Ïðîäîëæàÿ ïðåîáðàçîâàíèÿ, ïîëó÷àåì ôîðìóëó äëÿ òåïëîåìêîñòè êëàñòåðíîãî ãàçà ïðè ïî-

ñòîÿííîì äàâëåíèè:

Cp = Cν +
R∑n

g=1C
(c)
g µg

(8)

Íà îñíîâàíèè ïîëó÷åííûõ ôîðìóë (7) è (8) ðàññ÷èòàíû ñîîòâåòñòâóþùèå çíà÷åíèÿ òåïëîåì-

êîñòåé äëÿ ðàçëè÷íûõ ãàçîâ, ïîëó÷åííûå ðåçóëüòàòû ñðàâíèâàþòñÿ ñ äàííûìè ñïðàâî÷íèêà [14]

(òàáëèöû 1 - 4).

Òàáëèöà 1 Çíà÷åíèå òåïëîåìêîñòåé àçîòà ñ ó÷åòîì ìîëåêóëÿðíî-êëàñòåðíîãî ñîñòàâà
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Òàáëèöà 2 Çíà÷åíèå òåïëîåìêîñòåé îêñèäà óãëåðîäà ñ ó÷åòîì ìîëåêóëÿðíî-êëàñòåðíîãî ñîñòàâà

Òàáëèöà 3 Çíà÷åíèå òåïëîåìêîñòåé âîäÿíîãî ïàðà ñ ó÷åòîì ìîëåêóëÿðíî-êëàñòåðíîãî ñîñòàâà

Òàáëèöà 4 Çíà÷åíèå òåïëîåìêîñòåé äèîêñèäà óãëåðîäà ñ ó÷åòîì ìîëåêóëÿðíî-êëàñòåðíîãî ñîñòàâà

Ïðè ñðàâíåíèè ðàññ÷èòàííûõ çíà÷åíèé òåïëîåìêîñòåé, âíóòðåííåé ýíåðãèè è ýíòàëüïèè ñ ðàñ-

÷åòíûìè è ñïðàâî÷íûìè èç [14] âèäíî ðàçëè÷èå, êîòîðîå îáóñëîâëåíî ñëåäóþùèìè ïðè÷èíàìè:

òåïëîåìêîñòü, îïðåäåëÿåìàÿ ñ ó÷åòîì êëàñòåðíîãî ñîñòàâà ïî ôîðìóëàì (7) è (8), ïðåäñòàâëÿåò

ñîáîé òàê íàçûâàåìóþ ¾çàìîðîæåííóþ¿ òåïëîåìêîñòü. Ðàçíèöà ìåæäó ðàññ÷èòàííûìè ïî ôîðìó-

ëàì êëàñòåðíîé ìîäåëè ãàçà âåëè÷èíàìè òåïëîåìêîñòåé è ñïðàâî÷íûìè ìîæåò ïîçâîëèòü âûÿâèòü

âêëàä êâàçèðåàêòèâíîé ñîñòàâëÿþùåé ýòèõ òåïëîôèçè÷åñêèõ õàðàêòåðèñòèê, êîòîðàÿ ñâÿçàíà ñ

ýíåðãèåé ðàñïàäà è îáðàçîâàíèÿ êëàñòåðîâ, ò.å. ñ ýâîëþöèåé êëàñòåðíîãî ñîñòàâà. Ýòî ÿâëÿåòñÿ
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ïåðñïåêòèâîé ðàçâèòèÿ äàëüíåéøèõ èññëåäîâàíèé, íà ñåãîäíÿøíèé äåíü ìîæíî ñäåëàòü âûâîä î

òîì, ÷òî áîëüøàÿ ðàçíèöà â ñðàâíèâàåìûõ çíà÷åíèÿõ ïî òàáëèöàì 1 - 4 ñâèäåòåëüñòâóåò î áî-

ëåå èíòåíñèâíîì ïðîöåññå êëàñòåðîîáðàçîâàíèÿ è ðàñïàäà êëàñòåðîâ áîëüøîãî ïîðÿäêà [8]. Òàì,

ãäå ïðèñóòñòâóþò êëàñòåðû íåáîëüøîãî ðàçìåðà) ðàçíèöà ñðàâíèâàåìûõ çíà÷åíèé îñòàåòñÿ ïðè-

ìåðíî ïîñòîÿííîé èëè ñîñòàâëÿåò íåçíà÷èòåëüíóþ âåëè÷èíó. Íå ïîñëåäíþþ ðîëü èãðàåò ñïîñîá

îïðåäåëåíèÿ èëè èçìåðåíèÿ âåëè÷èí, ïðåäñòàâëåííûõ â ñïðàâî÷íèêàõ.
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SOLUTION OF THE PROBLEM FOR ONE MODEL OF RELAXATIONAL

FILTRATION BY PROBABILITY DIFFERENCE AND MONTE CARLO

METHODS

K. Shakenov

Al�Farabi Kazakh National University

Abstract. The initial Dirichlet, Neumann and mixed boundary value problems for equations of

elliptic type is solved by algorithms "random walk on spheres"and "random walk on lattices"of

Monte Carlo methods and by probability di�erence methods.

Keywords: Dirichlet, Neumann, mixed problem, Monte Carlo methods, probability, random walk.

Setting of a problem

Let �ltration in relaxationaly-compressed porous environment is realized by the linear Darcy law.

[1]. Then a �uid current in conditions of this model is characterized by relaxation kernels of the �ltration

law and �uid mass:

F (t) =
µ

κ
· t · η(t),Φ(t) = ρ0 ·

(
β − λm − λp

λm
· βc · exp

(
− t

λm

))
· η(t), (1)

µ is a �uid viscosity, κ is penetrability coe�cient, t is time, η(t) is Heavisid function, η(t) = 1 for

t > 0, η(t) = 1/2 for t = 0, η(t) = 0 for t < 0, ρ0 is a �uid density in the unperturbed layer

conditions, β is elasticity capacity coe�cient of the layer , λm is the relaxation time of porosity under

the constant overfull of pressure, λp is the relaxation time of pressure under the constant porosity, βc
is compressibility coe�cient of the porous environment. In this case F (0) = 0, Φ(0) = ρ0 · β∗, then
perturbation extension velocity v0 =∞,

(
v0 =

√
χ
τ =⇒ v0 −→ ∞ for τ −→ 0, χ > 0

)
, where

β∗ = m0 · βf + βc · λpλm is dynamic coe�cient of elasticity capacity of the layer, m0 is a �uid porosity in

the unperturbed layer conditions, βf is compressibility coe�cient of �uid , χ = κ
µ·β is piezoconductivity

coe�cient of the layer. It means that perturbations front set instantly passes all the considered domain

instantly making it by �ltration domain. In a �ltration domain the pressure satis�es

χ · ∂
2

∂x2

(
p(x, t) + λm ·

∂p(x, t)

∂t

)
=

∂

∂t

(
p(x, t) + λ′m ·

∂p(x, t)

∂t

)
, (2)

where λ′m = λm · β∗β , β = βc +m0 · βf . In this case the �ltration velocity vector is de�ned from

~W (x, t) = −κ
µ
· gradxp(x, t). (3)

The starting data for (2) are follows:

p(x, t) = 0 for t = 0, (4)

∂p(x, t)

∂t
= 0 for t = 0 (5)
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Mathematical statement of problems

Problem 1. To �nd in the bounded domain Ω ∈ R3 the solution of the equation (2) satisfying the

starting data (4), (5) and the boundary condition

p(x, t) = p1(x, t) for x ∈ ∂Ω× [0, T ], (6)

where ∂Ω is a boundary of domain Ω. (Dirichlet problem).

Problem 2. To �nd in the bounded domain Ω ∈ R3 solution of (2) satisfying the starting data (4),

(5) and the boundary condition

∂p(x, t)

∂~n
= p2(x, t) for x ∈ ∂Ω× [0, T ], (7)

where ~n is interior normal to the boundary ∂Ω. (Neumann problem).

Problem 3. To �nd in the bounded domain Ω ∈ R3 solution of (2) satisfying the starting data (4),

(5) and the boundary condition

α1 · p(x, t) + β1 ·
∂p(x, t)

∂~n
= p3(x, t) for x ∈ ∂Ω× [0, T ], (8)

where α1 and β1 are given �xed values. (Mixed problem).

Remark 1. For problems 1 � 3 mismatch condition is assumed.

Solution of problems

Let coe�cients χ, λm, λ′m are while positive �xed values . Let us divide interval t ∈ [0, T ] into N

equal parts with length τ. So that tn = n · τ, n = 0, 1, . . . , N, τ = T
N , τ > 0, and we digitize only

with respect to t using implicit scheme. In result taking into account λ′m, we obtain the equation on

temporary layer tn+1

4pn+1(x)− a · pn+1(x) = fn(x), (9)

where fn(x) = b ·pn(x)+c ·4pn−1(x)+d ·pn−1(x), a =
m0βf (τ+2λm)+βc(τ+2λp)

℘ , b = −4(m0βfλm+βcλp)
℘ ,

c = λm
2τ+λm

, d =
m0βf (2λm−τ)+βc(2λp−τ)

℘ , ℘ = τχ(2τ + λm) · (βc +mβf ).

Solution of problem 1. "Random walk on spheres"algorithm

It is clear that a > 0, as parameters m0, βf , τ , λm, βc, λp, χ are positive. Combining the starting

condition with (9) we obtain

p0(x) = 0, x ∈ Ω,
p1(x)− p0(x)

τ
= 0, x ∈ Ω, (10)

which are the di�erence analogues of the starting data (4) and (5) respectively. For this problem the

boundary condition transformed

pn+1(x) = pn+1
1 (x), x ∈ ∂Ω. (11)

We shall call the boundary ∂Ω (and ∂Ωε) satisfying the Dirichlet condition as absorbing boundary. It

is known that the problem (9) � (11) (Dirichlet problem for the Helmholtz equation of a temporary

layers tn+1), is solved with the help of "random walk on spheres"algorithm of Monte Carlo methods.
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The constructed ε�displaced estimation of the solution pn+1(x) with the help of "random walk on

spheres"algorithm has a uniformly bounded dispersion by ε.

"Random walk on lattices"algorithm.

At �rst we approximate the solution (9) � (11) with the help of �nite di�erence method and

construct Markov chain, it's transition probabilities are de�ned with the help of coe�cients and

parameters of the di�erence problem (9) � (11). For this purpose we use the following approximation

of the second derivative with respect to x, i.e. pn+1
xixi(x) =

pn+1(x+ ei h) + pn+1(x− ei h)− 2pn+1(x)

h2
,

where h is step along x, ei is the unit vector along the axis xi. Obviously O(h2) is a precision of the

such approximation. Let's denote approximation of a domain Ω by ωh, and boundary ∂Ω � by γh. Now

by temporarily lowering superscripts n+ 1, n, n− 1 from (9), we obtain the following �nite di�erence

equation

p(xi) =
1

2 + a h2
· p(xi + ei h) +

1

2 + a h2
· p(xi − ei h)− h2

2 + a h2
· f(xi). (12)

It's obvious that
2

2 + a h2
−→ 1 for h→ 0, τ →, λm → 0, (13)

where h is step along x, τ is time step. That is realization of (13) correspond to convergence requirements

of a di�erence schemes and relaxation process. Let's denote α(xi, yi, h, τ) =
2

2 + a h2
.As α(xi, yi, h, τ) >

0 and α + α ≤ 1 on yi for ∀xi, then α(xi, yi, h, τ) are transition probabilities of Markov chain. Here

yi = xi ± ei h, ei is unit vector.
Algorithm. At �rst we play a coordinate axis with probability 1/3 for Ω ∈ R3. Then the

"particle"moves (along the direction −ei or +ei) with identical probability α from node xi into one of

the neighboring node xi±ei h. It is necessary to take into account the "weight"of node, it proportional
to h2

2+a h2 · f(xi). And so on until the "particle"achieves the discrete boundary γh. As soon as the

"particle"achieves the boundary γh, boundary data p1(xi) is summarized to a counter. Thus a random

variable ξhNh is de�ned along a discrete Markov chain with random length Nh. Then we average it

on all trajectories, that is the estimation of the solution pn+1(xi) in the node xi is de�ned from

pn+1(xi) ≈ 1
M

M∑
i=1

(
ξhNh
)
i
, where M is trajectories amount of Markov chain starting from the node xi.

Theorem 1. The Neumann�Ulam scheme is applicable to the di�erence problem (9) � (11).

Proof of the theorem follows from algorithm. In this case dispersion of an estimation of the solution

pn+1(xi) will be bounded, it can be explicitly calculated.

Probability di�erence method.

Let's consider the �nite di�erence problem (12) for a temporary layer n+1 with a discrete boundary

condition p(xi) = p1(xi) xi ∈ γh. Let's denote by
{
ζhi , i = 0, 1, . . .

}
value of transition chain. Let

p1(x) is the arbitrary continuous function for x ∈ γh. Let Nh is moment of the �rst way out of a

discrete domain ωh: Nh = min
{
i : ζhi /∈ ωh

}
. Combining (12) with a boundary condition we obtain

p(x) = Exp(ζ
h
1 )+ M th α f(x), x ∈ ωh, p(x) = p1(x), x ∈ γh (14)

If ExNh <∞, then the problem (14) has a unique solution

ph(x) = Ex

{Nh−1∑
i=0

f(ζhi )· M thi + p1(ζhNh)
}
. (15)
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Here M thi =M th(ζhi ) is a process parameter. If f(x) = 0, Px

{
Nh <∞

}
= 1, then (14) has the unique

solution

ph(x) = Ex

{
p1(ζhNh) · I{Nh<∞}

}
. (16)

Solution of problem 2

Let's consider (9) with starting conditions (10) and boundary conditions

∂pn+1(x)

∂~n
= pn+1

2 (x), x ∈ ∂Ω. (17)

The boundary ∂Ω (and ∂Ωε), that correspond to the Neumann condition is called the re�ecting

boundary.

"Random walk on spheres"algorithm

Let the solution of the problem (9) � (10), (17) is de�ned in a point x0 ∈ Ωε, where Ωε ⊂ Ω

is a domain with the boundary ∂Ωε. ∂Ωε is ε�vicinity of the boundary Ω. State of Markov chain{
xi
}
is de�ned with the help of the "random walk on spheres"process, by reaching ∂Ωε�boundary the

"particle"is re�ected from ∂Ωε�boundary into previous point (chain returns the state before re�ection).

The "particle"continues random walk. After re�ection the "weight"of boundary proportional pn+1
2 (x)

is summarised to the counter. The chain breaks with the given probability ζ(ε), it is "small ζ(ε) →
0 for ε→ 0. Here we shall note, that the "particle"moves to the ∂Ωε�boundary along the normal ~n

in "random walk on spheres"algorithm. We obtain ε�displaced estimation of a solution pn+1(x) of the

problem (12), (10), (17) in point x by averaging of random variable ηNα constructed along Markov chain

of random length Nα. Probability error follows from the central limit theorem. It can be estimated as

P
{
choice error < ε

} ∼= erf
(
|ε|
√
M/2

σ2

)
, where P denote probability the error is no more than |ε|, M is

quantity of trajectories, σ2 is sampling dispersion. "Random walk on lattices"algorithm. Just as

in a case the Dirichlet problem we get the following �nite di�erence Neumann problem for three-point

di�erence equation on a temporary layer n + 1, that is (12), (10), (17). Here condition (13) for α is

realized, i.e. α(xi, yi, h, τ) are transient probabilities of Markov chain. Algorithm. At �rst we play

coordinate axis with probability 1/3. Then the "particle"moves (along the direction −ei or +ei) with

equal probability α from the node xi into one of a neighboring node xi ± ei h. It's necessary to take
into account the "weight"of node proportional h2

2+a h2 · f(xi). And so on until the "particle"achieves

a discrete boundary γh. By reaching γh�boundary the "particle"is re�ected into previous point, and

boundary data proportional p2(xi) is summarised to the counter. Near the boundary ∂Ω a step of

grid h∗ along the direction to boundary γh such that the "particle"gets on discrete ε�boundary γεh.

Random walk process continues. The chain breaks with the given probability ζ(ε), it is "small"value,

ζ(ε)→ 0 for ε→ 0. Thus random variable ηhNh is de�ned along a discrete Markov chain with random

length Nh. Then we average it on all trajectories, that is the estimation of the solution pn+1(xi) in

node xi is de�ned from pn+1(xi) ≈ 1
M

M∑
i=1

(
ηhNh

)
i
, where M is trajectories amount of Markov chain

starting from the node xi.

Probability di�erence method

Let's consider the problem (12), (10), (13). Let p2(x) is a real bounded continuous function on a

set ∂Ω. ∂Ω is re�ecting boundary. Approximation (17) gives

(
d(∂Ω) · O

)
p(x) = p2(x). (18)

Let the set ∂Ωh approximate ∂Ω "from within". That is either x ∈ Ω
⋂
R3
h or x ∈ ∂Ω or straight
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line connecting x with one of the nearest node xi ± eih, xi ± eih± ejh or xi ± eih∓ ejh touches ∂Ω.

Then α gives transient probabilities of the approximating chain ξhi in Ωh. The chain breaks with the

given probability ζ(ε), it is "small ζ(ε)→ 0 for ε→ 0. It should be noted that Ex
{
ξhn+1 − ξhn| ξhn =

yi ∈ ∂Ωh

}
= υ(y)h/|υ(y)|. It is coordinated that re�ection from the point ∂Ωh happens along the

direction υ(y). υ(y) is direction of hit in interior node. υ(x) =
3∑
i=1
|υi(x)|. Transient probabilities on

∂ΩR
h : %h(x, x ± ei h) = υ±i /|υ(x)|. Let's de�ne Ahn =

n∏
i=0

exp
(
− a(ξhi )· M thi · IΩh(ξhi )

)
, where thi is a

discrete time, parameter of ξhi process. For the chain with random length Nh we get unique discrete

approximation of solution of the problem (12), (10), (13)

ph(x) = Ex

{Nh−1∑
i=0

Ahi · f(ξhi )· M thi · IΩh(ξhh) +

Nh−1∑
i=0

Ahi · p2(ξhi ) · dφhi
}

(19)

Solution of problem 3

Let's consider the problem (9), (10). To this problem we'll connect approximation of the mixed

boundary condition (8) on a temporary layer n+ 1

α1 p(x) + β2 p(x) = p3(x), x ∈ ∂Ωε, (20)

where β2 = β1

(
d(∂Ω) · O

)
.

"Random walk on spheres"algorithm

As in a case of the Dirichlet problem we construct Markov chain by "random walk on spheres". By

reaching ∂Ωε�boundary of a domain Ω the "particle"is absorbed or re�ected with equal probability

1/2. At absorption of a "particle"we summarize to counter the "weight"of node p3(xi)/α1 and at

re�ection of a "particle"− p3(xi)/β2. The chain breaks if a "particle"is absorbed. We get ε�displaced

estimation of the solution pε(x) of the problem (12), (10), (20) in the point x by averaging random

variable ξi constructed along Markov chain with random length N . That is pε(x) = 1
M

M∑
i=1

ξi.

"Random walk on lattices"algorithm. Let's consider the following �nite di�erence problem

(12), (10)

α1 p(xi) + β2 p(xi) = p3(xi), xi ∈ γh. (21)

The problem (12), (10), (21) is considered on a temporary layer n + 1. Algorithm. At �rst we play

coordinate axis with probability 1/3 for Ω ∈ R3. Then the "particle"moves (along the direction −ei
or +ei) with equal probability α from the node xi into one of a neighboring node xi ± ei h. It is

necessary to take into account the "weight"of node, it proportional
h2

2 + a h2
· f(xi). And so on until

the "particle"achieves the discrete boundary γh. On a boundary γh the "particle"is absorbed or re�ected

with equal probability 1/2. The chain breaks if the "particle"is absorbed, and we summarize to counter

a "weight"of absorbing boundary node p3(xi)/α1, at re�ection � p3(xi)/β2. Thus we de�ne a random

variable ξhNh along a discrete Markov chain with random length Nh . The estimation of solution ph(xi)

in a node xi is de�ned by ph(xi) ≈ 1
M

M∑
i=1

(
ξhNh
)
i
, where M is trajectories amount of Markov chain

starting from the node xi.

Probability di�erence method

The problem (12), (10), (21) is considered on a temporary layer n+1. Let p3(x) is the real bounded

continuous function on a set ∂Ω. Let the set ∂ΩR
h approximate ∂Ω "from within". That is either
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x ∈ Ω
⋂
R3
h or x ∈ ∂Ω or straight line connecting x with one of the nearest node xi±eih, xi±eih±ejh or

xi±eih∓ejh touches ∂Ω. The set is determined in Ω
⋂
R3
h. Let's de�ne digitization Ωh = Ω

⋂
R3
h−∂ΩR

h

of interior Ω and digitization of a stopping set ∂ΩA
h = R3

h − Ωh − ∂ΩR
h . Then α gives transitive

probabilities of the approximating chain ξhi in Ωh. The chain breaks at the �rst contact with ∂ΩA
h .

Let's notice that Ex
{
ξhn+1 − ξhn| ξhn = yi ∈ ∂ΩR

h

}
= υ(y)h/|υ(y)|. It is coordinated that the re�ection

from the point ∂ΩR
h happens along direction υ(y). υ(y) is the direction of hit into interior node. Let's

de�ne Ahn =
n∏
i=0

exp
(
− a(ξhi )· M thi · IΩh(ξhi )

)
, Chn =

n∏
i=0

exp
(
− β1(ξhi ) dφhi

)
, Dh

n = AhnC
h
n . We consider

the case α1 = α1(x), β1 = β1(x), thi is a discrete time, parameter of the process ξ
h
i , dφ

h = h /|υ(x)|,
dφhi = dφh(ξhi ) I∂ΩRh

(ξhi ). For the chain with random length Nh = min
{
n : ξhn ∈ ∂ΩA

h

}
we obtain

unique discrete approximation of a solution of the problem (12), (10), (21)

ph(x) = Ex

{Nh−1∑
i=0

Dh
i · f(ξhi )· M thi · IΩh(ξhi ) +Dh

Nh−1 α1(ξhNh) +

Nh−1∑
i=0

Dh
i · p3(ξhi ) · dφhi

}
(22)

[2], [3], [4],[5], [6], [7].
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RESEARCH IN INTERVAL METHODS OF MODEL OF INTERBRANCH

BALANCE WITH NONDETERMINATED DATA

Z.Kh. Yuldashev 1, P.J. Kalkhanov 2

National University of Uzbekistan1, Nukus State Pedagogical Institute2

Abstract.In the work the purpose of demonstration of the possibilities arising from consideration

of a problem within the limits of the interval analysis where the hypothesis of linearity is accepted,

comparison of static and dynamic Leontief's models are presented. At that not only a vector of total

release at the �xed vector of �nal consumption is searched, but also on the contrary, the vector of

�nal consumption is de�ned, at the set vector of total release. It is noticed that as opposed to the

real case the interval variant gives the bottom and upper borders of searched values that in many

cases has rather substantial interpretations.

Keywords: mathematical modeling, interval methods, balancing equations, Leontief's models

Àííîòàöèÿ. Â ðàáîòå ñ öåëüþ äåìîíñòðàöèè âîçìîæíîñòåé, âîçíèêàþùèõ âñëåäñòâèå ðàñ-

ñìîòðåíèÿ çàäà÷è â ðàìêàõ èíòåðâàëüíîãî àíàëèçà, ãäå ïðèíÿòà ãèïîòåçà ëèíåéíîñòè, ïðèâî-

äèòñÿ ñðàâíåíèå ñòàòè÷åñêîé è äèíàìè÷åñêîé ìîäåëåé Ëåîíòüåâà. Ïðè ýòîì èùåòñÿ íå òîëüêî

âåêòîð âàëîâîãî âûïóñêà ïðè ôèêñèðîâàííîì âåêòîðå êîíå÷íîãî ïîòðåáëåíèÿ, íî è íàîáî-

ðîò, îïðåäåëÿåòñÿ âåêòîð êîíå÷íîãî ïîòðåáëåíèÿ, ïðè çàäàííîì âåêòîðå âàëîâîãî âûïóñêà.

Îòìå÷àåòñÿ, ÷òî â îòëè÷èè îò âåùåñòâåííîãî ñëó÷àÿ èíòåðâàëüíûé âàðèàíò äà¼ò íèæíþþ è

âåðõíþþ ãðàíèöû èñêîìûõ âåëè÷èí, ÷òî âî ìíîãèõ ñëó÷àÿõ èìååò âåñüìà ñîäåðæàòåëüíûå

èíòåðïðåòàöèè.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, èíòåðâàëüíûå ìåòîäû, áàëàíñíûå óðàâ-

íåíèÿ, ìîäåëè Ëåîíòüåâà.

Introduction

It is known that at application of methods of mathematical modeling for forecasting results of

economic activities, both at a level of corporations, and at a macroeconomic level, dynamic models,

as against static, describe process of formation of economic proportions, their �nal condition more

adequately, and also allow to bring the suitable management providing the chosen optimality on the

set of parameters. Planning and forecasting the possible balance in manufacture and consumption, in

essence, is target for economic systems, both from the point of view of the ordinary consumer, and

from the point of view of managing structures. In some cases de�ned parameters or the data is inexact,

di�erently is nondeterminated. When by this nondeterminated some scale can be correlated and on

these parameters have the limited amplitude of �uctuations, it is possible to speak about application

of interval methods and interval models [1-3].

With the purpose of demonstration of the opportunities arising owing to consideration of a problem

within the framework of the interval analysis, in the given work where the hypothesis of linearity is
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accepted, are resulted comparison of static and dynamic models of Leontief. Except for that we shall

search not only a vector of total release at the �xed vector of �nal consumption, but also on the

contrary, we shall de�ne a vector of �nal consumption, considering set a vector of total release. We

shall note, that as against a material case the interval variant gives the bottom and top borders of

required sizes, that in many cases have rather substantial interpretations.

An interval variant of static model of Leontief

Let the developed "know-how"is constant during some time interval [T0, T ], where T > T . Depen-

ding on statement of a problem the interval [T0, T ], can be equal to one calendar period or several.

The second assumption will consist in postulation of property of linearity of existing technology,

we shall consider, that for maintenance of total output of branch i in volume xi it is necessary and to

make enough expenses in volumes ai,jxi, j = 1, 2, n, production of all branches. Certainly, each of these

assumptions is the next idealization of a real state of a�airs. So, the requirement of linearity means,

in particular, that each branch is capable to make any volume of production provided that the raw

material in necessary quantity will be provided. These restrictions in economic problems have bilateral

character that makes logical application of interval methods at research of a problem about balance of

manufacture and accumulation.

Below interval sizes [1,2] at a spelling we shall designate "fat"letters, to assume acquaintance to

bases of the interval analysis [1-3], and at creation of interval models we shall adhere to a principle

rational interval parameters [4].

Let the interval matrix A = (aij) describes set of technologies at individual intensity of work of all

branches and

aij ∈ aij , i, j = 1, 2, ..., n. (1)

We admit that in a time interval [T0, T ] all branches will work in such a manner that the branch

with number will make volume of total release of production (i = 1, 2, ..., n) and we shall enter a vector

of total release x = (x1, x2, ..., xn). Having taken advantage of the assumption of linearity, it is uneasy

to count up the part of the common total release spent for industrial needs during release. This part

is described by a vector

(

n∑
i=1

ai1x1,

n∑
i=1

ai2x2, ...,

in∑
i=1

anxn) (2)

Using matrix designations, we shall receive, that the vector of industrial expenses is equal Ax.

Hence the free rest equal y = x−Ax, can be used on the non-productive purposes.
However the basic question arising in planning of manufacture for the period [T0, T ] , is formulated

as follows: at the set vector of �nal consumption y, it is required to de�ne a necessary vector of total

release. In other words, it is required to solve system of the equations

x−Ax = y (3)

at the set vector y and a matrix A.

Then in view of the assumption about possible interval parts or all sizes -aij specifying volume of

production i- the branch required for manufacture of unit of a product of branch with number j , the
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problem of the decision of system (3) by analogy with [2] can be shown to search of set

X = {x = (x1, x2, ..., xn)|x−Ax = y,A ∈ A, y ∈ y} (4)

By virtue of a hypothesis of linearity and properties of interval arithmetic's it is possible to set

the task formally of the decision of corresponding interval system of the linear algebraic equations of

a kind (3):

x − Ax = y (5)

Problem of search of set of vectors X we shall name an interval variant of model of Leontief. In

[3] classi�cation of types of decisions of system (5) is resulted, a number of algorithms of de�nition of

corresponding types of decisions is given, and in works [2,5] some methods of de�nition of the external

decision of system (5) or external estimation sets X are discussed.

Dynamic model of Leontief

Above we have considered productive model of interbranch balance irrespectively by time, i.e. all

its components relied average for some time interval and "one-stage". In a reality the product intended

for internal and �nal consumption during the period t, is de�ned not by the �ow output, and release

during the subsequent period t+1. This delay of manufacture is caused by many factors, in particular

inertia of planning and recustomizing, mobilization of internal resources and change of conditions of

operation of transport, attraction of a source of raw materials of subjects of manufacture, etc.

In view of it the system of the equations of balance, in the assumption of a constancy of a share of

internal consumption by each branch, will have the following appearance
x1 (t+ 1) = a11x1t+ ...+ a1nxn(t) + y1(t)

x2 (t+ 1) = a21x1t+ ...+ a2nxn(t) + y1(t)

...

xn (t+ 1) = an1x1t+ ...+ annxn(t) + y1(t)

(6)

Ratio (6) make system linear di�erence equations of the �rst order with constant factors aij .

Let's enter a vector of total release x(t), a matrix of direct expenses A(t) = x(t) and a vector of

�nal consumption y(t) . Then the system (6) can be copied in the matrix form:

x(t+ 1) = Ax+ y(t) (7)

Now the problem is formulated as follows: at the set vector of �nal consumption y(t) and a matrix

A to de�ne dynamics(change in time a vector of total release x(t).

One of the primary goals of the forecast with use of dynamic model of Leontief (7) is those: dynamics

of a vector of �nal consumption y(t) and a vector of total release x
0
during the initial moment of time

t = 0 are known; it is required to calculate a vector of total release at the moment of time t ≥ 1. This

problem in material statement can be solved by means of the formula:

x(t) = Atx(0) +

t−1n∑
k=0

At−k−1y(k) (8)
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Let for a component of a matrix A inclusions (1) - the assumption about interval a component

take place, and also the interval vector x(0) , such that x(0) ∈ x(0) is known. Then it is possible to

speak about an interval variant of a problem of the forecast: are known in dynamics of �uctuation

a component of �nal consumption y(t), such, as x(0) ∈ x(0) an interval vector of total release x(0)

:x(0) ∈ x(0) ; it is required to calculate an interval vector of total release at the moment of time t ≥ 1,

an any material vector x(t) including accordingly.

According to a hypothesis of linearity and property of monotony of interval arithmetics [1], this

problem can be solved by means of the formula:

x(t) = Atx(0) +

t−1n∑
k=0

At−k−1y(k) (9)

Which for the �xed moment of time t gives the interval vector containing an any material vector

y(k), namely y(k) ∈ y(k).

Numerical experiments

Here we in the statements peculiar to economic problems, and on concrete examples shall show

distinction between material and interval variants of the balancing equations.

Numerical experiments

Let the material table which contains the data of balance of three branches for some period is set.

Table 1

It is required to �nd volume of total output if �nal consumption on branches to increase accordingly

up to 60, 70 and 30.

The decision. We shall write out vectors of total release both �nal consumption and a matrix of

factors of direct expenses:

x̄ =

100

100

50

 , ȳ =

40

60

10

 , A =

0, 05 0, 35 0, 20

0, 10 0, 10 0, 20

0, 20 0, 10 0, 10


The matrix satis�es to both criteria of e�ciency [6]. In case of the set increase in �nal consumption

the new vector of an end-product will look like
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ȳ∗ =

40

60

10


It is required to �nd the new vector of total release x∗ satisfying parities of balance in the assumption,

that the matrix A does not change. In that case components x1, x2, x3 of a unknown vector x∗ are

from system of the equations which, in this case looks like
x1 = 0, 05x1 + 0, 35x2 + 0, 4x3 + 60

x2 = 0, 1x1 + 0, 1x2 + 0, 4x3 + 70

x3 = 0, 2x1 + 0, 1x2 + 0, 2x3 + 30

In the matrix form this system looks as follows: x∗ = Ax∗ + y , or (E − A)x∗ = y∗ , where the

matrix looks like

(E −A) =

 0, 95 −0, 35 −0, 40

−0, 10 0, 90 −0, 40

−0, 20 0, 10 0, 80


From here the new vector x∗ as the decision of this equation of balance pays o�:

x(∗) = (E −A)−1y

Let's �nd a return matrix (a matrix of full expenses) for = (E −A)−1y , with use of the standard

formula:

A−1 =


A11
∆

A21
∆ ... An1

∆
A12
∆

A22
∆ ... An2

∆

... ... ... ...
A1n
∆

A2n
∆ ... Ann

∆

 (10)

Determinant of a matrix (E − A), det(E − A) = 0.514 6= 0 , so the return matrix and the decision of

the speci�ed system of the equations exist. Calculation of a return matrix we shall de�ne to within the

third sign:

(E −A)−1 = 1
0,514

0, 68 0, 32 0, 50

0, 16 0, 68 0, 42

0, 19 0, 165 0, 82

 =

1, 323 0, 623 0, 973

0, 311 1, 323 0, 817

0, 370 0, 321 1, 595


Let's notice, that the found return matrix satis�es to the �rst criterion of e�ciency of a matrix [6].

Now it is possible to calculate a vector of total release = x∗ :

x̄∗ =

1, 323 0, 623 0, 973

0, 311 1, 323 0, 817

0, 370 0, 321 1, 595


60

70

30

 =

152, 2

135, 8

92, 5


Thus, to provide the set increase a component of a vector of an end-product, it is necessary to

increase corresponding total releases: cultivation and processing of a cotton on 52.2%, a level of power

- on 35.8% and release of mechanical engineering - on 85% in comparison with the initial sizes speci�ed

in table 1. Now we shall assume, that elements of a matrix A and a vector of �nal consumption at are

set is inexact, and their amplitude of �uctuation is equal δ = 10− 5. Then the corresponding interval

matrix will look like:
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A =

∣∣∣∣∣∣∣∣∣

[
0, 0499 0, 0501

] [
0, 3499 0, 3501

] [
0, 3999 0, 4001

][
0, 0999 0, 1001

] [
0, 0999 0, 1001

] [
0, 3999 0, 4001

][
0, 1999 0, 2001

] [
0, 0999 0, 1001

] [
0, 1999 0, 2001

]
∣∣∣∣∣∣∣∣∣

Designating through K=E-A, we shall receive

K =

∣∣∣∣∣∣∣∣∣

[
0, 9499 0, 9501

] [
−0, 3501 −0, 3499

] [
−0, 4001 −0, 3999

][
−0, 1001 −0, 0999

] [
0, 8999 0, 9001

] [
−0, 4001 −0, 3999

][
−0, 2001 −0, 1999

] [
−0, 1001 −0, 0999

] [
0, 7999 0, 8001

]
∣∣∣∣∣∣∣∣∣

As in the interval analysis of operation of addition and subtraction, and also multiplication and

subtraction are not mutually the opposites the problem of the reference of interval matrixes is put

as follows [2]: For some interval matrix A it is necessary to de�ne matrix A1, such, that

A−1 ⊇ B =
[[
bi,j , ¯bi,j

]]
,

where

bij = inf
{
Prij B

∣∣∣B ∈ B̃ = {B| 5A ∈ A,∃B : BA = AB = E}
}

bij = sup
{
Prij B

∣∣∣B ∈ B̃ = {B| 5A ∈ A,∃B : BA = AB = E}
}

(11)

Thus ÁÁ−1 6= Á0 , that is designationÀ-1 should be understood in sense of a ratio (11).

Applying, formally corresponding method, in the beginning we shall de�ne

K−1 =

∣∣∣∣∣∣∣∣∣

[
1, 3228 1, 3231

] [
0, 6225 0, 6227

] [
0, 9726 0, 9729

][
0, 3112 0, 3114

] [
1, 3229 1, 3231

] [
0, 8170 0, 8173

][
0, 3696 0, 3697

] [
0, 3209 0, 3211

] [
1, 5952 1, 5955

]
∣∣∣∣∣∣∣∣∣

and then an interval vector of a total product

x =

∣∣∣∣∣∣∣∣∣

[
152.1289, 152.1512

][
135.7883, 135.8070

][
92.5010, 92.5185

]
∣∣∣∣∣∣∣∣∣

‖x‖ = maxω (xi) = xi − xi = 0.0223

Let's note, that actually by virtue of properties of interval arithmetic's we have received the external

decision of system (3).

The elementary calculations show - to provide the set increase a component of a vector of an end-

product in the speci�ed interval, it is necessary to increase corresponding total releases: cultivation

and processing of a cotton in an interval [49.3%, 54.5%], a level of power in an interval [36.8%, 39.1%],

release of mechanical engineering in an interval [83.6%, 87.7%] in comparison with the initial sizes

speci�ed in table 1.

The problem of de�nition of a vector of an end-product can be solved by performance of operation

of matrix algebra: o = Eo. For the chosen data of an example 1 the following results are received:
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y =

∣∣∣∣∣∣∣∣∣

[
194.5353, 194.6045

][
259.9429, 260.0018

][
196.7454, 196.8006

]
∣∣∣∣∣∣∣∣∣

In case of a lot of branches of manufacture � the wrapping e�ect� is usually observed, and in practice

apply interval iterative methods at de�nition of a vector of total release o [2,4].

A case of dynamic model

Let's address to the data of table 1. Let the productive matrix x(0) , and also the vectors of total

release set at the moment of time t = 0 and y = 0 , speci�ed in this table are known:

x̄(0) =

100

100

50

 , ȳ(0) =

40

60

10

 , A =

0.05 0.35 0.40

0.10 0.10 0.40

0.20 0.10 0.20


It is required to calculate a vector of total release at the moment of time t = 2 if all components of

a vector of �nal consumption y increase for 30% for each period.

The decision.The vector of �nal consumption, according to a condition of a problem, looks like

y(t) = y(0)(1.3)t (12)

Applying the formula (9), we receive x(2) = A2x(0) +Ay(0) + y(1).

Now it is necessary to calculate a matrix A2 changing conditions and a vector y(1) and to substitute

them in this equation. Carrying out the speci�ed actions, we shall receive the decision of a task in view:

x̄(2) =

0.1175 0.0925 0.24

0.095 0.085 0.16

0.06 0.1 0.16


100

100

50

+

0.05 0.35 0.4

0.1 0.1 0.4

0.2 0.1 0.2


40

60

10

+

52

78

13

 =

33

26

24

+

27

14

16

+

52

78

13

 =

112

118

53


Thus, at the speci�ed rate of growth of a product of �nal consumption it is necessary to increase

through two time cycles components of total release accordingly by 12,18 and 6% in comparison with

initial sizes for the initial moment of time.

Similarly to a case with static model the data corresponding to dynamic model when parameters

of a matrix A, vectors xandy, at were indignant were considered "is arti�cial". The interval vector

x̄(2) ∈ x̄(2) = ([109.23, 116.57] [115.43, 123.08] , [49.89, 61.06])

for what is received is necessary to increase percent components of total release accordingly in limits

[10,71; 15,64] and [4,59; 8,66] in comparison with initial sizes for the initial moment of time.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÇÀÂÈÑÈÌÎÑÒÈ ÏÐÎÈÇÂÎÄÈÒÅËÜÍÎÑÒÈ

ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÃÎ ÎÁÐÀÇÖÀ ÊËÀÑÒÅÐÍÎÉ ÃÈÁÐÈÄÍÎÉ

ÂÛ×ÈÑËÈÒÅËÜÍÎÉ ÑÈÑÒÅÌÛ

ÍÀ ÁÀÇÅ GPU-ÏÐÎÖÅÑÑÎÐÎÂ ÎÒ ÀÐÕÈÒÅÊÒÓÐÛ ÓÇËÀ ÊËÀÑÒÅÐÀ.

II ×ÀÑÒÜ: ÃÈÁÐÈÄÍÛÉ ÊËÀÑÒÅÐ ÈÇ ÒÐÅÕ ÓÇËÎÂ

Ä. Àõìåäîâ1, Ñ. Åëóáàåâ1, Ô. Àáäîëäèíà2, Ò. Áîïååâ1, Ä. Ìóðàòîâ1, Ð. Ïîâåòêèí1

1Ëàáîðàòîðèÿ èìèòàöèîííîãî ìîäåëèðîâàíèÿ êîñìè÷åñêèõ ñèñòåì, Èíñòèòóò êîñìè÷åñêîé òåõíèêè è

òåõíîëîãèé, Àëìàòû, Ðåñïóáëèêà Êàçàõñòàí
2Êàôåäðà Ïðîãðàììíîãî îáåñïå÷åíèÿ ñèñòåì è ñåòåé, Èíñòèòóò èíôîðìàöèîííûõ è

òåëåêîììóíèêàöèîííûõ òåõíîëîãèé, Êàçàõñêèé íàöèîíàëüíûé òåõíè÷åñêèé óíèâåðñèòåò èì.

Ê.È. Ñàòïàåâà, Àëìàòû, Ðåñïóáëèêà Êàçàõñòàí

Abstract. This paper presents results of computing experiments for verifying correctness of the

choice and clari�cation of technical solutions for hybrid computing system based on GPU accele-

rators. Explained results of testing performance of hybrid computing system consisting of three

node in Linpack benchmark. During testing changed number of GPU accelerators Nvidia Tesla

M2090 for each node. Also optimal values of RAM are de�ned for each of three variants of hybrid

computing system.

Keywords: parallel computing, high-performance computing, cluster hybrid computing systems,

graphics processor, CUDA technology.

À­äàòïà. Ìà©àëàäà æî¡àðû °íiìäi åñåïòåóëåð ³øií GPU-ïðîöåññîðëàð íåãiçiíäå êëàñòåðëi

ãèáðèäòiê åñåïòåóiø æ³éåíi­ ©´ðó ìºñåëåëåði ©àðàëàäû. �ø òîðàáûíàí ò´ðàòûí ãèáðèäòiê

êëàñòåði ³øií Linpack ñûíà©òàìàäà æ³éåíi­ íà©òû °íiìäiëiãií òåñòiëåóiíi­ íºòèæåëåði áà-

ÿíäàë¡àí. Òîðàïòàðäû­ àðõèòåêòóðàñûíäà Nvidia Tesla M2090 ãðàôèêàëû© ïðîöåññîðëàðäû­
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ñàíäàðû °çãåðòòiëäi æºíå æåäåë æàäòû­ ê°ëåìi. Ãèáðèäòiê êëàñòåð ´éûìíû­ ³ø í´ñ©àëàðû

³øií æåäåë æàäòû­ ê°ëåìiíi­ î­òàéëû ìºíäåð àíû©òàëûí¡àí.

Êiëòòiê ñ°çäåð: ïàðàëëåëäi åñåïòåóëåð, æî¡àðû °íiìäi åñåïòåóëåð, êëàñòåðëiê ãèáðèäòiê

åñåïòåóiø æ³éå, ãðàôèêàëû© ïðîöåññîð, CUDA òåõíîëîãèÿ.

Àííîòàöèÿ. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ, ïðîâîäèìûõ

ñ öåëüþ ïðîâåðêè ïðàâèëüíîñòè âûáîðà òåõíè÷åñêèõ ðåøåíèé è óòî÷íåíèÿ îòäåëüíûõ òåõíè-

÷åñêèõ õàðàêòåðèñòèê äëÿ ïðîåêòèðóåìîé êëàñòåðíîé ãèáðèäíîé âû÷èñëèòåëüíîé ñèñòåìû

íà áàçå ãðàôè÷åñêèõ ïðîöåññîðîâ. Èçëîæåíû ðåçóëüòàòû òåñòèðîâàíèÿ ðåàëüíîé ïðîèçâîäè-

òåëüíîñòè ñèñòåìû â òåñòå Linpack äëÿ ãèáðèäíîãî êëàñòåðà èç òðåõ óçëîâ. Â àðõèòåêòóðå

óçëîâ èçìåíÿëèñü êîëè÷åñòâî ãðàôè÷åñêèõ ïðîöåññîðîâ Nvidia Tesla M2090. Îïðåäåëåíû äî-

ñòàòî÷íûå çíà÷åíèÿ îáúåìà îïåðàòèâíîé ïàìÿòè äëÿ òðåõ âàðèàíòîâ îðãàíèçàöèè ãèáðèäíîãî

êëàñòåðà.

Êëþ÷åâûå ñëîâà: ïàðàëëåëüíûå âû÷èñëåíèÿ, âûñîêîïðîèçâîäèòåëüíûå âû÷èñëåíèÿ, êëà-

ñòåðíàÿ ãèáðèäíàÿ âû÷èñëèòåëüíàÿ ñèñòåìà, ãðàôè÷åñêèé ïðîöåññîð, CUDA òåõíîëîãèÿ.

Ââåäåíèå

Ïîÿâèâøèåñÿ âîçìîæíîñòè ñîâðåìåííîé áàçû êîìïëåêòóþùèõ äëÿ ïàðàëëåëüíûõ âû÷èñëå-

íèé, è îñîáåííî ðåçêîå óâåëè÷åíèå ïðîèçâîäèòåëüíîñòè ãðàôè÷åñêèõ âèäåîêàðò íîâîãî ïîêîëå-

íèÿ, äåëàþò ðåàëüíûì ñàìîñòîÿòåëüíîå ñîçäàíèå è ðàçâèòèå ñóïåðêîìïüþòåðíûõ ñèñòåì â Êàçàõ-

ñòàíå. Îäíèì èç ïåðñïåêòèâíûõ íàïðàâëåíèé ðàçâèòèÿ ñóïåðêîìïüþòåðíûõ òåõíîëîãèé ÿâëÿåòñÿ

èñïîëüçîâàíèå âû÷èñëèòåëüíûõ âîçìîæíîñòåé ãðàôè÷åñêèõ ïëàò Nvidia Tesla äëÿ ñîçäàíèÿ ïåð-

ñîíàëüíûõ è êëàñòåðíûõ ãèáðèäíûõ âû÷èñëèòåëüíûõ ñèñòåì.

Â ðàìêàõ áþäæåòíîãî ïðîåêòà Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðåñïóáëèêè Êàçàõñòàí

¾Ðàçðàáîòàòü êëàñòåðíóþ ãèáðèäíóþ âû÷èñëèòåëüíóþ ñèñòåìó íà áàçå GPU-ïðîöåññîðîâ¿ ñî-

çäàí ýêñïåðèìåíòàëüíûé îáðàçåö êëàñòåðíîé ãèáðèäíîé âû÷èñëèòåëüíîé ñèñòåìû (ÊÃÂÑ) íà

áàçå ãðàôè÷åñêèõ ïðîöåññîðîâ Nvidia Tesla. Ñëåäóþùèì ýòàïîì îïûòíî-êîíñòðóêòîðñêèõ ðàáîò

ïî ñîçäàíèþ ÊÃÂÑ íà áàçå GPU-ïðîöåññîðîâ ÿâëÿåòñÿ èçãîòîâëåíèå îïûòíîãî îáðàçöà ÊÃÂÑ.

Äëÿ ýòîãî íà ïåðâîì øàãå áûëè ïðîâåäåíû èñïûòàíèÿ ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ ñ öå-

ëüþ ïðîâåðêè ïðàâèëüíîñòè âûáîðà òåõíè÷åñêèõ ðåøåíèé è óòî÷íåíèÿ îòäåëüíûõ òåõíè÷åñêèõ

õàðàêòåðèñòèê. Ñëåäóþùèå øàãè ïðåäóñìàòðèâàþò ðàçðàáîòêó âñåãî íåîáõîäèìîãî ïàêåòà ðàáî-

÷åé äîêóìåíòàöèè íà ñîçäàíèå îïûòíîãî îáðàçöà ÊÃÂÑ, èçãîòîâëåíèå è òåñòèðîâàíèå îïûòíîãî

îáðàçöà ÊÃÂÑ ñ ïèêîâîé ïðîèçâîäèòåëüíîñòüþ íå ìåíåå 8 Òôëîïñ äâîéíîé òî÷íîñòè è 16 Òôëîïñ

îäèíàðíîé òî÷íîñòè.

Ýêñïåðèìåíòàëüíûé îáðàçåö ÊÃÂÑ íà áàçå GPU ïðîöåññîðîâ

Ýêñïåðèìåíòàëüíûé îáðàçåö ÊÃÂÑ áûë ïîñòðîåí ïî êëàñòåðíîé òåõíîëîãèè Beowulf. Îñîáåí-

íîñòüþ òàêîãî êëàñòåðà ÿâëÿåòñÿ ìàñøòàáèðóåìîñòü, òî åñòü âîçìîæíîñòü óâåëè÷åíèÿ êîëè÷åñòâà

óçëîâ ñèñòåìû ñ ïðîïîðöèîíàëüíûì óâåëè÷åíèåì ïðîèçâîäèòåëüíîñòè. Óçëàìè ÊÃÂÑ ÿâëÿþòñÿ

ïåðñîíàëüíûå ãèáðèäíûå âû÷èñëèòåëüíûå ñèñòåìû íà áàçå GPU-ïðîöåññîðîâ [1]. Êîëè÷åñòâî óç-

ëîâ ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ îãðàíè÷èâàåòñÿ òèïîì âûáðàííîãî ñåòåâîãî êîììóòàòîðà

Mellanox In�niScale IV Switch, êîòîðûé ïîçâîëÿåò ñîçäàòü ñèñòåìó ñîäåðæàùóþ îò 2 äî 8 óçëîâ.

Äëÿ ïðîâåäåíèÿ òåñòèðîâàíèÿ áûëî ñîçäàíî øåñòü âàðèàíòîâ êîíôèãóðàöèè êëàñòåðíîé ãè-

áðèäíîé âû÷èñëèòåëüíîé ñèñòåìû: 1-ûé âàðèàíò - 2 óçëà ïî 2 GPU, 2-îé âàðèàíò - 2 óçëà ïî 3



Âû÷èñëèòåëüíûå òåõíîëîãèè 265 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

GPU, 3-ûé âàðèàíò - 2 óçëà ïî 4 GPU, 4-ûé âàðèàíò - 3 óçëà ïî 2 GPU, 5-ûé âàðèàíò - 3 óçëà ïî

3 GPU, 6-ûé âàðèàíò - 3 óçëà ïî 4 GPU â êàæäîì óçëå.

Êîíôèãóðàöèÿ êàæäîãî óçëà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ âêëþ÷àåò ñëåäóþùèå êîì-

ïîíåíòû: öåíòðàëüíûé ïðîöåññîð Intel Xeon E5-2620 ñ òàêòîâîé ÷àñòîòîé 2,0 ÃÃö, ìàòåðèíñêóþ

ïëàòó MB Supermicro X9DRG-QF, ãðàôè÷åñêèé ïðîöåññîð Nvidia Tesla M2090, îïåðàòèâíóþ ïà-

ìÿòü DDR3 4Gb, ñåòåâîé àäàïòåð Mellanox ConnectX-2 VPI.

Ýêñïåðèìåíòàëüíûé îáðàçåö ÊÃÂÑ ðàáîòàåò ïîä óïðàâëåíèåì îïåðàöèîííîé ñèñòåìû, ðàñ-

ïðîñòðàíÿåìîé ñ èñõîäíûìè êîäàìè - Linux RHEL 6.1. Äëÿ ðàñïðåäåëåíèÿ îáðàáîòêè äàííûõ

ìåæäó óçëàìè èñïîëüçîâàëàñü òåõíîëîãèÿ Message Passing Interface (OpenMPI ver. 1.6). Ñïåöè-

àëèçèðîâàííîå ïðîãðàììíîå îáåñïå÷åíèå: ïëàòôîðìà ïàðàëëåëüíûõ âû÷èñëåíèé è ìîäåëè ïðî-

ãðàììèðîâàíèÿ äëÿ óñêîðåíèÿ ðåøåíèÿ íàó÷íûõ è èíæåíåðíûõ çàäà÷ íà GPU - NVIDIA CUDA

5.0; áèáëèîòåêà ìàòåìàòè÷åñêèõ ïðèêëàäíûõ ïðîãðàìì Intel�Math Kernel Library (Intel�MKL 10);

ìåíåäæåð ðàñïðåäåëåííûõ ðåñóðñîâ äëÿ âû÷èñëèòåëüíûõ êëàñòåðîâ - TORQUE. Èíñòðóìåíòîì

òåñòèðîâàíèÿ ïðîèçâîäèòåëüíîñòè áûë âûáðàí Cuda Accelerated Linpack 2.0 v16 [2], èñïîëüçóåòñÿ

ïðè ñîñòàâëåíèè ðåéòèíãà ìèðîâûõ ñóïåðêîìïüþòåðîâ.

Ðåçóëüòàòû òåñòèðîâàíèÿ ïðîèçâîäèòåëüíîñòè ýêñïåðèìåíòàëüíîãî

îáðàçöà ÊÃÂÑ, ñîñòîÿùåãî èç òðåõ óçëîâ

Â äàííîé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû èñïûòàíèé 4-ãî, 5-ãî è 6-ãî âàðèàíòîâ êîíôèãó-

ðàöèè ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ ñîñòîÿùåãî èç òðåõ óçëîâ. Ðåçóëüòàòû èñïûòàíèé äëÿ

ïåðâûõ òðåõ âàðèàíòîâ ïðåäñòàâëåíû â I ÷àñòè íà Ìåæäóíàðîäíîé êîíôåðåíöèè ¾Âû÷èñëèòåëü-

íûå è èíôîðìàöèîííûå òåõíîëîãèè â íàóêå, òåõíèêå è îáðàçîâàíèè � 2013 (ÂÈÒ-2013)¿. Êîíôè-

ãóðàöèÿ óçëà äëÿ 3-õ âàðèàíòîâ êëàñòåðà ïðåäñòàâëåíà â òàáëèöå 1.

Òàáëèöà 1 Êîíôèãóðàöèÿ óçëà äëÿ 4-ãî, 5-ãî è 6-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ

èç òðåõ óçëîâ

Êîìïîíåíò Ìîäåëü/õàðàêòåðèñòèêè Êîëè÷åñòâî
4-ûé âà-
ðèàíò
ÊÃÂÑ

5-ûé âà-
ðèàíò
ÊÃÂÑ

6-îé âàðè-
àíò
ÊÃÂÑ

Ãðàôè÷åñêèé ïðîöåñ-
ñîð

GPU Nvidia Tesla M2090 2 3 4

Öåíòðàëüíûé ïðîöåñ-
ñîð

CPU Intel Xeon E5-2620
2,0ÃÃö

2 2 2

Ìàòåðèíñêàÿ ïëàòà MB Supermicro X9DRG-
QF

1 1 1

Îïåðàòèâíàÿ ïàìÿòü RAM DDR3 4Gb 8 8 8
Ñåòåâîé àäàïòåð Mellanox ConnectX-2 VPI

adapter card
1 1 1

Ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ ÷àñòîòà öåíòðàëüíûõ ïðîöåññîðîâ íå èçìåíÿëàñü è áûëà ðàâíà

2,0 ÃÃö. Ïèêîâàÿ ïðîèçâîäèòåëüíîñòü ÷åòâåðòîãî âàðèàíòà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ

ðàâíà 3960 Ãôëîïñ, ïÿòîãî âàðèàíòà - 5940 Ãôëîïñ, øåñòîãî âàðèàíòà - 7920 Ãôëîïñ äâîéíîé

òî÷íîñòè. Òåñòû ïîçâîëèëè îïðåäåëèòü ìàêñèìàëüíóþ ïðîèçâîäèòåëüíîñòü êëàñòåðíîé ñèñòåìû

â êàæäîé êîíôèãóðàöèè è äîñòàòî÷íûé îáúåì îïåðàòèâíîé ïàìÿòè äëÿ êàæäîé êîíôèãóðàöèè



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 266 Âû÷èñëèòåëüíûå òåõíîëîãèè

êëàñòåðà.

Â òàáëèöå 2 ïðåäñòàâëåíû ðåçóëüòàòû òåñòèðîâàíèÿ, âêëþ÷àþùèå çíà÷åíèÿ ðåàëüíîé ïðîèç-

âîäèòåëüíîñòè, ýôôåêòèâíîñòè ðàáîòû ñèñòåìû è óäåëüíîé ñòîèìîñòè 1 Ãôëîïñ, èíà÷å ãîâîðÿ,

çíà÷åíèå ñîîòíîøåíèÿ öåíà/ïðîèçâîäèòåëüíîñòü. Â òàáëèöå óêàçàí îáúåì ÎÏ èñïîëüçóåìûé âñåé

ñèñòåìîé ïðè âû÷èñëåíèÿõ (ïðîöåññû Linpack è System), èñïîëüçóåìûé îáúåì íàïðÿìóþ çàâèñèò

îò ðàçìåðíîñòè çàäà÷è Linpack.

Äëÿ 4-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ íàèáîëüøàÿ ýôôåêòèâíîñòü ðàáîòû

êëàñòåðà ðàâíàÿ 48,3% è íàèëó÷øåå çíà÷åíèå ðåàëüíîé ïðîèçâîäèòåëüíîñòè ñèñòåìû 1912,0 ÃÔëîïñ

äîñòèãàåòñÿ ïðè îáúåìå îïåðàòèâíîé ïàìÿòè 80,9 Ãá. Íà êàæäûé óçåë ïðèõîäèòñÿ ïðèìåðíî ïî

27 Ãá. Ñ ðîñòîì ýôôåêòèâíîñòè ðàáîòû êëàñòåðà ïàäàåò è óäåëüíàÿ ñòîèìîñòü 1 Ãôëîïñ. Ìè-

íèìàëüíîå çíà÷åíèå ñîîòíîøåíèÿ öåíà/ïðîèçâîäèòåëüíîñòü 1624,0 òã. äîñòèãàåòñÿ òàê æå ïðè

îáúåìå îïåðàòèâíîé ïàìÿòè 80,9 Ãá.

Äëÿ 5-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ íàèáîëüøàÿ ýôôåêòèâíîñòü ðàáîòû

êëàñòåðà ðàâíàÿ 40,8% è íàèëó÷øåå çíà÷åíèå ðåàëüíîé ïðîèçâîäèòåëüíîñòè ñèñòåìû 2421,0 ÃÔëîïñ

äîñòèãàåòñÿ ïðè îáúåìå îïåðàòèâíîé ïàìÿòè 85,1 Ãá, íà êàæäûé óçåë ïðèõîäèòñÿ ïî 28,4 Ãá. Ïðè

ýòîì çíà÷åíèå ñîîòíîøåíèÿ öåíà/ïðîèçâîäèòåëüíîñòü ðàâíî 1904,2 òã.

Äëÿ 6-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ íàèáîëüøàÿ ýôôåêòèâíîñòü ðàáîòû

êëàñòåðà ðàâíàÿ 33,1% è íàèëó÷øåå çíà÷åíèå ðåàëüíîé ïðîèçâîäèòåëüíîñòè ñèñòåìû 2622,0 ÃÔëîïñ

äîñòèãàåòñÿ ïðè îáúåìå îïåðàòèâíîé ïàìÿòè 85,1 Ãá, íà êàæäûé óçåë ïðèõîäèòñÿ ïî 28,4 Ãá. Ìè-

íèìàëüíîå çíà÷åíèå ñîîòíîøåíèÿ öåíà/ïðîèçâîäèòåëüíîñòü ðàâíî 2330,3 òã.

Òàáëèöà 2 Ðåçóëüòàòû òåñòèðîâàíèÿ 4-ãî, 5-ãî è 6-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ
4-ûé âàðèàíò

ÊÃÂÑ

5-ûé âàðèàíò

ÊÃÂÑ

6-îé âàðèàíò

ÊÃÂÑ

� Îáúåì

ÎÏ,

Ãá

Ðàçìåð-

íîñòü

çàäà÷è

Ðåàëüíàÿ

ïðîèçâî-

äèòåëü-

íîñòü,

Ãôëîïñ

Ýôô-

åê-

òèâí-

îñòü,

%

Óäåëüíàÿ

ñòîè-

ìîñòü 1

ÃÔëîïñ,

òã

Ðåàëüíàÿ

ïðîèçâî-

äèòåëü-

íîñòü,

Ãôëîïñ

Ýôô-

åê-

òèâí-

îñòü,

%

Óäåëüíàÿ

ñòîè-

ìîñòü 1

ÃÔëîïñ,

òã

Ðåàëüíàÿ

ïðîèçâî-

äèòåëü-

íîñòü,

Ãôëîïñ

Ýôô-

åê-

òèâí-

îñòü,

%

Óäåëüíàÿ

ñòîè-

ìîñòü 1

ÃÔëîïñ,

òã

1 4,2 14 273 431,8 10,9% 6 970,8 229,2 3,9% 19 677,1 433,6 5,5% 13 860,7

2 6,1 20 822 823,7 20,8% 3 654,2 444,9 7,5% 10 137,1 735,5 9,3% 8 171,3

3 7,8 25 502 952,0 24,0% 3 161,8 622,2 10,5% 7 248,5 871,5 11,0% 6 896,2

4 8,5 29 447 1 076,0 27,2% 2 802,0 768,5 12,9% 5 875,1 1 069,0 13,5% 5 626,8

5 10,2 32 923 1 166,0 29,4% 2 585,8 888,9 15,0% 5 079,3 1 205,0 15,2% 4 991,7

6 13,7 36 066 1 263,0 31,9% 2 391,1 974,9 16,4% 4 636,4 1 282,0 16,2% 4 695,8

7 15,9 38 956 1 305,0 33,0% 2 314,2 1 158,0 19,5% 3 903,3 1 335,0 16,9% 4 509,4

8 17,6 41 645 1 383,0 34,9% 2 187,3 1 214,0 20,4% 3 727,3 1 471,0 18,6% 4 095,9

9 19 44 171 1 412,0 35,7% 2 142,4 1 316,0 22,2% 3 438,4 1 525,0 19,3% 3 950,8

10 21,6 46 561 1 437,0 36,3% 2 108,6 1 386,0 23,3% 3 268,4 1 593,0 20,1% 3 785,3

11 23,4 48 833 1 492,0 37,7% 2 030,8 1 482,0 24,9% 3 056,7 1 625,0 20,5% 3 710,8

12 25,7 52 224 1 529,0 38,6% 1 985,0 1 553,0 26,1% 2 920,2 1 733,0 21,9% 3 482,4

13 29,3 56 853 1 599,0 40,4% 1 901,2 1 706,0 28,7% 2 661,2 1 825,0 23,0% 3 309,6

14 33,54 60 068 1 625,0 41,0% 1 873,8 1 811,0 30,5% 2 509,7 1 903,0 24,0% 3 176,6

15 35,1 63 284 1 668,0 42,1% 1 825,5 1 930,0 32,5% 2 354,9 1 933,0 24,4% 3 127,3

16 40,1 66 499 1 704,0 43,0% 1 792,8 1 934,0 32,6% 2 355,2 2 031,0 25,6% 2 981,3

17 42,7 69 715 1 746,0 44,1% 1 749,7 1 997,0 33,6% 2 280,9 2 110,0 26,6% 2 869,7

18 46,3 72 930 1 732,0 43,7% 1 766,7 2 017,0 34,0% 2 260,8 2 196,0 27,7% 2 759,6

19 50,1 76 146 1 765,0 44,6% 1 736,5 2 115,0 35,6% 2 158,4 2 283,0 28,8% 2 656,6

20 54,7 79 361 1 784,0 45,1% 1 720,9 2 158,0 36,3% 2 117,7 2 365,0 29,9% 2 566,6

21 58,8 82 577 1 808,0 45,7% 1 700,8 2 176,0 36,6% 2 102,5 2 385,0 30,1% 2 547,2

22 62,4 85 793 1 807,0 45,6% 1 704,5 2 278,0 38,4% 2 010,5 2 429,0 30,7% 2 503,1

23 66,8 89 008 1 816,0 45,9% 1 698,8 2 271,0 38,2% 2 018,9 2 437,0 30,8% 2 496,9

24 71,3 92 224 1 799,0 45,4% 1 717,6 2 295,0 38,6% 2 000,0 2 519,0 31,8% 2 417,6

25 75,3 95 439 1 860,0 47,0% 1 664,0 2 390,0 40,2% 1 922,6 2 569,0 32,4% 2 372,5

26 80,9 98 655 1

912,0

48,3% 1 624,0 2 396,0 40,3% 1 922,0 2 608,0 32,9% 2 340,9

27 85,1 101 870 1 897,0 47,9% 1 639,4 2

421,0

40,8% 1 904,2 2

622,0

33,1% 2 330,3
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Àíàëèç ðåçóëüòàòîâ èññëåäîâàíèÿ

Ñðàâíèâàÿ ðåçóëüòàòû ýêñïåðèìåíòîâ äëÿ ðàçíûõ âàðèàíòîâ ýêñïåðèìåíòàëüíîãî îáðàçöà

ÊÃÂÑ âèäèì, ÷òî íàèáîëüøåå çíà÷åíèå ïðîèçâîäèòåëüíîñòè â òåñòå Linpack, ðàâíîå 2622,0 Ãôëîïñ

äîñòèãàåòñÿ â 6-îì âàðèàíòå ÊÃÂÑ (ðèñóíîê 1). Îäíàêî, íàèáîëüøàÿ ýôôåêòèâíîñòü ðàáîòû êëà-

ñòåðíîé ñèñòåìû ðàâíàÿ 48,3% äîñòèãàåòñÿ â 4-îì âàðèàíòå ÊÃÂÑ, ãäå àðõèòåêòóðà óçëà âêëþ-

÷àåò 2 ãðàôè÷åñêèõ ïðîöåññîðà Nvidia Tesla M2090. Ìàêñèìàëüíàÿ ýôôåêòèâíîñòü ðàáîòû 5-ãî

âàðèàíòà ÊÃÂÑ ðàâíà 40,8%, 6-ãî âàðèàíòà - 33,1%.

Ðèñóíîê 1 Ñðàâíåíèå ïðîèçâîäèòåëüíîñòè â òåñòå Linpack 3-õ âàðèàíòîâ ýêñïåðèìåíòàëüíîãî
îáðàçöà ÊÃÂÑ

Ïðîàíàëèçèðóåì è ïîïûòàåìñÿ ñôîðìóëèðîâàòü ïðè÷èíó ïîëó÷åííûõ ðåçóëüòàòîâ, òàê æå

îïðåäåëèòü äîñòàòî÷íûé îáúåì îïåðàòèâíîé ïàìÿòè äëÿ êàæäîãî èç âàðèàíòîâ.

Àíàëèçèðóÿ ðåçóëüòàòû ýêñïåðèìåíòà ïî âëèÿíèþ îáúåìà îïåðàòèâíîé ïàìÿòè íà ïðîèçâîäè-

òåëüíîñòü ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ â òåñòå Linpack, ìîæíî ñ óâåðåííîñòüþ ñêàçàòü ÷òî

ðåàëüíàÿ ïðîèçâîäèòåëüíîñòü ÊÃÂÑ èìååò ïðÿìóþ çàâèñèìîñòü îò îáúåìà îïåðàòèâíîé ïàìÿòè

óçëà. Ñ óâåëè÷åíèåì îáúåìà îïåðàòèâíîé ïàìÿòè óâåëè÷èâàåòñÿ è ïðîèçâîäèòåëüíîñòü ñèñòåìû.

Îäíàêî, ýòîò ïðîöåññ íå áåñêîíå÷íûé, è ýòî íàãëÿäíî âèäíî íà ïðèìåðå 4-ãî âàðèàíòà ÊÃÂÑ. Ïðå-

äåë íàñûùåíèÿ äîñòèãàåòñÿ ïðè îáúåìå îïåðàòèâíîé ïàìÿòè 80,9 Ãá è äàëüíåéøåå óâåëè÷åíèå

îáúåìà îïåðàòèâíîé ïàìÿòè íå ïðèâîäèò ê ðîñòó ïðîèçâîäèòåëüíîñòè. Ìîæíî çàêëþ÷èòü, ÷òî

äëÿ äàííîé àðõèòåêòóðû óçëà îïòèìàëüíûì ïî ñîîòíîøåíèþ "öåíà/ïðîèçâîäèòåëüíîñòü"áóäåò

èñïîëüçîâàíèå 80,9 Ãá îïåðàòèâíîé ïàìÿòè, ãäå íà êàæäûé GPU ïðèõîäèòñÿ ïî 13,5 Ãá. Ýòîò ðå-

çóëüòàò ïîäòâåðæäàåò ïðåäïîëîæåíèå, âûñêàçàííóþ â ðàáîòå [3] î òîì, ÷òî íà îäèí GPU äîëæíî

ïðèõîäèòñÿ íå ìåíåå 12 Ãá îïåðàòèâíîé ïàìÿòè.

×òî êàñàåòñÿ 5-ãî è 6-ãî âàðèàíòîâ ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ, òî ïðåäåë íàñûùåíèÿ
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Ðèñóíîê 2 Ãðàôèê èçìåíåíèÿ ðåàëüíîé ïðîèçâîäèòåëüíîñòü 5-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî
îáðàçöà ÊÃÂÑ è ëèíèÿ òðåíäà

îïåðàòèâíîé ïàìÿòè íå äîñòèãíóò. Äëÿ ïðîãíîçèðîâàíèÿ èçìåíåíèÿ çíà÷åíèé ðåàëüíîé ïðîèçâî-

äèòåëüíîñòè ïðè äàëüíåéøåì óâåëè÷åíèè îáúåìà îïåðàòèâíîé ïàìÿòè, äëÿ 5-ãî âàðèàíòà ÊÃÂÑ

ñðåäñòâàìè MS Excel ïîñòðîåí ëîãàðèôìè÷åñêèé òðåíä (ðèñóíîê 2), îïðåäåëåíà ôóíêöèÿ òðåíäà

y = 758.02 · 0.769 · ln(x) − 185.3. Èñïîëüçóÿ óðàâíåíèå òðåíäà áûëî ðàññ÷èòàíî ÷òî ïðè 128 Ãá

îïåðàòèâíîé ïàìÿòè çíà÷åíèå ðåàëüíîé ïðîèçâîäèòåëüíîñòè ñèñòåìû áóäåò ðàâíî 2643,0 Ãôëîïñ,

ïðè ýòîì ýôôåêòèâíîñòü ðàáîòû ñîñòàâèò 44,5%. Äàëüíåéøåå óâåëè÷åíèå îáúåìà îïåðàòèâíîé

ïàìÿòè äàåò ñîâñåì íåçíà÷èòåëüíûé ðîñò ïðîèçâîäèòåëüíîñòè, òàê íàïðèìåð ïðè 162 Ãá îïå-

ðàòèâíîé ïàìÿòè ðåàëüíàÿ ïðîèçâîäèòåëüíîñòü óâåëè÷èòüñÿ íà 5% è äîñòèãíåò 2780,3 Ãôëîïñ,

ýôôåêòèâíîñòü ðàáîòû óâåëè÷èòüñÿ íà 2,3% äîñòèãíóâ 46,8%. Îòñþäà ìîæíî ñäåëàòü âûâîä, ÷òî

äëÿ äàííîé êîíôèãóðàöèè óçëà äîñòàòî÷íûì îáúåìîì îïåðàòèâíîé ïàìÿòè áóäåò 128 Ãá, ïðè

êîòîðîì íà êàæäûé GPU ïðèõîäèòñÿ ïî 14,2 Ãá.

Àíàëèçèðóÿ ãðàôèê äèíàìèêè ïðîèçâîäèòåëüíîñòè ñèñòåìû äëÿ 6-ãî âàðèàíòà, âèäèì ÷òî

åùå âîçìîæåí çíà÷èòåëüíûé ðîñò ïðîèçâîäèòåëüíîñòè ïðè óâåëè÷åíèè îáúåìà îïåðàòèâíîé ïà-

ìÿòè. Äëÿ ïðîãíîçèðîâàíèÿ çíà÷åíèé ðåàëüíîé ïðîèçâîäèòåëüíîñòè ïðè äàëüíåéøåì óâåëè÷åíèè

îáúåìà îïåðàòèâíîé ïàìÿòè èñïîëüçîâàëàñü ôóíêöèÿ òðåíäà y = 758.02 · 0.769 · ln(x)− 185.3 (ðè-

ñóíîê 3). Ïðè óâåëè÷åíèè îáúåìà îïåðàòèâíîé ïàìÿòè äî 144 Ãá ïðîèçâîäèòåëüíîñòü ñèñòåìû

óâåëè÷èòüñÿ íà 11% è äîñòèãíåò 2920,0 Ãôëîïñ, à ýôôåêòèâíîñòü ñèñòåìû óâåëè÷èòüñÿ íà 3,8%è

äîñòèãíåò 36,8%. Äàëüíåéøåå óâåëè÷åíèå îáúåìà îïåðàòèâíîé ïàìÿòè äî 216 Ãá äàñò ïðèðàùå-

íèå ïðîèçâîäèòåëüíîñòè íà 7% ÷òî ñîñòàâèò 3149,9 Ãôëîïñ, ýôôåêòèâíîñòü ðàáîòû óâåëè÷èòüñÿ

íà 2,9% è áóäåò ðàâíà 39,8%. Ïðè îáúåìå îïåðàòèâíîé ïàìÿòè 288 Ãá ðåàëüíàÿ ïðîèçâîäèòåëü-

íîñòü ñèñòåìû ñîñòàâèò 3313,0 Ãôëîïñ, ò.å. 41,8 % îò ïèêîâîé. Âûâîä, äëÿ äàííîé àðõèòåêòóðû

óçëà êëàñòåðà äîñòàòî÷íûì áóäåò 216 Ãá îïåðàòèâíîé ïàìÿòè, ïðè êîòîðîì íà êàæäûé GPU

ïðèõîäèòñÿ ïî 18 Ãá.

Ëîãàðèôìè÷åñêèé òðåíä ïîçâîëÿåò îïðåäåëèòü ñ êàêèì ïðèðàùåíèåì áóäåò èçìåíÿòüñÿ ïðî-

èçâîäèòåëüíîñòü ñèñòåìû, íî íå ïîçâîëÿåò îïðåäåëèòü êîãäà áóäåò äîñòèãíóò ïðåäåë íàñûùåíèÿ

îïåðàòèâíîé ïàìÿòè. Äëÿ ýòîãî, íåîáõîäèìî ïðîâîäèòü äîïîëíèòåëüíûå ôèçè÷åñêèå ýêñïåðèìåí-

òû.

Ìîæíî ïðåäïîëîæèòü, ÷òî â 5-ì è 6-ì âàðèàíòàõ ýêñïåðèìåíòàëüíîãî îáðàçöà ÊÃÂÑ íà ïî-
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Ðèñóíîê 3 Ãðàôèê èçìåíåíèÿ ðåàëüíîé ïðîèçâîäèòåëüíîñòü 6-ãî âàðèàíòà ýêñïåðèìåíòàëüíîãî
îáðàçöà ÊÃÂÑ è ëèíèÿ òðåíäà

âûøåíèå ýôôåêòèâíîñòè ðàáîòû ñèñòåìû ìîæåò ïîâëèÿòü èñïîëüçîâàíèå îïåðàòèâíîé ïàìÿòè ñ

áîëåå âûñîêîé ÷àñòîòîé, â äàííîì ýêñïåðèìåíòå ÷àñòîòà ðàâíà 1333ÌÃö. Òàê æå ïîçâîëèò ïîâû-

ñèòü ýôôåêòèâíîñòü ñèñòåìû, èñïîëüçîâàíèå áîëåå ìîùíîãî öåíòðàëüíîãî ïðîöåññîðà è óâåëè-

÷åíèå îáúåìà îïåðàòèâíîé ïàìÿòè.

Çàêëþ÷åíèå

Ïðîâåäåííûå ðàáîòû ïîçâîëèëè îïðåäåëèòü äëÿ 4-ãî âàðèàíòà è ïðåäïîëîæèòü äëÿ 5-ãî è 6-ãî

âàðèàíòîâ îïòèìàëüíûé îáúåì îïåðàòèâíîé ïàìÿòè êëàñòåðíîé ñèñòåìû â çàâèñèìîñòè îò êîëè-

÷åñòâà èñïîëüçóåìûõ ãðàôè÷åñêèõ ïðîöåññîðîâ â óçëàõ êëàñòåðà. Òàê æå áûëè ñäåëàíû çàêëþ-

÷åíèÿ êàñàòåëüíî âûáîðà àðõèòåêòóðû óçëîâ êëàñòåðà, êîòîðûå ïîçâîëÿò äîñòèãíóòü áîëüøåé

ïðîèçâîäèòåëüíîñòè è ýôôåêòèâíîñòè ðàáîòû ñèñòåìû â öåëîì.
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ÀÐÕÈÒÅÊÒÓÐÀ È ÂÎÇÌÎÆÍÎÑÒÈ ÒÅÕÍÎËÎÃÈÈ ÒÎÔÈ

Ì.Á. Ãàááàñîâ

Êîìïàíèÿ ñèñòåìíûõ èññëåäîâàíèé ¾Ôàêòîð¿

Abstract. This paper describes the architecture and technology of the conceptual provisions TOFI

from the point of view of users, the main features of development environments.

À­äàòïà. Ìà©àëàäà ©îëäàíóøûëàð ê°ç©àðàñûíàí ÒÎÔÈ òåõíîëîãèÿñûíû­ àðõèòåêòóðàñû

ìåí êîíöåïòóàëäû åðåæåëåði æºíå øû¡àðìàøûëûê îðòàëàðäûí íåãiçãi ì³ìêiíøiëiêòåði áà-

ÿíäàë¡àí.

Àííîòàöèÿ. Â ñòàòüå îïèñûâàåòñÿ àðõèòåêòóðà è êîíöåïòóàëüíûå ïîëîæåíèÿ òåõíîëîãèè

ÒÎÔÈ ñ òî÷êè çðåíèÿ ïîëüçîâàòåëåé, îñíîâíûå âîçìîæíîñòè ñðåä ðàçðàáîòîê.

Ñóùåñòâóåò ìíîãî ðàçëè÷íûõ ïîäõîäîâ ê ðåøåíèþ ïðîáëåìû îïèñàíèÿ ñîñòîÿíèÿ ñëîæíîé

ñèñòåìû (ïðåäìåòíîé îáëàñòè) â óäîáíîì äëÿ äàëüíåéøåãî àíàëèçà âèäå â çàâèñèìîñòè îò öåëåé

äàëüíåéøåãî èññëåäîâàíèÿ ñèñòåìû. Ïðè ýòîì åñëè õàðàêòåðèñòèêè (ïîêàçàòåëè), îïèñûâàþùèå

ñîñòîÿíèå ñèñòåìû çàðàíåå èçâåñòíû, òî ïðîáëåìà ìîæåò ñîñòîÿòü ëèáî â íàõîæäåíèè çàâèñèìî-

ñòåé ìåæäó ýòèìè õàðàêòåðèñòèêàìè (ñîñòàâëåíèå ìàòåìàòè÷åñêîé ìîäåëè ñîñòîÿíèÿ ñèñòåìû),

ëèáî â íàõîæäåíèè óäîáíîé ñòðóêòóðû èõ õðàíåíèÿ (ñîñòàâëåíèå èíôîðìàöèîííîé ìîäåëè ñîñòîÿ-

íèÿ ñèñòåìû). Êàæäàÿ èç ýòèõ ïðîáëåì ÿâëÿåòñÿ äîñòàòî÷íî ñëîæíîé ñàìîñòîÿòåëüíîé çàäà÷åé è

åñëè ðåøåíèåì ïåðâîé ïðîáëåìû çàíèìàåòñÿ ¾ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå¿ â øèðîêîì ñìûñ-

ëå ýòîãî ñëîâà, òî âòîðàÿ ïðîáëåìà ÿâëÿåòñÿ ïðåäìåòîì èññëåäîâàíèÿ ¾ðåëÿöèîííîé àëãåáðû¿

è ¾òåîðèè áàç äàííûõ¿. Ìû ñòàâèì áîëåå øèðîêóþ çàäà÷ó, êîãäà íàõîæäåíèå õàðàêòåðèñòèê,

îïèñûâàþùèõ ñîñòîÿíèå ñèñòåìû, òàêæå ÿâëÿåòñÿ ÷àñòüþ íàøåé çàäà÷è, è ïðåäëàãàåì òåõíîëî-

ãèþ, ïîçâîëÿþùóþ â íåêîòîðîé ñòåïåíè ôîðìàëèçîâàòü ïðîöåññ èññëåäîâàíèÿ ðàññìàòðèâàåìîé

ñëîæíîé ñèñòåìû [1].

Ñòàíäàðòíûì ïîäõîäîì ìîäåëèðîâàíèÿ â òàêîé ñèòóàöèè ñåãîäíÿ ÿâëÿåòñÿ îáúåêòíî-îðèåíòè-

ðîâàííûé ïîäõîä, ñîãëàñíî êîòîðîìó ïðåäìåòíàÿ îáëàñòü ïðåäñòàâëÿåòñÿ â âèäå ìíîæåñòâà îáú-

åêòîâ, êîòîðûå èìåþò ñâîéñòâà è ìåòîäû. Îáúåêòû ÿâëÿþòñÿ ýêçåìïëÿðàìè êëàññîâ, êîòîðûå íà-

ñëåäóþò îò ñâîåãî êëàññà âñå åãî ñâîéñòâà è ìåòîäû. Ïðè ïîñòðîåíèè îáúåêòíî-îðèåíòèðîâàííîé

ìîäåëè ñíà÷àëà îïèñûâàþòñÿ êëàññû ñ íàáîðîì ñâîéñòâ è ìåòîäîâ, êîòîðûå ïðèñóùè òîëüêî ýòîìó

êëàññó. Çàòåì ñîçäàþòñÿ îáúåêòû, êàê ýêçåìïëÿðû êëàññîâ. Ïðè òàêîì ïîäõîäå îáúåêòû ÿâëÿþò-

ñÿ ïåðâè÷íûìè, à ñâîéñòâà ÿâëÿþòñÿ âíóòðåííèìè ñâîéñòâàìè êëàññîâ, êîòîðûå ïðèñóùè òîëüêî

îáúåêòàì ýòîãî êëàññà. Ìåòîäû êëàññà ïîçâîëÿþò ïðèäàâàòü îáúåêòàì îïðåäåëåííîå ïîâåäåíèå

è âçàèìîäåéñòâîâàòü ñ äðóãèìè îáúåêòàìè.

Â òåõíîëîãèè ÒÎÔÈ ïðåäìåòíóþ îáëàñòü èëè ñëîæíóþ ñèñòåìó ìû òàêæå ïðåäñòàâëÿåì â

âèäå ñîâîêóïíîñòè îáúåêòîâ ñ èõ ñâîéñòâàìè, êîòîðûå îïðåäåëåííûì îáðàçîì âçàèìîäåéñòâó-

þò ìåæäó ñîáîé è èçìåíÿþò ñâîè ñîñòîÿíèÿ. Ïîä îáúåêòîì ïîíèìàåòñÿ ëþáàÿ ñóáñòàíöèÿ èëè

ñóùíîñòü ðàññìàòðèâàåìîé ïðåäìåòíîé îáëàñòè, êîòîðóþ íåîáõîäèìî ðàññìàòðèâàòü ñ çàäàííîé

òî÷êè çðåíèÿ. Íàèáîëåå îïòèìàëüíîå îïðåäåëåíèå âñåõ íåîáõîäèìûõ îáúåêòîâ äëÿ äîñòèæåíèÿ
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ïîñòàâëåííîé öåëè � îäíà èç ãëàâíûõ çàäà÷ èññëåäîâàòåëÿ. Íî ïîäõîä òåõíîëîãèè ÒÎÔÈ êî-

ðåííûì îáðàçîì îòëè÷àåòñÿ îò îáúåêòíî-îðèåíòèðîâàííîãî ïîäõîäà. Îòìåòèì òðè ãëàâíûõ èõ

îòëè÷èÿ.

Âî-ïåðâûõ, ïîäõîäû îáúåêòíî-îðèåíòèðîâàííîãî ïðîåêòèðîâàíèÿ ïðåäíàçíà÷åíû â îñíîâíîì

ñïåöèàëèñòàì-ðàçðàáîò÷èêàì èíôîðìàöèîííûõ ñèñòåì, à òåõíîëîãèÿ ÒÎÔÈ ðàçðàáàòûâàåòñÿ êàê

èíñòðóìåíò äëÿ êîíå÷íîãî ïîëüçîâàòåëÿ. Ãëàâíàÿ èäåÿ òåõíîëîãèè ÒÎÔÈ çàêëþ÷àåòñÿ â òîì,

÷òîáû êîíå÷íûé ïîëüçîâàòåëü èíôîðìàöèîííûõ ñèñòåì, êàê ñïåöèàëèñò êîíêðåòíîé ïðåäìåòíîé

îáëàñòè ìîã ïîñòðîèòü ìîäåëü ñâîåé ïðåäìåòíîé îáëàñòè áåç ó÷àñòèÿ ïðîãðàììèñòîâ. Ïîÿâëåíèå

â Ðåñïóáëèêå Êàçàõñòàí òàêîé ñîáñòâåííîé òåõíîëîãèè, ïîçâîëÿþùåé ïîëüçîâàòåëÿì IT-ñèñòåìû

ñàìèì óïðàâëÿòü å¼ èíôîðìàöèîííûì ïîëåì, óñòðàíÿåò îäíó èç âîçìîæíûõ ïðè÷èí íåýôôåêòèâ-

íîñòè ¾íîâîé îòðàñëè¿, êîòîðàÿ çà÷àñòóþ, ðåøàÿ ñïåöèôè÷åñêèå óçêèå çàäà÷è äðóãèõ îòðàñëåé

ýêîíîìèêè ¾ñúåäàåò¿ áîëüøå äåíåã, ÷åì ýêîíîìèÿ çà ñ÷åò ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè òðóäà

îò âíåäðåíèÿ IT-ðàçðàáîòîê.

Âî-âòîðûõ, â îáúåêòíî-îðèåíòèðîâàííîé ìîäåëè îáúåêòû (êëàññû) ÿâëÿþòñÿ ïåðâè÷íûìè

ñóùíîñòÿìè, à ñâîéñòâà è ìåòîäû � âòîðè÷íûìè. Íåóäîáñòâî òàêîãî ïîäõîäà çàêëþ÷àåòñÿ â òîì,

÷òî åñëè äâà îáúåêòà èç ðàçíûõ êëàññîâ îáëàäàþò îäèíàêîâûìè ñâîéñòâàìè, òî îá ýòîì îáúåêòíî-

îðèåíòèðîâàííîé ìîäåëè íè÷åãî íå èçâåñòíî. Â òåõíîëîãèè ÒÎÔÈ ïðåäëîæåíà äðóãàÿ ïàðàäèã-

ìà, à èìåííî, ïåðâè÷íûìè ÿâëÿþòñÿ ñâîéñòâà, à îáúåêòû � âòîðè÷íû, òî åñòü îáúåêòû ÿâëÿþòñÿ

íàáîðîì ñâîéñòâ. Èíà÷å ãîâîðÿ, ñâîéñòâà îáúåêòîâ âûâåäåíû èç îáúåêòîâ êàê íåçàâèñèìûå ñóù-

íîñòè. Ìåòîäû îáúåêòîâ, òàêæå ÿâëÿþòñÿ ïåðâè÷íûìè ïî îòíîøåíèþ ê îáúåêòàì ñóùíîñòÿìè,

êîòîðûå â òåõíîëîãèè ÒÎÔÈ íàçûâàþòñÿ àëãîðèòìàìè. Äåëî â òîì, ÷òî â ðåàëüíûõ ìîäåëÿõ

îáû÷íî àëãîðèòìû îïåðèðóþò ñâîéñòâàìè (ïîêàçàòåëÿìè), à íå îáúåêòàìè. Ïðè ýòîì îáúåêòû

òðàêòóþòñÿ êàê íàáîð õàðàêòåðèñòè÷åñêèõ ñâîéñòâ è åñëè îäíî ñâîéñòâî ïðèñóùå íåñêîëüêèì

òèïàì (êëàññàì) îáúåêòîâ, òî ìîäåëü òàêóþ ñèòóàöèþ ëåãêî ðàñïîçíàåò. È èçìåíåíèå ñîñòîÿíèé

îáúåêòîâ ïðîèñõîäèò â ðåçóëüòàòå ðàáîòû íåêîòîðûõ àëãîðèòìîâ, êîòîðûå ìîãóò áûòü ïðèñóùè

ðàçíûì òèïàì îáúåêòîâ èëè êëàññîâ îáúåêòîâ.

Òðåòüå îòëè÷èå òåõíîëîãèè ÒÎÔÈ îò îáúåêòíî-îðèåíòèðîâàííîãî ïîäõîäà çàêëþ÷àåòñÿ â òîì,

÷òî ðàçíîîáðàçèå ðåàëüíîãî ìèðà ìîäåëèðóåòñÿ â ÒÎÔÈ íå òîëüêî îáúåêòàìè, ñâîéñòâàìè è àë-

ãîðèòìàìè. Åñòü åùå îäíà ñóùíîñòü, êîòîðàÿ, êàê, îêàçàëîñü, îáëàäàåò ãîðàçäî áîëåå øèðîêèìè

âîçìîæíîñòÿìè ïðè ìîäåëèðîâàíèè ïðåäìåòíîé îáëàñòè, ÷åì îáúåêòû. Ýòî � îòíîøåíèå ìåæ-

äó òèïàìè îáúåêòîâ è, åãî íàñëåäíèê èëè ýêçåìïëÿð, îòíîøåíèå ìåæäó îáúåêòàìè. Îòíîøåíèå

ìåæäó îáúåêòàìè îáëàäàåò ñîáñòâåííûìè ñâîéñòâàìè, îòëè÷íûìè îò ñâîéñòâ îáúåêòîâ, ó÷àñòâó-

þùèõ â ýòîì îòíîøåíèé. Òàêîé òåçèñ ïîäòâåðæäàåòñÿ îïûòîì ïîñòðîåíèÿ ðàçëè÷íûõ ìîäåëåé

ïðåäìåòíîé îáëàñòè â òå÷åíèå ïîñëåäíèõ íåñêîëüêèõ ëåò.

Òåõíîëîãèÿ ÒÎÔÈ ïîçèöèîíèðóåòñÿ êàê ñðåäà äëÿ ðàçðàáîòêè èíôîðìàöèîííî-àíàëèòè÷åñ-

êèõ ñèñòåì ïîääåðæêè ïðîöåññà ïðèíÿòèÿ ðåøåíèé. Òåõíîëîãèÿ äîëæíà ïîääåðæèâàòü âñå ïðî-

öåññû ïðèíÿòèÿ ðåøåíèé, îò ñáîðà äàííûõ äî àâòîìàòè÷åñêîãî ïîèñêà ïðîáëåìíûõ òåíäåíöèé â

ìîäåëèðóåìîé ïðåäìåòíîé îáëàñòè. Ðàçðàáîòêà àíàëèòè÷åñêèõ ñèñòåì â òåõíîëîãèè ÒÎÔÈ íà÷è-

íàåòñÿ ñ ðàçðàáîòêè ÒÎÔÈ-ìîäåëè ïðåäìåòíîé îáëàñòè, íà êîòîðóþ íàñòðàèâàþòñÿ âñå îñòàëü-

íûå ïðîöåññû ïîääåðæêè ïðèíÿòèÿ ðåøåíèé. Ïîýòîìó öåëåñîîáðàçíî âûäåëÿòü äâå ãðóïïû ïîëü-

çîâàòåëåé: 1) ïîëüçîâàòåëåé-ðàçðàáîò÷èêîâ, êîòîðûå ñîçäàþò ÒÎÔÈ-ìîäåëü, íàñòðàèâàþò àíà-

ëèòè÷åñêóþ ñèñòåìó ïîä êîíêðåòíûå çàäà÷è êîíå÷íûõ ïîëüçîâàòåëåé è âûïóñêàþò êîíå÷íóþ âåð-

ñèþ ñèñòåìû è 2) êîíå÷íûõ ïîëüçîâàòåëåé, êîòîðûå èñïîëüçóþò ãîòîâóþ ñèñòåìó, äëÿ ïðèíÿòèÿ

ðåøåíèé êàñàòåëüíî ðàññìàòðèâàåìîé ïðåäìåòíîé îáëàñòè. Èíñòðóìåíòû, êîòîðûìè ïîëüçóþò-
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ñÿ ïîëüçîâàòåëè ïåðâîãî òèïà, ñãðóïïèðîâàíû â ðàçëè÷íûå ñðåäû ðàçðàáîòêè, à èíñòðóìåíòû,

êîòîðûìè ïîëüçóþòñÿ ïîëüçîâàòåëè âòîðîãî òèïà, ïðåäñòàâëåíû â âèäå ðàçëè÷íûõ ïîäñèñòåì

èíôîðìàöèîííî-àíàëèòè÷åñêîé ñèñòåìû, êîòîðûå ïðåäíàçíà÷åíû äëÿ ðåøåíèÿ êîíêðåòíûõ ïðî-

áëåì ðàññìàòðèâàåìîé ïðåäìåòíîé îáëàñòè. Èñõîäÿ èç ýòîé êîíöåïöèè, àðõèòåêòóðíî ÒÎÔÈ

ìîæíî ïðåäñòàâèòü ñ îäíîé ñòîðîíû êàê ïëàòôîðìó, ñîñòîÿùóþ èç ðàçëè÷íûõ ñðåä ðàçðàáîòêè,

à ñ äðóãîé ñòîðîíû, êàê èíôîðìàöèîííî-àíàëèòè÷åñêóþ ñèñòåìó, êîòîðàÿ ñîñòîèò èç ðàçëè÷-

íûõ ïîäñèñòåì. Ïîäñèñòåìû ãîòîâîé èíôîðìàöèîííî-àíàëèòè÷åñêîé ñèñòåìû ýêñïëóàòèðóþòñÿ

êîíå÷íûìè ïîëüçîâàòåëÿìè, ýòè ïîäñèñòåìû ãîòîâÿòñÿ è ðàçðàáàòûâàþòñÿ ðàçðàáîò÷èêàìè â äî-

ñòóïíûõ ñðåäàõ ðàçðàáîòêè. Òàêèì îáðàçîì, ñðåäà ðàçðàáîòêè � ýòî íåçàâèñèìûé ïðîãðàììíûé

êîìïîíåíò ÒÎÔÈ, êîòîðûé âçàèìîäåéñòâóåò ñ áàçîé äàííûõ ÒÎÔÈ è èìååò îïðåäåëåííûé çà-

êîí÷åííûé íàáîð ôóíêöèîíàëüíûõ âîçìîæíîñòåé äëÿ ïîëüçîâàòåëÿ-ðàçðàáîò÷èêà. Ïîäñèñòåìà

� ýòî íàñòðîåííîå ðàáî÷åå ìåñòî êîíå÷íîãî ïîëüçîâàòåëÿ, ïðåäíàçíà÷åííîå äëÿ ðåøåíèÿ êîí-

êðåòíîé çàäà÷è (êîíêðåòíûõ çàäà÷) ïðåäìåòíîé îáëàñòè, íàïðèìåð, ìîíèòîðèíã, îöåíêà, àíàëèç,

ïðîãíîç è ò.ä.

Àðõèòåêòóðà ÒÎÔÈ ñ òî÷êè çðåíèÿ ïîëüçîâàòåëåé-ðàçðàáîò÷èêîâ ñîñòîèò èç ñëåäóþùèõ ñðåä

ðàçðàáîòêè:

1) Ñðåäà àäìèíèñòðèðîâàíèÿ;

2) Ñðåäà óïðàâëåíèÿ ïîëüçîâàòåëÿìè;

3) Ñðåäà ìîäåëèðîâàíèÿ;

4) Ñðåäà íàñòðîéêè âèçóàëèçàöèè;

5) Ñðåäà íàñòðîéêè ñèñòåìû ñáîðà äàííûõ;

6) Ñðåäà íàñòðîéêè ETL-ïðèëîæåíèÿ;

7) Ñðåäà îáìåíà äàííûìè è ìåòàäàííûìè (ñèíõðîíèçàòîð ÒÎÔÈ);

8) Ñðåäà ôîðìèðîâàíèÿ îò÷åòîâ è óâåäîìëåíèÿ ïîëüçîâàòåëåé;

9) Ñðåäà ïîääåðæêè áèçíåñ ïðîöåññîâ è îáìåíà ñîîáùåíèÿìè;

10) Ñðåäà ðàáîòû ñ ðåãèñòðàìè;

11) Ñðåäà íàñòðîéêè åäèíîé òî÷êè äîñòóïà ê ïîäñèñòåìàì (ïîðòàë ÒÎÔÈ).

Ñðåäà àäìèíèñòðèðîâàíèÿ ïðåäñòàâëÿåò ñîáîé ðàáî÷åå ìåñòî àäìèíèñòðàòîðà âñåé ñèñòåìû,

â ôóíêöèîíàëüíûå îáÿçàííîñòè êîòîðîãî âõîäèò çàãðóçêà îáíîâëåíèé ñèñòåìû, ñíÿòèå ðåçåðâíîé

êîïèè áàçû äàííûõ, ñìåíà âåðñèè áàçû äàííûõ, ïðîñìîòð è ôîðìèðîâàíèå îò÷åòà ïî ñòàòèñòèêå

ïîñåùåíèé ïîëüçîâàòåëÿìè ðàçëè÷íûõ ïîäñèñòåì ñèñòåìû (îêíî ñòàòèñòèêè), ñáîðêà êîíå÷íîãî

âàðèàíòà ñèñòåìû äëÿ êîíêðåòíîãî çàêàç÷èêà è ò.ä.

Ñðåäà óïðàâëåíèÿ ïîëüçîâàòåëÿìè ïðåäíàçíà÷åíà äëÿ îïðåäåëåíèÿ ðîëåé ïîëüçîâàòåëåé, ñà-

ìèõ ïîëüçîâàòåëåé è ðàñïðåäåëåíèÿ èõ ïðàâ ïî ðàáîòå ñî ñðåäàìè ÒÎÔÈ. Â äàííîé ñðåäå ñîçäà-

þòñÿ ðîëè ïîëüçîâàòåëåé, íàçíà÷àþòñÿ êàæäîé ðîëè ïðèâèëåãèè, êàæäîìó ïîëüçîâàòåëþ îïðåäå-

ëÿåòñÿ íàáîð ðîëåé, êîòîðûå îí âûïîëíÿåò. Ïðèâèëåãèè â ñèñòåìå ÿâëÿþòñÿ ïðåäîïðåäåëåííûìè.

Äîñòóï ê îïðåäåëåííûì ïðèâèëåãèÿì ìîãóò îáåñïå÷èâàòüñÿ ÷åðåç îïðåäåëåííûå áèçíåñ ïðîöåññû.

Äëÿ êàæäîé ïðèâèëåãèè êàæäîé ðîëè ìîãóò áûòü ñîïîñòàâëåíû äî äâóõ áèçíåñ ïðîöåññîâ: ïðåä-

ïðîöåññ è ïîñò-ïðîöåññ. Ïðåä-ïðîöåññ âûïîëíÿåòñÿ ïåðåä âûïîëíåíèåì ñàìîãî äåéñòâèÿ (ïðèâè-

ëåãèè), à ïîñò-ïðîöåññ � ïîñëå âûïîëíåíèÿ. Ñðåäà óïðàâëåíèÿ ïîëüçîâàòåëÿìè âçàèìîäåéñòâóåò

ïðàêòè÷åñêè ñî âñåìè äðóãèìè ïîäñèñòåìàìè ÒÎÔÈ.

Ñðåäà ìîäåëèðîâàíèÿ ÿâëÿåòñÿ îñíîâíîé ïîäñèñòåìîé (ÿäðîì) ÒÎÔÈ è ïðåäíàçíà÷åíà äëÿ ñî-

çäàíèÿ ÒÎÔÈ-ìîäåëåé ïðåäìåòíûõ îáëàñòåé. Ñîçäàíèå ÒÎÔÈ-ìîäåëè ïðåäìåòíîé îáëàñòè ïðî-

èñõîäèò â ñëåäóþùåì ïîðÿäêå (èìååòñÿ â âèäó ïðîöåññ ôèçè÷åñêîãî ñîçäàíèÿ ÒÎÔÈ-ìîäåëè â
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ãîòîâîé ñðåäå ìîäåëèðîâàíèÿ):

1) Ñîçäàíèå ôàêòîðîâ ïðåäìåòíîé îáëàñòè;

2) Ñîçäàíèå åäèíèö èçìåðåíèÿ;

3) Ñîçäàíèå èçìåðèòåëåé;

4) Ñîçäàíèå àòðèáóòîâ;

5) Ñîçäàíèå ãðóïï ñâîéñòâ è ñâîéñòâ;

6) Ñîçäàíèå òèïîâ îáúåêòîâ;

7) Ñîçäàíèå îòíîøåíèé ìåæäó òèïàìè îáúåêòîâ;

8) Ñîçäàíèå îáúåêòîâ;

9) Ñîçäàíèå îòíîøåíèé ìåæäó îáúåêòàìè;

10) Ñîçäàíèå êà÷åñòâåííûõ ñâîéñòâ;

11) Ñîçäàíèå øêàë;

12) Ñîçäàíèå âûáîðîê;

13) Ñîçäàíèå èçìåðåíèé ïåðèîäîâ;

14) Ñîçäàíèå èçìåðåíèé ñâîéñòâ;

15) Ñîçäàíèå èçìåðåíèé îáúåêòîâ è îòíîøåíèé;

16) Ñîçäàíèå ñòàíäàðòíûõ êóáîâ;

17) Ñîçäàíèå èñòî÷íèêîâ äàííûõ;

18) Ñîçäàíèå íåñòàíäàðòíûõ êóáîâ;

19) Ñîçäàíèå êëþ÷åâûõ ñëîâ;

20) Ñîçäàíèå ôèëüòðîâ;

21) Ñîçäàíèå ñèñòåì êîäèðîâàíèÿ;

22) Ñîçäàíèå àëãîðèòìîâ.

Âñå ñóùíîñòè ÒÎÔÈ èìåþùèå èíòåðâàë æèçíè ÿâëÿþòñÿ âåðñèîííûìè, îäíà âåðñèÿ ñóùíîñòè

îò äðóãîé âåðñèè ìîæåò îòëè÷àòüñÿ êðàòêèì è ïîëíûì íàèìåíîâàíèåì, êîììåíòàðèåì, èíòåðâà-

ëîì æèçíè è èåðàðõèåé (äëÿ èåðàðõè÷åñêèõ ñóùíîñòåé). Èíòåðâàëû æèçíè ðàçëè÷íûõ âåðñèé

íå ïåðåñåêàþòñÿ. Êîä ñóùíîñòè íå çàâèñèò îò âåðñèè. Êîä ñóùíîñòè ïî óìîë÷àíèþ ãåíåðèðóåòñÿ

ïðè ñîçäàíèè ýêçåìïëÿðîâ ñóùíîñòè àâòîìàòè÷åñêè, ïîëüçîâàòåëü ìîæåò ïåðåîïðåäåëÿòü êîä.

Êàæäûé ýêçåìïëÿð ñóùíîñòè ìîæåò èìåòü íåñêîëüêî êîäîâ â ðàçëè÷íûõ ñèñòåìàõ êîäèðîâàíèÿ,

êîòîðûå ñîïîñòàâëÿþòñÿ ìåæäó ñîáîé â ñèíõðîíèçàòîðå ÒÎÔÈ.

Äðóãèå ìåòàñâîéñòâà ñóùíîñòåé îïðåäåëÿþòñÿ ñëîâàðÿìè. Ñëîâàðü ïðåäñòàâëÿåò ñîáîé ïåðå-

÷èñëèìûé íàáîð çíà÷åíèé, êîòîðûé èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ ñâîéñòâ íåêîòîðûõ ñóùíîñòåé.

Çíà÷åíèÿ ñëîâàðåé ìîãóò èìåòü äðóãèå àòðèáóòû, íåîáõîäèìûå äëÿ èõ ñïåöèàëüíîãî èñïîëüçî-

âàíèÿ â ñèñòåìå. Âñå ñëîâàðè ÿâëÿþòñÿ ïðåäîïðåäåëåííûìè, è îíè àâòîìàòè÷åñêè ñîçäàþòñÿ

ïðè ñîçäàíèè íîâîé áàçû äàííûõ. Ïîëüçîâàòåëü íå ìîæåò ðåäàêòèðîâàòü ñëîâàðè. Ïåðå÷åíü âñåõ

ñëîâàðåé ïðèâåäåí â [1].

Ïðè ðàáîòå ñî ñðåäîé ìîäåëèðîâàíèÿ ñóùåñòâóåò äâà ðåæèìà ðàáîòû:

1) Ðåæèì íåïîñðåäñòâåííîãî èçìåíåíèÿ ÒÎÔÈ-ìîäåëè;

2) Ðåæèì ðåãëàìåíòèðîâàííîãî èçìåíåíèÿ ÒÎÔÈ-ìîäåëè.

Â êàæäîì ðåæèìå ðàáîòàþò òîëüêî òå ïîëüçîâàòåëè, êîòîðûå èìåþò ñîîòâåòñòâóþùèå ïðàâà

íà èçìåíåíèå ÒÎÔÈ-ìîäåëè. Â ðåæèìå íåïîñðåäñòâåííîãî èçìåíåíèÿ ÒÎÔÈ-ìîäåëè ïîëüçîâà-

òåëþ äàåòñÿ ïðàâî ñîçäàâàòü, ðåäàêòèðîâàòü èëè óäàëÿòü ñóùíîñòè ÒÎÔÈ è ñðàçó æå èõ óòâåð-

æäàòü äëÿ èñïîëüçîâàíèÿ äðóãèìè ïîëüçîâàòåëÿìè è ïîäñèñòåìàìè, òî åñòü â ýòîì ðåæèìå ïðî-

öåññ ñîçäàíèÿ ñóùíîñòåé ïðîèñõîäèò áåç ïîääåðæêè Work Flow. Â ðåæèìå ðåãëàìåíòèðîâàííîãî
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èçìåíåíèÿ ìîäåëè ðåäàêòèðîâàíèå ìîäåëè ïîëüçîâàòåëåì ïðîèñõîäèò ïî çàäàííîìó ðåãëàìåíòó â

ðàìêàõ íåêîòîðîãî çàäàííîãî Work Flow. Âî âòîðîì ðåæèìå îäèí ïîëüçîâàòåëü ìîæåò ðåäàêòè-

ðîâàòü ìîäåëü, âòîðîé ïîëüçîâàòåëü äîëæåí èõ îäîáðèòü èëè óòâåðäèòü, òîëüêî ïîñëå ýòîãî âñå

èçìåíåíèÿ ñòàíîâÿòñÿ äîñòóïíûìè äðóãèì ïîäñèñòåìàì è ïîëüçîâàòåëÿì. Ðåæèì ðåãëàìåíòèðî-

âàííîãî èçìåíåíèÿ ÒÎÔÈ-ìîäåëè ïðîèñõîäèò â ïîäñèñòåìå ïîääåðæêè áèçíåñ ïðîöåññîâ.

Ñðåäà íàñòðîéêè âèçóàëèçàöèè ÒÎÔÈ ïðåäíàçíà÷åíà äëÿ ïîñòðîåíèÿ èíôîðìàöèîííûõ ïà-

íåëåé (ñòðàíèö) ñ öåëüþ âèçóàëèçàöèè è ïðîâåäåíèÿ àíàëèçà ìíîãîìåðíûõ êóáîâ, ïîâåäåíèÿ

ðàñ÷åòîâ ñ ïîìîùüþ âñòðîåííûõ àëãîðèòìîâ è ò.ä. Â ñðåäå íàñòðîéêè âèçóàëèçàöèè ïîëüçîâà-

òåëü ìîæåò ñîçäàâàòü êàáèíåòû (ëè÷íûå, ãðóïïîâûå, îáùèå), ãëàâíûå è âñïîìîãàòåëüíûå ïóíêòû

ìåíþ, êîòîðûå ññûëàþòñÿ íà ñòðàíèöû è ïîñðåäñòâîì êîòîðûõ ìîæíî ïåðåõîäèòü èç îäíîé ñòðà-

íèöû â äðóãóþ. Êàæäàÿ ñòðàíèöà ñîñòîèò èç êîíòåéíåðîâ áëîêîâ, êàæäûé êîíòåéíåð áëîêîâ

ñîñòîèò èç áëîêîâ. Âíóòðè áëîêà ìîæíî îòîáðàæàòü (â âèäå èíòåðàêòèâíûõ äèàãðàìì, òàáëèö,

ãðàôèêîâ, ñõåì, êàðò) ïðåäñòàâëåíèÿ ñòàíäàðòíûõ è íåñòàíäàðòíûõ êóáîâ, ïðåäñòàâëåíèÿ àë-

ãîðèòìîâ ðàñ÷åòà, ïðåäñòàâëåíèÿ ñâîéñòâ îáúåêòîâ è îòíîøåíèé, ðåçóëüòàòû çàïðîñîâ ê áàçàì

äàííûõ, ãåîèíôîðìàöèîííûå êàðòû, ñòðàíèöû âíåøíèõ èíôîðìàöèîííûõ ñèñòåì è äðóãèå (íà-

ïðèìåð, íåêîòîðûé íàáîð êàðòèíîê ñ ãèïåðññûëêàìè).

Ñðåäà íàñòðîéêè ñèñòåìû ñáîðà äàííûõ ïðåäíàçíà÷åíà äëÿ on-line ñáîðà äàííûõ íà îñíîâå

çàðàíåå ñôîðìèðîâàííûõ ôîðì ñáîðà äàííûõ. Ñèñòåìà on-line ñáîðà äàííûõ ñîñòîèò èç ðàáî÷åãî

ìåñòà òåõíîëîãà (êîòîðûé êîíñòðóèðóåò ôîðìû ñáîðà äàííûõ) è èç ðàáî÷åãî ìåñòà ïîëüçîâàòåëÿ

(êîòîðûé çàïîëíÿåò ãîòîâûå ñêîíñòðóèðîâàííûå ôîðìû).

Ñðåäà íàñòðîéêè ETL-ïðèëîæåíèÿ ïðåäíàçíà÷åíà äëÿ o�-line ñáîðà äàííûõ èç ðàçëè÷íûõ

èñòî÷íèêîâ â ðàçëè÷íûõ ôîðìàòàõ. Ñèñòåìà ïðåäñòàâëÿåò ETL-ïðèëîæåíèå äëÿ ïðèåìà, ðàñïî-

çíàâàíèÿ è çàãðóçêè äàííûõ è ìåòàäàííûõ (ÒÎÔÈ-ìîäåëè) èç âíåøíèõ ñèñòåì.

Ñðåäà îáìåíà äàííûìè è ìåòàäàííûìè èëè ñèíõðîíèçàòîð ÒÎÔÈ ïðåäíàçíà÷åí äëÿ ñèíõðî-

íèçàöèè ðàçëè÷íûõ ìîäåëåé ïðåäìåòíûõ îáëàñòåé ìåæäó ñîáîé è ïåðåäà÷å äàííûõ è ìåòàäàííûõ

ìåæäó äâóìÿ èëè áîëåå ñèñòåìàìè ÒÎÔÈ íà îñíîâå SDMX-ïîäîáíîãî ôîðìàòà. Ôóíêöèîíàëüíî

ñèíõðîíèçàòîð îñóùåñòâëÿåò ñîïîñòàâëåíèå ìåòàäàííûõ ðàçëè÷íûõ èíôîðìàöèîííûõ ñèñòåì íà

îñíîâå ñèñòåì êîäèðîâàíèÿ, àâòîìàòè÷åñêè (ïî ðàñïèñàíèþ) èëè âðó÷íóþ ïðîèçâîäèò ôîðìèðî-

âàíèå ìåòàäàííûõ ÒÎÔÈ â ôîðìàòå XML, îáìåí ìåòàäàííûìè ñ äðóãèìè ñèñòåìàìè, ôîðìèðî-

âàíèå äàííûõ äëÿ ïåðåäà÷è äðóãîé ñèñòåìå â ôîðìàòå XML, ïðèåì è ïåðåäà÷à íàáîðà äàííûõ

èç/â äðóãîé èíôîðìàöèîííîé ñèñòåìû è ò.ä.

Êîíöåïöèÿ ñèíõðîíèçàòîðà äëÿ âçàèìíîãî îáìåíà äàííûìè è ìåòàäàííûìè ìåæäó èíôîðìà-

öèîííî-àíàëèòè÷åñêèìè ñèñòåìàìè îñíîâàíà íà ñëåäóþùèõ ïîëîæåíèÿõ (òðåáîâàíèÿõ):

1) Ñòðóêòóðà áàçû äàííûõ ÈÀÑ ñïðîåêòèðîâàíà êàê õðàíèëèùå äàííûõ òèïà ¾çâåçäà¿ è

¾ñíåæèíêà¿, è äàííûå õðàíÿòñÿ â òàáëèöàõ ôàêòîâ;

2) Ëþáûå äàííûå õðàíÿùèåñÿ â áàçå äàííûõ ÈÀÑ îäíîçíà÷íî õàðàêòåðèçóþòñÿ ñëåäóþùèìè

÷åòûðüìÿ õàðàêòåðèñòèêàìè:

a. Îáúåêò äàííûõ;

b. Ñâîéñòâî äàííûõ;

c. Ñòàòóñ äàííûõ;

d. Âðåìåííîé èíòåðâàë.

3) Ïåðå÷èñëåííûå õàðàêòåðèñòèêè äàííûõ ìîãóò áûòü ýëåìåíòàìè ÷åòûðåõ òèïîâ ñòðóêòóð:

a. Ýëåìåíò;

b. Ñïèñîê;
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c. Èåðàðõèÿ;

d. Êóá.

Ðàññìîòðèì êðàòêî êàæäîå êîíöåïòóàëüíîå ïîëîæåíèå. Àíàëèòè÷åñêèå ñèñòåìû îòëè÷àþòñÿ

îò ó÷åòíûõ èíôîðìàöèîííûõ ñèñòåì íå òîëüêî ôóíêöèîíàëüíûì íàçíà÷åíèåì, íî è ñòðóêòó-

ðîé áàçû äàííûõ. Áàçà äàííûõ àíàëèòè÷åñêèõ ñèñòåì îáû÷íî õðàíÿò äàííûå â âèäå ¾êóáîâ¿ è

ñòðóêòóðà áàçû äàííûõ èìååò ñïåöèàëüíóþ ñòðóêòóðó õðàíèëèùà òèïà ¾çâåçäà¿ èëè ¾ñíåæèí-

êà¿. Äàííûå â òàêèõ áàçàõ õðàíÿòñÿ â òàáëèöàõ ôàêòîâ, êîòîðûå ñâÿçàíû ñ òàáëèöàìè èçìåðåíèé.

Ïåðâîå êîíöåïòóàëüíîå ïîëîæåíèå íàêëàäûâàåò îãðàíè÷åíèå íà èíòåãðèðóåìûå ÈÀÑ, êîòîðûå

äîëæíû áûòü àíàëèòè÷åñêèìè ñèñòåìàìè.

Â áàçå äàííûõ èíôîðìàöèîííî-àíàëèòè÷åñêîé ñèñòåìû õðàíÿòñÿ ¾äàííûå¿. Äàííûå âñåãäà

ÿâëÿþòñÿ çíà÷åíèåì íåêîòîðîãî ñâîéñòâà êàêîãî-ëèáî îáúåêòà â íåêîòîðûé ïåðèîä âðåìåíè. Ïî-

ýòîìó óêàçàíèå îáúåêòà (ê êîòîðîìó îòíîñÿòñÿ äàííûå), ñâîéñòâà (îïðåäåëÿþùåãî òèï äàííûõ),

ñòàòóñà äàííûõ è âðåìåííîãî èíòåðâàëà äîëæíî îäíîçíà÷íî èäåíòèôèöèðîâàòü äàííûå. Â ñëó-

÷àå òåõíîëîãèè ÒÎÔÈ â êà÷åñòâå îáúåêòîâ äàííûõ âûñòóïàþò îáúåêòû èëè îòíîøåíèÿ ìåæäó

îáúåêòàìè. Â êà÷åñòâå ñâîéñòâà âûñòóïàþò ýêçåìïëÿðû ñóùíîñòè ¾ñâîéñòâî¿. Ñâîéñòâî õàðàê-

òåðèçóåòñÿ òèïîì ñâîéñòâà: 1) ñâîéñòâî íà îñíîâå ôàêòîðîâ; 2) ñâîéñòâî íà îñíîâå èçìåðèòåëåé;

3) ñâîéñòâî íà îñíîâå àòðèáóòîâ; 4) ñâîéñòâî íà îñíîâå òèïîâ îáúåêòîâ; 5) ñâîéñòâî íà îñíîâå

îòíîøåíèé ìåæäó òèïàìè îáúåêòîâ; 6) ñâîéñòâî íà îñíîâå åäèíèö èçìåðåíèÿ; 7) êîìïëåêñíîå

ñâîéñòâî; 8) ãðóïïà ñâîéñòâ. Äàííûå ÿâëÿþòñÿ çíà÷åíèÿìè ñîîòâåòñòâóþùèõ ñâîéñòâ. Êàæäîå

ñâîéñòâî ìîæåò ïðèíèìàòü íåñêîëüêî çíà÷åíèé äëÿ êàæäîãî ôèêñèðîâàííîãî ïåðèîäà è ôèêñè-

ðîâàííîãî îáúåêòà, êîòîðûå (çíà÷åíèÿ) îòëè÷àþòñÿ ñòàòóñîì äàííûõ. Ñòàòóñîì äàííûõ ìîãóò

áûòü òàêèå ñòàòóñû, êàê îïåðàòèâíûå äàííûå, óòâåðæäåííûå äàííûå è ò.ä. Â òåõíîëîãèè ÒÎÔÈ

â êà÷åñòâå ñòàòóñà äàííûõ âûñòóïàåò çíà÷åíèÿ ôàêòîðîâ.

Çíà÷åíèÿ ñâîéñòâ ìîãóò çàâèñåòü îò ïåðèîäîâ, ìîãóò íå çàâèñåòü îò íèõ. Â ïåðâîì ñëó÷àå

íåîáõîäèìî óêàçûâàòü êîíêðåòíûé ïåðèîä, äëÿ îäíîçíà÷íîé èäåíòèôèêàöèè äàííûõ, âî âòîðîì

ñëó÷àå íåîáõîäèìî óêàçàòü íåêîòîðûé àêòóàëüíûé èíòåðâàë âðåìåíè èëè íåêîòîðûé ìîìåíò âðå-

ìåíè. Ïîýòîìó â îáùåì ñëó÷àå äëÿ îäíîçíà÷íîé èäåíòèôèêàöèè äàííûõ íåîáõîäèìî óêàçàòü

íåêîòîðûé èíòåðâàë âðåìåíè (ìîìåíò âðåìåíè åñòü èíòåðâàë âðåìåíè, ó êîòîðîãî íà÷àëî è êîíåö

ñîâïàäàþò).

Êàæäàÿ èç ïåðå÷èñëåííûõ õàðàêòåðèñòèê îïðåäåëåíà â áàçå äàííûõ â òàáëèöàõ èçìåðåíèé.

Ïðè ýòîì êàæäàÿ èç íèõ, êàê ïðàâèëî, ÿâëÿåòñÿ ýëåìåíòîì íåêîòîðîé áîëåå îáùåé ñóùíîñòè,

êîòîðóþ íàçîâåì ¾êîíòåéíåðîì õàðàêòåðèñòèê¿. Òî åñòü, îáúåêò äàííûõ, ÿâëÿåòñÿ ýëåìåíòîì

êîíòåéíåðà îáúåêòîâ, ñâîéñòâî ÿâëÿåòñÿ ýëåìåíòîì êîíòåéíåðà ñâîéñòâ, èíòåðâàë âðåìåíè (èëè

ïåðèîä) ÿâëÿåòñÿ ýëåìåíòîì êîíòåéíåðà èíòåðâàëîâ âðåìåíè (ïåðèîäîâ). Ñîãëàñíî òðåòüåìó êîí-

öåïòóàëüíîìó ïîëîæåíèþ êîíòåéíåð õàðàêòåðèñòèê, êîòîðûé âêëþ÷àåò â ñåáÿ â êà÷åñòâå ýëåìåí-

òîâ õàðàêòåðèñòèêè äàííûõ, ìîæåò èìåòü òîëüêî òðè âèäà ñòðóêòóð. Òî åñòü êîíòåéíåð õàðàê-

òåðèñòèê åñòü ëèáî ñïèñîê, ëèáî èåðàðõèÿ, ëèáî êóá.

Â òåõíîëîãèè ÒÎÔÈ îáúåêòîì äàííûõ ÿâëÿåòñÿ ëèáî îáúåêò, ëèáî îòíîøåíèå ìåæäó îáúåêòà-

ìè. Ñîîòâåòñòâåííî, îáúåêò ÿâëÿåòñÿ ýëåìåíòîì òèïà îáúåêòîâ, îòíîøåíèå ìåæäó îáúåêòàìè åñòü

ýëåìåíò îòíîøåíèÿ ìåæäó òèïàìè îáúåêòîâ. Òîãäà, òèï îáúåêòîâ è îòíîøåíèå ìåæäó òèïàìè îáú-

åêòîâ ÿâëÿþòñÿ êîíòåéíåðàìè îáúåêòîâ. Ñòðóêòóðà òèïà îáúåêòîâ ÿâëÿåòñÿ ëèáî ñïèñêîì, ëèáî

èåðàðõèåé. Ñòðóêòóðîé îòíîøåíèÿ ìåæäó òèïàìè îáúåêòîâ ÿâëÿåòñÿ ìíîãîìåðíûé êóá. Êîíòåé-

íåðàìè ñâîéñòâ â òåõíîëîãèè ÒÎÔÈ âûñòóïàþò ãðóïïû ñâîéñòâ è ñâîéñòâî òèïà èçìåðèòåëü.

Ñòðóêòóðà ëþáîé ãðóïïû ñâîéñòâ � ñïèñîê èëè èåðàðõèÿ, à ñòðóêòóðà ñâîéñòâà òèïà èçìåðèòåëü
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� èåðàðõèÿ èëè êóá. Êîíòåéíåðàìè ñòàòóñîâ âûñòóïàþò ôàêòîðû, ñòðóêòóðà êîòîðûõ ÿâëÿåòñÿ

ñïèñêîì. Êîíòåéíåðàìè èíòåðâàëîâ âðåìåíè (ïåðèîäîâ) ÿâëÿþòñÿ ñòàíäàðòíûå òèïû ïåðèîäîâ.

Ñòðóêòóðîé êîíòåéíåðà ïåðèîäîâ ÿâëÿåòñÿ èåðàðõèÿ. Êàæäûé ïåðèîä ÿâëÿåòñÿ ýëåìåíòîì òèïà

ïåðèîäà è ïðåäñòàâëÿåò ñîáîé îòðåçîê âðåìåíè ìåæäó äâóìÿ äàòàìè.

Çàäà÷åé ñèíõðîíèçàòîðà êàê ñèíõðîíèçàòîðà ìåòàäàííûõ ÿâëÿåòñÿ ñîïîñòàâëåíèå ýòèõ îáùèõ

ñóùíîñòåé â áàçàõ äàííûõ ðàçëè÷íûõ ÈÀÑ ñ ïîìîùüþ êîäîâ ðàçëè÷íûõ ñèñòåì êîäèðîâàíèÿ.

Äëÿ êîððåêòíîé è àâòîìàòè÷åñêîé ðàáîòû ñèíõðîíèçàòîðà êàê ñëóæáû äëÿ ïåðåäà÷è è ïðèåìà

äàííûõ, íåîáõîäèìî, ÷òîáû èíòåãðèðóåìûå èíôîðìàöèîííî-àíàëèòè÷åñêèå ñèñòåìû èìåëè âñòðî-

åííûé àíàëèçàòîð ìåòàìîäåëè. Àíàëèçàòîð ìåòàìîäåëè (â ñëó÷àå ÒÎÔÈ � àíàëèçàòîð ÒÎÔÈ-

ìîäåëè) ïðåäíàçíà÷åí äëÿ ôîðìèðîâàíèÿ ìåòàäàííûõ â âèäå XML-ôàéëà è õðàíåíèÿ ðàçëè÷íûõ

èõ âåðñèè â áàçå äàííûõ, à òàêæå äëÿ âûãðóçêè ìåòàäàííûõ âî âíåøíèé XML-ôàéë. Ïðè ñèí-

õðîíèçàöèè ìåòàäàííûõ ñèíõðîíèçàòîð ðàáîòàåò ñ XML-ôàéëîì, ïîëó÷åííûì îò àíàëèçàòîðà.

Ñòðóêòóðà XML-ôàéëà äëÿ ïåðåäà÷è ìåòàäàííûõ ñîñòîèò èç äâóõ ÷àñòåé: çàãîëîâîê ôàéëà

è òåëî ôàéëà. Â çàãîëîâêå ôàéëà óêàçûâàþòñÿ ññûëî÷íûå èëè îïèñàòåëüíûå ìåòàäàííûå: òèï

ÑÓÁÄ, íàèìåíîâàíèå áàçû äàííûõ, àííîòàöèÿ áàçû äàííûõ, òèï áàçû äàííûõ (ÒÎÔÈ-áàçà èëè

äðóãàÿ), íîìåð âåðñèè ìåòàäàííûõ, äàòà è âðåìÿ ôîðìèðîâàíèÿ ìåòàäàííûõ, èíòåðâàë èçìåíåíèé

áàçû äàííûõ (åñëè ïåðåäàåòñÿ íå âñå ìåòàäàííûå, à òîëüêî èçìåíåíèÿ ìåòàäàííûõ).

Ñðåäà ôîðìèðîâàíèÿ îò÷åòîâ è óâåäîìëåíèÿ ïîëüçîâàòåëåé ïðåäíàçíà÷åíà äëÿ íàñòðîéêè îò-

÷åòîâ, èõ ôîðìèðîâàíèÿ ïî çàäàííîìó ðàñïèñàíèþ, íàñòðîéêè àâòîìàòè÷åñêîãî çàïóñêà àëãîðèò-

ìîâ, âûÿâëåíèÿ àíîìàëèé â ðåçóëüòàòàõ ðàñ÷åòîâ è óâåäîìëåíèÿ ïîëüçîâàòåëåé îá îòêëîíåíèÿõ

â ðåçóëüòàòàõ ðàñ÷åòîâ. Â äàííîé ñðåäå ìîæåò ïðîèçâîäèòüñÿ ïîèñê ïðîáëåìíûõ òåíäåíöèé ñ

ïîìîùüþ çàðàíåå íàñòðîåííûõ àëãîðèòìîâ, íàïðèìåð, àëãîðèòìà êîìïëåêñíîé îöåíêè.

Ñðåäà ïîääåðæêè áèçíåñ ïðîöåññîâ è îáìåíà ñîîáùåíèÿìè ïðåäíàçíà÷åíà äëÿ íàñòðîéêè áèç-

íåñ ïðîöåññîâ ðàáîòû ñ ïîäñèñòåìàìè. Â ýòîé ñðåäå ïðîèñõîäèò íàñòðîéêà áèçíåñ ïðîöåññîâ,

à îñòàëüíûå ïîäñèñòåìû ìîãóò èñïîëüçîâàòü ýòè áèçíåñ ïðîöåññû âíóòðè ñåáÿ. Íàïðèìåð, äëÿ

ñðåäû ìîäåëèðîâàíèÿ ìîæíî íàñòðîèòü áèçíåñ ïðîöåññ ïî èçìåíåíèþ ÒÎÔÈ-ìîäåëè, äëÿ ñðåäû

îáìåíà ñîîáùåíèÿìè ìîæíî íàñòðîèòü áèçíåñ ïðîöåññ ïî îáðàáîòêå ñîîáùåíèé, è ò.ä. Äàííàÿ ñðå-

äà ïîçâîëÿåò îòïðàâëÿòü ïîëüçîâàòåëÿì ñîîáùåíèÿ äðóã äðóãó ñ ïðèâÿçêîé ê áèçíåñ ïðîöåññàì

èëè áåç ïðèâÿçêè.

Ñðåäà ðàáîòû ñ ðåãèñòðàìè � îòäåëüíûé ñåðâåð ïðèëîæåíèé, ïîääåðæèâàþùèé áèçíåñ ïðî-

öåññû ðàáîòû ñ ðåãèñòðàìè. Ðåãèñòðîì ÿâëÿåòñÿ ñïåöèàëüíûé òèï îáúåêòîâ, èìåþùèé áîëüøîå

êîëè÷åñòâî îáúåêòîâ è õðàíÿùèéñÿ â îòäåëüíîé áàçå äàííûõ. Ñîçäàíèå è îïèñàíèå òèïà îáúåê-

òîâ ïðîèçâîäèòñÿ â ñðåäå ìîäåëèðîâàíèÿ. Îñíîâíûìè ôóíêöèîíàëüíûìè âîçìîæíîñòÿìè ñðåäû

ðàáîòû ñ ðåãèñòðàìè ÿâëÿåòñÿ ôîðìèðîâàíèå âûáîðêè èç ðåãèñòðà, ïðîâåäåíèå îïåðàöèé àãðåãè-

ðîâàíèÿ è ðàñ÷åòîâ è ôîðìèðîâàíèå ñòàíäàðòíûõ êóáîâ íà îñíîâå ðàñ÷åòîâ è àãðåãàöèé.

Ïîðòàë ÒÎÔÈ ïðåäñòàâëÿåò ñîáîé åäèíóþ òî÷êó âõîäà âî âñå äðóãèå ïîäñèñòåìû ÒÎÔÈ, êî-

òîðûå íàñòðîåíû ñ ïîìîùüþ ñðåä ðàçðàáîòêè. Â ïîðòàëå ìîæíî îòîáðàæàòü ðåçóëüòàòû ðàáîòû

ëþáûõ ïîäñèñòåì äëÿ êîíå÷íîãî ïîëüçîâàòåëÿ, à òàêæå ïîðòàë èìååò ñîáñòâåííûå ôóíêöèîíàëü-

íûå âîçìîæíîñòè ïî îòîáðàæåíèþ ðàçëè÷íûõ âèäæåòîâ (íîâîñòè, êàëåíäàðü).

Íàñòîÿùàÿ ñòàòüÿ íàïèñàíà â ðàìêàõ ãðàíòà ¾Ñîâåðøåíñòâîâàíèå ìåòîäîëîãèè è ðàçðàáîò-

êà èíñòðóìåíòà òåõíîëîãèè ìîäåëèðîâàíèÿ è ìîíèòîðèíãà ñîñòîÿíèé ñëîæíûõ ñèñòåì ÒÎÔÈ¿,

íàïðàâëåííîãî íà òåõíîëîãè÷åñêèå è ñîöèàëüíûå èííîâàöèè. Øèôð 0051/ÃÔ1.
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¾Êîìïàíèÿ ñèñòåìíûõ èññëåäîâàíèé ¾Ôàêòîð¿

Abstract. The article discusses the information system of calculating the prime costs of technolo-

gical processes of railway freight on the basis of TOFI technologies. The article also describes the

basic idea of a multidimensional factor-balance method of calculating the actual cost of railway

transport.

Keywords: TOFI technology, factor-balance method, the cost of railway freight.

À­äàòïà. Á´ë ìà©àëàäà ÒÎÔÈ òåõíîëîãèÿñûíû­ íåãiçiíäå òåìið æîë æ³ê òàñûìàëû òåõíî-

ëîãèÿëû© ïðîöåñòåðiíi­ °çiíäiê ©´íûí åñåïòåó à©ïàðàòòû© æ³éåñi ©àðàñòûðûë¡àí. Ñîíäàé-

à©, òåìið æîë æ³ê òàñûìàëûíû­ íà©òû °çiíäiê ©´íûí åñåïòåóäi­ ê°ï°ëøåìäi ôàêòîðëû©-

áàëàíñòû© ºäiñiíi­ íåãiçãi èäåÿñû ñèïàòòàë¡àí.

Êiëòòiê ñ°çäåð: ÒÎÔÈ òåõíîëîãèÿñû, ôàêòîðëû©-áàëàíñòû© ºäiñ, òåìið æîë æ³ê òàñûìà-

ëûíû­ °çiíäiê ©´íû.

Àííîòàöèÿ. Â ñòàòüå ðàññìàòðèâàåòñÿ èíôîðìàöèîííàÿ ñèñòåìà ðàñ÷åòà ñåáåñòîèìîñòè òåõ-

íîëîãè÷åñêèõ ïðîöåññîâ ïåðåâîçêè ãðóçîâ æåëåçíîäîðîæíûì òðàíñïîðòîì íà îñíîâå òåõíî-

ëîãèè ÒÎÔÈ. Òàêæå â ñòàòüå îïèñàíà îñíîâíàÿ èäåÿ ìíîãîìåðíîãî ôàêòîðíî-áàëàíñîâîãî

ìåòîäà ðàñ÷åòà ôàêòè÷åñêîé ñåáåñòîèìîñòè æåëåçíîäîðîæíûõ ïåðåâîçîê.

Êëþ÷åâûå ñëîâà: òåõíîëîãèÿ ÒÎÔÈ, ôàêòîðíî-áàëàíñîâûé ìåòîä, ñåáåñòîèìîñòü ãðóçîâûõ

ïåðåâîçîê.

Ñîâðåìåííûé ïåðèîä ðàçâèòèÿ öèâèëèçîâàííîãî îáùåñòâà õàðàêòåðèçóåò ïðîöåññ èíôîðìàòè-

çàöèè. Èíôîðìàòèçàöèÿ îáùåñòâà � ýòî ãëîáàëüíûé ñîöèàëüíûé ïðîöåññ, îñîáåííîñòü êîòîðîãî

ñîñòîèò â òîì, ÷òî äîìèíèðóþùèì âèäîì äåÿòåëüíîñòè â ñôåðå îáùåñòâåííîãî ïðîèçâîäñòâà

ÿâëÿåòñÿ ñáîð, íàêîïëåíèå, ïðîäóöèðîâàíèå, îáðàáîòêà, õðàíåíèå è ïåðåäà÷à èíôîðìàöèè, îñó-

ùåñòâëÿåìûå íà îñíîâå ñîâðåìåííûõ ñðåäñòâ è âû÷èñëèòåëüíîé òåõíèêè, à òàêæå íà áàçå ðàçíî-

îáðàçíûõ ñðåäñòâ èíôîðìàöèîííîãî îáìåíà èëè èíôîðìàöèîííûõ òåõíîëîãèè.

Íîâûå èíôîðìàöèîííûå òåõíîëîãèè çíà÷èòåëüíî ðàñøèðÿþò âîçìîæíîñòè èñïîëüçîâàíèÿ èí-

ôîðìàöèîííûõ ðåñóðñîâ â ðàçëè÷íûõ îòðàñëÿõ. Íîâûå èíôîðìàöèîííûå òåõíîëîãèè ÿâëÿþòñÿ

íåîòúåìëåìîé ÷àñòüþ èíôîðìàöèîííîãî îáùåñòâà ñîâðåìåííîãî ìèðà. Â ñòðåìèòåëüíî ðàçâè-

âàþùèåñÿ ñòðàíå, êàê Êàçàõñòàí ïîÿâëåíèå íîâûõ èíôîðìàöèîííûõ òåõíîëîãèé ëèøü óñèëèë
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ïðîöåññ ðàçâèòèÿ. Íà Êàçàõñòàíñêîì ðûíêå èíôîðìàöèîííûõ òåõíîëîãèè áîëåå 10 ëåò óñïåøíî

ïðèìåíÿåòñÿ òåõíîëîãèÿ ìîíèòîðèíãà è ìîäåëèðîâàíèÿ ñëîæíûõ ñèñòåì � ÒÎÔÈ [1]. Íàçâàíèå

òåõíîëîãèè ÒÎÔÈ îáðàçîâàíî èç ïåðâûõ áóêâ îñíîâíûõ îáúåêòîâ ýòîé òåõíîëîãèè: ¾Òèï îáúåê-

òà¿, ¾Îòíîøåíèå ìåæäó òèïàìè¿, ¾Ôàêòîð¿, ¾Èçìåðèòåëü¿. Àâòîðîì ýòîé òåõíîëîãèè, ÿâëÿåòñÿ

êàíä. ôèç.-ìàò. íàóê, äîöåíò Ì.Á. Ãàááàñîâ.

Â ÒÎÔÈ ïðåäìåòíàÿ îáëàñòü ïðåäñòàâëÿåòñÿ â âèäå ñîâîêóïíîñòè âçàèìîäåéñòâóþùèõ ìåæäó

ñîáîé îáúåêòîâ, è ñîñòîÿíèå ïðåäìåòíîé îáëàñòè îäíîçíà÷íî îïðåäåëÿåòñÿ ñîñòîÿíèÿìè ýòèõ îáú-

åêòîâ. Îáúåêòû, êîòîðûå íåîáõîäèìî ðàññìàòðèâàòü äëÿ îïèñàíèÿ ñîñòîÿíèÿ ïðåäìåòíîé îáëà-

ñòè îïðåäåëÿþòñÿ ðàññìàòðèâàåìîé öåëüþ èññëåäîâàíèÿ. Ñ ïîìîùüþ äàííîé èíñòðóìåíòàëüíîé

ñðåäû âîçìîæíî ñîçäàíèå ìîäåëåé ëþáîé ïðåäìåòíîé îáëàñòè. Äëÿ ýòîãî ïîëüçîâàòåëþ íåîá-

õîäèìî óñâîèòü ïîíÿòèéíûé àïïàðàò äàííîé òåõíîëîãèè, êîòîðûé îñíîâûâàåòñÿ íà îáúåêòíî-

îðèåíòèðîâàííîì ïîäõîäå. Ïîìèìî ñóùíîñòåé ÎÎÏ, â ÒÎÔÈ èìåþòñÿ è äðóãèå ñóùíîñòè, êîòî-

ðûå ïðåäíàçíà÷åíû äëÿ îïèñàíèÿ ñâîéñòâ îáúåêòîâ. Ïîñëå òîãî, êàê ïîëüçîâàòåëåì áûëè óñâîåíû

ñóùíîñòè ÒÎÔÈ è èõ ïðåäíàçíà÷åíèå, ïðèñòóïàþò ê îñíîâíîìó ïðîöåññó, ò.å. ìîäåëèðîâàíèþ.

Ïðè ýòîì ïîëüçîâàòåëü ñòðîèò ìîäåëü, òàê êàê åìó óäîáíî è íóæíî áåç êàêèõ ëèáî îãðàíè÷åíèé.

Äàëåå, ìîäåëü ìîæåò áûòü íàïîëíåíà èíôîðìàöèîííûì ñîäåðæàíèåì, è ìîæåò ïðèìåíÿòüñÿ äëÿ

ìîíèòîðèíãà, ïðîâåäåíèÿ ðàçëè÷íûõ ðàñ÷åòîâ, çàðàíåå ðåàëèçîâàííûõ â ìîäóëå ðàçðàáîòêè ìî-

äåëè. Èíñòðóìåíò ÒÎÔÈ ñîñòîèò èç òðåõ ïðèëîæåíèé è óíèâåðñàëüíîé áàçû äàííûõ äëÿ õðà-

íåíèÿ ñàìîé ìîäåëè è çíà÷åíèé ñâîéñòâ îáúåêòîâ ìîäåëè. Ïðèëîæåíèå ¾ÒÎÔÈ-ìîäåëü¿ ïðåäî-

ñòàâëÿåò â ðàñïîðÿæåíèå ïîëüçîâàòåëÿ âñå âîçìîæíûå ïî êîíñòðóèðîâàíèþ ìîäåëè, ïðèëîæåíèå

¾ÒÎÔÈ-îêíî äàííûõ¿ ïðåäíàçíà÷åíî äëÿ íàïîëíåíèÿ ìîäåëè èíôîðìàöèîííûì ñîäåðæàíèåì è

ïðîâåäåíèÿ ðàçëè÷íûõ ðàñ÷åòîâ ñ ïîìîùüþ âñòðîåííûõ àëãîðèòìîâ, äîïîëíèòåëüíîå ïðèëîæåíèå

¾ÒÎÔÈ-àäìèíèñòðàòîð¿ ñîçäàåò íîâûå áàçû äàííûõ ïîëüçîâàòåëåé, îïðåäåëÿåò ïðàâà äîñòóïà

ïîëüçîâàòåëåé è îñóùåñòâëÿåò äðóãèå ñåðâèñíûå âîçìîæíîñòè ðàáîòû ñ áàçàìè äàííûõ [2].

Áàçà äàííûõ ñèñòåìû îòâå÷àåò çà öåëîñòíîñòü è ñîõðàííîñòü äàííûõ. Áàçà äàííûõ äîëæíà

èìåòü ñòðóêòóðó òèïà õðàíèëèùà äàííûõ, äëÿ õðàíåíèÿ áîëüøîãî îáúåìà èíôîðìàöèè è îáåñ-

ïå÷åíèÿ âûñîêîé ñêîðîñòè îáðàáîòêè çàïðîñîâ ê áàçå äàííûõ. Îñíîâíûì òðåáîâàíèåì ê ñòðóê-

òóðå áàçû äàííûõ ÿâëÿåòñÿ âîçìîæíîñòü äîáàâëåíèÿ â áàçó èíôîðìàöèþ î íîâûõ îáúåêòàõ, íå

ìåíÿÿ ñòðóêòóðû áàçû. Ýòî ñâÿçàíî ñ ïðîâîäèìûì ïðîöåññîì ðåñòðóêòóðèçàöèè è ðåôîðìèðî-

âàíèÿ æåëåçíîäîðîæíîé îòðàñëè, ÷òî ìîæåò ïðèâåñòè ê ïîÿâëåíèþ íîâûõ îáúåêòîâ â ìîäåëè.

Ïîýòîìó íàèáîëåå îïòèìàëüíûì âàðèàíòîì ÿâëÿåòñÿ áàçà äàííûõ òåõíîëîãèè ÒÎÔÈ, êîòîðàÿ

èìååò ñòðóêòóðó òèïà ¾ñíåæèíêà¿ è ïðåäîñòàâëÿåò âîçìîæíîñòü ìîäåëèðîâàòü è õðàíèòü ëþáûå

ôèíàíñîâî-ýêîíîìè÷åñêèå îòíîøåíèÿ. Ñòðóêòóðà áàçû äàííûõ íîðìàëèçîâàíà íà óðîâíå òðåòüåé

íîðìàëüíîé ôîðìû. Áîëåå òîãî, â òåõíîëîãèè ÒÎÔÈ ðåàëèçîâàíû ñòàíäàðòíûå ôóíêöèè àäìè-

íèñòðèðîâàíèÿ áàçû äàííûõ.

Ïîäñèñòåìà àäìèíèñòðèðîâàíèÿ ïîçâîëÿåò àäìèíèñòðàòîðó ñèñòåìû êîíòðîëèðîâàòü ðàáîòó

ñåðâåðà ÁÄ, â ñëó÷àå òåõíè÷åñêèõ íåèñïðàâíîñòåé, ïðîèçâîäèòü ðåçåðâíîå êîïèðîâàíèå ÁÄ, èì-

ïîðòèðîâàòü è ýêñïîðòèðîâàòü äàííûå, ðåãèñòðèðîâàòü ïîëüçîâàòåëåé.

Ïîäñèñòåìà ìîäåëèðîâàíèÿ ïðåäìåòíîé îáëàñòè (¾îêíî ìîäåëè¿ â òåõíîëîãèè ÒÎÔÈ) äîëæ-

íà ïîçâîëÿòü àíàëèòèêó ñèñòåìû, ìîäåëèðîâàòü ñòðóêòóðó èíôîðìàöèè ïðåäìåòíîé îáëàñòè, è

ñîõðàíÿòü åå â áàçó äàííûõ. Ìîäåëèðîâàíèå ñòðóêòóðû èíôîðìàöèè òåõíîëîãîì äîëæíî ïðîèçâî-

äèòüñÿ â ñïåöèàëüíî ðàçðàáîòàííîé ñðåäå ìîäåëèðîâàíèÿ ÒÎÔÈ. Â ñëó÷àå âûäåëåíèÿ íåêîòîðûõ

ó÷àñòíèêîâ ïåðåâîçî÷íîãî ïðîöåññà (íàïðèìåð, îïåðàòîðà ÌÆÑ) â îòäåëüíîå ïðåäïðèÿòèå, ìîãóò

èçìåíèòüñÿ íîìåíêëàòóðà ðàñõîäîâ, ðàñõîäíûå èçìåðèòåëè, ìåõàíèçìû ðàñ÷åòà ñåáåñòîèìîñòè è
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äð. Ïîýòîìó ïîäñèñòåìà ìîäåëèðîâàíèÿ äîëæíà âêëþ÷àòü âîçìîæíîñòü ñîçäàíèÿ è íàñòðîéêè

íîâûõ àëãîðèòìîâ ðàñ÷åòà òåõíîëîãîì.

Ïîäñèñòåìà ìîäåëèðîâàíèÿ ïðåäìåòíîé îáëàñòè òàêæå äîëæíà ïîçâîëÿòü òåõíîëîãó ñîçäàâàòü

è íàñòðàèâàòü ñòàíäàðòíûå îêíà äàííûõ äëÿ àíàëèòèêà.

Ïîäñèñòåìà îáðàáîòêè äàííûõ (¾îêíî äàííûõ¿ â òåõíîëîãèè ÒÎÔÈ) îòâå÷àåò çà ïðîâåäå-

íèå ðàñ÷åòîâ, àíàëèç äàííûõ. Ïîäñèñòåìà äîëæíà èìåòü ïðÿìîé äîñòóï ê äàííûì, õðàíÿùèìñÿ

íà ñåðâåðå áàçû äàííûõ. Ñèñòåìà äîëæíà èìåòü âîçìîæíîñòü êîíñòðóèðîâàòü ðàçëè÷íûå îêíà

äàííûõ, â çàâèñèìîñòè îò ïîòðåáíîñòåé êîíå÷íîãî ïîëüçîâàòåëÿ (àíàëèòèêà).

Ðèñóíîê 1 Äèàãðàììà êîìïîíåíòîâ

Ñåãîäíÿ ñ ïîìîùüþ ÒÎÔÈ òåõíîëîãèè ìîæíî ðåøèòü ëþáóþ ñëîæíåéøóþ çàäà÷ó, ãäå äëÿ

ðåøåíèÿ ïîíàäîáèòñÿ íåìàëî âðåìåíè.

Íà îñíîâàíèè òåõíîëîãèè ÒÎÔÈ áûëà ðåàëèçîâàíà èíôîðìàöèîííàÿ ñèñòåìà ðàñ÷åòà ñåáåñòî-

èìîñòè òåõíîëîãè÷åñêèõ ïðîöåññîâ ïåðåâîçêè ãðóçîâ æåëåçíîäîðîæíûì òðàíñïîðòîì ñ ïîìîùüþ

ôàêòîðíî-áàëàíñîâîãî ìåòîäà.

Íàçíà÷åíèå ýòîé èíôîðìàöèîííîé ñèñòåìû - ðàñ÷åò ñåáåñòîèìîñòè ãðóçîâûõ ïåðåâîçîê íà

îñíîâå ôàêòîðíî � áàëàíñîâîãî ìåòîäà ðàñ÷åòà ñåáåñòîèìîñòè, à òàêæå àíàëèç çàòðàò è ñåáåñòî-

èìîñòè, ñ âèçóàëèçàöèåé ïîëó÷åííûõ ðåçóëüòàòîâ íà ýëåêòðîííîé êàðòå ÒÎÔÈ.

Èíôîðìàöèîííàÿ ñèñòåìå ïðîèçâîäèò:

� ðàñ÷åò ïðîèçâîäñòâåííîé ôàêòè÷åñêîé ñåáåñòîèìîñòè;

� ðàñ÷åò ïîëíîé ôàêòè÷åñêîé ñåáåñòîèìîñòè;
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� ðàñ÷åò ñåáåñòîèìîñòè êîíêðåòíîé ïåðåâîçêè ãðóçîâ;

� ðàñ÷åò ïëàíîâîé ñåáåñòîèìîñòè;

� âèçóàëèçàöèÿ ðàñ÷åòà ñåáåñòîèìîñòè íà ýëåêòðîííîé êàðòå.

Îñíîâíûå ñóùíîñòè ÒÎÔÈ äëÿ ïîñòðîåíèÿ ìîäåëè ìîæíî óñëîâíî ðàçäåëèòü íà ñëåäóþùèå

ãðóïïû:

1. Âñïîìîãàòåëüíûå ñóùíîñòè;

2. Ñóùíîñòè äëÿ îïðåäåëåíèÿ ñâîéñòâ;

3. Ñóùíîñòè äëÿ îïðåäåëåíèÿ êîíñòðóêöèé èç ñâîéñòâ;

4. Ñóùíîñòè äëÿ ôîðìèðîâàíèÿ ñòðóêòóð èç êîíñòðóêöèé ñâîéñòâ;

5. Àëãîðèòìû;

6. Äàííûå.

Èäåÿ ìíîãîìåðíîãî ôàêòîðíî-áàëàíñîâîãî ìåòîäà ðàñ÷åòà ôàêòè÷åñêîé ñåáåñòîèìîñòè æåëåç-

íîäîðîæíûõ ïåðåâîçîê îñíîâàíà íà ðàñõîäîâàíèè èçìåðèòåëåé (îáúåìîâ âûïîëíåííûõ ðàáîò) ïî

îïåðàöèÿì ïåðåâîçî÷íîãî ïðîöåññà. Ôàêòîðíî-áàëàíñîâûé ìåòîä ñòðîèòñÿ íà îñíîâå òðåõ äåðå-

âüåâ: äåðåâà ôàêòîðîâ, äåðåâà îïåðàöèé ïåðåâîçî÷íîãî ïðîöåññà (ÎÏÏ) è äåðåâà èçìåðèòåëåé

ó÷àñòíèêîâ ïåðåâîçî÷íîãî ïðîöåññà (ÓÏÏ).

Äåðåâî ôàêòîðîâ íà ïåðâîì óðîâíå ñîñòîèò èç âñåõ ôàêòîðîâ, ó÷èòûâàåìûõ â ôàêòîðíî-áà-

ëàíñîâîì ìåòîäå, à íà îñòàëüíûõ óðîâíÿõ � èç çíà÷åíèé ôàêòîðîâ. Êîëè÷åñòâî ôàêòîðîâ ó÷èòû-

âàåìûõ â ìåòîäå îïðåäåëÿåò ðàçìåðíîñòü ìåòîäà.

Â ïðîöåññå ïåðåâîçêè ãðóçîâ èëè ïîäâèæíûõ åäèíèö ãðóçîâîé ïåðåâîç÷èê îñóùåñòâëÿåò îïå-

ðàöèè ïåðåâîçî÷íîãî ïðîöåññà, êîòîðûå ÿâëÿþòñÿ ñîñòàâëÿþùèìè óñëóãè. Ïîä îïåðàöèÿìè ïåðå-

âîçî÷íîãî ïðîöåññà â ôàêòîðíî-áàëàíñîâîì ìåòîäå ðàñ÷åòà ñåáåñòîèìîñòè ãðóçîâûõ æåëåçíîäî-

ðîæíûõ ïåðåâîçîê ïîíèìàþòñÿ òå îïåðàöèè, êîòîðûå ñâÿçàíû íåïîñðåäñòâåííî ñ òåõíîëîãè÷åñêèì

ïðîöåññîì ïåðåâîçêè è îáñëóæèâàíèÿ ãðóçà, â ðåçóëüòàòå êîòîðûõ ïåðåâîç÷èêîì áóäåò îêàçàíà

òðàíñïîðòíàÿ óñëóãà êëèåíòó.

Òàê, â öåëÿõ ïåðåìåùåíèÿ îáúåêòà ïåðåâîçêè ñî ñòàíöèè îòïðàâëåíèÿ äî ñòàíöèè íàçíà÷åíèÿ

îïåðàöèè îñóùåñòâëåíèÿ êîíêðåòíîé ãðóçîâîé ïåðåâîçêè âûïîëíÿþòñÿ â ñëåäóþùåé ïîñëåäîâà-

òåëüíîñòè:

� îïåðàöèè ïðåäâàðèòåëüíîé ïîäãîòîâêè ïîäâèæíîãî ñîñòàâà;

� îïåðàöèè îáñëóæèâàíèÿ êëèåíòîâ â íà÷àëå è êîíöå ïåðåâîçêè;

� îïåðàöèè îáðàçîâàíèÿ ïîåçäà è åãî ïåðåìåùåíèÿ.

Â ñîîòâåòñòâèè ñ ï. 95 Ïðàâèë ïåðåâîçêè ãðóçîâ Ïåðåâîç÷èê ïîäàåò ïîä ïîãðóçêó èñïðàâíûå,

î÷èùåííûå âíóòðè è ñíàðóæè, à â íåîáõîäèìûõ ñëó÷àÿõ ïðîìûòûå è ïðîäåçèíôèöèðîâàííûå,

ãîäíûå äëÿ ïåðåâîçêè êîíêðåòíûõ ãðóçîâ âàãîíû, êîíòåéíåðû ñî ñíÿòûìè ïðèñïîñîáëåíèÿìè

äëÿ êðåïëåíèÿ, çà èñêëþ÷åíèåì íåñúåìíûõ, íåçàâèñèìî îò ïðèíàäëåæíîñòè. Òàêèì îáðàçîì,

îïåðàöèè ïðåäâàðèòåëüíîé ïîäãîòîâêè ïîäâèæíîãî ñîñòàâà îòíîñÿòñÿ ê íà÷àëüíûì îïåðàöèÿì

òåõíîëîãè÷åñêîãî ïðîöåññà îêàçàíèÿ óñëóãè Ïåðåâîç÷èêîì.
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Îïåðàöèè îáñëóæèâàíèÿ êëèåíòîâ â íà÷àëå è êîíöå ïåðåâîçêè, ò.å. ýëåìåíòû ïåðåâîçî÷íîãî

ïðîöåññà, ñâÿçàííûå ñ äîêóìåíòàëüíûì ïðèåìîì ãðóçà äëÿ ïåðåâîçêè è äîêóìåíòàëüíîé âûäà÷åé

åãî ãðóçîïîëó÷àòåëþ, îòíîñÿòñÿ ê íà÷àëüíîé è êîíå÷íîé îïåðàöèÿì ïî ãðóçîâûì ïåðåâîçêàì,

òåõíîëîãè÷åñêîãî ïðîöåññà îêàçàíèÿ óñëóãè Ïåðåâîç÷èêîì.

Ïîñëå ïðèåìà ãðóçà ê ïåðåâîçêàì îò ãðóçîîòïðàâèòåëÿ ôîðìèðóþòñÿ ïîåçäà èç ãðóæåíûõ

âàãîíîâ. Â ýòèõ öåëÿõ èñïîëüçóþòñÿ ñåðâèñû Îðãàíèçàòîðà ãðóçîâûõ ïåðåâîçîê, Ïåðåâîç÷èêà.

Îïåðàöèè îáðàçîâàíèÿ ïîåçäà îòíîñÿòñÿ ê òåõíè÷åñêèì îïåðàöèÿì íà ñòàíöèÿõ òåõíîëîãè÷åñêî-

ãî ïðîöåññà îêàçàíèÿ óñëóãè è ñîñòîÿò èç îïåðàöèé ñ òðàíçèòíûìè âàãîíàìè ñ ïåðåðàáîòêîé è

ñïåöèàëüíûõ îïåðàöèé ñ ãðóçàìè íà ñòàíöèÿõ.

Îïåðàöèè ïåðåìåùåíèÿ ïîåçäà îòíîñÿòñÿ ê äâèæåí÷åñêèì îïåðàöèÿì è ñîñòîÿò èç ñëåäóþùèõ

îïåðàöèé:

� äâèæåíèå ãðóæåíîãî âàãîíà â ñîñòàâå ïîåçäà;

� äâèæåíèå ïîðîæíåãî âàãîíà â ñîñòàâå ïîåçäà;

� äâèæåíèå äðóãèõ ïîäâèæíûõ åäèíèö â ñîñòàâå ïîåçäà;

� âñïîìîãàòåëüíàÿ ðàáîòà ëîêîìîòèâà;

� ñîïðîâîæäåíèå ïîåçäîâ.

Òàêèì îáðàçîì, íà ïåðâîì óðîâíå äåðåâî îïåðàöèé ïåðåâîçî÷íîãî ïðîöåññà íà æåëåçíîäîðîæ-

íîì òðàíñïîðòå ìîæíî ðàçäåëèòü íà ñëåäóþùèå ÷åòûðå îñíîâíûå ãðóïïû îïåðàöèé: íà÷àëüíûå

îïåðàöèè, òåõíè÷åñêèå îïåðàöèè íà ñòàíöèÿõ, äâèæåí÷åñêèå îïåðàöèè è êîíå÷íûå îïåðàöèè.

Îïåðàöèè ïåðåâîçî÷íîãî ïðîöåññà, âõîäÿùèå â óêàçàííûå ãðóïïû, îïðåäåëåíû íà îñíîâå ìåòî-

äèêè ðàçäåëüíîãî ó÷åòà äîõîäîâ, ðàñõîäîâ è çàäåéñòâîâàííûõ àêòèâîâ. Îáúåì êàæäîé îïåðàöèè

ïåðåâîçî÷íîãî ïðîöåññà èçìåðÿåòñÿ îïðåäåëåííûì èçìåðèòåëåì, êîòîðûé ìîæåò çàâèñåòü îò ôàê-

òîðîâ. Çíà÷åíèÿ ôàêòîðîâ, îò êîòîðûõ çàâèñèò îáúåì îïåðàöèè, ïîðîæäàþò äî÷åðíèå ïîêàçàòåëè,

îáðàçîâàííûå îò ýòèõ çíà÷åíèé ôàêòîðîâ, ÷òî îáåñïå÷èò èçìåíåíèå îáúåìîâ îïåðàöèé ïðè ó÷åòå

âëèÿíèÿ íà ñåáåñòîèìîñòü ðàçëè÷íûõ ôàêòîðîâ.

Äåòàëèçàöèÿ óðîâíÿ îïåðàöèé ïåðåâîçî÷íîé äåÿòåëüíîñòè ïîçâîëÿåò óòî÷íèòü ðàñ÷åò ñåáåñòî-

èìîñòè è ïîëó÷èòü äîëþ äàííûõ îïåðàöèé â ñåáåñòîèìîñòè ãðóçîâûõ æåëåçíîäîðîæíûõ ïåðåâî-

çîê. Ïåðå÷åíü îïåðàöèé ïåðåâîçî÷íîãî ïðîöåññà è ôàêòîðû, îò êîòîðûõ îíè çàâèñÿò, ïðèâåäåíû

â ïðèëîæåíèè 5 ê íàñòîÿùåìó îò÷åòó. Çàâèñèìîñòü îáúåìîâ îïåðàöèé îò ôàêòîðîâ ïîçâîëÿåò

áîëåå òî÷íî ó÷èòûâàòü âëèÿíèå ôàêòîðîâ íà ñåáåñòîèìîñòü è îïðåäåëÿòü äîëþ êàæäîé îïåðàöèè

â ñåáåñòîèìîñòè, ÷òî ïîâûøàåò êà÷åñòâî ðàñ÷åòà ñðåäíåé è êîíêðåòíîé ñåáåñòîèìîñòè.

Äåðåâî ðàñõîäíûõ èçìåðèòåëåé ÓÏÏ íà ïåðâîì óðîâíå ñîñòîèò èç ðàñõîäíûõ èçìåðèòåëåé

îñíîâíûõ ïîêàçàòåëåé ðàáîò ó÷àñòíèêîâ ïåðåâîçî÷íîé äåÿòåëüíîñòè, à íà îñòàëüíûõ óðîâíÿõ �

ïîäèçìåðèòåëåé, îòðàæàþùèõ çàâèñèìîñòü îò çíà÷åíèÿ ñîîòâåòñòâóþùèõ ôàêòîðîâ.

Àëãîðèòì ðàñ÷åòà ñåáåñòîèìîñòè ãðóçîâûõ æåëåçíîäîðîæíûõ ïåðåâîçîê ôàêòîðíî-áàëàíñî-

âûì ìåòîäîì ðåàëèçóåòñÿ â òðè ýòàïà:

� ðàñ÷åò ìàòðèöû óäåëüíûõ îáúåìîâ;

� ðàñ÷åò ìàòðèöû óäåëüíûõ ðàñõîäîâ;

� ðàñ÷åò ñåáåñòîèìîñòè óñëóãè.
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Áàëàíñîâàÿ ìàòðèöà óäåëüíûõ îáúåìîâ ñòðîèòñÿ ïî ñëåäóþùåìó àëãîðèòìó:

� ïî ñòðîêàì çàïèñûâàþòñÿ îáúåìû ðàáîò, íàçûâàåìûå ðàñõîäíûìè èçìåðèòåëÿìè;

� ïî ñòîëáöàì � îïåðàöèè ïåðåâîçî÷íîãî ïðîöåññà.

Ïðèâåäåì íà ñõåìå îñíîâíîé ïðèíöèï ïîñòðîåíèÿ áàëàíñîâîé ìàòðèöû óäåëüíûõ îáúåìîâ.

Ðèñóíîê 2 Ïðèíöèïèàëüíàÿ ñõåìà áàëàíñîâîé ìàòðèöû óäåëüíûõ îáúåìîâ

ãäå: À - áàëàíñîâàÿ ìàòðèöà óäåëüíûõ îáúåìîâ, ýëåìåíòû êîòîðîé îòðàæàþò óäåëüíûå îáúåìû

i-îãî ðàñõîäíîãî èçìåðèòåëÿ â j-îé îïåðàöèè ïåðåâîçî÷íîãî ïðîöåññà;

Qi - îáúåì i-îé ðàáîòû (îïåðàöèè ïåðåâîçî÷íîãî ïðîöåññà);

Ð � âåêòîð çíà÷åíèé ðàñõîäíûõ èçìåðèòåëåé.

Ìåæäó Q è Ð èìååò ìåñòî ñëåäóþùåå áàëàíñîâîå ñîîòíîøåíèå: A * Q = P

Äëÿ ïîñòðîåíèÿ áàëàíñîâîé ìàòðèöû óäåëüíûõ îáúåìîâ âûáèðàåòñÿ âåêòîð îáúåìîâ ðàáîò Q.

Ðàáîòà Qj ñ îäíîé ñòîðîíû äîëæíà îáåñïå÷èâàòü ÷åòêîå ðàñïðåäåëåíèå ðàñõîäíûõ èçìåðèòåëåé,

âõîäÿùèõ â îïåðàöèþ ïåðåâîçî÷íîãî ïðîöåññà, ñ äðóãîé ñòîðîíû äîëæíà çàâèñåòü îò òåõ æå

ôàêòîðîâ, îò êîòîðûõ çàâèñÿò ýòè ðàñõîäíûå èçìåðèòåëè. Íàïðèìåð, â êà÷åñòâå Q ìîæíî áûëî

áû âçÿòü îáúåì òîííî-êì íåòòî äëÿ âñåõ îïåðàöèé ïåðåâîçî÷íîãî ïðîöåññà, íî ýòî ïðèâåëî áû ê

ñëîæíîìó âûðàæåíèþ äëÿ ýëåìåíòîâ ìàòðèöû À è ïîâëåêëî áû áîëüøèå ïîãðåøíîñòè. Ïîýòîìó â

êà÷åñòâå Qj ñëåäóåò âûáèðàòü ðàáîòû íàèáîëåå ïîëíî è òî÷íî îòðàæàþùèé õàðàêòåð è ñâîéñòâà

j-îé îïåðàöèè ïåðåâîçî÷íîãî ïðîöåññà.

Òàêèì îáðàçîì, áàëàíñîâàÿ ìàòðèöà óäåëüíûõ îáúåìîâ ïðåäñòàâëÿåò ñîáîé óäåëüíûå îáúåìû

ðàñõîäíûõ èçìåðèòåëåé, ïðèõîäÿùèõñÿ íà êàæäóþ îïåðàöèþ ïåðåâîçî÷íîãî ïðîöåññà.

Äëÿ ïîñòðîåíèÿ ýëåìåíòîâ aij ìàòðèöû óäåëüíûõ îáúåìîâ ðóêîâîäñòâóþòñÿ ñëåäóþùåé ëî-

ãèêîé. Îáúåì êàæäîãî i-ãî ðàñõîäíîãî èçìåðèòåëÿ ¾ðàçìàæåì¿ ïî îïåðàöèÿì ïåðåâîçî÷íîãî ïðî-

öåññà ïî âñåì óñëóãàì òàê, ÷òî Si =
∑

j sij ãäå sij - îáúåì i-ãî ðàñõîäíîãî èçìåðèòåëÿ, îòíåñåííûé

íà j-óþ îïåðàöèþ ïåðåâîçî÷íîãî ïðîöåññà. Òî åñòü, ïðè âûïîëíåíèè ïåðåâîçî÷íîãî ïðîöåññà ãðó-

çîâîé ïåðåâîç÷èê îñóùåñòâëÿåò ñâîè óñëóãè â îïðåäåëåííîì îáúåìå çà îïðåäåëåííûé ïåðèîä,

ñîîòâåòñòâåííî çà ýòîò ïåðèîä ãðóçîâîé ïåðåâîç÷èê âûïîëíÿåò îïðåäåëåííûé îáúåì îïåðàöèé

ïåðåâîçî÷íîãî ïðîöåññà â îáúåìå Qj . Ïðè âûïîëíåíèè óêàçàííûõ îïåðàöèé ïðèíèìàþò ó÷àñòèå

ñîîòâåòñòâóþùèå ó÷àñòíèêè ïåðåâîçî÷íîãî ïðîöåññà, îáúåìû ðàáîò êîòîðûõ èçìåðÿþòñÿ îáúå-

ìàìè ðàñõîäíûõ èçìåðèòåëåé Si. Èç òåõíîëîãè÷åñêîãî ïðîöåññà ïðîèçâîäñòâà óñëóã î÷åâèäíî,
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â êàêèõ îïåðàöèÿõ ó÷àñòâóåò êàæäûé ó÷àñòíèê ïåðåâîçî÷íîãî ïðîöåññà è êàêèå èçìåðèòåëè â

êàêîì îáúåìà ðàñõîäóþòñÿ íà âûïîëíåíèå ïîëó÷åííûõ îáúåìîâ îïåðàöèé. Ïîäåëèâ êîëè÷åñòâî

ðàñõîäíûõ èçìåðèòåëåé sij ïðèõîäÿùååñÿ íà íà j-óþ îïåðàöèþ íà îáúåì ýòîé îïåðàöèè, ïîëó÷èì

îáúåì ðàñõîäíîãî èçìåðèòåëÿ, ïðèõîäÿùèéñÿ íà åäèíèöó îïåðàöèè, êîòîðûé îáîçíà÷èì ÷åðåç aij.

Ìàòðèöà ñ ýëåìåíòàìè aij åñòü ìàòðèöà óäåëüíûõ îáúåìîâ, aij = sij
Qj

äëÿ ëþáûõ i, j. Ýëåìåíòû

aij ìàòðèöû óäåëüíûõ îáúåìîâ èìååò åäèíèöó èçìåðåíèÿ [Si]
[Qj ]

, ãäå [Qj ] - åäèíèöà èçìåðåíèÿ j-îé

îïåðàöèè, [Si] - åäèíèöà èçìåðåíèÿ i-îãî ðàñõîäíîãî èçìåðèòåëÿ.

Èç îïðåäåëåíèÿ ìàòðèöû óäåëüíûõ îáúåìîâ ïîëó÷àåì áàëàíñîâîå ñîîòíîøåíèå
∑

j aij ∗Qj =

Si, äëÿ ëþáûõ i. Âûïîëíåíèå äàííûõ áàëàíñîâûõ ñîîòíîøåíèé ãàðàíòèðóåò òî÷íîñòü ó÷åòà âñåõ

ðàñõîäîâ, îòíåñåííûõ íà êàæäóþ óñëóãó.

Êðîìå òîãî, êàæäûé èçìåðèòåëü è êàæäàÿ îïåðàöèÿ çàâèñÿò îò ôàêòîðîâ è èõ çíà÷åíèÿ ïðåä-

ñòàâëÿþò ñîáîé ìíîãîìåðíûé êóá, ñîîòâåòñòâåííî êàæäûé ýëåìåíò ìàòðèöû óäåëüíûõ îáúåìîâ

òàêæå çàâèñÿò îò ôàêòîðîâ. Äëÿ ó÷åòà âëèÿíèÿ ýòèõ ôàêòîðîâ íà ñåáåñòîèìîñòü, ïðè ðàñ÷åòå

ýëåìåíòîâ ìàòðèöû óäåëüíûõ îáúåìîâ, çíà÷åíèÿ ýëåìåíòîâ aij áóäóò ìåíÿòüñÿ â çàâèñèìîñòè îò

ôèêñèðîâàííûõ çíà÷åíèé ôàêòîðîâ. Ïðè ýòîì áàëàíñîâûå ñîîòíîøåíèÿ ñîõðàíÿþòñÿ, ÷òî ïîç-

âîëÿåò ïðàâèëüíî ó÷èòûâàòü ðàñõîäû, îòíåñåííûå íà êàæäóþ îïåðàöèþ ïðè ôèêñèðîâàííûõ

çíà÷åíèÿõ ôàêòîðîâ.

Äàëåå, óìíîæàÿ êàæäóþ ñòðîêó ìàòðèöû óäåëüíûõ îáúåìîâ íà ñîîòâåòñòâóþùèé âåêòîð ðàñ-

õîäíîé ñòàâêè, ïîëó÷èì òðåõìåðíóþ ìàòðèöó óäåëüíûõ ðàñõîäîâ bkij : bkij = aij ∗ rki , ãäå k �

íîìåð ýëåìåíòà çàòðàò. Ýëåìåíò ìàòðèöû óäåëüíûõ ðàñõîäîâ bkij ïîêàçûâàåò îáúåì k-ãî ýëåìåí-

òà çàòðàò íà åäèíèöó j-îé îïåðàöèè çà ñ÷åò i-ãî ðàñõîäíîãî èçìåðèòåëÿ. Ýëåìåíòû bkij ìàòðèöû

óäåëüíûõ ðàñõîäîâ èìåþò åäèíèöó èçìåðåíèÿ tenge
[Qj ]

. Âûáèðàÿ â êà÷åñòâå ðàñõîäíîé ñòàâêè, çà-

âèñÿùèå ðàñõîäíûå ñòàâêè, óñëîâíî-ïîñòîÿííûå ðàñõîäíûå ñòàâêè è ïîëíûå ðàñõîäíûå ñòàâêè

ìû ïîëó÷àåì òðè òðåõìåðíûõ êóáà � ìàòðèö óäåëüíûõ ðàñõîäîâ. Åñëè òåïåðü ñëîæèòü ýëåìåíòû

ìàòðèöû óäåëüíûõ ðàñõîäîâ ïî âñåì ðàñõîäíûì èçìåðèòåëÿì ìû ïîëó÷èì ñåáåñòîèìîñòè (çàâè-

ñÿùèå, óñëîâíî-ïîñòîÿííûå, ïîëíûå) êàæäîé îïåðàöèè dkj , ðàçëîæåííûå ïî ýëåìåíòàì çàòðàò:

dkj =
∑

i b
k
ij .

Îáîçíà÷èì ÷åðåç b̃kij , b̄
k
ij , b

k
ij , ñîîòâåòñòâåííî çàâèñÿùóþ, óñëîâíî- ïîñòîÿííóþ è ïîëíóþ ìàòðè-

öû óäåëüíûõ ðàñõîäîâ, à ÷åðåç d̃kj , d̄
k
j , d

k
j - çàâèñÿùèå, óñëîâíî-ïîñòîÿííûå è ïîëíûå ñåáåñòîèìîñòè

j-îé îïåðàöèè. Òîãäà b̃kij = aij ∗ r̃kj , b̄kij = aij ∗ r̄kj , bkij = aij ∗rkj , d̃kj =
∑

i b̃
k
ij , d̄

k
j =

∑
i b̄
k
ij , dj

k =
∑

i b
k
ij .

Â ôàêòîðíî-áàëàíñîâîì ìåòîäå äëÿ êàæäîé îïåðàöèè çàäàåòñÿ óäåëüíûé îáúåì îïåðàöèè , òî

åñòü îáúåì îïåðàöèè, ïðèõîäÿùèéñÿ íà åäèíèöó äîõîäíîãî èçìåðèòåëÿ óñëóãè.

Óìíîæàÿ ñåáåñòîèìîñòü êàæäîé îïåðàöèè íà åå óäåëüíûé îáúåì è ñêëàäûâàÿ èõ ïî âñåì

îïåðàöèÿì êîíêðåòíîé óñëóãè èëè êîíêðåòíîãî äîõîäíîãî èçìåðèòåëÿ ïîëó÷èì ñåáåñòîèìîñòü

ýòîé óñëóãè èëè äîõîäíîãî èçìåðèòåëÿ óñëóãè. Òàêèì îáðàçîì, çàâèñÿùàÿ, óñëîâíî-ïîñòîÿííàÿ è

ïîëíàÿ ñåáåñòîèìîñòè óñëóãè âû÷èñëÿþòñÿ ïî ôîðìóëàì:

c̃k =
∑
j

d̃kj ∗ uj , c̄k =
∑
j

d̄kj ∗ uj , ck = sumjd
k
j ∗ uj ,

ãäå c̃k, c̄k, ck - k-ûé ýëåìåíò çàòðàò çàâèñÿùåé, óñëîâíî-ïîñòîÿííîé è ïîëíîé ñåáåñòîèìîñòè.

Ñóììà çàâèñÿùåé è óñëîâíî-ïîñòîÿííîé ñåáåñòîèìîñòè äàåò ïðîèçâîäñòâåííóþ ñåáåñòîèìîñòü,

òî åñòü ckpr = c̃k + c̄k.

Ïðèâåäåííûé àëãîðèòì ïîçâîëÿåò ïîëó÷èòü çíà÷åíèå ñåáåñòîèìîñòè íå òîëüêî ïî ýëåìåíòàì

çàòðàò, íî è ïî îïåðàöèÿì óñëóãè, à òàêæå ïî ó÷àñòíèêàì ïåðåâîçî÷íîãî ïðîöåññà, ÷òî âèäíî èç
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ïðèâåäåííûõ íèæå îêîí÷àòåëüíûõ ôîðìóë ðàñ÷åòà ñåáåñòîèìîñòè.

c =
∑
i

∑
j

∑
k

bkij ∗ uj ,

Çàâèñÿùàÿ è óñëîâíî-ïîñòîÿííàÿ ÷àñòè ñåáåñòîèìîñòè îïðåäåëÿþòñÿ ôîðìóëàìè:

c̃ =
∑
i

∑
j

∑
k

b̃kij ∗ uj ,

c̄ =
∑
i

∑
j

∑
k

b̄kij ∗ uj ,

Ïðîèçâîäñòâåííàÿ ñåáåñòîèìîñòü îïðåäåëÿåòñÿ ôîðìóëîé

cpr =
∑
i

∑
j

∑
k

(b̃kij + b̄kij) ∗ uj ,

ãäå uj - óäåëüíûå îáúåìû îïåðàöèé ñîîòâåòñòâóþùåé óñëóãè.

Äëÿ ó÷åòà âëèÿíèÿ ôàêòîðîâ íà ñåáåñòîèìîñòü ïåðåä ðàñ÷åòîì çàôèêñèðóåì çíà÷åíèÿ îäíîãî

èëè íåñêîëüêèõ ôàêòîðîâ. Òîãäà ïðè ðàñ÷åòå âìåñòî ðàñõîäíûõ èçìåðèòåëåé è îáúåìîâ îïåðàöèé

ïåðåâîçî÷íîãî ïðîöåññà, à òàêæå âìåñòî ðàñõîäíûõ ñòàâîê íåîáõîäèìî èñïîëüçîâàòü çíà÷åíèÿ

ñîîòâåòñòâóþùèõ äî÷åðíèõ ïîêàçàòåëåé, îáðàçîâàííûõ îò çàôèêñèðîâàííûõ çíà÷åíèé ôàêòîðîâ.

Òàêèì îáðàçîì ñ ïîìîùüþ äàííîé èíñòðóìåíòàëüíîé ñðåäû âîçìîæíî ñîçäàíèå ìîäåëåé ëþ-

áîé ïðåäìåòíîé îáëàñòè. Äëÿ ýòîãî ïîëüçîâàòåëþ íåîáõîäèìî óñâîèòü ïîíÿòèéíûé àïïàðàò äàí-

íîé òåõíîëîãèè, êîòîðûé îñíîâûâàåòñÿ íà îáúåêòíî-îðèåíòèðîâàííîì ïîäõîäå (ÎÎÏ). Ïîìèìî

ñóùíîñòåé ÎÎÏ, â ÒÎÔÈ èìåþòñÿ è äðóãèå, êîòîðûå ïðåäíàçíà÷åíû äëÿ îïèñàíèÿ ñâîéñòâ îáú-

åêòîâ. Ïîñëå òîãî, êàê ïîëüçîâàòåëåì áûëè óñâîåíû ñóùíîñòè ÒÎÔÈ è èõ ïðåäíàçíà÷åíèå, ïðè-

ñòóïàþò ê îñíîâíîìó ïðîöåññó, ò.å. ìîäåëèðîâàíèþ. Ïðè ýòîì ïîëüçîâàòåëü ñòðîèò ìîäåëü, òàê

êàê åìó óäîáíî è íóæíî, áåç êàêèõ ëèáî îãðàíè÷åíèé. Äàëåå ìîäåëü ìîæåò áûòü íàïîëíåíà

èíôîðìàöèîííûì ñîäåðæàíèåì, è ìîæåò ïðèìåíÿòüñÿ äëÿ ìîíèòîðèíãà, ïðîâåäåíèÿ ðàçëè÷íûõ

ðàñ÷åòîâ, çàðàíåå ðåàëèçîâàííûõ â ìîäóëå ðàçðàáîòêè ìîäåëè.
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ÐÅØÅÍÈÉ ÇÀÄÀ×È ÊÎØÈ ÄËß ÓÐÀÂÍÅÍÈÉ ÍÀÂÜÅ-ÑÒÎÊÑÀ

À.À. Äóðìàãàìáåòîâ, Ë.Ñ. Ôàçûëîâà

Êîìïàíèÿ ñèñòåìíûõ èññëåäîâàíèé 'Ôàêòîð'

Abstract. The article considers the estimation of the derivatives of Fourier transforms of the

Cauchy problem for the Navier-Stokes equations. received global estimates for these derivatives are

obtained for the global uniform estimates for these derivatives

Keywords: Fourier transform, Cauchy problem, Navier-Stokes equations.

À­äàòïà. À­äàòïà. Ìà©àëàäà Íàâüå-Ñòîêñ òå­äåóëåðiíå ©îéûë¡àí Êîøè åñåáiíi­ øåøiì-

äåðiíi­ Ôóðüå ò³ðëåíäiðóëåðiíi­ òóûíäûëàðûíû­ àïðèîðëû© áà¡àëàóëàðû ©àðàñòûðûë¡àí.

Êiëòòiê ñ°çäåð: Íàâüå-Ñòîêñ, Êîøè,Ôóðüå.

Àííîòàöèÿ. Â ðàáîòå ïîëó÷åíû ðàâíîìåðíûå îöåíêè ïðîèçâîäíûõ ïðåîáðàçîâàíèé Ôóðüå

ðåøåíèé çàäà÷è Êîøè äëÿ óðàâíåíèé Íàâüå-Ñòîêñà.

Êëþ÷åâûå ñëîâà: Íàâüå-Ñòîêñà,Êîøè, îáðàçîâàíèÿ,Ôóðüå.

Ââåäåíèå

Â ìíîãî÷èñëåííûõ èññëåäîâàíèÿõ ïî óðàâíåíèÿì Íàâüå-Ñòîêñà èññëåäóåòñÿ âîïðîñ î ãëàäêî-

ñòè ðåøåíèé ýòèõ óðàâíåíèé. Õîðîøèé îáçîð ïî ýòèì âîïðîñàì èìååòñÿ â [1], [2].

Êëàññè÷åñêèå ðåçóëüòàòû â ýòîì íàïðàâëåíèè îòíîñÿòñÿ ê äèôôåðåíöèðóåìîñòè ðåøåíèé ïî

ïðîñòðàíñòâåííûì ïåðåìåííûì.

Äèôôåðåíöèðóåìîñòü ðåøåíèé äåéñòâèòåëüíî îäèí âàæíåéøèõ àñïåêòîâ èññëåäîâàíèÿ ïî-

âåäåíèÿ ðåøåíèé óðàâíåíèé, òàê îòâå÷àåò íà ìíîãèå âîïðîñû ïîâåäåíèÿ ðåøåíèé â íàñòîÿùåì

áóäóùåì.

B ñàìîå ãëàâíîå íàçíà÷åíèå ýòèõ èññëåäîâàíèé ýòî èõ îòíîøåíèå ê òóðáóëåíòíîñòè. Î÷åâèä-

íî äèôôåðåíöèðóåìûå ðåøåíèÿ íå ïðèâîäÿò ê îïèñàíèþ òóðáóëåíòíîñòè. Íî ñ äðóãîé ñòîðîíû

ïîëó÷èòü ãëîáàëüíóþ ðàçðåøèìîñòü è äèôôåðåíöèðóåìîñòü íå óäà¼òñÿ ïîýòîìó îñòà¼òñÿ âîïðîñ

êîãäà ýòè óðàâíåíèÿ îïèñûâàþò òóðáóëåíòíîñòü. Ïîýòîìó ïîÿâëÿåòñÿ âîïðîñû êàêîâû ñâîéñòâà

ïðåîáðàçîâàíèÿ Ôóðüå ðåøåíèé óðàâíåíèé Íàâüå-Ñòîêñà è êàê îíè îòíîñÿòñÿ ê âîïðîñó òóð-

áóëåíòíîñòè, è ÿâëÿþòñÿ îíè äèôôåðåíöèðóåìûìè. Îòâåòèâ íà âîïðîñ î äèôôåðåíöèðóåìîñòè

ïðåîáðàçîâàíèÿ Ôóðüå ðåøåíèé óðàâíåíèé Íàâüå-Ñòîêñà, ìû ïîäõîäèì â ïëîòíóþ ê âîïðîñó î

ïîÿâëåíèè èëè èñ÷åçíîâåíèè ðåçîíàíñîâ. Ò.å ïðè äèôôåðåíöèðóåìîñòè ïðåîáðàçîâàíèÿ Ôóðüå

ðåøåíèé óðàâíåíèé Íàâüå-Ñòîêñà îçíà÷àåò ÷òî íå ñóùåñòâóþò áîëüøèõ ïîòîêîâ ýíåðãèè îò ìà-

ëûõ ãàðìîíèê ê áîëüøèì ÷òî îçíà÷àåò íåâîçìîæíîñòè âîçíèêíîâåíèè òóðáóëåíòíîñòè. Òàêèì

îáðàçîì ïîëó÷åíèå ðàâíîìåðíûõ ãëîáàëüíûõ îöåíîê ïðåîáðàçîâàíèÿ Ôóðüå ðåøåíèé óðàâíåíèé

Íàâüå-Ñòîêñà ïîêàçûâàåò ÷òî è ñàì ïðèíöèï ìîäåëèðîâàíèÿ ñëîæíûõ òå÷åíèé è ðàñ÷åòîâ äîë-

æåí îáîñíîâûâàòüñÿ â òåðìèíàõ ïðåîáðàçîâàíèé Ôóðüå. Àâòîðû ïðîäîëæàþò çàíèìàòüñÿ ýòèìè
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âîïðîñàìè â ðàìêàõ ìîäåëèðîâàíèÿ ñëîæíûõ ìåòåîðîëîãè÷åñêèõ âîïðîñàõ ïðîãíîçèðîâàíèÿ ïî-

ãîäû è äàííàÿ ñòàòüÿ ÿâëÿåòñÿ òåîðåòè÷åñêèì îáîñíîâàíèåì ýòîãî ïîäõîäà.

Çàäà÷à Êîøè äëÿ óðàâíåíèé Íàâüå-Ñòîêñà

Ðàññìîòðèì çàäà÷ó Êîøè äëÿ ñèñòåìû óðàâíåíèé Íàâüå-Ñòîêñà:

qt − ν∆q +

3∑
k=1

qkqxk = −∇p+ F0(x, t), divq = 0, (1)

q|t=0 = q0(x) (2)

â îáëàñòè QT = R3 × (0, T ). Îòíîñèòåëüíî q0 ïðåäïîëîæèì, ÷òî

div q0 = 0. (3)

Çàäà÷à (1), (2), (3) èìååò, ïî êðàéíåé ìåðå, îäíî ñëàáîå ðåøåíèå (q, p) â òàê íàçûâàåìîì êëàññå

Ëåðýé-Õîïôà [1].

Ïðèâåäåì èçâåñòíûå óòâåðæäåíèÿ, äîêàçàííûå â [1].

Òåîðåìà 1 Åñëè

q0 ∈W 1
2 (R3), f ∈ L2(QT ), (4)

òî ñóùåñòâóåò åäèíñòâåííîå îáîáùåííîå ðåøåíèå çàäà÷è (1), (2), (3) â QT1 , T1 ∈ [0, T ], óäîâëåòâî-

ðÿþùåå ñëåäóþùèì óñëîâèÿì:

qt, qxx, ∇p ∈ L2(QT ). (5)

Îòìåòèì, ÷òî T1 çàâèñèò îò q0, f .

Ëåììà 1 Ïóñòü q0 ∈W 1
2 (R3), f ∈ L2(QT ), òîãäà

sup
0≤t≤T

||q||2L2(R3) +

t∫
0

||qx||2L2(R3)dτ ≤ ||q0||2L2(R3) + ||F0||L2(QT ). (6)

Íàøà öåëü ïîëó÷èòü ãëîáàëüíûå îöåíîê ïðîèçâîäíûõ ïðåîáðàçîâàíèé Ôóðüå ðåøåíèé óðàâ-

íåíèé Íàâüå-Ñòîêñà (1), (2), (3) áåç óñëîâèé ìàëîñòè íà÷àëüíîé ñêîðîñòè è ñèëû.

Ïîëó÷èì äëÿ ýòîãî ðàâíîìåðíûå ïî âðåìåíè îöåíêè. Èñïîëüçóåì ñëåäóþùèå îáîçíà÷åíèÿ:

q̃(k) =

∫
R3

q(x)ei(k,x)dx, q̃(k − l)) =

∫
R3

q(x)ei(k−l,x)dx, (7)

q̃ñð(k) =

∫
R3

q̃(k − l))δ(|k|2 − |l|2)dl, z = |k| (8)

Óòâåðæäåíèå 1. Ðåøåíèå çàäà÷è (1), (2), (3) èç òåîðåìû 1 óäîâëåòâîðÿåò ñëåäóþùåìó ðàâåí-

ñòâó:

q̃(z(ek − eλ), t) = q̃0(z(ek − eλ)) + +

t∫
0

e−νz
2|ek−eλ|(t−τ)( ˜[(q,∇)q] + F̃ )(z(ek − eλ), τ)dτ, (9)
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ãäå F = −∇p+ F0.

Äîêàçàòåëüñòâî ñëåäóåò èç îïðåäåëåíèÿ ïðåîáðàçîâàíèÿ Ôóðüå è ôîðìóë äëÿ ëèíåéíûõ äèô-

ôåðåíöèàëüíûõ óðàâíåíèé.

Ëåììà 2 Ðåøåíèå çàäà÷è (1), (2), (3) èç òåîðåì 1 óäîâëåòâîðÿåò ðàâåíñòâó

p̃ =
∑
i,j

kikj
|k|2

˜qiqj + i
∑
i

ki
|k|2

F̃i (10)

è ñëåäóþùèì îöåíêàì:

||p||L2(R3) ≤ 3||qx||
3
2

L2(R3)
||q||

1
2

L2(R3)
, (11)∣∣∣∣∂p̃∂k

∣∣∣∣ ≤ |q̃2|
|k|

+
|F̃ |
|k|2

+
1

|k|

∣∣∣∣∣∂F̃∂k
∣∣∣∣∣+ 3

∣∣∣∣ ∂q̃2

∂|k|

∣∣∣∣ ; (12)

Ïðåäñòàâëåíèå äëÿ p ïîëó÷èì, èñïîëüçóÿ div è ïðåîáðàçîâàíèå Ôóðüå. Îöåíêè ñëåäóþò èç

ïîëó÷åííîãî ïðåäñòàâëåíèÿ.

Ëåììà 2 äîêàçàíà.

Ëåììà 3 Ðåøåíèå çàäà÷è (1), (2), (3) èç òåîðåìû 1 óäîâëåòâîðÿåò ñëåäóþùèì íåðàâåíñòâàì:

sup
0≤t≤T

∫
R3

|x|2|q(x, t)|2dx+

t∫
0

∫
R3

|x|2|qx(x, τ)|2dxdτ

 ≤ const, (13)

sup
0≤t≤T

∫
R3

|x|4|q(x, t)|2dx+

t∫
0

∫
R3

|x|4|qx(x, τ)|2dxdτ

 ≤ const, (14)

èëè

sup
0≤t≤T

∣∣∣∣∣∣∣∣∂q̃∂z
∣∣∣∣∣∣∣∣
L2(R3)

+

t∫
0

∫
R3

z2|q̃k(k, τ)|2dkdτ

 ≤ const, (15)

sup
0≤t≤T

∣∣∣∣∣∣∣∣∂2q̃

∂z2

∣∣∣∣∣∣∣∣
L2(R3)

+

t∫
0

∫
R3

z2| ˜qkk(k, τ)|2dkdτ

 ≤ const. (16)

Äîêàçàòåëüñòâî ñëåäóåò èç óðàâíåíèé Íàâüå-Ñòîêñà, ïåðâîé àïðèîðíîé îöåíêè, ñôîðìóëèðî-

âàííîé â ëåììå 1, è èç ëåììû 2.

Ëåììà 3 äîêàçàíà.

Ëåììà 4 Ðåøåíèå çàäà÷è (1), (2), (3) èç òåîðåìû 1 óäîâëåòâîðÿåò ñëåäóþùèì íåðàâåíñòâàì:

max
k
|q̃| ≤ max

k
|q̃0|+

T

2
sup

0≤t≤T
||q||2L2(R3) +

t∫
0

||qx||2L2(R3)dτ, (17)

max
k

∣∣∣∣∂q̃∂z
∣∣∣∣ ≤ max

k

∣∣∣∣∂q̃0

∂z

∣∣∣∣+
T

2
sup

0≤t≤T

∣∣∣∣∣∣∣∣∂q̃∂z
∣∣∣∣∣∣∣∣
L2(R3)

+

t∫
0

∫
R3

z2|q̃k(k, τ)|2dkdτ, (18)

max
k

∣∣∣∣∂2q̃

∂z2

∣∣∣∣ ≤ max
k

∣∣∣∣∂2q̃0

∂z2

∣∣∣∣+
T

2
sup

0≤t≤T

∣∣∣∣∣∣∣∣∂2q̃

∂z2

∣∣∣∣∣∣∣∣
L2(R3)

+

t∫
0

∫
R3

z2| ˜qkk(k, τ)|2dkdτ. (19)

Ýòè îöåíêè ïîëó÷èì èç ïðåäñòàâëåíèÿ 9, èñïîëüçóÿ ðàâåíñòâî Ïàðñåâàëÿ, íåðàâåíñòâî Êîøè-
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Áóíÿêîâñêîãî, óòâåðæäåíèå ëåììû 3.

Ëåììà 4 äîêàçàíà.

Ëåììà 5 Ðåøåíèå çàäà÷è (1), (2), (3) èç òåîðåìû 1 óäîâëåòâîðÿåò ñëåäóþùèì íåðàâåíñòâàì:

|q̃ñð(z, t)| ≤ zM1,

∣∣∣∣∂q̃ñð(z, t)

∂z

∣∣∣∣ ≤ zM2,

∣∣∣∣∂2q̃ñð(z, t)

∂z2

∣∣∣∣ ≤ zM3, (20)

ãäå M1, M2, M3 îãðàíè÷åíû.

Äîêàæåì ïåðâóþ îöåíêó. Èç îïðåäåëåíèÿ äëÿ ñðåäíåãî îò q è óòâåðæäåíèÿ Ëåìì 3, Ëåìì 4

ñëåäóþò íåðàâåíñòâà

|q̃ñð(z, t)| ≤ z

2

π∫
0

2π∫
0

|q̃(z(ek − ep), t)|dep ≤ 2πzmax
k
|q̃| ≤ zM1, (21)

ãäå M1 = const.

Îñòàëüíûå îöåíêè äîêàçûâàþòñÿ àíàëîãè÷íî.

Ëåììà 5 äîêàçàíà. Ëåììà 6 Ðåøåíèå çàäà÷è (1), (2), (3) èç òåîðåìû 1 óäîâëåòâîðÿåò íåðàâåíñòâàì

Ci ≤ const, (i = 0, 2, 4), ãäå

C0 =

t∫
0

|F̃1|2dτ, F1 = (q,∇)q + F,C2 =

t∫
0

∣∣∣∣∣∂F̃1

∂z

∣∣∣∣∣
2

dτ, C4 =

t∫
0

∣∣∣∣∣∂2F̃1

∂z2

∣∣∣∣∣
2

dτ. (22)

Äîêàçàòåëüñòâî ñëåäóåò èç àïðèîðíîé îöåíêè, ëåììû 1 è óòâåðæäåíèÿ Ëåìì3.

Ëåììà 6 äîêàçàíà. Ëåììà 7 Ïóñòü q ∈ R, max
k
|q̃| <∞, òîãäà

∫
R3

∫
R3

q(x)q(y)

|x− y|2
dxdy ≤ C(|q|L2 + max

k
|q̃|)2. (23)

Èñïîëüçóÿ òåîðåìó Ïëàíøåðåëÿ, ïîëó÷èì óòâåðæäåíèå ëåììû.

Ëåììà 7 äîêàçàíà.

Ðàáîòà âûïîëíåíà â ðàìêàõ ìåæäóíàðîäíîãî ïðîåêòà "Ñîâìåñòíûå êàçàõñòàíñêî-èíäèéñêèå

èññëåäîâàíèÿ âëèÿíèÿ àíòðîïîãåííûõ ôàêòîðîâ íà àòìîñôåðíûå ÿâëåíèÿ íà îñíîâå ìîäåëè ÷èñ-

ëåííîãî ïðîãíîçà ïîãîäû WRF (Weather Research and Forecasting)" ïî çàêàçó Ìèíèñòåðñòâà îá-

ðàçîâàíèÿ è íàóêè ÐÊ.
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ÏÐÎÅÊÒÈÐÎÂÀÍÈÅ Â ÒÎÔÈ ÈÍÔÎÐÌÀÖÈÎÍÍÎÉ ÌÎÄÅËÈ

ÑÈÑÒÅÌÛ ÓÏÐÀÂËÅÍÈß ÐÅÃÈÎÍÎÌ

Ë.Á. Ìåéðàìáåêîâà, Í.À. Ôèøåð

Íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò ýêîíîìèêè è èíôîðìàòèçàöèè òðàíñïîðòà, òåëåêîììóíèêàöèè

Abstract. This paper describes the ability to create automatically adaptable to the new conditions

of functioning information-analytical system through the use of unchanged constant physical struc-

ture of the database TOFI.

The article covers the following questions:

- task management system region;

- automation process: requirements, characteristics and stages;

- conceptual framework for information models management system region;

- performance criteria for the automated system.

Keywords: domain knowledge, conceptual model of the system, entity.

À­äàòïà. Áåðiëãåí ìà©àëàäà ÒÎÔÈ °çãåðiññiç ò´ðà©òû òàáè¡è äåðåê©îð ©´ðûëûìûíû­ ©îë-

äàíûñû ñàëäàðûíàí à©ïàðàòòû-òàëäàó æ³éåñiíi­ ©ûçìåò åòóiíi­ æà­à øàðòòàðûíà àâòîìàòòû

áåéiìäåëãåí æàñàó ì³ìêiíäiêòåði ñèïàòòàë¡àí.

Ìà©àëà êåëåñiäåé ñ´ðà©òàðäû àøûï ê°ðñåòåäi:

- àéìà©òû áàñ©àðó ñ´ðà©òàðû;

- àâòîìàòòàíäûðó ïðîöåññòåði:òàëàïòàð, íåãiçãiëåði æºíå êåçå­äåði;

- àéìà©òû áàñ©àðó æ³éåñi à©ïàðàòòû© ìîäåëiíi­ ò´æûðûìäàìàëû© ñûçáàñû;

- àâòîìàòòàíäûðûë¡àí æ³éåíi­ òèiìäiëiê áåëãiëåði.

Êiëòòiê ñ°çäåð: çàòòû© àéìà©, æ³éåíi­ êîíöåïòóàëüäû ìîäåëi, íåãiç, ÒÎÔÈ.

Àííîòàöèÿ. Â íàñòîÿùåé ñòàòüå îïèñàíû âîçìîæíîñòè ñîçäàíèÿ àâòîìàòè÷åñêè àäàïòèðóå-

ìîé ê íîâûì óñëîâèÿì ôóíêöèîíèðîâàíèÿ èíôîðìàöèîííî-àíàëèòè÷åñêîé ñèñòåìû áëàãîäàðÿ

èñïîëüçîâàíèþ íåèçìåííîé ïîñòîÿííîé ôèçè÷åñêîé ñòðóêòóðû áàçû äàííûõ ÒÎÔÈ.

Ñòàòüÿ ðàñêðûâàåò ñëåäóþùèå âîïðîñû:

- çàäà÷è ñèñòåìû óïðàâëåíèÿ ðåãèîíîì;

- ïðîöåññ àâòîìàòèçàöèè: òðåáîâàíèÿ, îñîáåííîñòè è ýòàïû;

- êîíöåïòóàëüíàÿ ñõåìà èíôîðìàöèîííîé ìîäåëè ñèñòåìû óïðàâëåíèÿ ðåãèîíîì;

- êðèòåðèè ýôôåêòèâíîñòè àâòîìàòèçèðîâàííîé ñèñòåìû.

Êëþ÷åâûå ñëîâà: ïðåäìåòíàÿ îáëàñòü, êîíöåïòóàëüíàÿ ìîäåëü ñèñòåìû, ñóùíîñòü, ÒÎÔÈ.

Èíôîðìàöèîííî-àíàëèòè÷åñêàÿ ïîääåðæêà óïðàâëåíèÿ ðåãèîíîì îðèåíòèðîâàíà íà:

1) Ìîíèòîðèíã, êîìïëåêñíûé àíàëèç è îöåíêà ðàçâèòèÿ ñèòóàöèè â ðåãèîíå â ñôåðå ñîöèàëüíî-

ýêîíîìè÷åñêèõ è îáùåñòâåííî-ïîëèòè÷åñêèõ ïðîöåññîâ

2) Ìîíèòîðèíã è îöåíêà îïåðàòèâíîé îáñòàíîâêè â ñôåðå îáùåñòâåííîé áåçîïàñíîñòè è ÷ðåç-

âû÷àéíûõ ñèòóàöèé â ðåãèîíå

3) Ìîíèòîðèíã àêòóàëüíîãî ñîñòîÿíèÿ îáúåêòîâ, íàõîäÿùèõñÿ íà êîíòðîëå àêèìàòà, è êîí-

òðîëü èñïîëíåíèÿ ïëàíîâ ïðîâåäåíèÿ ðàáîò
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4) Àíàëèç è îöåíêà ñîöèàëüíî-ýêîíîìè÷åñêîãî ðàçâèòèÿ ðàéîíîâ.

Ïî ñóòè, çàäà÷è ìîíèòîðèíãà è àíàëèçà ïðåäñòàâëÿþò ñîáîé ñëåäóþùèé ïðîöåññ:

1) Ñáîð îáúåêòèâíûõ è ñóáúåêòèâíûõ äàííûõ î ñîñòîÿíèè îáúåêòîâ, ñóáúåêòîâ, ïðîöåññîâ

2) Îïðåäåëåíèå ôàêòè÷åñêîãî ñîñòîÿíèÿ â êîìïëåêñå

3) Âûÿâëåíèå òåíäåíöèé è äèíàìèêè èçìåíåíèé

4) Âûÿâëåíèå ïðîáëåìíûõ ñôåð è îñíîâíûõ âëèÿþùèõ ôàêòîðîâ.

Ìåòîäû ïðîâåäåíèÿ ìîíèòîðèíãà ðàçíîîáðàçíû è èõ ïðèìåíåíèå çàâèñèò îò èçó÷àåìîé ñôåðû

äåÿòåëüíîñòè èëè àíàëèçèðóåìîãî íàïðàâëåíèÿ (íàïðèìåð, ñîöèàëüíî-ýêîíîìè÷åñêàÿ ñôåðà èëè

òåìïû âûïîëíåíèÿ ñòðîèòåëüíûõ ðàáîò) è ïðèíÿòûõ ìåòîäèê ïîñëåäóþùåãî àíàëèçà:

- ïîëó÷åíèå ïåðâè÷íûõ äàííûõ èç èíôîðìàöèîííûõ ñèñòåì;

- ïîëó÷åíèå ñòàòèñòè÷åñêîé èíôîðìàöèè;

- ïðîâåäåíèå ñîöèîëîãè÷åñêèõ îïðîñîâ;

- ôîòîñúåìêà;

- ìîíèòîðèíã ÑÌÈ.

Ïðè ïîñëåäóþùåì ïðîâåäåíèè àíàëèçà ïî êîíòðîëèðóåìûì ïàðàìåòðàì òàê æå èñïîëüçóþòñÿ

ðàçëè÷íûå ìåòîäû, íàïðèìåð:

- ñðàâíåíèå ñ öåëåâûìè ïîêàçàòåëÿìè (ïëàí/ôàêò);

- àíàëèç íàïðàâëåíèÿ è äèíàìèêè èçìåíåíèé;

- ñðàâíåíèå ñ ðåòðîñïåêòèâíûì ñîñòîÿíèåì èëè äèíàìèêîé;

- ôîðìèðîâàíèå àãðåãèðîâàííûõ ïîêàçàòåëåé è ðàíæèðîâàíèå ðàññ÷èòàííûõ çíà÷åíèé,

- èíäèêàòèâíûé àíàëèç.

Òàêèì îáðàçîì, ìîæíî âûäåëèòü äâå îñîáåííîñòè èíôîðìàöèîííî-àíàëèòè÷åñêîé ïîääåðæêè

óïðàâëåíèÿ ðåãèîíîì:

1) Áîëüøîé ïîòîê èíôîðìàöèè: ïîêàçàòåëè, îïðåäåëåíû ðàçëè÷íûìè íîðìàòèâíûìè è îðãà-

íèçàöèîííûìè àêòàìè è ïîñòóïàþò èç ðàçëè÷íûõ îòðàñëåâûõ è âåäîìñòâåííûõ ñòðóêòóð. Ïîòîê

ýòîò ïîñòîÿííî ìåíÿåòñÿ è ðàñòåò, òàê êàê ìåíÿþòñÿ ðåøàåìûå çàäà÷è è îêðóæàþùàÿ äåéñòâè-

òåëüíîñòü

2) Èñïîëüçóþòñÿ â îñíîâíîì èíòåãðàëüíûå (îáîáùåííûå) ïîêàçàòåëè, íî âñåãäà òðåáóåòñÿ

îáåñïå÷èâàòü îïåðàòèâíûé ïåðåõîä ê ðàñøèôðîâêå ïîëó÷åííîãî èíòåãðàëüíîãî ïîêàçàòåëÿ äëÿ

âûÿâëåíèÿ îñíîâíûõ âëèÿþùèõ ïåðâè÷íûõ ïîêàçàòåëåé. Èíòåãðàëüíûå ïîêàçàòåëè ÷àñòî èñïîëü-

çóþòñÿ â êà÷åñòâå êðèòåðèåâ äîñòèæåíèÿ öåëåé óïðàâëåíèÿ ðåãèîíîì è äëÿ îïðåäåëåíèÿ êëþ÷å-

âûõ íàïðàâëåíèé óëó÷øåíèÿ ñîöèàëüíî-ýêîíîìè÷åñêîé ñèòóàöèè â ðåãèîíå. Ðàçðàáîòêà ïîäîáíûõ

ïîêàçàòåëåé ñîïðîâîæäàåòñÿ îïðåäåëåíèåì öåëåâûõ çíà÷åíèé, ñ êîòîðûìè áóäåò âûïîëíÿòüñÿ ñî-

ïîñòàâëåíèå ïîëó÷àåìûõ ðåçóëüòàòîâ, ïðîðàáîòêîé ðåãëàìåíòà ìîíèòîðèíãà, â ïðîöåññå êîòîðîãî

áóäåò âûïîëíÿòüñÿ ñáîð ïîêàçàòåëåé ïî ðàçëè÷íûì èñòî÷íèêàì äàííûõ.

Â ïðîöåññå èíôîðìàöèîííî-àíàëèòè÷åñêîé ïîääåðæêè óïðàâëåíèÿ ðåãèîíîì âûäåëÿþòñÿ òðè

ðîëè:

- Ñïåöèàëèñòû, çàíèìàþùèåñÿ ïîäãîòîâêîé äàííûõ äëÿ ïðèíÿòèÿ ðåøåíèé

- Ñïåöèàëèñòû, çàíèìàþùèåñÿ îáíàðóæåíèåì è àíàëèçîì ñîöèàëüíî-ýêîíîìè÷åñêèõ, îáùåñò-

âåííî-ïîëèòè÷åñêèõ è òåõíîãåííûõ óãðîç è êðèçèñíûõ ñèòóàöèé

- Ëèöà, ïðèíèìàþùèå ðåøåíèÿ.

Ñïåöèàëèñòû � àíàëèòèêè íóæäàþòñÿ â íàñòðàèâàåìîì êîíñòðóêòîðå ñ ïîíÿòíûì èíòåðôåé-

ñîì ìîäåëèðîâàíèÿ è àäàïòèðóåìîì ïîä ïîñòàâëåííûå çàäà÷è, à ëèöà, ïðèíèìàþùèå ðåøåíèÿ �

â èíôîðìàöèîííûõ ïàíåëÿõ, íà êîòîðûõ ðàçìåùàåòñÿ ðàçíîîáðàçíàÿ èíôîðìàöèÿ.
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Â èòîãå, èíôîðìàöèîííî-àíàëèòè÷åñêàÿ ñèñòåìà óïðàâëåíèÿ ðåãèîíîì (ÈÀÑ ÓÐ) äîëæíà

ïðåäñòàâëÿòü ñîáîé èíñòðóìåíò ãèáêîé íàñòðîéêè è ýêñïëóàòàöèè ñðåäñòâ ìîíèòîðèíãà, àíàëèçà

è ïîñëåäóþùåé îöåíêè/ïðîãíîçèðîâàíèÿ ñèòóàöèè â öåëÿõ îïåðàòèâíûõ è ñòðàòåãè÷åñêèõ çàäà÷

ðåãèîíà.

Àâòîìàòèçàöèÿ äàííûõ çàäà÷ ïðåäïîëàãàåò ñëåäóþùèå ýòàïû:

Ïðîöåññ ñîçäàíèÿ ÈÀÑ äëÿ ðåøåíèÿ çàäà÷ â ñëîæíûõ è ñëàáîôîðìàëèçîâàííûõ ïðåäìåòíûõ

îáëàñòÿõ õàðàêòåðèçóåòñÿ ìíîãîêðàòíûìè èçìåíåíèÿìè â òðåáîâàíèÿõ â ñâÿçè ñ ðàçëè÷íûìè

óòî÷íåíèÿìè è äîïîëíåíèÿìè ôóíêöèîíàëüíîñòè è ìîäåëè ïðåäìåòíîé îáëàñòè. Èçìåíåíèÿ â òðå-

áîâàíèÿõ îáóñëîâëèâàþò íåîáõîäèìîñòü âíåñåíèÿ èçìåíåíèé â ðàçðàáîòàííûå ôóíêöèîíàëüíûå

ìîäóëè, ñòðóêòóðó áàçû äàííûõ, áàçû çíàíèé è ïîëüçîâàòåëüñêèé èíòåðôåéñ èíôîðìàöèîííî-

àíàëèòè÷åñêîé ñèñòåìû. Â ñâîþ î÷åðåäü, íåîáõîäèìîñòü ìîäèôèêàöèè ðàçðàáàòûâàåìîé ñèñòå-

ìû íà çàâåðøàþùèõ ñòàäèÿõ ïðîåêòà, êîãäà ñòîèìîñòü âíåñåíèÿ èçìåíåíèé ìàêñèìàëüíà, ìîæåò

âûçâàòü êðàõ ïðîåêòà èëè æå ñîçäàíèå íåêà÷åñòâåííîé ÈÀÑ. Èñõîäÿ èç ñïåöèôèêè óïðàâëåíèÿ

ðåãèîíîì ñòðóêòóðà èíôîðìàöèîííîé ìîäåëè ñèñòåìû, äîëæíà ïðåäîñòàâëÿòü âîçìîæíîñòü îïå-

ðèðîâàòü ëþáûìè äàííûìè, ïðåäñòàâëÿÿ èõ â ñêîëü óãîäíî áîëüøîì êîëè÷åñòâå èçìåðåíèé, ëåãêî

ðàñøèðÿòüñÿ è îáðàáàòûâàòüñÿ.

Ðåàëèçàöèÿ ïðèâåäåííûõ òðåáîâàíèé âîçìîæíà ñ èñïîëüçîâàíèåì ÒÎÔÈ � ñðåäû ðàçðàáîòêè

èíôîðìàöèîííî-àíàëèòè÷åñêèõ ñèñòåì ïîääåðæêè ïðèíÿòèÿ è îöåíêè óïðàâëåí÷åñêèõ ðåøåíèé

ñóáúåêòîâ ãîñóäàðñòâåííîãî óïðàâëåíèÿ è áèçíåñà. ÒÎÔÈ îðèåíòèðîâàíà íà óñòðàíåíèå îñíîâíî-

ãî íåäîñòàòêà ñóùåñòâóþùåé ïðàêòèêè ñîçäàíèÿ ÈÀÑ - ñëîæíîñòè îáåñïå÷åíèÿ äèàëîãà àíàëè-

òèêà è ñîáëþäåíèè òðåáîâàíèé ê äèíàìèêå ïðîöåññà àíàëèçà è îáåñïå÷åíèÿ ïðèíÿòèÿ ðåøåíèé.

Â îñíîâå ïðîäóêòà èñïîëüçóåòñÿ òåõíîëîãèÿ ÒÎÔÈ - ìåòîäîëîãèÿ èçó÷åíèÿ ïðåäìåòíîé îáëàñòè,

êîòîðàÿ îïðåäåëÿåò ìåòîäû è ýòàïû èçó÷åíèÿ ïðåäìåòíîé îáëàñòè, ôîðìàëèçóåò îñíîâíûå ñóù-

íîñòè äëÿ ïîñòðîåíèÿ ìîäåëè ïðåäìåòíîé îáëàñòè, ïðåäëàãàåò ïàðàäèãìó ïîçíàíèÿ îêðóæàþùåé

ñîöèàëüíîé è îðãàíèçàöèîííîé ñðåäû è ïðåäíàçíà÷åíà äëÿ ïðèìåíåíèÿ êîíå÷íûìè ïîëüçîâàòå-

ëÿìè (àíàëèòèêàìè ïðåäìåòíîé îáëàñòè).

Èñïîëüçîâàíèå òåõíîëîãè÷åñêîé ñðåäû ðàçðàáîòêè èíôîðìàöèîííî-àíàëèòè÷åñêèõ ñèñòåì ïîä-

äåðæêè ïðèíÿòèÿ óïðàâëåí÷åñêèõ ðåøåíèé ÒÎÔÈ îáåñïå÷èâàåò:
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1) ñíèæåíèå òðóäîåìêîñòè ðàçðàáîòêè, ïîñëåäóþùåãî ñîïðîâîæäåíèÿ è ðàçâèòèÿ èíôîðìà-

öèîííî-àíàëèòè÷åñêèõ ñèñòåì;

2) âîçìîæíîñòè àâòîìàòè÷åñêîé àäàïòàöèè ðàçðàáàòûâàåìûõ èíôîðìàöèîííî-àíàëèòè÷åñêèõ

ñèñòåì ê íîâûì óñëîâèÿì ôóíêöèîíèðîâàíèÿ; â òîì ÷èñëå:

- åäèíñòâî, ïîëíîòó è äèíàìè÷íîñòü ìåòàìîäåëåé ðàçðàáàòûâàåìûõ èíôîðìàöèîííî-àíàëè-

òè÷åñêèõ ñèñòåì;

- äîñòóïíîñòü ìåòàìîäåëåé ðàçðàáàòûâàåìûõ ñèñòåì èõ ïîëüçîâàòåëÿì;

- èíòåãðèðóåìîñòü ðàçðàáàòûâàåìûõ ñèñòåì.

Äàííûå ïðåèìóùåñòâà âîçìîæíû áëàãîäàðÿ:

1) ôîðìèðîâàíèþ íåèçìåííîé ïîñòîÿííîé ôèçè÷åñêîé ñòðóêòóðû áàçû äàííûõ ïðè äîñòàòî÷-

íî øèðîêèõ âîçìîæíîñòÿõ èçìåíåíèÿ ëîãè÷åñêîé ìîäåëè ðàçðàáàòûâàåìûõ ñèñòåì;

2) ñàìîñòîÿòåëüíîìó óïðàâëåíèþ èíôîðìàöèîííûì ïîëåì ðàçðàáàòûâàåìûõ ñèñòåì èõ ïîëü-

çîâàòåëÿìè (ñïåöèàëèñòàìè, íå âëàäåþùèìè ïðîôåññèîíàëüíûìè çíàíèÿìè â îáëàñòè ïðîåêòè-

ðîâàíèÿ è ðàçðàáîòêè èíôîðìàöèîííûõ ñèñòåì);

3) ñèíõðîíèçàöèè ðàçëè÷íûõ ìîäåëåé äàííûõ.

Â íàñòîÿùåé ñòàòüå îïèñàíû âîçìîæíîñòè ñîçäàíèÿ àâòîìàòè÷åñêè àäàïòèðóåìîé ê íîâûì

óñëîâèÿì ôóíêöèîíèðîâàíèÿ èíôîðìàöèîííî-àíàëèòè÷åñêîé ñèñòåìû áëàãîäàðÿ èñïîëüçîâàíèþ

íåèçìåííîé ïîñòîÿííîé ôèçè÷åñêîé ñòðóêòóðû áàçû äàííûõ ÒÎÔÈ.

Ïðåäìåòíàÿ îáëàñòü ïî òåõíîëîãèè ÒÎÔÈ ïðåäñòàâëÿåòñÿ â âèäå ñîâîêóïíîñòè âçàèìîäåé-

ñòâóþùèõ ìåæäó ñîáîé îáúåêòîâ è îòíîøåíèé ìåæäó îáúåêòàìè, à ñîñòîÿíèå ïðåäìåòíîé îáëàñòè

îäíîçíà÷íî îïðåäåëÿåòñÿ ñîñòîÿíèÿìè ýòèõ îáúåêòîâ è îòíîøåíèé ìåæäó îáúåêòàìè.

Îáúåêòû, êîòîðûå íåîáõîäèìî ðàññìàòðèâàòü äëÿ îïèñàíèÿ ñîñòîÿíèÿ ïðåäìåòíîé îáëàñòè

îïðåäåëÿþòñÿ ðàññìàòðèâàåìîé öåëüþ èññëåäîâàíèÿ.

Âñå âûäåëåííûå îáúåêòû ãðóïïèðóþòñÿ â ¾òèïû îáúåêòîâ¿. Òèï îáúåêòà ñîñòîèò èç êîíêðåò-

íûõ îáúåêòîâ è îïðåäåëÿåò âñå êà÷åñòâåííûå è êîëè÷åñòâåííûå ñâîéñòâà ýòèõ îáúåêòîâ, ò.å. òèï

îáúåêòà åñòü ñîâîêóïíîñòü ñâîéñòâ, ñ ïîìîùüþ êîòîðûõ îïèñûâàþòñÿ ñîñòîÿíèÿ êîíêðåòíûõ îáú-

åêòîâ ýòîãî òèïà.

Îñíîâíûå ñâîéñòâà îáúåêòîâ îïðåäåëÿþòñÿ ñ ïîìîùüþ ïîíÿòèé ¾ôàêòîð¿ è ¾èçìåðèòåëü¿.

Êðîìå òîãî, îáúåêòû ìîãóò èìåòü äîïîëíèòåëüíûå ñâîéñòâà, êîòîðûå íàçûâàþòñÿ àòðèáóòàìè.

Îáúåêòû è îòíîøåíèÿ ïðåäìåòíîé îáëàñòè îáû÷íî ñóùåñòâóþò â íåêîòîðîì âðåìåííîì èíòåð-

âàëå, ñ òå÷åíèåì âðåìåíè îäíè îáúåêòû èëè ñâîéñòâà ¾óìèðàþò¿, äðóãèå � ¾ðîæäàþòñÿ¿. Ïîýòîìó,

ìîäåëè ðåàëüíîé ïðåäìåòíîé îáëàñòè ÿâëÿþòñÿ äèíàìè÷åñêèìè, òî åñòü çàâèñÿùèìè îò âðåìåíè.

Äëÿ ñîñòàâëåíèÿ äèíàìè÷åñêèõ ìîäåëåé â ÒÎÔÈ-òåõíîëîãèè èñïîëüçóþòñÿ ïîíÿòèå èíòåðâàëîâ

æèçíè ñóùíîñòåé ÒÎÔÈ. Èíòåðâàëîì æèçíè ýêçåìïëÿðà ñóùíîñòè ÒÎÔÈ íàçûâàåòñÿ âðåìåí-

íîé ïðîìåæóòîê, â òå÷åíèå êîòîðîãî äàííûé ýêçåìïëÿð ñóùíîñòè ñóùåñòâóåò â ÒÎÔÈ-ìîäåëè.

Âíå èíòåðâàëà æèçíè ýêçåìïëÿð ñóùíîñòè íå ìîæåò ó÷àñòâîâàòü â ÒÎÔÈ-ìîäåëè êàê ýëåìåíò

ýòîé ìîäåëè.

Ìîäåëèðîâàíèå ïðåäìåòíîé îáëàñòè çàêëþ÷àåòñÿ â ñîçäàíèè ðàçëè÷íûõ ýêçåìïëÿðîâ ñóùíî-

ñòåé ÒÎÔÈ è íàñòðîéêå èõ ñâÿçåé. Ñîçäàíèå è âíåäðåíèå ñèñòåìû ¾ÈÀÑ ÓÐ¿ îðèåíòèðîâàíî,

ïðåæäå âñåãî, íà ïðåäîñòàâëåíèå óäîáíîãî èíñòðóìåíòà, ïîçâîëÿþùåãî:

- ïîâûñèòü êà÷åñòâî àíàëèçà è ñîêðàòèòü òðóäîåìêîñòü ïåðèîäè÷åñêè ïîâòîðÿþùèõñÿ îïåðà-

öèé:

à) ïî îáíîâëåíèþ àíàëèòè÷åñêèõ äàííûõ;

á) ïî ïîñòðîåíèþ èõ íàãëÿäíûõ ïðåäñòàâëåíèé è ïóáëèêàöèè;
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Ðèñóíîê 1 Êîíöåïòóàëüíàÿ ñõåìà èíôîðìàöèîííîé ìîäåëè ÈÀÑ ÓÐ Â ÒÎÔÈ

- ïðåäîñòàâèòü îñíîâàíèÿ è óâåëè÷èòü âðåìÿ àíàëèòèêîâ:

à) íà êà÷åñòâåííóþ èíòåðïðåòàöèþ ðåçóëüòàòîâ;

á) íà òâîð÷åñêèå ðàáîòû ïî èññëåäîâàíèþ íîâûõ ôàêòîðîâ è ìåòîäîâ àíàëèçà.

ÓÄÊ 517.946
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Abstract. Discreteness conditions for the spectrum of the operator generated by the general

system of two elliptic partial di�erential equations on the plane, and two-sided estimates of singular
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Àííîòàöèÿ. Ïðèâîäÿòñÿ óñëîâèÿ äèñêðåòíîñòè ñïåêòðà îïåðàòîðà, ïîðîæäåííîãî îáùåé ýë-

ëèïòè÷åñêîé ñèñòåìîé äâóõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ íà ïëîñêîñòè, à òàêæå äâóõ-

ñòîðîííèå îöåíêè ñèíãóëÿðíûõ ÷èñåë åå ðåçîëüâåíòû.

Êëþ÷åâûå ñëîâà: ýëëèïòè÷åñêàÿ ñèñòåìà, ðàçäåëèìîñòü îïåðàòîðà, äèñêðåòíîñòü ñïåêòðà,

êîìïàêòíîñòü ðåçîëüâåíòû.

Èçâåñòíî, ÷òî îáùàÿ ýëëèïòè÷åñêàÿ ñèñòåìà äâóõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ íà ïëîñ-

êîñòè, êîãäà ñòàðøèå êîýôôèöèåíòû ÿâëÿþòñÿ îãðàíè÷åííûìè ôóíêöèÿìè ïåðåìåííûõ x è y,

ïðèâîäèòñÿ ê âèäó −vy + a11ux + a12uy + a1u+ a2v = f

uy + a21vx + a22vy + a3u+ a4v = g.
(1)

Çäåñü aij = aij(x, y), ak = ak(x, y) (i, j = 1, 2, k = 1, 4). Ñèñòåìà (1) îïèñûâàåò ðåàëüíûå

ïðîöåññû â äèíàìèêå æèäêîñòè è ãàçà, òåîðèè ïîâåðõíîñòåé è îáîëî÷åê, êâàíòîâîé ìåõàíèêå,

à òàêæå ïðèìåíÿåòñÿ äëÿ èçó÷åíèÿ ñâîéñòâ êâàçèêîíôîðìíûõ è äðóãèõ îòîáðàæåíèé. Íàèáî-

ëåå ÿðêèìè ïðåäñòàâèòåëÿìè òàêèõ ñèñòåì ÿâëÿþòñÿ îáîáùåííàÿ ñèñòåìà Êîøè-Ðèìàíà (ñëó÷àé

a11 = a22 = 1, a12 = a21 = 0) è ñèñòåìà Áåëüòðàìè. Â îãðàíè÷åííîé îáëàñòè êðàåâûå çàäà÷è

äëÿ ñèñòåìû (1) èçó÷àëèñü â ìíîãî÷èñëåííûõ ðàáîòàõ, îòíîñèòåëüíî ïîëíûé èõ ñïèñîê ìîæíî

íàéòè â ìîíîãðàôèÿõ [1-3]. Äëÿ ðåøåíèÿ êðàåâûõ çàäà÷ ïðèìåíÿëèñü, â îñíîâíîì, ìåòîäû òåî-

ðèè ôóíêöèé êîìïëåêñíîãî ïåðåìåííîãî è èíòåãðàëüíûõ óðàâíåíèé. Â ñëó÷àå íåîãðàíè÷åííîé

îáëàñòè ñèñòåìà (1) èññëåäîâàí â ìåíüøåé ìåðå, â îñíîâíîì, ìåòîäàìè êðàåâûõ çàäà÷ [1-3], â

ïðåäïîëîæåíèè, ÷òî âñå êîýôôèöèåíòû ak (k = 1, 4) ñòðåìÿòñÿ ê íóëþ îêîëî áåñêîíå÷íîñòè (ïî-

òî÷å÷íî, èëè â ñðåäíåì). Åñëè õîòÿ áû îäèí èç êîýôôèöèåíòîâ ak (k = 1, 4) ñòðîãî îòäåëåí îò

íóëÿ (ñèíãóëÿðíûé ñëó÷àé), ìåòîäû ðàáîò [1-3] íå ïðèìåíèìû, ïîýòîìó âîçíèêàþò ñëîæíîñòè â

èçó÷åíèè ñâîéñòâ ñèñòåìû (1).

Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ ñèíãóëÿðíàÿ ñèñòåìà (1). Íàìè ïðèâîäÿòñÿ òåîðåìà ðàçäå-

ëèìîñòè, óñëîâèÿ äèñêðåòíîñòè ñïåêòðà îïåðàòîðà, ïîðîæäåííîãî óêàçàííîé ñèñòåìîé, à òàêæå

äâóõñòîðîííèå îöåíêè ñèíãóëÿðíûõ ÷èñåë åå ðåçîëüâåíòû.

Îáîçíà÷èì

A1 =

(
a11 0

0 a21

)
, A2 =

(
a12 −1

1 a22

)
, A3 =

(
a1 a2

a3 a4

)
, ω = (u, v), F = (f, g).

Òîãäà ëåâàÿ ÷àñòü ñèñòåìû çàïèñûâàåòñÿ â âèäå

lω =

(
A1

∂

∂x
+A2

∂

∂y
+A3

)
ω.

Ïóñòü îïåðàòîð l îïðåäåëåí íà ìíîæåñòâå C(1)
0 (R2, R2) íåïðåðûâíî äèôôåðåíöèðóåìûõ è ôèíèò-

íûõ âåêòîð-ôóíêöèé, ÷åðåç L îáîçíà÷èì åãî çàìûêàíèå ïî íîðìå ïðîñòðàíñòâà L2 := L2(R2, R2).

Ðåøåíèåì ñèñòåìû (1) áóäåì íàçûâàòü ôóíêöèþ ω = (u, v) ∈ D(L), äëÿ êîòîðîé íàéäåòñÿ ïîñëå-

äîâàòåëüíîñòü {ωn}∞n=1 ⊂ C
(1)
0 (R2, R2), òàêàÿ, ÷òî ‖ωn − ω‖2 → 0, ‖lωn − F‖2 → 0 ïðè n→ +∞.

Çäåñü ‖ · ‖2 - íîðìà â L2.

Äîñòàòî÷íûå óñëîâèÿ ðàçðåøèìîñòè ïîëó÷åíû â [4].

Òåîðåìà 1 [4]. Ïóñòü ñèñòåìà (1) ýëëèïòè÷íà, à ôóíêöèè akl (k, l = 1, 2) íåïðåðûâíî äèô-
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ôåðåíöèðóåìû è ðàâíîìåðíî îãðàíè÷åíû, aj (j = 1, 4) îãðàíè÷åíû â êàæäîì êîìïàêòå è

2a1 − [|(a11)x|+ |(a12)y|] ≥ δ0 > 0, (2)

(a2 − a3)2 − 4{a1 − δ − 0, 5[|(a11)x|+ |(a12)y|]}{−a4 − δ − 0, 5[|(a21)x| − |(a22)y|]} ≤ 0, (3)

δ > 0. Òîãäà äëÿ ëþáîé ïðàâîé ÷àñòè F = (f, g) ∈ L2 ðåøåíèå ñèñòåìû (1) ñóùåñòâóåò, åäèíñòâåí-

íî è äëÿ íåãî èìååò ìåñòî îöåíêà

‖Lω‖2 ≥ C‖ω‖2.

Íàëè÷èå äèñêðåòíîñòè ñïåêòðà îïåðàòîðà L âîçìîæíî òîëüêî òîãäà, êîãäà îáëàñòü åãî îïðåäå-

ëåíèÿ D(L) ÿâëÿåòñÿ ÷àñòüþ íåêîòîðîãî âåñîâîãî ïðîñòðàíñòâà Ñ.Ë. Ñîáîëåâà. Äëÿ íàõîæäåíèÿ

îáåñïå÷èâàþùèõ óêàçàííûé ôàêò óñëîâèé, íàìè äîêàçûâàåòñÿ ò.í. òåîðåìà ðàçäåëèìîñòè. Ðàçäå-

ëèìîñòü îïåðàòîðà L â ïðîñòðàíñòâå L2 ýêâèâàëåíòíà òîìó, ÷òî äëÿ ðåøåíèÿ ω = (u, v) ñèñòåìû

(1) èìååò ìåñòî îöåíêà

‖ux‖2 + ‖uy‖2 + ‖vx‖2 + ‖vy‖2 + ‖a1u‖2 + ‖a2v‖2 + ‖a3u‖2 + ‖a4v‖2 ≤ c2 (‖f‖2 + ‖g‖2) , (4)

ãäå c - ïîëîæèòåëüíàÿ ïîñòîÿííàÿ, íå çàâèñÿùàÿ îò (u, v). Íåðàâåíñòâî (4) íàçûâàþò, òàêæå,

êîýðöèòèâíîé îöåíêîé ðåøåíèÿ.

Ñôîðìóëèðóåì òåîðåìó ðàçäåëèìîñòè.

Òåîðåìà 2. Ïóñòü ôóíêöèè akl (k, l = 1, 2) íåïðåðûâíî äèôôåðåíöèðóåìû è ðàâíîìåðíî

îãðàíè÷åíû, aj (j = 1, 4) îãðàíè÷åíû â êàæäîì êîìïàêòå, óäîâëåòâîðÿþò óñëîâèÿì (2), (3)

òåîðåìû 1 è ñëåäóþùèì óñëîâèÿì:

C−1 ≤ |a1(X)|
|a1(T )|

,
|a4(X)|
|a4(T )|

≤ C ïðè |X − T | ≤ 1,

ãäå X = (x, y), T = (t, τ) ∈ R2, è

(a1u+ a2v)2 + (a3u+ a4v)2 ≥ δ3

[
a2

1u
2 + a2

4v
2
]
, δ3 > 0.

Òîãäà äëÿ ðåøåíèÿ ω = (u, v) ñèñòåìû (1) èìååò ìåñòî îöåíêà (4), ãäå (f, g) - ïðàâàÿ ÷àñòü

ñèñòåìû.

Ñîáñòâåííûå ÷èñëà îïåðàòîðà
[
L−1

(
L−1

)∗] 1
2 íàçûâàþò s -÷èñëàìè îïåðàòîðà L−1 è îáîçíà-

÷àþò sk(L−1) (k = 1, 2, ...). ×åðåç N(λ) îáîçíà÷èì êîëè÷åñòâî sk(L−1), íå ìåíüøèõ, ÷åì λ > 0.

Ïîìèìî äðóãèõ öåííûõ ñâîéñòâ èçâåñòíî, ÷òî s-÷èñëà êîìïàêòíîãî îïåðàòîðà îïðåäåëÿþò ñêî-

ðîñòü àïïðîêñèìàöèè L−1 ÷åðåç êîíå÷íîìåðíûå îïåðàòîðû. Íèæå ïðèâîäèì óñëîâèÿ êîìïàêòíî-

ñòè ðåçîëüâåíòû L−1, à òàêæå óñòàíàâëèâàåì äâóõñòîðîííèå îöåíêè ôóíêöèè N(λ), êîãäà L−1

êîìïàêòåí â L2.

Òåîðåìà 3. Ïóñòü äëÿ ôóíêöèè akl (k, l = 1, 2) è aj (j = 1, 4) âûïîëíåíû âñå óñëîâèÿ òåîðåìû

4.2. Òîãäà îáðàòíûé L−1 ê îïåðàòîðó L, ñîîòâåòñòâóþùåìó ñèñòåìå (1), ÿâëÿåòñÿ êîìïàêòíûì â

òîì è òîëüêî â òîì ñëó÷àå. åñëè

lim
|X|→+∞

a1(X) = +∞, lim
|X|→+∞

[−a4(X)] = +∞ (X = (x, y)) .

Êðîìå òîãî, åñëè åùå âûïîëíåíî óñëîâèå C−1
1 ≤ |a1(X)a4(X)| ≤ C1, X ∈ R2, òî äëÿ ôóíêöèè
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N(λ) èìåþò ìåñòî îöåíêè

c1λ
−2µ

{
X : a1(X) ≤ c2λ

− 1
2

}
≤ N(λ) ≤ c3λ

−2µ
{
X : a1(X) ≤ c4λ

− 1
2

}
, (5)

ãäå µ - ìåðà Ëåáåãà.

Ýòà òåîðåìà äîêàçûâàåòñÿ ñ ïîìîùüþ òåîðåìû 2.

Èç îöåíîê (5) ÷àñòî ñëåäóþò îöåíêè è äëÿ ñàìèõ sk(L−1). Íàïðèìåð åñëè a1 = a4 = 5 + 3x2 +

y2, a2 = a3 = 0 è akl (k, l = 1, 2) óäîâëåòâîðÿþò óñëîâèÿì òåîðåìû 3, òî ñèñòåìà (1) îäíîçíà÷íî

ðàçðåøèìà, îïåðàòîð L−1 êîìïàêòåí â L2, ïðè÷åì äëÿ åãî s- ÷èñåë ñïðàâåäëèâû ñëåäóþùèå

äâóñòîðîííèå îöåíêè

c1k
− 2

5 ≤ sk ≤ c2k
− 2

5 , k = 1, 2, ... .
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ÒÎÔÈ

Â.Â. Ïóñòîâîéòåíêî, Ì.Á. Ãàááàñîâ

Êîìïàíèÿ ñèñòåìíûõ èññëåäîâàíèé �Ôàêòîð�

Abstract. Continuous monitoring of food prices allows qualitatively provide taking measures

to prevent in�ation. This article provides an overview of the information system of automatic

monitoring of food prices for government agencies which implemented on the TOFI platform which

successfully used in the public administration.

Keywords: food prices, TOFI, public administration.

À­äàòïà. Àçû© - ò³ëiê áà¡àëàðûíû­ ò´ðà©òû ìîíèòîðèíãi èíôëÿöèÿíû­ °ñóiíå æîë áåðìåó

øàðàëàðûí ©àáûëäàóäû ñàïàëû åòóãå ì³ìêiíäiê áåðåäi. Ìà©àëàäà ìåìëåêåòòiê áàñ©àðìàäà

ñºòòi ©îëäàíûëûï æ³ðãåí ÒÎÔÈ ïëàòôîðìàñûíû­ íåãiçiíäå æàñàëûí¡àí ìåìëåêåòòiê ´éûì-

äàð¡à àðíàë¡àí àçû©-ò³ëiê áà¡àëàðû àâòîìàòòû ìîíèòîðèíãiíi­ à©ïàðàòòû© æ³éåñiíå øîëó

æàñàëûí¡àí.

Êiëòòiê ñ°çäåð: àçû©-ò³ëiê áà¡àëàðû, ÒÎÔÈ, ìåìëåêåòòiê áàñ©àðìà.
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Àííîòàöèÿ. Ïîñòîÿííûé ìîíèòîðèíã öåí íà ïðîäóêòû ïèòàíèÿ ïîçâîëèò êà÷åñòâåííî îáåñ-

ïå÷èòü ïðèíÿòèå ìåð ïî íåäîïóùåíèÿ ðîñòà èíôëÿöèè. Â ñòàòüå ïðèâåäåí îáçîð èíôîðìàöè-

îííîé ñèñòåìû àâòîìàòè÷åñêîãî ìîíèòîðèíãà öåí íà ïðîäóêòû ïèòàíèÿ äëÿ ãîñóäàðñòâåííûõ

îðãàíîâ ðåàëèçîâàííîé íà ïëàòôîðìå ÒÎÔÈ, êîòîðàÿ óñïåøíî ïðèìåíÿåòñÿ â ãîñóäàðñòâåí-

íîì óïðàâëåíèè.

Êëþ÷åâûå ñëîâà: öåíû íà ïðîäóêòû ïèòàíèÿ, ÒÎÔÈ, ãîñóäàðñòâåííîå óïðàâëåíèå.

Ñîãëàñíî ñõåìû âçâåøèâàíèÿ äëÿ ðàñ÷åòà èíäåêñà ïîòðåáèòåëüñêèõ öåí â 2013 ãîäó äîëÿ ïðî-

äîâîëüñòâåííûõ òîâàðîâ ñîñòàâëÿåò 38,10% â îáùåì îáúåìå òîâàðîâ è óñëóã èñïîëüçóåìûõ ïðè

ðàñ÷åòàõ.

Ïîñòîÿííûé ìîíèòîðèíã öåí íà ïðîäóêòû ïèòàíèÿ, à òàêæå öåí íà òîâàðû è óñëóãè âõîäÿùèå

â ñåáåñòîèìîñòü ïðîäóêòîâ ïèòàíèÿ ïîçâîëèò êà÷åñòâåííî îáåñïå÷èòü ïðèíÿòèå ìåð ïî íåäîïó-

ùåíèÿ ðîñòà èíôëÿöèè.

Ïîñòîÿííûé ìîíèòîðèíã îñóùåñòâëÿåòñÿ ìåñòíûìè èñïîëüíèòåëüíûìè îðãàíàìè â ðàìêàõ

îñóùåñòâëåíèÿ ôóíêöèé ãîñóäàðñòâåííîãî êîíòðîëÿ çà ñîáëþäåíèåì ðàçìåðà ïðåäåëüíî äîïó-

ñòèìûõ ðîçíè÷íûõ öåí íà ñîöèàëüíî çíà÷èìûå ïðîäîâîëüñòâåííûå òîâàðû.

Ðåàëèçîâàííàÿ ñèñòåìà ìîíèòîðèíãà öåí íà ñîöèàëüíî çíà÷èìûå ïðîäóêòû ïèòàíèÿ, òîâàðû

è óñëóãè ïîçâîëÿò îáåñïå÷èòü àâòîìàòèçèðîâàííûé ñáîð ðîçíè÷íûõ öåí, è îáåñïå÷èòü êîíòðîëü

ñîáëþäåíèÿ ïðåäåëüíî äîïóñòèìûõ öåí.

Ñèñòåìà ìîíèòîðèíãà öåí ðàçðàáîòàíà íà áàçå ïëàòôîðìû ÒÎÔÈ 11.

Ïëàòôîðìà ÒÎÔÈ 11 ïðåäñòàâëÿåò ñîáîé ïëàòôîðìó ñèñòåìó ïîääåðæêè ïðèíÿòèÿ ðåøåíèé

è îáåñïå÷èâàåò âñå ïðîöåññû æèçíåííîãî öèêëà äàííûõ îò ó÷åòà äî âèçóàëèçàöèè. ÒÎÔÈ ñîñòîèò

èç ñëåäóþùèõ ïîäñèñòåì:

� Ïîäñèñòåìà ÒÎÔÈ-ìîäåëü - ïðåäñòàâëÿåò ñîáîé ñðåäó óïðàâëåíèÿ ìåòàäàííûìè (íîðìàòèâ-

íî-ñïðàâî÷íîé èíôîðìàöèåé) ïðåäìåòíîé îáëàñòè. Â êà÷åñòâå óïðàâëåíèÿ ÍÑÈ èñïîëüçóåò-

ñÿ òåõíîëîãèÿ ÒÎÔÈ ïîçâîëÿþùàÿ ìîäåëèðîâàòü ñîñòîÿíèÿ ñëîæíûõ îáúåêòîâ è èçìåíåíèå

ñîñòîÿíèé âî âðåìåíè.

� Ïîäñèñòåìà ÒÎÔÈ - Ñáîð äàííûõ ïðåäíàçíà÷åíà äëÿ ñáîðà äàííûõ ñ ðàçëè÷íûõ èñòî÷íèêîâ

è ïîñëåäóþùåé çàãðóçêè â õðàíèëèùå äàííûõ. Ïîäñèñòåìà îáåñïå÷èâàåò ñáîð èíôîðìàöèè

ïîñðåäñòâîì ââîäà äàííûõ ÷åðåç ôîðìû â îíëàéí è îôëàéí ðåæèìàõ, çàãðóçêó äàííûõ èç

ôàéëîâ è âíåøíèõ èñòî÷íèêîâ, çàãðóçêó èç áàç äàííûõ ãîñóäàðñòâåííûõ îðãàíîâ.

� Ïîäñèñòåìà ÒÎÔÈ - Õðàíèëèùå äàííûõ îáåñïå÷èâàåò õðàíåíèå, ïîèñê è èçâëå÷åíèå ïåðâè÷-

íûõ è àíàëèòè÷åñêèõ äàííûõ â óíèôèöèðîâàííîì ôîðìàòå ñîãëàñíî Ìåòàìîäåëè ÒÎÔÈ,

÷òî îáåñïå÷èâàåò óíèâåðñàëüíîñòü è áûñòðîäåéñòâèå.

� ÒÎÔÈ - Àíàëèç äàííûõ ïðåäñòàâëÿåò ñîáîé àíàëèòè÷åñêèå ìîäåëè ïîääåðæêè ïðèíÿòèÿ

ðåøåíèé: Ïðîãíîçíûå ìîäåëè, Àíàëèòè÷åñêèå ìîäåëè, Ýêñïåðòíûå îöåíêè, Ìåòîä àíàëèçà

èåðàðõèè, Ïðîâåäåíèå íàñòðàèâàåìûõ ðàñ÷åòîâ è äðóãèå.

� Ñèñòåìà âèçóàëèçàöèè ÒÎÔÈ ïîçâîëÿåò îòîáðàçèòü àíàëèòè÷åñêèå äàííûå â óäîáíîì äëÿ

ïîëüçîâàòåëÿ ôîðìàòå.

� Ïîäñèñòåìà ÒÎÔÈ -Àäìèíèñòðèðîâàíèå ïîçâîëÿåò îáåñïå÷èòü ïðîöåññ ôóíêöèîíèðîâàíèÿ

âñåõ ïîäñèñòåì ìåæäó ñîáîé â åäèíîé ñðåäå, à òàêæå îáåñïå÷èòü èíòåãðàöèþ è ñèíõðîíèçà-
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öèþ äàííûõ ñèñòåìû ÒÎÔÈ è äðóãèõ èíôîðìàöèîííûõ ñèñòåì. Ïîäñèñòåìà ïîääåðæèâàåò

ñòàíäàðò îáìåíà äàííûìè è ìåòàäàííûìè SDMX

Ñèñòåìà ìîíèòîðèíãà öåí íà òîâàðû è óñëóãè ðåàëèçîâàííà êàê äîïîëíèòåëüíûé ôóíêöèîíàë

ïîäñèñòåìû ¾ÒÎÔÈ-ñáîð äàííûõ¿ è ñîñòîèò èç ñëåäóþùèõ ìîäóëåé:

� Èñòî÷íèê äàííûõ � ñîäåðæèò ïîäêëþ÷åíèå ê èñòî÷íèêó äàííûõ. Â êà÷åñòâå èñòî÷íèêà

äàííûõ ìîæåò âûñòóïàòü èíòåðíåò ñàéò, íàïðèìåð: èíòåðíåò-ìàãàçèí, òîâàðíàÿ áèðæà, ñàéò

îáúÿâëåíèé, ñàéò êîìïàíèè è äðóãèå;

� Øàáëîíû � ïðåäñòàâëÿþò ñîáîé íàñòðîéêè äëÿ ðîáîòîâ-àãåíòîâ, ñîãëàñíî êîòîðûì ïðîâî-

äèòüñÿ ìîíèòîðèíã ñàéòîâ è èçâëå÷åíèå ñòðóêòóðèðîâàííûõ äàííûõ.

� Àãåíòû-ðîáîòû � ïðåäñòàâëÿþò ñîáîé ñëóæáû, êîòîðûå ïîçâîëÿþò ñîãëàñíî çàäàííûõ øàá-

ëîíîâ ïðîâåñòè ìîíèòîðèíã èñòî÷íèêà äàííûõ è èçâëå÷ü, è ñòðóêòóðèðîâàòü äàííûå;

� Ðàñïèñàíèå � ñåðâèñ ïî çàïóñêó ðîáîòîâ àãåíòîâ ñîãëàñíî ïðåäîïðåäåë¼ííûì ïðàâèëàì.

Íà ñëåäóþùåì ðèñóíêå ïðèâîäèòüñÿ èíòåðôåéñ ñèñòåìû ïî íàñòðîéêå øàáëîíà.

Ðèñóíîê 1 Èíòåðôåéñ íàñòðîéêè øàáëîíîâ

Âñå äåéñòâèÿ äåëàþòñÿ ïîëüçîâàòåëåì íåïîñðåäñòâåííî â áðàóçåðå è ïîçâîëÿþò ëåãêî ñäåëàòü

íàñòðîèòü øàáëîíû äëÿ ëþáîãî ñàéòà.

Â ðåçóëüòàòå çàïóñêà ðîáîòà ôîðìèðóåòñÿ òàáëèöà ðåçóëüòàòîâ ìîíèòîðèíãà, êîòîðàÿ ñîäåð-

æèò èíôîðìàöèþ ñîãëàñíî øàáëîíîâ. Ïðèìåð ðåçóëüòàòîâ ìîíèòîðèíãà öåí îäíîãî èç èíòåðíåò

ìàãàçèíîâ ïðèâåäåí íà ñëåäóþùåì ðèñóíêå.

Ïîëó÷åííàÿ èíôîðìàöèÿ â õîäå ìîíèòîðèíãà çàãðóæàåòñÿ â õðàíèëèùå äàííûõ, ãäå ïîäëå-

æèò îáðàáîòêå â ðàìêàõ ñöåíàðíûõ ìîäåëåé ïî ïðîãíîçèðîâàíèþ èíôëÿöèè, àíàëèçà ïðè÷èí

èçìåíåíèÿ öåí è äðóãèå.

Ñèñòåìà ìîíèòîðèíãà öåí íà ïëàòôîðìå ÒÎÔÈ óñïåøíî ïðîøëà àïïðîáàöèþ â àêèìàòå Àë-

ìàòèíñêîé îáëàñòè.
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Ðèñóíîê 2 Ðåçóëüòàò ðàáîòû ðîáîòà-àãåíòà ÒÎÔÈ

Ñèñòåìà ìîæåò ïðèìåíÿòüñÿ äëÿ ðåøåíèÿ ðàçëè÷íûõ çàäà÷: ìîíèòîðèíãà öåí êîíêóðåíòîâ,

îáúÿâëåíèé, ïîãîäû, êóðñîâ âàëþò è äðóãèõ.
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ÒÎÎ "Ôèçèêî-òåõíè÷åñêèé èíñòèòóò"(Êàçàõñòàí)

Abstract. Fuel consumption, being on a high level, and major Russian industries' energy resources,

in comparison with foreign counterparts, leads to big unproductive losses of energy, beginning from

energy resources production to distribution for the end user.

Assessment of the potential energy-saving can be made by a tool. After analyzing the possible

ways to implement energy audit tool, it has become clear, that the most perspective method is

thermovision method for determining the heat loss during the examination of elements of thermal

technological equipment, pipelines, buildings, structures, etc.
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Àííîòàöèÿ. Íàõîäÿùèéñÿ íà âûñîêîì óðîâíå ðàñõîä òîïëèâà, à òàêæå ýíåðãåòè÷åñêèå ðåñóð-

ñû íà êðóïíûõ Ðîññèéñêèõ ïðîèçâîäñòâàõ, ïî ñðàâíåíèþ ñ çàðóáåæíûìè àíàëîãàìè, ïðèâîäèò

ê áîëüøèì íåïðîèçâîäèòåëüíûì ïîòåðÿì ýíåðãèè, íà÷èíàÿ îò äîáû÷è ýíåðãîðåñóðñîâ äî ðàñ-

ïðåäåëåíèÿ ó êîíå÷íîãî ïîòðåáèòåëÿ.

Îöåíêó ïîòåíöèàëà ýíåðãîñáåðåæåíèÿ ìîæíî ïðîèçâîäèòü èíñòðóìåíòàëüíûì ïóòåì. Èç àíà-

ëèçà âîçìîæíûõ ñïîñîáîâ ðåàëèçàöèè èíñòðóìåíòàëüíîãî ýíåðãîàóäèòà, íàèáîëåå ïåðñïåêòèâ-

íûì ÿâëÿåòñÿ òåïëîâèçèîííûé ñïîñîá îïðåäåëåíèÿ òåïëîâûõ ïîòåðü ïðè îáñëåäîâàíèè ýëåìåí-

òîâ òåïëîòåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ, òðóáîïðîâîäîâ, çäàíèé, ñîîðóæåíèé è ò.ï.

Òåïëîâûå ìåòîäû êîíòðîëÿ îáîðóäîâàíèÿ ïîçâîëÿþò ïðîèçâîäèòü åãî äèàãíîñòèêó â ïðîöåññå

ýêñïëóàòàöèè, íå òðåáóÿ îòêëþ÷åíèÿ îáîðóäîâàíèÿ íà âðåìÿ äèàãíîñòèêè, èñïîëüçîâàíèÿ òðóäî-

åìêèõ èçìåðåíèé òåìïåðàòóðû è òåïëîâûõ âûäåëåíèé. Òåïëîâîé êîíòðîëü ïîçâîëÿåò ïðàâèëüíî

ïëàíèðîâàòü è ïðîâîäèòü ïëàíîâî ïðåäóïðåäèòåëüíûå ðàáîòû è ðåìîíòû.

Ïðè äèñòàíöèîííîé îöåíêå òåïëîâîãî ñîñòîÿíèÿ ýíåðãåòè÷åñêèõ è áûòîâûõ îáúåêòîâ ðåãèñòðè-

ðóåòñÿ èçìåíåíèå èíòåíñèâíîñòè èçëó÷åíèÿ ñàìèìè îáúåêòàìè. Íåïîñðåäñòâåííîå âîñïðîèçâåäå-

íèå òåïëîâûõ "ïîðòðåòîâ" âîçìîæíî òîëüêî ñ èñïîëüçîâàíèåì òåïëîâèçîðà - äâóõìåðíîãî ïðå-

îáðàçîâàòåëÿ èçîáðàæåíèé ñðåäíåâîëíîâîãî èíôðàêðàñíîãî äèàïàçîíà â âèäèìîå íà ýêðàíå òåï-

ëîâèçèîííîãî ìîíèòîðà èçîáðàæåíèå. Îíè äàþò ïîëíóþ âèçóàëüíóþ òåïëîâóþ êàðòèíó èññëåäó-

åìîãî îáúåêòà ïðàêòè÷åñêè ìãíîâåííî, â ðåàëüíîì âðåìåíè, ñ âûñîêèì ïðîñòðàíñòâåííûì ðàçðå-

øåíèåì.

Ïðè ýíåðãîàóäèòå êðóïíîãî ïðîìûøëåííîãî îáúåêòà èñïîëüçîâàëñÿ òåïëîâèçîð Testo 875-2. Òåï-

ëîâèçîð ÿâëÿåòñÿ îïòèêî-ýëåêòðîííûì óñòðîéñòâîì. Â îñíîâå åãî ðàáîòû ëåæèò ïðèíöèï ïðåîáðà-

çîâàíèÿ ïîòîêà èíôðàêðàñíîãî èçëó÷åíèÿ îò îáúåêòà, ïðèíèìàåìîãî ÷óâñòâèòåëüíûì ýëåìåíòîì,

â ýëåêòðè÷åñêèé ñèãíàë, ïðîïîðöèîíàëüíûé òåïëîâîé ñïåêòðàëüíîé ìîùíîñòè ïîòîêà èçëó÷åíèÿ.

Ñíèæåíèå òåìïåðàòóðû íà ïîâåðõíîñòè èçîëÿöèè äî îïòèìàëüíûõ çíà÷åíèé ïîçâîëÿåò ýêîíîìèòü

2 ÷ 3 Ãêàë/ì2 ãîä. Ýêñïåðòíûå îöåíêè ñîñòîÿíèÿ èçîëÿöèè ïîêàçûâàþò, ÷òî íà ïðåäïðèÿòèè

Óñòü-Èëèìñêèé ëåñîïðîìûøëåííûé êîìïëåêñ (ÓÈ ËÏÊ) ñóùåñòâóåò ïðèáëèçèòåëüíî 40000 ì2

íåèçîëèðîâàííûõ èëè ìàëîèçîëèðîâàííûõ ïîâåðõíîñòåé. Íàíåñåíèå ñëîÿ èçîëÿöèè èëè óâåëè-

÷åíèå èçîëÿöèè ìîæåò ïîçâîëèòü ñýêîíîìèòü ïðèëèçèòåëüíî 10000 ò ó.ò. â ãîä èëè 4, 3 ÷ 5% îò

ïîêóïàåìîé â ÓÈ ÒÝÖ ýíåðãèè.

Èçâåñòíî, ÷òî ñðîêè îêóïàåìîñòè èçîëÿöèîííûõ ðàáîò ëåæàò â ïðåäåëàõ 3÷ 4 ìåñÿöåâ.

Ñëåäóåò çàìåòèòü, ÷òî íà ïðåäïðèÿòèè óäåëÿþò âíèìàíèå óäîâëåòâîðè-òåëüíîìó ñîäåðæàíèþ

èçîëÿöèè è òåìïåðàòóðà íà ïîâåðõíîñòè îáîðóäîâàíèÿ áëèçêà ê íîðìå èëè ñëåãêà åå ïðåâûøà-

åò. Îäíàêî, íîðìà (íå áîëåå 45 ÷ 50◦ Ñ ) óñòàíîâëåíà ñ òî÷êè çðåíèÿ òåõíèêè áåçîïàñíîñòè. Â

ñåãîäíÿøíèõ óñëîâèÿõ â ñâÿçè ñ ðîñòîì ñòîèìîñòè ýíåðãèè ñëåäóåò ïðè ïðîâåäåíèè èçîëÿöèîí-

íûõ ðàáîò ðàññ÷èòûâàòü îïòèìàëüíóþ ñ òî÷êè çðåíèÿ ýêîíîìè÷åñêèõ çàòðàò òîëùèíó èçîëÿöèè,

ó÷èòûâàþùóþ êàê ñòîèìîñòü èçîëÿöèè, ðàáîò, òàê è ñòîèìîñòü òåðÿåìîé â îêðóæàþùóþ ñðåäó

ýíåðãèè.

Âìåñòå ñ òåì, àíàëèç ïîëó÷åííûõ òåïëîâèçèîííûõ èçîáðàæåíèé ðàçëè÷íîãî òåõíîëîãè÷åñêîãî

îáîðóäîâàíèÿ ïîêàçûâàåò, ÷òî ñóùåñòâóåò îáîðóäîâàíèå (íàïðèìåð, ðåäóêöèîííî-îõëàäèòåëüíûå

óñòðîéñòâà (ÐÎÓ) íà ÒÝÑ, ñåïàðàòîð êîíöåíòðàòîðîâ âûïàðíîé ëèíèè è äð.), òåìïåðàòóðà íà

ïîâåðõíîñòè êîòîðûõ ïðåâûøàåò 100◦ Ñ. Ïðè ýòîì êàæäûé ì2 òàêîé ïîâåðõíîñòè òåðÿåò â îêðó-

æàþùóþ ñðåäó áîëåå 5 Ãêàë/ãîä.

Çíà÷èòåëåí ïåðåðàñõîä ýíåðãèè çà ñ÷åò íåäîñòàòî÷íîãî ñ ýíåðãåòè÷åñêîé òî÷êè çðåíèÿ òåðìè÷å-



Âû÷èñëèòåëüíûå òåõíîëîãèè 301 ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ

Ðèñóíîê 1 Èçîáðàæåíèå îáúåêòà â âèäèìîì è èíôðàêðàñíîì ñïåêòðàõ, à òàêæå ãðàôè÷åñêîå
èçìåíåíèå òåìïåðàòóðû ïî äëèíå ñå÷åíèÿ Ð

ñêîãî ñîïðîòèâëåíèÿ âíóòðåííåé è âíåøíåé èçîëÿöèè òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ.

Ðàñ÷åò ïîòåðü òåïëà çà ñ÷åò åñòåñòâåííîé êîíâåêöèè è èçëó÷åíèåì îò ñòåíîê òåõíîëîãè÷åñêîãî

îáîðóäîâàíèÿ ïîçâîëÿåò îöåíèòü êàê ïåðåðàñõîä ýíåðãèè, òàê è íåðàöèîíàëüíûå ôèíàíñîâûå çà-

òðàòû.

Ðàññìîòðèì òîëüêî îäèí ïðèìåð ïåðåðàñõîäà ýíåðãèè çà ñ÷åò íåäîñòàòî÷íîãî ñ ýíåðãåòè÷åñêîé

òî÷êè çðåíèÿ òåðìè÷åñêîãî ñîïðîòèâëåíèÿ âíóòðåííåé è âíåøíåé èçîëÿöèè òåõíîëîãè÷åñêîãî

îáîðóäîâàíèÿ.

Ïðîâåäåì àíàëèç ðåçóëüòàòîâ òåïëîâèçèîííûõ (ðèñ.1) è áåñêîíòàêòíîãî òî÷å÷íîãî èçìåðåíèé

(ðèñ.2) òåìïåðàòóðû ñ ïîìîùüþ èíôðàêðàñíîãî òåðìîìåòðà ñ ëàçåðíûì öåëåóêàçàòåëåì (Testo

830) íà ïîâåðõíîñòè âðàùàþùåéñÿ ïå÷è öåõà êàóñòèçàöèè è ðåãåíåðàöèè èçâåñòè (ÖÊÐÈ).

Âðàùàþùàÿñÿ ïå÷ü òåðÿåò â îêðóæàþùóþ ñðåäó ýíåðãèþ çà ñ÷åò ñâîáîäíîé êîíâåêöèè è

èçëó÷åíèÿ. Ïðîâåäåííûå âû÷èñëåíèÿ ïîçâîëèëè îöåíèòü îòäåëüíî êîýôôèöèåíòû òåïëîîòäà÷è

êîíâåêöèåé è èçëó÷åíèåì ïî äëèíå âðàùàþùåéñÿ ïå÷è è íåïðîèçâîäèòåëüíûå ïîòåðè òåïëà, êî-

òîðûå äëÿ îäíîé âðàùàþùåéñÿ ïå÷è ìîæíî îöåíèòü â ðàçìåðå 2,7 Ãêàë/÷àñ. Ïðèíèìàÿ âðåìÿ

ýêñïëóàòàöèè 5000 ÷àñ/ãîä, ãîäîâûå ïîòåðè ñîñòàâÿò 13500 Ãêàë.

Ó÷èòûâàÿ íàëè÷èå òðåõ âðàùàþùèõñÿ ïå÷åé, ìîæíî îöåíèâàòü ãîäîâîé ïîòåíöèàë ýíåðãîñáåðå-

æåíèÿ òîëüêî çà ñ÷åò ñíèæåíèÿ ïîòåðü â îêðóæàþùóþ ñðåäó ∆Q ∼ 40000 Ãêàë/ãîä èëè 5700 ò

ó.ò./ãîä, ÷òî ñîñòàâëÿåò 2, 5% îò òîãî êîëè÷åñòâà ýíåðãèè, êîòîðîå ÓÈ ËÏÊ ïîëó÷àåò ñî ñòîðîíû.

Ñòîëü çíà÷èòåëüíûå ïîòåðè ýíåðãèè â îêðóæàþùóþ ñðåäó ñâèäåòåëüñòâóþò o íåäîñòàòî÷íîñòè

òåïëîçàùèòû âíóòðåííåé ôóòåðîâêîé ïå÷è. Ïîñëåäíåå âîçìîæíî:

à) åñëè òîëùèíà òåïëîèçîëÿöèîííîãî ôóòåðîâî÷íîãî ñëîÿ íåäîñòàòî÷íà;



ðÒÅÕÍÈ×ÅÑÊÈÅ ÍÀÓÊÈ 302 Âû÷èñëèòåëüíûå òåõíîëîãèè

Ðèñóíîê 2 Ðàñïðåäåëåíèå òåìïåðàòóð ïî äëèíå ïå÷è

á) ôàêòè÷åñêèé êîýôôèöèåíò òåïëîïðîâîäíîñòè ìàòåðèàëà ôóòåðîâêè ìåíüøå ðàñ÷åòíîãî.
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