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Îäíèì èç íàïðàâëåíèé ñîâåðøåíñòâîâàíèÿ öèêëà ãàçîòóðáèííûõ äâèãàòåëåé(ÃÒÄ), ïîçâîëÿþùåãî ïîâûñèòü
èõ ýôôåêòèâíîñòü, ñíèñíèçèòü óäåëüíûé ðàñõîä òîïëèâà è óìåíüøèòü âûáðîñû îêèñëîâ àçîòà NOx, ÿâëÿåòñÿ ðå-
ãåíåðàöèÿ òåïëà âûõëîïíûõ ãàçîâ ïóòåì óñòàíîâêè ðåêóïåðàòîðà íà âûõîäå èç òóðáèíû, â êîòîðîì ÷àñòü òåïëà
ïåðåäàåòñÿ âîçäóõó çà êîìïðåññîðîì.

 Êîìïëåêñíàÿ îïòèìèçàöèÿ ïàðàìåòðîâ òåðìîäèíàìè÷åñêîãî öèêëà ÃÒÄ, òàêèõ êàê òåìïåðàòóðà ãàçà ïåðåä

òóðáèíîé *
ãT , ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ â êîìïðåññîðå *

êΣπ , à òàêæå ïàðàìåòðîâ, îïðåäåëÿþùèõ ðàáî÷èé ïðî-

öåññ äîïîëíèòåëüíûõ óçëîâ (ñòåïåíü ðåãåíåðàöèè â òåïëîîáìåííèêå) êîìáèíèðîâàííîé ÃÒÄð, èãðàåò âàæíóþ ðîëü
â ïîâûøåíèè åå ýôôåêòèâíîñòè. Ðàçðàáîòàííûå â ÑÀÅ-ñèñòåìå ÀÑÒÐÀ êîìïüþòåðíûå ìîäåëè äâóõêîíòóðíûõ
äâóõâàëüíûõ òóðáîðåàêòèâíûõ äâèãàòåëåé ñ ðåãåíåðàöèåé òåïëà (ÒÐÄÄð) ïîçâîëèëè ðåàëèçîâàòü ðåøåíèå çàäà÷
íåëèíåéíîé ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè ïàðàìåòðîâ èõ ðàáî÷åãî ïðîöåññà, îïðåäåëèòü íàèáîëåå ðàöèî-
íàëüíûå ñõåìû â çàâèñèìîñòè îò öåëåâîãî íàçíà÷åíèÿ è óñëîâèé ýêñïëóàòàöèè ÒÐÄÄð.

Íà îñíîâå ðàçðàáîòàííîãî ìåòîäà ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè ïóòåì ÷èñëåííîãî ìîäåëèðîâàíèÿ ïðî-
âåäåíû è ïðåäñòàâëåíû ðåçóëüòàòû îïòèìèçàöèè ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà ÒÐÄÄ ñ ðåãåíåðàöèåé òåïëà â
ñèñòåìå ïàññàæèðñêîãî ñàìîëåòà òèïà Airbus À310 ïî òàêèì êðèòåðèÿì: ñóììàðíàÿ ìàññà ñèëîâîé óñòàíîâêè è
òîïëèâà, ïîòðåáíîãî íà ïîëåò; óäåëüíûå çàòðàòû òîïëèâà ñàìîëåòà íà òîííà-êèëîìåòð; óäåëüíûé ðàñõîä òîïëè-
âà. Ïðèâåäåíà ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü äëÿ ðàñ÷åòà ìàññû êîìïàêòíîãî òåïëîîáìåííèêà, ïðåäíàç-
íà÷åííàÿ äëÿ ðåøåíèÿ çàäà÷ îïòèìèçàöèè íà ýòàïå êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ äâèãàòåëÿ. Ðàçðàáîòàííûå
ìåòîäû è ìîäåëè ðåàëèçîâàíû â ÑÀÅ-ñèñòåìå ÀÑÒÐÀ.

Êëþ÷åâûå ñëîâà: äâóõêîíòóðíûé ãàçîòóðáèííûé äâèãàòåëü, òåïëîîáìåííèê, òåðìîäèíàìè÷åñêèé öèêë, ìàòå-
ìàòè÷åñêàÿ ìîäåëü, îïòèìèçàöèÿ, êðèòåðèé, ïàðàìåòðû ðàáî÷åãî ïðîöåññà, ñòåïåíü ðåãåíåðàöèè, îáëàñòü îïòè-
ìàëüíûõ ïàðàìåòðîâ, ðåçóëüòàòû ðàñ÷åòîâ.

Ââåäåíèå

Â íà÷àëå XXI âåêà àâèàöèîííàÿ ïðîìûøëåí-
íîñòü ñòîëêíóëàñü ñ ñåðüåçíûìè ïðîáëåìàìè,
íàèáîëåå çíà÷èòåëüíîé èç êîòîðûõ ÿâëÿåòñÿ óæå-
ñòî÷åíèå òðåáîâàíèé ïî ýêîëîãè÷åñêèì è ýêîíî-
ìè÷åñêèì ïîêàçàòåëÿì [1—4]. Êîíñóëüòàòèâíûé
ñîâåò ïî àýðîêîñìè÷åñêèì èññëåäîâàíèÿì â Åâ-
ðîïå (ACARE) ïðåäëîæèë äëÿ àâèàöèîííûõ äâè-
ãàòåëåé ê 2020 ãîäó óìåíüøèòü âûáðîñû CO2 íà
26%, âûáðîñû NOx íà 65%, ñíèçèòü óäåëüíûé

ðàñõîä òîïëèâà íà 15% è ñíèçèòü âäâîå âîñïðè-
íèìàåìûé àâèàöèîííûé øóì [5, 6].

Ïåðñïåêòèâíîé êîíöåïöèåé ñíèæåíèÿ óäåëü-
íîãî ðàñõîäà òîïëèâà ÿâëÿåòñÿ êîíöåïöèÿ ÃÒÄ ðå-
ãåíåðàòèâíîãî öèêëà (ÃÒÄð) [7—9]. Îäíàêî òðóä-
íîñòè òåõíè÷åñêîé ðåàëèçàöèè òàêèõ ðàçðàáîòîê
ñâÿçàíû ñ óñëîæíåíèåì êîíñòðóêöèè, óâåëè÷åíè-
åì ãàáàðèòîâ è ìàññû äâèãàòåëÿ èç-çà óñòàíîâêè
òåïëîîáìåííèêà. Ïîýòîìó ïðè ñîçäàíèè ÃÒÄð
íåîáõîäèìî ó÷èòûâàòü íå òîëüêî ïîâûøåíèå òîï-
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ëèâíîé ýôôåêòèâíîñòè, íî è óõóäøåíèå ìàññîâûõ
õàðàêòåðèñòèê, òàê êàê íà ýôôåêòèâíîñòü ñèëî-
âîé óñòàíîâêè â öåëîì ýòè ôàêòîðû îêàçûâàþò
ïðîòèâîïîëîæíîå âëèÿíèå. Ñîçäàíèå àâèàöèîí-
íîãî ÃÒÄð ñ ïðèåìëåìûìè ãàáàðèòíî-ìàññîâûìè
è ýêñïëóàòàöèîííûìè õàðàêòåðèñòèêàìè òðåáóåò
äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ ìåòîäîâ ðàñ÷¸-
òà êîìïàêòíûõ òåïëîîáìåííèêîâ, àíàëèçà óñëî-
âèé ðàöèîíàëüíîãî ñîãëàñîâàíèÿ ïàðàìåòðîâ òåï-
ëîîáìåííèêà è äâèãàòåëÿ, èññëåäîâàíèÿ íîâûõ,
âûñîêîýôôåêòèâíûõ òèïîâ ïîâåðõíîñòåé òåïëî-
îáìåíà, ñîâìåñòíîé îïòèìèçàöèè ïàðàìåòðîâ ðà-
áî÷åãî ïðîöåññà äâèãàòåëÿ è òåïëîîáìåííèêà,
èçó÷åíèÿ ýêñïëóàòàöèîííûõ êà÷åñòâ è õàðàêòåðè-
ñòèê ÃÒÄð [10—12].

Èíòåðåñ ê ÃÒÄ ñ ðåãåíåðàöèåé òåïëà ÿâëÿåò-
ñÿ ìèðîâîé òåíäåíöèåé. Òàê, â ðàáîòå [13] ïðè-
âîäèòñÿ ìåæäèñöèïëèíàðíàÿ ñòðóêòóðà äëÿ îöåí-
êè ïîòåíöèàëà òóðáîâàëüíîãî äâèãàòåëÿ âåðòîëå-
òà ñ ðåêóïåðàöèåé òåïëà, ñ íåîðåáð¸ííûì ïëàñ-
òèí÷àòûì òåïëîîáìåííèêîì ñî ñòåïåíüþ ðåãåíå-
ðàöèè 0,8—0,9. Â [14] îáîáùàþòñÿ õàðàêòåðèñòèêè
íåêîòîðûõ òèïîâ òåïëîîáìåííèêîâ äëÿ ïðèìåíå-
íèÿ â àâèàöèîííûõ ãàçîòóðáèííûõ äâèãàòåëÿõ è
ïðåäëîæåíû âîçìîæíûå êîíñòðóêòèâíûå ðåøåíèÿ
äëÿ ðåêóïåðàòîðîâ. Â [15] ïðîâîäèòñÿ äåòàëüíûé
àíàëèç ðåêóïåðèðîâàííîãî òóðáîâàëüíîãî äâèãà-
òåëÿ ñ îöåíêîé ýêîíîìèè òîïëèâà è ýêîëîãè÷åñ-
êèõ ïîêàçàòåëåé ïðè ðàçëè÷íûõ òðàåêòîðèÿõ è
äàëüíîñòÿõ ïîëåòà. Ðàáîò ïî ïðèìåíåíèþ ðåãåíå-
ðàöèè òåïëà â ÒÐÄÄ çíà÷èòåëüíî ìåíüøå.

Ñ óâåëè÷åíèåì ñòåïåíè ðåãåíåðàöèè θ  óäåëü-
íûé ðàñõîä òîïëèâà Cóä äâèãàòåëåé ñ òåïëîîáìåí-
íèêîì óìåíüøàåòñÿ, îäíàêî ñ ðîñòîì ñòåïåíè
ðåãåíåðàöèè óâåëè÷èâàåòñÿ ìàññà òåïëîîáìåííèêà
Mòî, ïðè÷¸ì ÷åì âûøå ñòåïåíü ðåãåíåðàöèè, òåì
èíòåíñèâíåå óâåëè÷èâàåòñÿ Ìòî. Ïðè îöåíêå ýô-
ôåêòèâíîñòè äâèãàòåëÿ â ñèñòåìå ëåòàòåëüíîãî
àïïàðàòà íåîáõîäèìî îäíîâðåìåííî ó÷èòûâàòü è
óìåíüøåíèå ðàñõîäà òîïëèâà, è óâåëè÷åíèå ìàñ-
ñà ñèëîâîé óñòàíîâêè Mñó. Äëÿ ýòîãî èñïîëüçóåò-
ñÿ òàêîé êðèòåðèè, êàê ñóììàðíàÿ ìàññà ñèëîâîé
óñòàíîâêè è òîïëèâà [12]

ò óä êð äâ êð äâ ï òîï  M C P n t M=
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êîòîðûé âêëþ÷àåò ìàññó äâèãàòåëÿ ñ òåïëîîáìåí-
íèêîì è ìàññó òîïëèâà, íåîáõîäèìîãî äëÿ ïîëå-
òà íà çàäàííóþ äàëüíîñòü:

ò óä äâ äâ ï.M C P n t=

Óìåíüøåíèå óäåëüíîãî ðàñõîäà òîïëèâà è óâå-
ëè÷åíèå ìàññû òåïëîîáìåííèêà ñ óâåëè÷åíèåì
ñòåïåíè ðåãåíåðàöèè ïðèâîäèò ê îáðàçîâàíèþ
ìèíèìóìà Mñó+ò (ðèñ. 1).

 Òàêèì îáðàçîì, ïðè âûáîðå ïàðàìåòðîâ ðàáî-
÷åãî ïðîöåññà äâèãàòåëÿ ñ òåïëîîáìåííèêîì íå-
îáõîäèìî îäíîâðåìåííî îïòèìèçèðîâàòü è ïàðà-

ìåòðû ðàáî÷åãî ïðîöåññà * *
ê âIIã

*, , ,T mΣπ π , è ñòå-

ïåíü ðåãåíåðàöèè θ .
Â êà÷åñòâå òåïëîîáìåííèêîâ äëÿ àâèàöèîííûõ

ÃÒÄð íàèáîëåå ïðåäïî÷òèòåëüíû ïëàñòèí÷àòûå
ðåêóïåðàòîðû [16—23]. Â ðåêóïåðàòîðàõ òåïëîîá-
ìåí ìåæäó ãàçîì è âîçäóõîì îñóùåñòâëÿåòñÿ íå-
ïîñðåäñòâåííî ÷åðåç ñòåíêè, ðàçäåëÿþùèå ïîòî-
êè. Ðåêóïåðàòîð ïðè ðàçäåëåíèè åãî íà îòäåëüíûå
ñåêöèè ïîçâîëÿåò ïîëó÷èòü áîëüøîå ðàçíîîáðà-
çèå êîíñòðóêòèâíûõ ôîðì, ÷òî îáëåã÷àåò óñëîâèÿ
åãî êîìïîíîâêè íà äâèãàòåëå. Äëÿ àâèàöèîííûõ
ÃÒÄð, â êîòîðûõ óâåëè÷åíèå äèàìåòðàëüíûõ ãàáà-
ðèòîâ íåæåëàòåëüíî èç-çà ðîñòà ëîáîâîãî ñîïðî-
òèâëåíèÿ ñèëîâîé óñòàíîâêè, îòìå÷åííîå îáñòî-
ÿòåëüñòâî ìîæåò èìåòü ðåøàþùåå çíà÷åíèå ïðè
âûáîðå òèïà òåïëîîáìåííèêà. Ðåêóïåðàòîðû ñðàâ-
íèòåëüíî ïðîñòû â èçãîòîâëåíèè è äîñòàòî÷íî
ïåðñïåêòèâíû â îòíîøåíèè âîçìîæíîñòè ïîëó÷å-
íèÿ õîðîøèõ ãàáàðèòíî-ìàññîâûõ ïîêàçàòåëåé êàê
ïðè èñïîëüçîâàíèè â ñîâðåìåííûõ àâèàöèîííûõ
ÃÒÄð, òàê è ïðè äàëüíåéøåì ðàçâèòèè ýòèõ äâè-
ãàòåëåé ïóòåì ðåàëèçàöèè âûñîêîòåìïåðàòóðíûõ
öèêëîâ.

Àíàëèç âîçìîæíîñòåé ïðèìåíåíèÿ ðåãåíåðà-
öèè òåïëà â àâèàöèîííûõ äâèãàòåëÿõ â äàííîé
ðàáîòå âûïîëíåí ïðèìåíèòåëüíî ê òåïëîîáìåí-
íèêàì ðåêóïåðàòèâíîãî òèïà, äëÿ êîòîðûõ è ðàç-
ðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü ðàñ÷åòà èõ ìàñ-
ñû, ïðåäñòàâëåííàÿ â [24].

Ïîñòàíîâêà çàäà÷è îïòèìèçàöèè ïàðàìåòðîâ
ðàáî÷åãî ïðîöåññà ÒÐÄÄ ñ ðåãåíåðàöèåé òåïëà

Îáîáùåííàÿ ìàòåìàòè÷åñêàÿ ïîñòàíîâêà çàäà-
÷è îïòèìèçàöèè ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà
ÒÐÄÄ ñ ðåãåíåðàöèåé òåïëà ïî êîìïëåêñó êðèòå-
ðèåâ îöåíêè äâèãàòåëÿ â ñèñòåìå ËÀ ñ ó÷åòîì
ïàðàìåòðè÷åñêèõ è ôóíêöèîíàëüíûõ îãðàíè÷åíèé
âûãëÿäèò ñëåäóþùèì îáðàçîì:

( ) ( )

*

arg{min max , | ; , 0},i j j jx y
y X p a x b g X p

Ω

δ

=

= < < £ (1)
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ãäå ( )* * *
ê ã âII, , , , , , jX T m x= π Θ …π  – âåêòîð îïòè-

ìèçèðóåìûõ ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà,

1, ;j k=

( ){ }ñó ò ò.êì óä æäâ i , , ,,Y M C C S Y+= … — ìíîæå-

ñòâî êðèòåðèåâ îïòèìèçàöèè, 1, ;i n=
aj, bj — îãðàíè÷åíèÿ íà ïðîåêòíûå (îïòèìèçè-

ðóåìûå) ïåðåìåííûå;

( ) ê âûõ ò âõ ò ã, { ,  ,  , è äð. }g X p h h Dπ= — ìíîæå-

ñòâî ôóíêöèîíàëüíûõ îãðàíè÷åíèé;

{ }* *
âõ êñ ê.áàç ò.áàç ñ, , , , è äð.p σ σ η η ϕ= — ìíîæå-

ñòâî äåòåðìèíèðîâàííûõ èñõîäíûõ ïðîåêòíûõ
äàííûõ;

( )
( ) opt  

opt  

( )
,

( )
ii

i i
i

Y X Y X
y X p

Y X

−
δ = ρ —  îòíîñèòåëü-

íîå îòêëîíåíèå êðèòåðèÿ îïòèìèçàöèè îò îïòè-
ìàëüíîãî çíà÷åíèÿ;

iρ — ñòåïåíü çíà÷èìîñòè i-ãî êðèòåðèÿ,
0,1.iρ =

Â îáùåì ñëó÷àå, êîãäà ÷èñëî îïòèìèçèðóåìûõ

ïàðàìåòðîâ k ≥ 3, ïðè ìíîãîêðèòåðèàëüíîé îïòè-
ìèçàöèè èñïîëüçóåòñÿ ìèíèìàêñíûé ïðèíöèï îï-
òèìàëüíîñòè (ïðèíöèï ãàðàíòèðîâàííîãî ðåçóëü-
òàòà).

Â ÷àñòíîì ñëó÷àå, êîãäà ðåçóëüòàòû îïòèìè-

çàöèè ìîæíî ïðåäñòàâèòü íà ïëîñêîñòè (k ≤ 2),
ïðèìåíÿåòñÿ ìåòîä ïîèñêà îáëàñòåé êîìïðîìèñ-
ñîâ êàê ïåðåñå÷åíèå ëîêàëüíî-îïòèìàëüíûõ îá-
ëàñòåé [10—12]:

1

,
n

i
i

X X«
=

=                         (2)

ãäå n — êîëè÷åñòâî ðàññìàòðèâàåìûõ êðèòåðèåâ
îöåíêè.

Ìàòåìàòè÷åñêè ìíîæåñòâî çíà÷åíèé ïàðàìåò-
ðîâ, ïðèíàäëåæàùèõ ëîêàëüíî-îïòèìàëüíîé îá-
ëàñòè, â ñëó÷àå ïðåäñòàâëåíèÿ ðåçóëüòàòîâ â ïëîñ-

Ðèñ. 1. Âëèÿíèå ñòåïåíè ðåãåíåðàöèè íà ìàññó òåïëîîáìåííèêà è ðàñõîä òîïëèâà
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êîñòè äâóõ îïòèìèçèðóåìûõ ïåðåìåííûõ

*
ê( , )Х mΣπ=  (èëè ïðè ôèêñèðîâàííûõ îñòàëüíûõ

îïòèìàëüíûõ ïåðåìåííûõ) îïðåäåëÿåòñÿ ñëåäóþ-
ùèì âûðàæåíèåì:

( ) ( ) ( )opt opt| , , 1 , ,

i

i i i
i

X

y
X Y X p Y X p Y X p

=

  δ = ≤ ≤ +   ρ   
(3)

ãäå ( )ñó ò ò.êì óä æäâ i{  , , , , }Y M C C S Y+= …  — ìíîæå-

ñòâî êðèòåðèåâ ýôôåêòèâíîñòè, 1, ;i n=

* *
âõ ê.áàç êñ ò.áàç( , , , ,...)p σ η σ η=  — âåêòîð èñõîä-

íûõ ïðîåêòíûõ äàííûõ;

yδ  — çàäàííàÿ âåëè÷èíà äîïóñòèìîãî îòíîñè-

òåëüíîãî îòêëîíåíèÿ îò îïòèìàëüíûõ çíà÷åíèé
êðèòåðèåâ;

iρ — êîýôôèöèåíò âëàæíîñòè i-ãî êðèòåðèÿ.
Äëÿ ÒÐÄÄð â îáùåì ñëó÷àå êîëè÷åñòâî îïòè-

ìèçèðóåìûõ ïåðåìåííûõ ðàâíî ïÿòè
* * *
ê âIIã( , , , , ),T mΣπ π Θ  îáëàñòü îïòèìàëüíûõ ïàðà-

ìåòðîâ â ýòîì ñëó÷àå ïðåäñòàâëÿåò ñîáîé ãèïåð-
ïðîñòðàíñòâî.

Äëÿ èëëþñòðàöèè ðàáîòîñïîñîáíîñòè ðàçðàáî-
òàííîãî ìåòîäà â êà÷åñòâå êðèòåðèåâ âûáðàíû:
ëåòíî-òåõíè÷åñêèé – çàòðàòû òîïëèâà íà òîííà-
êèëîìåòð Cò.êì è ìàññîâûé – ñóììàðíàÿ ìàññà
ñèëîâîé óñòàíîâêè è òîïëèâà Mñó+ò [25, 26].

Ñóììàðíàÿ ìàññà ñèëîâîé óñòàíîâêè è òîïëèâà,
ïîòðåáíîãî íà ïîëåò íà çàäàííóþ äàëüíîñòü

Ñíèæåíèå ìàññû òîïëèâà è ìàññû ñèëîâîé
óñòàíîâêè ïðè ïîñòîÿííîé âçëåòíîé ìàññå ñàìî-
ëåòà è äàëüíîñòè ïîëåòà îçíà÷àåò óâåëè÷åíèå êîì-
ìåð÷åñêîé íàãðóçêè, à ïðè çàäàííîé êîììåð÷åñ-
êîé íàãðóçêå è äàëüíîñòè ïîëåòà – óìåíüøåíèå
âçëåòíîé ìàññû ñàìîëåòà. Ýòîò êðèòåðèé õàðàê-
òåðèçóåò òó ÷àñòü ìàññû ËÀ, êîòîðàÿ íåïîñðåä-
ñòâåííî çàâèñèò îò ïàðàìåòðîâ ÑÓ:

ñó ò ñó äâ òî òñ òîï òëà .M K M M M M+ = ⋅ + ⋅ ⋅        (4)

Â ñëó÷àå ÒÐÄÄð ïîëó÷àåì:

( )
( )

ñó ò ñó äâ òî äâ

êð óä êð òñ òîï ï íç äâ,

M K M M n

P C M M t t n

+ = + +

+ ⋅ ⋅ ⋅ ⋅ +
           

(5)

ãäå òñM — êîýôôèöèåíò, ó÷èòûâàþùèé ìàññó

òîïëèâíîé ñèñòåìû ËÀ;

òîïM — êîýôôèöèåíò, ó÷èòûâàþùèé ìàññó

òîïëèâà, ïîòðåáíîãî íà ïîëåò íà íåðàñ÷åòíûõ ðå-
æèìàõ;

tï — âðåìÿ ïîëåòà;
tíç — âðåìÿ ïîëåòà íà íàâèãàöèîííîì çàïàñå

òîïëèâà.
Ìàññà äâèãàòåëÿ ôîðìóëèðóåòñÿ ñëåäóþùèì

îáðàçîì:

( )äâ êñì ðåñ,I II cM M M M k k= + +            (6)

ãäå MI — ìàññà ãàçîãåíåðàòîðà âíóòðåííåãî êîí-
òóðà (áåç âåíòèëÿòîðà è òóðáèíà âåíòèëÿòîðà),

( )
2

1

* 
ã

0,286

â ïð.âåí
â

1

m
m ê

I I T
M В G k

   −     

π
=

π

(çíà÷åíèÿ êîýôôèöèåíòîâ Â, m1, m2 ïðèâåäåíû â
òàáë. 1);

MII — ìàññà òóðáîâåíòèëÿòîðà è îáå÷àéêè íà-
ðóæíîãî êîíòóðà,

0,903 1,104 1,193
â â2 ;,865IIM G m= π

Mêñì — ìàññà êàìåðû ñìåøåíèÿ ó ÒÐÄÄ ñî
ñìåøåíèåì ïîòîêîâ âíóòðåííåãî è íàðóæíîãî
êîíòóðîâ,

0,753
êñì â âçë2,316 ;M G =

kc — êîýôôèöèåíò ñîâåðøåíñòâîâàíèÿ ìàññû
ÃÒÄ ïî ãîäàì;

kðåñ — êîýôôèöèåíò, ó÷èòûâàþùèé èçìåíåíèå
ìàññû ÃÒÄ â çàâèñèìîñòè îò âåëè÷èíû íàçíà÷åí-
íîãî ðåñóðñà;

Òàáëèöà 1

Çíà÷åíèÿ êîýôôèöèåíòîâ Â, m1, m2

Òèï 
ÃÒÄ 

0,5 < GâI ïð.âåí < 5 êã/ñ 5 < GâI ïð.âåí < 50 êã/ñ GâI ïð.âåí > 5 êã/ñ 

B m1 m2 B m1 m2 B m1 m2 

ÒÐÄÄ 20,9 0,8 0,5 15,2 1 0,5 6,96 1,2 0,5 
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*
ãT

k  — êîýôôèöèåíò, ó÷èòûâàþùèé âîçðàñòà-

íèå ìàññû äâèãàòåëÿ çà ñ÷¸ò ñèñòåìû îõëàæäåíèÿ
òóðáèíû,

( )*
ã

4 *
ã max1 2,10 1200 ;

T
k Ò−= + −

Mòî — ìàññà êîìïàêòíîãî òåïëîîáìåííèêà.
Ìàññà òåïëîîáìåííèêà îïðåäåëÿåòñÿ ñëåäóþ-

ùèì îáðàçîì [25]. Â çàâèñèìîñòè îò ñòåïåíè ðå-

ãåíåðàöèè Θ  è ñêîðîñòè ïðîòåêàíèÿ ãàçà ÷åðåç
òåïëîîáìåííèê Ñã ðàññ÷èòûâàåòñÿ óäåëüíàÿ ìàñ-
ñà òåïëîîáìåííèêà:

6.8
òî

ã

4,25
0,025 .e

Ñ
θ 

γ = +  
 

               (7)

Ïî çàäàííîìó ðàñõîäó âîçäóõà ÷åðåç òåïëîîá-

ìåííèê Gâ è ðàññ÷èòàííîé óäåëüíîé ìàññå òîγ

ðàññ÷èòûâàåòñÿ ìàññà òåïëîîáìåííèêà:

Ìòî = Gâ òîγ .                     (8)

Óäåëüíûå çàòðàòû òîïëèâà ËÀ
íà òîííà-êèëîìåòð ïåðåâîçèìîé
êîììåð÷åñêîé íàãðóçêè

Øèðîêî ðàñïðîñòðàíåííûé êðèòåðèé ñîâåð-
øåíñòâà òðàíñïîðòíûõ è ïàññàæèðñêèõ ñàìîëåòîâ
Cò·êì — óäåëüíûå çàòðàòû òîïëèâà íà 1 ò·êì —
õàðàêòåðèçóåò ðàñõîä òîïëèâà íà 1 òîííà-êèëî-
ìåòð (èëè ïàññàæèðî-êèëîìåòð):

0 òîï óä êðò
ò êì

êí ï êí ï ëà

,L
M M CM

C
M L M V K⋅ = =

ãäå ÌòL — ðàñõîäóåìîå çà ïîëåò òîïëèâî;

ò óä êð êð òîï ï äâ.LM C Ð M t n=

Èñõîäíûå äàííûå äëÿ îïòèìèçàöèè
äâóõêîíòóðíîãî òóðáîðåàêòèâíîãî äâèãàòåëÿ
ñ ðåãåíåðàöèåé òåïëà â ñèñòåìå ñàìîëåòà

Ïîñòàíîâêà çàäà÷è îïòèìèçàöèè è âûáîðà
ðàöèîíàëüíûõ ïàðàìåòðîâ ÒÐÄÄ ñ ðåãåíåðàöèåé
òåïëà ôîðìóëèðóåòñÿ ñëåäóþùèì îáðàçîì. Íà
îñíîâå ÷èñëåííûõ ðàñ÷åòîâ ïðîâåñòè îïòèìèçà-
öèþ ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà ÒÐÄÄð â ñè-
ñòåìå ïàññàæèðñêîãî ñàìîëåòà ïî òàêèì êðèòåðè-
ÿì, êàê ñóììàðíàÿ ìàññà ñèëîâîé óñòàíîâêè è
òîïëèâà, ïîòðåáíîãî íà ïîëåò, è óäåëüíûå çàòðà-
òû òîïëèâà ËÀ íà òîííà-êèëîìåòð. Â êà÷åñòâå
ëåòàòåëüíîãî àïïàðàòà âûáðàí ñàìîëåò, ïî õàðàê-
òåðèñòèêàì áëèçêèé ê ïàññàæèðñêîìó Airbus
À310-300. Ñõåìà è T-S-äèàãðàììà èññëåäóåìîãî
äâóõêîíòóðíîãî äâóõâàëüíîãî äâèãàòåëÿ ñ ðàçäåëü-
íûì èñòå÷åíèåì èç êîíòóðîâ è ñ ðåãåíåðàòîðîì
ïðåäñòàâëåíà íà ðèñ. 2.

Îñíîâíûå èñõîäíûå ïðîåêòíûå äàííûå ïî
äâèãàòåëþ è ñàìîëåòó ïðåäñòàâëåíû â òàáë. 2 è 3.

Â äàííîì èññëåäîâàíèè ñòåïåíü ðåãåíåðàöèè θ
çàäàâàëàñü ðàâíîé 0; 0,5; 0,7; 0,9. Òåìïåðàòóðà ãàçà
ïåðåä òóðáèíîé íà êðåéñåðñêîì ðåæèìå ïðèíè-
ìàëàñü ðàâíîé 1400 Ê, 1600 Ê, 1800 Ê, 2000 Ê.
Òÿãà äâèãàòåëÿ îïðåäåëÿëàñü èñõîäÿ èç ïîòðåáíîé
äëÿ ñàìîëåòà òÿãè ñèëîâîé óñòàíîâêè ñ ó÷åòîì åãî
àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê. Ïðèíÿòî äîïó-
ùåíèå, ÷òî ãèäðàâëè÷åñêèå ïîòåðè â êàíàëàõ òåï-
ëîîáìåííèêà ïîñòîÿííû.

Â êà÷åñòâå ïðèìåðà íà ðèñ. 3—5 ïðèâåäåíû
ðåçóëüòàòû îïòèìèçàöèè ïàðàìåòðîâ ÒÐÄÄð ïî
ðàçíûì êðèòåðèÿì.

Ðèñ. 2. Ñõåìà è T-S-äèàãðàììà ÒÐÄÄ ñ ðåêóïåðàòîðîì
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Òàáëèöà 2

Îñíîâíûå èñõîäíûå ïðîåêòíûå äàííûå ïî äâèãàòåëþ

Òàáëèöà 3

Îñíîâíûå èñõîäíûå ïðîåêòíûå äàííûå ïî ñàìîëåòó

Ïàðàìåòð Íàèìåíîâàíèå Зíà÷åíèå 

âõσ  Êîýôôèöèåíò ïîòåðü ïîëíîãî äàâëåíèÿ âî âõîäíîì óñòðîéñòâå 0,99 

*
êíäη  Ïîëèòðîïè÷åñêèé ÊÏÄ êîìïðåññîðà íèçêîãî äàâëåíèÿ 0,89 

*
IIη  Ïîëèòðîïè÷åñêèé ÊÏÄ âåíòèëÿòîðà 0,89 

*
êâäη  Ïîëèòðîïè÷åñêèé ÊÏÄ îñåâîãî êîìïðåññîðà âûñîêîãî äàâëåíèÿ  0,89 

ãη  Êîýôôèöèåíò ïîëíîòû ñãîðàíèÿ òîïëèâà â êàìåðå ñãîðàíèÿ 0,995 

êñσ  Êîýôôèöèåíò ïîòåðü ïîëíîãî äàâëåíèÿ â êàìåðå ñãîðàíèÿ 0,96 

*
òâäη  ÊÏÄ òóðáèíû âûñîêîãî äàâëåíèÿ  0,88 

ì.âäη  Ìåõàíè÷åñêèé ÊÏÄ êàñêàäà âûñîêîãî äàâëåíèÿ  0,99 

*
òíäη  ÊÏÄ òóðáèíû íèçêîãî äàâëåíèÿ  0,91 

ì.íäη  Ìåõàíè÷åñêèé ÊÏÄ êàñêàäà íèçêîãî äàâëåíèÿ 1,0 

ñàμ  Êîýôôèöèåíò ðàñõîäà ñîïëîâîãî àïïàðàòà òóðáèíû 0,97 

ñϕ  Êîýôôèöèåíò ñêîðîñòè ñîïëà 0,99 

ñμ  Êîýôôèöèåíò ðàñõîäà ñîïëà 1,0 

Êñó Êîýôôèöèåíò, ó÷èòûâàþùèé óâåëè÷åíèå ìàññû ñèëîâîé óñòàíîâêè 1,5 

Ïàðàìåòð Íàèìåíîâàíèå Зíà÷åíèå  

Ìêí Ìàññà êîììåð÷åñêîé íàãðóçêè, êã 20000 

Нï Âûñîòà ïîëåòà, êì 11 

Ìï Чèñëî Ìàõà ïîëåòà 0,8 

Lï Äàëüíîñòü ïîëåòà, êì 7000 

Êïë Àýðîäèíàìè÷åñêîå êà÷åñòâî ïëàíåðà 18 

näâ Êîëè÷åñòâî äâèãàòåëåé íà ËÀ 2 

ïëM  Îòíîñèòåëüíàÿ ìàññà ïëàíåðà 0,45 

ñîM  Îòíîñèòåëüíàÿ ìàññà ñëóæåáíîé íàãðóçêè è îáîðóäîâàíèÿ  0,05 

Èç ðèñóíêîâ âèäíî, ÷òî ñ óâåëè÷åíèåì ñòåïåíè
ðåãåíåðàöèè îò 0 äî 0,9 îïòèìàëüíûå çíà÷åíèÿ
ñòåïåíè ïîâûøåíèÿ äàâëåíèÿ ïî âñåì ðàññìîò-
ðåííûì êðèòåðèÿì Ìñó+ò, Ñò.êì è Ñóä ñóùåñòâåí-

íî óìåíüøàþòñÿ — ïðèìåðíî â ïÿòü ðàç. Îïòè-
ìàëüíàÿ ñòåïåíü äâóõêîíòóðíîñòè òàêæå óìåíüøà-
åòñÿ ñ ðîñòîì ñòåïåíè ðåãåíåðàöèè, íî íàìíîãî
ìåíüøå (ïðèìåðíî íà 25—30%).
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Ðèñ. 3. Îáëàñòè îïòèìàëüíûõ ïàðàìåòðîâ ÒÐÄÄð ïî êðèòåðèÿì: Ìñó+ò → min, Íï = 11 êì, Ìï = 0,8, Ìêí = 20 ò,

Lï = 7000 êì, *
ãêðT = 1800 Ê

Ðèñ. 4. Îáëàñòè îïòèìàëüíûõ ïàðàìåòðîâ ÒÐÄÄð ïî êðèòåðèÿì: Ñò.êì → min, Íï = 11 êì, Ìï = 0,8, Ìêí = 20 ò,

Lï = 7000 êì, *
ãêðT = 1800 Ê
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Íà ðèñ. 6 ïðåäñòàâëåíî ñîïîñòàâëåíèå îïòè-
ìàëüíûõ ïàðàìåòðîâ ïî ðàññìàòðèâàåìûì êðèòå-
ðèÿì. Âèäíî, ÷òî îïòèìàëüíûå çíà÷åíèÿ ñòåïå-
íè äâóõêîíòóðíîñòè è ñòåïåíè ïîâûøåíèÿ äàâ-
ëåíèÿ ïî êðèòåðèþ Ñóä  ñóùåñòâåííî îòëè÷àþò-
ñÿ îò îïòèìàëüíûõ çíà÷åíèé ïî êðèòåðèÿì Ìñó+ò
è Ñò.êì.

Íà ðèñ. 7 ïðèâåäåíû çàâèñèìîñòè îïòèìàëü-
íûõ çíà÷åíèé ñòåïåíè äâóõêîíòóðíîñòè è ñóììàð-

Ðèñ. 5. Îáëàñòè îïòèìàëüíûõ ïàðàìåòðîâ ÒÐÄÄð ïî êðèòåðèÿì: Ñóä → min, Íï = 11 êì, Ìï = 0,8, Ìêí = 20 ò,

Lï = 7000 êì, *
ãêðT = 1800 Ê

Ðèñ. 6. Îáëàñòè îïòèìàëüíûõ ïàðàìåòðîâ ÒÐÄÄð ïî êðèòåðèÿì: Ìñó+ò → min, Ñò.êì → min, Ñóä → min, Íï = 11 êì,

Ìï = 0,8, Ìêí = 20 ò, Lï = 7000 êì, *
ãêðT = 1800 Ê

íîé ñòåïåíè ïîâûøåíèÿ äàâëåíèÿ îò òåìïåðàòó-
ðû ãàçà ïåðåä òóðáèíîé ÒÐÄÄð ïî êðèòåðèÿì Ñóä
è Ñò.êì. Âèäíî, ÷òî îïòèìàëüíûå çíà÷åíèÿ ñòåïå-
íè äâóõêîíòóðíîñòè è ñóììàðíîé ñòåïåíè ïîâû-
øåíèÿ äàâëåíèÿ ñ ðîñòîì òåìïåðàòóðû ãàçà ìîíî-
òîííî âîçðàñòàþò ïðè âñåõ ðàññìîòðåííûõ ñòåïå-
íÿõ ðåãåíåðàöèè.

Íà ðèñ. 8 è 9 ïðèâåäåíû çàâèñèìîñòè îïòè-
ìàëüíûõ çíà÷åíèé êðèòåðèåâ Ìñó+ò è Ñòêì îò òåì-
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ïåðàòóðû ãàçà ïåðåä òóðáèíîé ïðè ðàçëè÷íûõ
çíà÷åíèÿõ ñòåïåíè ðåãåíåðàöèè. Âèäíî, ÷òî ñ
ðîñòîì òåìïåðàòóðû ãàçà ïåðåä òóðáèíîé ýôôåê-
òèâíîñòü ÒÐÄÄ ïîâûøàåòñÿ. Îíà òàêæå ïîâûøà-
åòñÿ ñ ðîñòîì ñòåïåíè ðåãåíåðàöèè.

Âûâîäû

Ðàçðàáîòàíû:
• ìàòåìàòè÷åñêàÿ ìîäåëü äâóõêîíòóðíîãî òóð-

áîðåàêòèâíîãî äâèãàòåëÿ ñ ðåãåíåðàöèåé òåïëà
(ÒÐÄÄð);

Ðèñ. 8. Çàâèñèìîñòè îïòèìàëüíûõ çíà÷åíèé Ìñó+ò îò *
ãT   ïðè ðàçíûõ θ  (Íï = 11 êì, Ìï = 0,8, Ìêí = 20 ò,

Lï = 7000 êì)

Ðèñ. 9. Çàâèñèìîñòè îïòèìàëüíûõ çíà÷åíèé Ñòêì îò *
ãT  ïðè ðàçíûõ θ  (Íï = 11 êì, Ìï = 0,8, Ìêí = 20 ò,

Lï = 7000 êì)
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• ìîäåëü ðàñ÷¸òà ìàññû êîìïàêòíîãî òåïëîîá-
ìåííèêà, ïðåäíàçíà÷åííàÿ äëÿ ðåøåíèÿ çàäà÷
îïòèìèçàöèè ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà íà
ýòàïå êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ äâèãàòå-
ëÿ;

• ìåòîä ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè è
âûáîðà ðàöèîíàëüíûõ ïàðàìåòðîâ ðàáî÷åãî ïðî-
öåññà ÒÐÄÄð ñ ðåãåíåðàöèåé òåïëà.

Ïðèâåäåíû ðåçóëüòàòû îïòèìèçàöèè ïàðàìåò-
ðîâ ðàáî÷åãî ÒÐÄÄð ïî êðèòåðèÿì ñóììàðíîé
ìàññû ñèëîâîé óñòàíîâêè è òîïëèâà, ïîòðåáíîãî
íà ïîëåò, è óäåëüíûõ çàòðàò òîïëèâà ËÀ íà òîí-
íà-êèëîìåòð, à òàêæå ïî óäåëüíîìó ðàñõîäó òîï-
ëèâà.

Èç àíàëèçà ðåçóëüòàòîâ ðàñ÷¸òà ñëåäóåò, ÷òî
îïòèìàëüíûå çíà÷åíèÿ ñòåïåíè ïîâûøåíèÿ äàâ-
ëåíèÿ ïî êðèòåðèÿì Ìñó+ò è Ñò.êì ñóùåñòâåííî
óìåíüøàþòñÿ ïðè óâåëè÷åíèè ñòåïåíè ðåãåíåðà-
öèè îò 0 äî 0,9 (ïðèìåðíî â ïÿòü ðàç). Îïòèìàëü-
íàÿ ñòåïåíü äâóõêîíòóðíîñòè ïðè ýòîì òàêæå
óìåíüøàåòñÿ ñ ðîñòîì ñòåïåíè ðåãåíåðàöèè, íî
ñóùåñòâåííî ìåíüøå (ïðèìåðíî íà 25—30%).

Îáëàñòè îïòèìàëüíûõ çíà÷åíèé ïàðàìåòðîâ
ðàáî÷åãî ïðîöåññà ÒÐÄÄð ïî êðèòåðèþ ÑÓÄ ñó-
ùåñòâåííî  îòëè÷àþòñÿ îò îáëàñòåé îïòèìàëüíûõ
çíà÷åíèé ïàðàìåòðîâ ïî êðèòåðèÿìè îöåíêè äâè-
ãàòåëÿ â ñèñòåìå ñàìîëåòà Ìñó+ò è Ñò.êì. Ñëåäîâà-
òåëüíî îïòèìèçèðîâàòü ïàðàìåòðû ÒÐÄÄ ñ ðåãå-
íåðàöèåé òåïëà òîëüêî ïî êðèòåðèþ ÑÓÄ íåäîñòà-
òî÷íî. Ñ ðîñòîì òåìïåðàòóðû ãàçà ïåðåä òóðáèíîé
ýôôåêòèâíîñòü ÒÐÄÄð ïîâûøàåòñÿ. Îíà òàêæå
ïîâûøàåòñÿ ñ ðîñòîì ñòåïåíè ðåãåíåðàöèè.

Äàëüíåéøèì íàïðàâëåíèåì èññëåäîâàíèé ÿâ-
ëÿåòñÿ ñîâìåñòíàÿ îïòèìèçàöèÿ ïàðàìåòðîâ ðàáî-
÷åãî ïðîöåññà è ðåãåíåðàòîðà òóðáîâàëüíûõ ÃÒÄ
â ñèñòåìå âåðòîëåòà ïî êðèòåðèÿì îöåíêè èõ òåõ-
íèêî-ýêîíîìè÷åñêîé ýôôåêòèâíîñòè, à òàêæå
ðàññìîòðåíèå äâèãàòåëåé ñ ïðîìåæóòî÷íûì îõ-
ëàæäåíèåì â ïðîöåññå ñæàòèÿ.
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Abstract

One of the trends for gas turbine engines cycle
improving, allowing enhancing their efficiency,
reducing specific fuel consumption and nitrogen oxides
discharge, is exhaust gases regeneration through
installing recuperator at the turbine outlet, in which
a part of heat is being transferred to the air behind the
compressor.

Comprehensive parameters optimization of the
thermodynamic cycle of gas turbines, such as gas

temperature T4
*  and compressor pressure ratior *

cr Σ ,

as well as parameters, defining the workflow of
additional units like heat exchanger recovery factor,
play an important role in its efficiency improving.
Computer models of the bypass two-shaft turbojet
engines with heat regeneration (TJER) developed in
ASTRA CAE-system allowed realizing the problem
solution of nonlinear multi-criteria optimization of
their working process, and defining the most rational
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schemes depending of designated purpose and TJER
operation conditions.

Based on the developed method of multi-criteria
optimization numerical modelling was performed. The
article presents the results of parameters optimization
of the TJER working process in the system of Airbus
A310 passenger plane by suc criteria as total mass of
the power plant, and fuel consumed for the flight, as
well as fuel consumption intensity per ton-kilometer
and specific fuel consumption. The developed
mathematical model for compact heat exchanger mass
computing intended for solving optimization problems
at the stage of conceptual design of the engine. The
developed methods and models were realized in
ASTRA CAE system.

Keywords: bypass gas turbine engine, heat
exchanger, thermodynamic cycle, mathematical
model, optimization, criterion, working process
parameters, recovery factor, optimal parameters area,
calculation results.

References

1. McDonald C.F., Massardo A.F., Rodgers C., Stone A.
Recuperated gas turbine aeroengines, part I: early
development activities. Aircraft Engineering and
Aerospace Technology, 2008, vol. 80, no. 2, pp. 139–157.
DOI: 10.1108/00022660810859364

2. McDonald C.F., Massardo A.F., Rodgers C., Stone A.
Recuperated gas turbine aeroengines, part II: Engine
design studies following early development testing.
Aircraft Engineering and Aerospace Technology, 2008,
vol. 80, no. 3, pp. 280-294. DOI: 10.1108/
00022660810873719

3. McDonald C.F., Massardo A.F., Rodgers C., Stone A.
Recuperated gas turbine aeroengines. Part III: Engine
concepts for reduced emissions, lower fuel
consumption, and noise abatement. Aircraft Engineering
and Aerospace Technology, 2008, vol. 80, no. 4, pp. 408-426.
DOI: 10.1108/00022660810882773

4. Zhang C., Gu �mmer V. High temperature heat
exchangers for recuperated rotorcraft powerplants.
Applied Thermal Engineering, 2019, vol. 154, pp. 548–561.
DOI: 10.1016/j.applthermaleng.2019.03.119

5. Rolt A., Kyprianidis K. Assessment of new aero engine
core concepts and technologies in the EU framework 6
NEWAC programme. 27th International Congress of the
Aeronautical Sciences – ICAS’2010 (19–24 September
2010, Nice, France), 11 p.  Paper No. 408.

6. Bouty E., Paty G., Cheftel-Py B. SAGE 5 clean sky’s
approach to quieter turboshaft engines. XX International
Symposium on Air Breathing Engines, 2011, ISABE-
2011-1303, pp. 736-741.

7. Agul’nik A.B., Gusarov S.A., Omar H.H.O. Trudy MAI,
2017, no. 92. URL:  http://trudymai.ru/eng/published.
php?ID=77084

8. Kuz’michev V.S., Omar H.H.Î., Tkachenko A.Y.
Effectiveness improving technique for gas turbine
engines of ground application by heat regeneration.
Aerospace MAI Journal, 2018, vol. 25, no. 4, pp. 133-141.

9. Filinov E., Tkachenko A., Omar H.H.Î., Rybakov V.
Increase the Efficiency of a Gas Turbine Unit for Gas
Turbine Locomotives by Means of Steam Injection into
the Flow Section. The 2nd International Conference on
Mechanical, System and Control Engineering (ICMSC
2018). 2018. Vol. 220. DOI: 10.1051/matecconf/
201822003010

10. Kulagin V.V., Kuz’michev V.S. Teoriya, raschet i
proektirovanie aviatsionnykh dvigatelei i energeticheskikh
ustanovok. Kn.1. Osnovy teorii GTD. Rabochii protsess
i termogazodinamicheskii analiz (Theory, calculation and
design of aircraft engines and power plants. Book 1
“Fundamentals of the GTD theory. Workflow and
thermal-gas-dynamics analysis”), Moscow,
Innovatsionnoe mashinostroenie, 2017, 336 p.

11. Kulagin V.V. Teoriya, raschet i proektirovanie avia-
tsionnykh dvigatelei i energeticheskikh ustanovok. Kn. 3.
Osnovnye problemy: Nachal’nyi uroven’ proektirovaniya,
gazodinamicheskaya dovodka, spetsial’nye kharakteristiki
i konversiya aviatsionnykh GTD (Theory, calculation
and design of aircraft engines and power plants. Book 3
“Main problems: Initial level of design, gas-dynamic
finishing, special characteristics and aviation GTE
conversion”), Moscow, Mashinostroenie, 2005, 464 p.

12. Maslov V.G., Kuz’michev V.S., Kovartsev A.N.,
Grigor’ev V.A. Teoriya i metody nachal’nykh etapov
proektirovaniya aviatsionnykh GTD (Theory and
methods of initial stages of aviation GTE design),
Samara, SGAU, 1996, 147 p.

13. Zhang C., Gu �mmer V. The potential of helicopter
turboshaft engines incorporating highly effective
recuperators under various flight conditions. Aerospace
Science and Technology, 2019, vol. 88, pp. 84–94. DOI:
10.1016/j.ast.2019.03.008

14. Min J.K., Jeong J.H., Ha M.Y., Kim K.S. High
temperature heat exchanger studies for applications to
gas turbines. Heat and Mass Transfer, 2009, vol. 46, no.
2, pp. 175–186. DOI: 10.1007/s00231-009-0560-3

15. Fakhre A., Pachidis V., Goulos I., Tashfeen M., Pilidis P.
Helicopter mission analysis for a regenerated turboshaft
engine. ASME Turbo Expo 2013: Turbine Technical
Conference and Exposition (3–7 June 2013, San Antonio,
Texas, USA). Vol. 2. Paper No. GT2013-94971.

16. Utriainen E., Sundå ´n B., Evaluation of the cross
corrugation and some other candidate heat transfer
surface for microturbine recuperators. Journal of
Engineering for Gas Turbines and Power, 2002, vol. 124,
no. 3, pp.550–560. DOI: 10.1115/1.1456093

17. Xie G.N., Sundå ´n B., Wang Q.W. Optimization of
compact heat exchangers by a genetic algorithm.
Applied Thermal Engineering, 2008, vol. 28, no. 8-9, pp.
895–906. DOI: 10.1016/j.applthermaleng.2007.07.008

18. Xiao G., Yang T., Liu H. et al. Recuperators for micro
gas turbines: a review. Applied Energy. 2017, vol. 197,
pp. 83–99. DOI: 10.1016/j.apenergy.2017.03.095



146 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹4

Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

19. Kim M., Ha M.Y., Min J.K. et al. Numerical study on
the cross-corrugated primary surface heat exchanger
having asymmetric cross-sectional profiles for advanced
intercooled-cycle aero engines. International Journal of
Heat and Mass Transfer, 2013, vol. 66, pp. 139–153.
DOI: 10.1016/j.ijheatmasstransfer.2013.07.017

20. MacDonald C.F. Recuperator considerations for future
higher efficiency microturbines. Applied Thermal
Engineering, 2003, vol. 23, no. 12, pp. 1463-1487. DOI:
10.1016/S1359-4311(03)00083-8

21. McDonald C.F. Low-cost compact primary surface
recuperator concept for microturbines. Applied Thermal
Engineering, 2000, vol. 20, no. 5, pp. 471–497. DOI:
10.1016/S1359-4311(99)00033-2

22. McDonald C.F. Low cost recuperator concept for
microturbine applications. ASME Turbo Expo 2000:
Power for Land, Sea, and Air (8-11 May 2000, Munich,
Germany), 2000. DOI: 10.1115/2000-GT-0167

23. Traverso A., Massardo A.F. Optimal design of compact
recuperators for microturbine application. Applied
Thermal Engineering, 2005, vol. 25, no. 14-15,
pp. 2054–2071. DOI: 10.1016/j.applthermaleng.
2005.01.015

24. Kuz’michev V.S., Omar H.H.O., Tkachenko A.Yu.,
Bobrik A.A. Vestnik Samarskogo universiteta.
Aerokosmicheskaya tekhnika, tekhnologii i
mashinostroenie, 2019, vol. 18, no. 3, pp. 67-80. DOI:
10.18287/2541-7533-2019-18-3-67-80

25. Kuz’michev V.S., Kulagin V.V., Krupenich I.N. et al.
Trudy MAI, 2013, no. 67. URL: http://trudymai.ru/
eng/published.php?ID=41518

26. Grigor’ev V.A., Zhdanovskii A.V., Kuz’michev V.S.,
Osipov I.V., Ponomarev B.A. Vybor parametrov i
termogazodinamicheskie raschety aviatsionnykh
gazoturbinnykh dvigatelei (Parametersselection and
thermo-gas-dynamics calculations of aviation gas
turbine engines), Samara, SGAU, 2009, 202 p.


