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Abstract

The processes of designing, fine-tuning and modernization of aircraft gas turbine engines require credibility
of the mathematical models (MM) reflecting physical picture of the engine functioning processes. The latter
can be achieved by the model parameters calibrating based on the engine test-bench and flight experiments
results.

The MM calibration process of modern aircraft gas turbine engines is rather time-consuming task due
to the need for identifying the main parameters obtained while experimental studies, which depend on a
large number of parameters uncontrolled during the experiment, which values may vary while the identification
process.

The presented work studies the combinatorial calibration method of the engine mathematical model.
Four virtual experiments are pre-conducted, presented in the form of a model computation with introduced
correction coefficients on the nodes characteristics. Global array of correction coefficients is being formed
in the ThermoGTE software for the existing engine structure by the results of virtual tests. Further, the problem
on the calculated parameters and experimental results minimization is being solved for each combination
of correction coefficients by the ThermoGTE software built-in simplex method. As the result, an array of
resulting functions is being formed for each combination of corrections, and the most accurate groups of
corrections are being determined. The selected solutions operability is being checked thereafter by correction
coefficients substituting into the engine mathematical model. As the result, the research engineer obtains
several scenarios for the mathematical model calibration. It is assumed while solving that the parameters
being measured have no deviation from the real ones (zero measurement error). The correction multipliers
constancy is being assumed as well that at all engine operation modes.

The presented MM calibration method may be employed to refine mathematical model of any engine
with any number of measured parameters. However, it should be noted that the presence of a large number
of correction coefficients of the model under study leads to an exponential increase in the computation time,
which in its turn leads to the need for the problem parallelization.

Keywords: GTE mathematical model, parametric verification, GTE characteristics, virtual experiment,
ThermoGTE
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Îäíèì èç âàæíûõ èíñòðóìåíòîâ, ïðèìåíÿå-
ìûõ íà âñåõ ýòàïàõ ïðîåêòèðîâàíèÿ, äîâîäêè è
ñåðèéíîãî ïðîèçâîäñòâà ãàçîòóðáèííîãî äâèãà-
òåëÿ (ÃÒÄ), ÿâëÿåòñÿ åãî ìàòåìàòè÷åñêàÿ ìîäåëü
(ÌÌ) äëÿ óñòàíîâèâøèõñÿ ðåæèìîâ ðàáîòû. ÌÌ
ÃÒÄ ïîçâîëÿåò ïðîâîäèòü ðàñ÷åòû âûñîòíî-ñêî-
ðîñòíûõ õàðàêòåðèñòèê ÃÒÄ, íåîáõîäèìûõ äëÿ
îöåíêè òàêòèêî-òåõíè÷åñêèõ õàðàêòåðèñòèê
(ÒÒÕ) ëåòàòåëüíîãî àïïàðàòà (ËÀ), ôîðìèðîâàòü
èñõîäíûå äàííûå äëÿ ãàçîäèíàìè÷åñêèõ ðàñ÷åòîâ
è ïðîåêòèðîâàíèÿ óçëîâ ÃÒÄ, ïðîåêòèðîâàíèÿ
ñèñòåìû àâòîìàòè÷åñêîãî óïðàâëåíèÿ ÃÒÄ, ðàñ-
÷åòîâ òåìïåðàòóðíîãî ñîñòîÿíèÿ äåòàëåé è ðàñ-
÷åòîâ íà ïðî÷íîñòü, ïëàíèðîâàíèÿ ðàçëè÷íûõ
âèäîâ èñïûòàíèé, äèàãíîñòèêè ñîñòîÿíèÿ ÃÒÄ â
ïðîöåññå ýêñïëóàòàöèè.

Ýôôåêòèâíîñòü ïðèìåíåíèÿ ÌÌ ÃÒÄ çàâè-
ñèò îò åå òî÷íîñòè. Â íàñòîÿùåå âðåìÿ àêòóàëü-
íîé çàäà÷åé ÿâëÿåòñÿ ïðîöåññ ïîâûøåíèÿ òî÷íî-
ñòè ÌÌ ÃÒÄ áëàãîäàðÿ êàëèáðîâêå èëè ïàðàìåò-
ðè÷åñêîé âåðèôèêàöèè (ÏÂ) – çàäà÷à óòî÷íåíèÿ
ïî ðåçóëüòàòàì èñïûòàíèé ÃÒÄ õàðàêòåðèñòèê åãî
óçëîâ. Â íàøåì èññëåäîâàíèè ïðåäïîëàãàëîñü, ÷òî
ïðîöåññû êàëèáðîâêè è ÏÂ èäåíòè÷íû.

Îäèí èç ïåðâûõ ìåòîäîâ âåðèôèêàöèè ìàòå-
ìàòè÷åñêîé ìîäåëè ÃÒÄ ÿâëÿåòñÿ ìåòîä òàê íà-
çûâàåìîé òðàäèöèîííîé óâÿçêè ÌÌ ÃÒÄ ñ ðå-
çóëüòàòàìè åãî èñïûòàíèé, ïðåäëîæåííûé
Á.Í. Àìåëèíûì è Î.Í. Ôàâîðñêèì (ÖÈÀÌ). Â
ïîñëåäíåå äåñÿòèëåòèå â ïðàêòèêå ïàðàìåòðè÷åñ-
êîé âåðèôèêàöèè ÌÌ ÃÒÄ ïîëó÷èëè ðàñïðîñò-
ðàíåíèå òàê íàçûâàåìûå ôîðìàëèçîâàííûå ìå-
òîäû: ìåòîä íàèìåíüøèõ êâàäðàòîâ [1], ìåòîä íå-
ëèíåéíîãî ïðîãðàììèðîâàíèÿ [2], ìåòîä íåëè-
íåéíîé îïòèìèçàöèè [3], ìåòîä óðàâíèâàíèÿ [4].

Îäíàêî âîïðîñû âåðèôèêàöèè ìàòåìàòè÷åñ-
êîé ìîäåëè ÃÒÄ c ó÷åòîì âëèÿíèÿ ñõåìû äâèãà-
òåëÿ, êîëè÷åñòâà è ïîãðåøíîñòè çàìåðîâ ïàðà-
ìåòðîâ â õîäå ýêñïåðèìåíòà, à òàêæå ïðîãðàìì-
íîé ðåàëèçàöèè ñïîñîáà âåðèôèêàöèè ðåøåíû íå
ïîëíîñòüþ è òðåáóþò äîïîëíèòåëüíûõ èññëåäî-
âàíèé.

Â äàííîé ðàáîòå îïèñàí íîâûé ìåòîä âåðè-
ôèêàöèè, ðàçðàáîòàííûé íà îñíîâå êîìáèíàòîð-
íîãî àíàëèçà ñ ïðèìåíåíèåì ñèìïëåêñ-ìåòîäà
ïðè ïîèñêå ðåøåíèÿ. Êîìáèíàòîðíûé àíàëèç è
íàóêà êîìáèíàòîðèêà ðåøàþò çàäà÷è, ñâÿçàííûå
ñ âûáîðîì è ðàñïîëîæåíèåì ýëåìåíòîâ íåêîòî-
ðîãî ìíîæåñòâà â ñîîòâåòñòâèè ñ çàäàííûìè ïðà-
âèëàìè. Â íàøåì ñëó÷àå ýëåìåíòàìè ìíîæåñòâà
ÿâëÿþòñÿ ïîïðàâî÷íûå êîýôôèöèåíòû íà õàðàê-
òåðèñòèêè óçëîâ, à èõ ðàçëè÷íûå êîìáèíàöèè
îïðåäåëÿþò ýëåìåíòàðíîå ïðîñòðàíñòâî âñåõ

âîçìîæíûõ ðåøåíèé çàäà÷è êàëèáðîâêè ÌÌ
ÃÒÄ. Òàê êàê ìû ðàññìàòðèâàåì âñå âîçìîæíûå
ñî÷åòàíèÿ ïîïðàâî÷íûõ êîýôôèöèåíòîâ, åñòü âå-
ðîÿòíîñòü ïîëó÷èòü íåñêîëüêî ðåøåíèé. Ïîäîá-
íàÿ ñèòóàöèÿ â ñëó÷àå êàëèáðîâêè ÌÌ ïðè ïðî-
åêòèðîâàíèè è äîâîäêå äâèãàòåëÿ ÿâëÿåòñÿ íåî-
äíîçíà÷íîé. Èíûìè ñëîâàìè, ïðåäëîæåííûé
ìåòîä íå ïîçâîëèò äàòü òî÷íîå îïðåäåëåíèå îò-
êëîíåíèÿì õàðàêòåðèñòèê óçëîâ ðåàëüíîé ìàøè-
íû îò ïðîåêòíîé, à ëèøü ïðåäëîæèò íåñêîëüêî
âîçìîæíûõ âàðèàíòîâ. Îäíàêî äëÿ ñåðèéíîãî
äâèãàòåëÿ, êîãäà ÌÌ ìîæåò èñïîëüçîâàòüñÿ êàê
òåðìîäèíàìè÷åñêèé ïàñïîðò èçäåëèÿ è äîëæíà
îáåñïå÷èâàòü òî÷íîå ñîâïàäåíèå ïàðàìåòðîâ ñ çà-
ìåðàìè, ïðåäëîæåííûé ìåòîä îòëè÷íî ïîäõîäèò.
Òàêèì îáðàçîì, êîìáèíàòîðíûé ìåòîä ïîçâîëÿåò
â àâòîìàòè÷åñêîì ðåæèìå ïîëó÷èòü íåñêîëüêî
âîçìîæíûõ ðåøåíèé çàäà÷è êàëèáðîâêè ÌÌ.
Äëÿ ïðîåêòíîé äîâîäêè äâèãàòåëÿ ýòî ïîçâîëèò
ñîêðàòèòü âðåìÿ àíàëèçà îáùåé ñõåìû äâèãàòå-
ëÿ, à äëÿ âûïóñêà òåðìîäèíàìè÷åñêîãî ïàñïîð-
òà ñåðèéíîãî äâèãàòåëÿ ýòî ïîçâîëèò çàìåíèòü
âåñü öèêë ðó÷íîé êàëèáðîâêè ÌÌ.

Â êà÷åñòâå áàçîâîé ìîäåëè èññëåäîâàíèÿ èñ-
ïîëüçîâàëàñü ìîäåëü îäíîâàëüíîãî òóðáîðåàêòèâ-
íîãî äâèãàòåëÿ (ÒÐÄ), Îñíîâíûå ïàðàìåòðû äâè-
ãàòåëÿ íà ðåæèìå n = 100% è õàðàêòåðèñòèêè óç-
ëîâ ïðåäñòàâëåíû â òàá. 1 è íà ðèñ. 1 ñîîòâåò-
ñòâåííî. Ðàñ÷åòíàÿ ïëàòôîðìà èññëåäîâàíèÿ –
ïðîãðàììíûé êîìïëåêñ (ÏÊ) ThermoGTE.

Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé áûëè
ñìîäåëèðîâàíû ýêñïåðèìåíòû ÷åòûðåõ âèðòóàëü-
íûõ äâèãàòåëåé ñ ïîìîùüþ ââåäåíèÿ ïîïðàâî÷-
íûõ êîýôôèöèåíòîâ íà ñëåäóþùèå õàðàêòåðèñ-
òèêè óçëîâ: ÊÏÄ êîìïðåññîðà, ÊÏÄ òóðáèíû,
ïîëíîòó ñãîðàíèÿ òîïëèâà â îñíîâíîé êàìåðå
ñãîðàíèÿ (ÎÊÑ), ãèäðàâëè÷åñêèå ïîòåðè ïîëíîãî
äàâëåíèÿ â ÎÊÑ, ïðîïóñêíóþ ñïîñîáíîñòü òóð-
áèíû.

Äëÿ óïðîùåíèÿ ïîñòàíîâêè è ðåøåíèÿ çàäà-
÷è è áåç ïîòåðè îáùíîñòè ðåøåíèÿ ïðåäïîëàãà-

Òàáëèöà 1

Îñíîâíûå ïðîåêòíûå ïàðàìåòðû ÒÐÄ
íà ðåæèìå n = 100%

Ðàñõîä âîçäóõà, êã/ñ 100.0 

Ñòåïåíü ïîâûøåíèÿ ïîëíîãî äàâëåíèÿ 
êîìïðåññîðà 

7.5 

Ðàñõîä òîïëèâà, êã/ñ 2.477 

Ïîëíàÿ òåìïåðàòóðà ïåðåä òóðáèíîé, Ê 1475.3 

Òÿãà äâèãàòåëÿ, êãñ 8490 
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Ðèñ. 1. Õàðàêòåðèñòèêè êîìïðåññîðà è òóðáèíû ìîäåëüíîãî ÒÐÄ
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åòñÿ, ÷òî òàêèå óçëû, êàê âõîäíîå óñòðîéñòâî,
çàòóðáèííûé äèôôóçîð è ñîïëî, èçãîòîâëåíû è
ñïðîåêòèðîâàíû «èäåàëüíî» è èõ ýêñïåðèìåí-
òàëüíûå õàðàêòåðèñòèêè íå îòëè÷àþòñÿ îò ïðî-
åêòíûõ.

Ïåðâîíà÷àëüíî äîïóñêàåòñÿ, ÷òî çíà÷åíèÿ
ïîïðàâî÷íûõ êîýôôèöèåíòîâ ïðèíèìàþò ñëó-
÷àéíûå âåëè÷èíû â äèàïàçîíàõ, ãðàíèöû êîòî-
ðûõ çàðàíåå èçâåñòíû. Ïðè ýòîì ïîïðàâêà ïðè-
ìåíÿåòñÿ íå âî âñåõ ñëó÷àÿõ, äëÿ ðÿäà âèðòóàëü-
íûõ äâèãàòåëåé ïîïðàâêà ê íåêîòîðûì ýëåìåí-
òàì íå ïðèìåíÿåòñÿ, ò.å. èñïîëüçóåòñÿ ïðîåêòíàÿ
õàðàêòåðèñòèêà. Ýòî íåîáõîäèìî äëÿ òîãî, ÷òî-
áû ïðîöåäóðà ñåëåêòèâíîãî âûáîðà ïîïðàâîê
îòðàáîòàëà è ïîêàçàëà âñå âîçìîæíûå âàðèàíòû
ðåøåíèÿ çàäà÷è êàëèáðîâêè ÌÌ. Íàáîðû ïîïðà-
âî÷íûõ êîýôôèöèåíòîâ ÷åòûðåõ âèðòóàëüíûõ
äâèãàòåëåé ïðåäñòàâëåíû â òàáë. 2.

Âèðòóàëüíûé ýêñïåðèìåíò îñóùåñòâëÿëñÿ íà
÷åòûðåõ ðåæèìàõ ðàáîòû: 70, 80, 90 è 100% ÷àñ-
òîòû âðàùåíèÿ ðîòîðà. Â êà÷åñòâå èçìåðÿåìûõ
ïàðàìåòðîâ â õîäå âèðòóàëüíîãî ýêñïåðèìåíòà
ïðèíÿòû: ïîëíîå äàâëåíèå çà êîìïðåññîðîì, ÷à-

ñòîòà âðàùåíèÿ ðîòîðà, ðàñõîä òîïëèâà â êàìå-
ðå ñãîðàíèÿ, ïîëíûå äàâëåíèå è òåìïåðàòóðà çà
òóðáèíîé. Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû
ïðîåêòíîãî ðàñ÷åòà è âèðòóàëüíîãî ýêñïåðèìåíòà
ñ ó÷åòîì ïîïðàâîê òàáë. 2, ïîëó÷åííûå â ðåçóëü-
òàòå ðàñ÷åòà äðîññåëüíûõ õàðàêòåðèñòèê ÃÒÄ â
ÏÊ ThermoGTE. Ðàñ÷åòû äðîññåëüíûõ õàðàêòå-
ðèñòèê ÃÒÄ ïðîâîäèëèñü â ÏÊ ThermoGTE.

Ñëåäóþùèì øàãîì ê ïîñòàâëåííîé öåëè èñ-
ñëåäîâàíèÿ ñòàëî ôîðìèðîâàíèå è ïîëó÷åíèå
çíà÷åíèé öåëåâîé ôóíêöèè, êîòîðóþ ñëåäóåò ìè-
íèìèçèðîâàòü, ïðåäíàçíà÷åííîé äëÿ àäåêâàòíîé
õàðàêòåðèçàöèè ñòåïåíè ðàçëè÷èÿ ìåæäó ìàòåìà-
òè÷åñêîé ìîäåëüþ è âèðòóàëüíûì ýêñïåðèìåí-
òîì.

Ïðåäâàðèòåëüíî ïðèíÿòî, ÷òî ïîïðàâî÷íûå
êîýôôèöèåíòû íå èçìåíÿþòñÿ ñ èçìåíåíèåì
ðåæèìà ðàáîòû äâèãàòåëÿ. Â êà÷åñòâå öåëåâîé
ôóíêöèè êîëè÷åñòâåííîé îöåíêè ïðèíÿòî àáñî-
ëþòíîå ñðåäíåå çíà÷åíèå îòêëîíåíèé ïî ðåæè-
ìàì (E[ Δ ]). Äëÿ êà÷åñòâåííîé æå îöåíêè èñïîëü-
çîâàíî ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå, èíû-

Òàáëèöà 2

Ïîïðàâî÷íûå êîýôôèöèåíòû âèðòóàëüíûõ äâèãàòåëåé

Âèðòóàëüíàÿ ìàøèíà ¹1 

ÊÏÄ êîìïðåññîðà 0.9386 

Êîýôôèöèåíò ïîëíîòû ñãîðàíèÿ ÎÊÑ 0.9456 

Âèðòóàëüíàÿ ìàøèíà ¹1 

Êîýôôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ ÎÊÑ 0.9716 

Ïðîïóñêíàÿ ñïîñîáíîñòü òóðáèíû 0.9878 

Âèðòóàëüíàÿ ìàøèíà ¹2 

ÊÏÄ êîìïðåññîðà 0.9564 

Êîýôôèöèåíò ïîëíîòû ñãîðàíèÿ ÎÊÑ 0.9572 

Êîýôôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ ÎÊÑ 1.0229 

ÊÏÄ òóðáèíû 0.9726 

Ïðîïóñêíàÿ ñïîñîáíîñòü òóðáèíû 0.9819 

Âèðòóàëüíàÿ ìàøèíà ¹3 

ÊÏÄ êîìïðåññîðà 1.0126 

Êîýôôèöèåíò ïîëíîòû ñãîðàíèÿ ÎÊÑ 0.9672 

ÊÏÄ òóðáèíû 1.0203 

Âèðòóàëüíàÿ ìàøèíà ¹4 

ÊÏÄ òóðáèíû 1.0236 

Ïðîïóñêíàÿ ñïîñîáíîñòü òóðáèíû 0.9539 
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ìè ñëîâàìè, ñðåäíåå îòêëîíåíèå îò ñðåäíåãî çíà-

÷åíèÿ (D[ Δ ]):
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               (2)

ãäå iΔ  – ñóììàðíîå îòêëîíåíèå ðàñ÷åòíûõ ïàðà-

ìåòðîâ îò ýêñïåðèìåíòà íà i-ì ðåæèìå
Ìåòîäèêà ðåøåíèÿ çàäà÷è èññëåäîâàíèÿ ñî-

ñòîÿëà â ñëåäóþùåì. Ïîñëåäîâàòåëüíî ôîðìèðî-
âàëèñü íàáîðû ïîïðàâî÷íûõ êîýôôèöèåíòîâ,
êàæäûé íàáîð ïðèíàäëåæàë îäíîé èç ïÿòè ãðóïï.
Òàê, íàáîðû ïîïðàâîê äëÿ ïåðâîé ãðóïïû ñîñòî-

ÿëè èç îäíîãî ýëåìåíòà, íàáîðû âòîðîé ãðóïïû
ñîñòîÿëè èç äâóõ ýëåìåíòîâ è ò.ä. Äëÿ êàæäîãî
íàáîðà ïîïðàâîê â ÏÊ ThermoGTE ñ ïîìîùüþ
ñïåöèàëüíî âñòðîåííîãî ñèìïëåêñ-ìåòîäà ðåøà-
ëàñü çàäà÷à ìèíèìèçàöèè îòêëîíåíèé ðàñ÷åòíûõ
çíà÷åíèé ïàðàìåòðîâ îò ýêñïåðèìåíòàëüíûõ äàí-
íûõ è îïðåäåëÿëèñü çíà÷åíèÿ öåëåâûõ ôóíêöèé
E[ Δ ] è D[ Δ ]. Óïðîùåííàÿ áëîê-ñõåìà âçàèìî-
äåéñòâèÿ ïðîãðàìì è èõ ôóíêöèé, ñ ïîìîùüþ êî-
òîðûõ ðåøàëàñü äàííàÿ çàäà÷à, ïðåäñòàâëåíà íà
ðèñ. 3.

Â ñîîòâåòñòâèè ñ ïðèíÿòûì ðàíåå äîïóùåíè-
åì, ÷òî ïîïðàâî÷íûå êîýôôèöèåíòû íå èçìåíÿ-
þòñÿ ñ èçìåíåíèåì ðåæèìà ðàáîòû äâèãàòåëÿ, ïî-
èñê ðåøåíèÿ äëÿ êàæäîãî íàáîðà (äàëåå âåêòîðà)
ïîïðàâîê ìîæíî îñóùåñòâëÿòü íà åäèíñòâåííîì
ðåæèìå ðàáîòû. Äëÿ íàãëÿäíîñòè â òàáë. 3 ïðåä-
ñòàâëåíû âñå âîçìîæíûå ñî÷åòàíèÿ ïîïðàâî÷íûõ

Ðèñ. 2. Ïàðàìåòðû ýòàëîííîãî è âèðòóàëüíûõ ÃÒÄ íà ðåæèìå n = 100%, H = 0, M = 0
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êîýôôèöèåíòîâ êàæäîé ãðóïïû. Îáùåå êîëè÷å-
ñòâî íàáîðîâ ïîïðàâî÷íûõ êîýôôèöèåíòîâ îï-
ðåäåëÿåòñÿ ïî ôîðìóëå

1

,
n

k
n

k

N CΔ
=

= Â                           (3)

ãäå k
nC  – êîëè÷åñòâî ñî÷åòàíèé èç n ýëåìåíòîâ

ïî k (1, 2, …, n).

Â ðåçóëüòàòå ïðîäåëàííûõ ðàñ÷åòîâ äëÿ êàæ-
äîãî âåêòîðà ïîïðàâîê áûëè ïîëó÷åíû çíà÷åíèÿ
ñðåäíåãî îòêëîíåíèÿ è äèñïåðñèè. Äëÿ âèðòóàëü-
íîãî äâèãàòåëÿ ¹1 ðåçóëüòàòû ðàñ÷åòà ïðåäñòàâ-
ëåíû â òàáë. 4.

Ãðàôèêè ñ ðåçóëüòàòàìè ðàñ÷åòà è ñðåäíåé
êðèâîé äëÿ âèðòóàëüíûõ äâèãàòåëåé ¹ 1-4 ïðåä-
ñòàâëåíû íà ðèñ. 4—7.

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî äëÿ
âèðòóàëüíûõ äâèãàòåëåé ¹ 1 è ¹ 2 áûëî ïîëó-

÷åíî ðåøåíèå ñ ìåíüøèì êîëè÷åñòâîì ïîïðàâîê.
Â ýòîé ñèòóàöèè ñòîèò îïðåäåëèòü, åñòü ëè ñìûñë
èñêàòü òî÷íûé íàáîð ïîïðàâîê, êîòîðûé â ïîë-
íîé ìåðå ñîîòâåòñòâóåò ðåàëüíûì îòêëîíåíèÿì.

Äëÿ îòâåòà íà ýòîò âîïðîñ áûë ïðîâåäåí ñëå-
äóþùèé ÷èñëåííûé ýêñïåðèìåíò. Èç ðåøåíèÿ
êàæäîé âèðòóàëüíîé ìàøèíû (ïîä ðåøåíèåì
ïîäðàçóìåâàåòñÿ ìàññèâ òî÷åê, ïðåäñòàâëåííûé
íà ðèñ. 4 è 5) áûë âçÿò ïåðâûé êà÷åñòâåííûé íà-

áîð ïîïðàâîê, îáåñïå÷èâàþùèé ìèíèìàëüíîå
çíà÷åíèå E[ Δ ] è D[ Δ ]. Äàëåå ýòîò íàáîð áûë ââå-
äåí â ÌÌ âèðòóàëüíîé ìàøèíû. Îïðåäåëåíî, ÷òî
ïàðàìåòðû âèðòóàëüíîé ìàøèíû, ïîëó÷åííûå ñ
èñïîëüçîâàíèåì óêàçàííûõ ïîïðàâî÷íûõ êîýô-
ôèöèåíòîâ, íå îòëè÷àþòñÿ îò ïðîåêòíûõ ïàðà-
ìåòðîâ èñõîäíîé ÌÌ. Ðåçóëüòàòû ïðåäñòàâëåíû
íà ðèñ. 8.

Ðåçóëüòàòû ïîäòâåðæäàþò, ÷òî ïðè ðåøåíèè
çàäà÷è êàëèáðîâêè ÌÌ íå èìååò ñìûñëà ïîèñê

Òàáëèöà 3

Ãðóïïû ïîïðàâî÷íûõ êîýôôèöèåíòîâ

Ãðóïïà ¹ 1 (ïî 1 
ïîïðàâêå â íàáîðå) 

Ãðóïïà ¹ 2 (ïî 2 
ïîïðàâêè â íàáîðå) 

Ãðóïïà ¹ 3 (ïî 3 
ïîïðàâêè â íàáîðå) 

Ãðóïïà ¹ 4 (ïî 4 
ïîïðàâêè â íàáîðå) 

Ãðóïïà ¹ 5 (ïî 5 
ïîïðàâîê â íàáîðå) 

1, 2, 3, 4, 5 12, 13, 14, 15 123, 124, 125 1234, 1235 12345 

 23, 24, 25 134, 135 2345  

 34, 35 145   

 45 234, 235   

  245   

  345   

Ðèñ. 4. Îòêëîíåíèÿ ðàñ÷åòà îò ýêñïåðèìåíòà äëÿ ðàçëè÷íûõ íàáîðîâ ïîïðàâîê äëÿ âèðòóàëüíîãî äâèãàòåëÿ ¹ 1
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òî÷íîãî íàáîðà ïîïðàâîê, êîòîðûé õàðàêòåðèçóåò
âñå ïîãðåøíîñòè ïðîåêòèðîâàíèÿ è èçãîòîâëå-
íèÿ. Äîñòàòî÷íî ïðåäëîæèòü ïóòè âîçìîæíîãî
ðåøåíèÿ, êîòîðûå áû òðåáîâàëè ìèíèìàëüíûõ
çàòðàò ðàñ÷åòíîãî è òåõíîëîãè÷åñêîãî âðåìåíè.
Òàê, íàïðèìåð, äëÿ âèðòóàëüíîãî äâèãàòåëÿ ¹1

ðåàëüíûé íàáîð ïîïðàâî÷íûõ êîýôôèöèåíòîâ
ñîäåðæèò ìíîæèòåëü ÊÏÄ êîìïðåññîðà, êîýôôè-
öèåíò ïîëíîòû ñãîðàíèÿ òîïëèâà â ÎÊÑ, êîýô-
ôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ ÎÊÑ
è ðàñõîäà òóðáèíû. Îäíàêî äîñòàòî÷íî îñóùå-
ñòâèòü òîëüêî ìîäèôèêàöèþ êîìïðåññîðà è êà-

Òàáëèöà 4

Ðåçóëüòàòû âåðèôèêàöèè âèðòóàëüíîãî äâèãàòåëÿ ¹1

vm ¹1 
Ãðóïïà ïîïðàâîê 1 

n=0.7 n=0.8 n=0.9 n=1.0 E[Δ] D[Δ] 

Δ1 9.48 9.44 9.34 9.26 9.3810 0.1007 

Δ2 42.48 47.54 26.53 21.60 34.536 12.429 

Δ3 21.00 20.80 13.85 10.69 16.584 5.1471 

Δ4 15.17 16.78 13.34 13.06 14.587 1.7359 

Δ5 40.46 45.43 27.18 23.33 34.101 10.531 

 Ãðóïïà ïîïðàâîê 2 

Δ12 5.69 5.45 4.99 4.46 5.1483 0.5451 

Δ13 6.00 5.68 4.90 4.64 5.3039 0.6388 

Δ14 8.92 8.66 7.71 7.23 8.1309 0.7943 

Δ15 9.73 9.44 9.53 9.25 9.4876 0.2000 

Δ23 12.58 12.60 6.24 4.05 8.8682 4.3932 

Δ24 7.14 8.33 6.25 5.98 6.9233 1.0620 

Δ25 34.10 37.07 19.36 15.58 26.528 10.641 

Δ34 6.40 5.81 5.65 5.71 5.8901 0.3434 

Δ35 8.92 8.79 6.65 6.64 7.7493 1.2741 

Δ45 12.08 12.19 11.59 10.95 11.701 0.5672 

 Ãðóïïà ïîïðàâîê 3 

Δ123 0.00 0.01 0.05 0.03 0.0214 0.0229 

Δ124 5.56 6.27 5.50 5.15 5.6199 0.4670 

Δ125 3.91 4.31 5.45 5.86 4.8801 0.9213 

Δ134 6.00 5.68 4.90 4.64 5.3046 0.6381 

Δ135 6.00 5.68 4.90 4.64 5.3051 0.6386 

Δ145 6.00 5.68 4.90 4.65 5.3054 0.6362 

Δ234 0.00 0.01 0.05 0.03 0.0215 0.0230 

Δ235 1.66 1.65 0.05 0.02 0.8445 0.9313 

Δ245 6.57 7.87 7.45 6.30 7.0467 0.7376 

Δ345 6.00 5.68 4.90 4.65 5.3061 0.6391 

 Ãðóïïà ïîïðàâîê 4 

Δ1234 0.00 0.01 0.05 0.03 0.0209 0.0217 

Δ 1235 0.00 0.01 0.05 0.02 0.0210 0.0232 

Δ2345 0.00 0.01 0.05 0.02 0.0211 0.0227 

 Ãðóïïà ïîïðàâîê 5 

Δ12345 0.00 0.01 0.05 0.03 0.0212 0.0228 
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ìåðû ñãîðàíèÿ, ÷òîáû îáåñïå÷èòü ïðîåêòíûå
ïàðàìåòðû èçäåëèÿ. Ïðåäëîæåííûé ïîäõîä áóäåò
ýôôåêòèâåí ïðè îáùåé îöåíêå âîçìîæíîñòè
äîâîäêè êàæäîãî óçëà â îòäåëüíîñòè.

Â õîäå ðàáîòû áûëè ïîëó÷åíû ñëåäóþùèå
ðåçóëüòàòû:

— ðåøåíèå çàäà÷è êàëèáðîâêè ÌÌ ïî ðåçóëü-
òàòàì èñïûòàíèé òðåáóåò äîñòàòî÷íî ôóíêöèî-

íàëüíîãî ïðîãðàììíîãî îáåñïå÷åíèÿ, êîòîðîå
÷àñòè÷íî ïðåäñòàâëåíî íà ðûíêå â âèäå ÏÊ
ThermoGTE;

— â ñëó÷àå îòñóòñòâèÿ ýêñïåðèìåíòàëüíûõ
äàííûõ äëÿ íàó÷íûõ èññëåäîâàíèé â îáëàñòè
âåðèôèêàöèè ÌÌ ðåêîìåíäóåòñÿ èñïîëüçîâàòü
âèðòóàëüíûé íàáîð ïîïðàâî÷íûõ êîýôôèöèåí-
òîâ íà õàðàêòåðèñòèêè óçëîâ;

Ðèñ. 5. Îòêëîíåíèÿ ðàñ÷åòà îò ýêñïåðèìåíòà äëÿ ðàçëè÷íûõ íàáîðîâ ïîïðàâîê äëÿ âèðòóàëüíîãî äâèãàòåëÿ ¹ 2

Ðèñ. 6. Îòêëîíåíèÿ ðàñ÷åòà îò ýêñïåðèìåíòà äëÿ ðàçëè÷íûõ íàáîðîâ ïîïðàâîê äëÿ âèðòóàëüíîãî äâèãàòåëÿ ¹ 3
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Ðèñ. 7. Îòêëîíåíèÿ ðàñ÷åòà îò ýêñïåðèìåíòà äëÿ ðàçëè÷íûõ íàáîðîâ ïîïðàâîê äëÿ âèðòóàëüíîãî äâèãàòåëÿ ¹ 4

Ðèñ. 8. Óòî÷íåíèå ìàòåìàòè÷åñêîé ìîäåëè âèðòóàëüíîãî äâèãàòåëÿ ¹ 1
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— ïðåäëîæåí íîâûé ñïîñîá ðåøåíèÿ çàäà÷è
âåðèôèêàöèè ìàòåìàòè÷åñêîé ìîäåëè ÃÒÄ ñ ïî-
ìîùüþ ìåòîäîâ êîìáèíàòîðíîãî àíàëèçà, êîãäà
äëÿ êàæäîãî ñóùåñòâóþùåãî íàáîðà ïîïðàâî÷íûõ
êîýôôèöèåíòîâ äëÿ çàäàííîé ñõåìû ÃÒÄ îïðå-
äåëÿþòñÿ çíà÷åíèÿ îòêëîíåíèé ïàðàìåòðîâ ðàñ-
÷åòà îò ýêñïåðèìåíòàëüíûõ äàííûõ;

— ïîêàçàíî, ÷òî óòî÷íåíèå ÌÌ ìîæåò áûòü
ðåàëèçîâàíî íåñêîëüêèìè ñöåíàðèÿìè, êàæäûé
èç êîòîðûõ ïðèâîäèò ïàðàìåòðû âèðòóàëüíîãî
ýêñïåðèìåíòà â ñîîòâåòñòâèå ñ ïðîåêòíûìè çíà-
÷åíèÿìè.

Âûâîäû

Ïðèâåäåííûé ìåòîä âåðèôèêàöèè ìàòåìàòè-
÷åñêîé ìîäåëè ÃÒÄ îñíîâàí íà êîìáèíàòîðíîì
àíàëèçå çà ñ÷åò ãëîáàëüíîãî ïåðåáîðà âñåõ ñóùå-
ñòâóþùèõ ïîïðàâî÷íûõ êîýôôèöèåíòîâ äëÿ äàí-
íîé ñõåìû äâèãàòåëÿ. Ýòî ïîçâîëÿåò äàòü îöåí-
êó âñåì âîçìîæíûì âàðèàíòàì êàëèáðîâêè ÌÌ.
Îäíàêî ïîâûøåííàÿ âû÷èñëèòåëüíàÿ ñëîæíîñòü
äàííîãî àëãîðèòìà ïðèâîäèò ê íåîáõîäèìîñòè
ðàñïàðàëëåëèâàíèÿ çàäà÷è êàëèáðîâêè.

Ñïèñîê èñòî÷íèêîâ

1. Òóíàêîâ À.Ï. Ìåòîäû îïòèìèçàöèè ïðè äîâîäêå è
ïðîåêòèðîâàíèè ãàçîòóðáèííûõ äâèãàòåëåé. — Ì.:
Ìàøèíîñòðîåíèå, 2001. — 184 ñ.

2. Àõìåäçÿíîâ À.Ì., Ãóìåðîâ Õ.Ñ., Ìàðêîâíèêîâà Å.È.,
Äåãòÿðåâ Þ.Ä. Ñîãëàñîâàíèå ìîäåëåé ÒÐÄ ñ ðå-
çóëüòàòàìè ýêñïåðèìåíòà ïðè îãðàíè÷åííîì åãî
îáúåìå // Èñïûòàíèÿ àâèàöèîííûõ äâèãàòåëåé:
Ìåæâóçîâñêèé íàó÷íûé ñáîðíèê. Âûïóñê ¹ 6.
Óôà: ÓÃÀÒÓ, 2011. Ñ. 13–19.

3. Êóðëûêîâ Â.À., Àõìåäçÿíîâ À.Ì. Èäåíòèôèêàöèÿ
ìàòåìàòè÷åñêèõ ìîäåëåé àâèàöèîííûõ ÃÒÄ ñ èñ-
ïîëüçîâàíèåì ìåòîäîâ íåëèíåéíîé îïòèìèçàöèè
// Èñïûòàíèÿ àâèàöèîííûõ äâèãàòåëåé: Ìåæâó-
çîâñêèé íàó÷íûé ñáîðíèê. Âûïóñê ¹ 7.  Óôà:
ÓÃÀÒÓ, 2017. Ñ. 85–89.

4. Áîðîâèê Â.Î., Òàðàí Å.Ì. Àíàëèç ðåçóëüòàòîâ èñ-
ïûòàíèé ÃÒÄ ñ èñïîëüçîâàíèåì ìàòåìàòè÷åñêèõ
ìîäåëåé è ìåòîäîâ ìàòåìàòè÷åñêîé ñòàòèñòèêè
// Èñïûòàíèÿ àâèàöèîííûõ äâèãàòåëåé: Ìåæâó-
çîâñêèé íàó÷íûé ñáîðíèê. Âûïóñê ¹ 6.  Óôà:
ÓÃÀÒÓ, 2014. Ñ. 3–12.

5. Ýçðîõè Þ.À. Ìîäåëèðîâàíèå äâèãàòåëÿ è åãî óç-
ëîâ // Ìàøèíîñòðîåíèå: Ýíöèêëîïåäèÿ. Ò. IV-21.
Ñàìîëåòû è âåðòîëåòû. Êí. 3. Àâèàöèîííûå äâè-
ãàòåëè / Ðåä.-ñîñò. Â.À. Ñêèáèí, Â.À. Ñîñóíîâ,
Þ.Ì. Òåìèñ; îòâ. ðåä. Ê.Ñ. Êîëåñíèêîâ.  Ì.:
Ìàøèíîñòðîåíèå, 2010. Ñ. 341-353.

6. ×åðêåç À.ß. Èíæåíåðíûå ðàñ÷åòû ãàçîòóðáèííûõ
äâèãàòåëåé ìåòîäîì ìàëûõ îòêëîíåíèé. — Ì.: Ìà-
øèíîñòðîåíèå, 1975. — 380 ñ.

7. Êîòîâñêèé Â.Í., Âîâê Ì.Þ. Ìàòåìàòè÷åñêîå ìî-
äåëèðîâàíèå ðàáî÷åãî ïðîöåññà è õàðàêòåðèñòèê
ÃÒÄ ïðÿìîé ðåàêöèè. — Ì.: Èçä-âî «Ïåðî», 2018.
— 309 ñ.

8. Egorov I.N., Kretinin G.V., Leshchenko I.A. Optimal
design and control of gas-turbine engine components:
a multicriteria approach // Aircraft Engineering and
Aerospace Technology. 1997. Vol. 69. No. 6, pp. 518-
526. DOI: 10.1108/00022669710185977

9. Ôåäîðîâ Ð.Ì. Õàðàêòåðèñòèêè îñåâûõ êîìïðåññî-
ðîâ. – Âîðîíåæ: Íàó÷íàÿ êíèãà. 2015. – 220 ñ.

10. Ãðèãîðüåâ Â.À., Êóçíåöîâ Ñ.Ï., Ãèøâàðîâ À.Ñ. Èñ-
ïûòàíèÿ àâèàöèîííûõ äâèãàòåëåé. – Ì.: Ìàøè-
íîñòðîåíèå, 2009. – 504 ñ.

11. Êîôìàí Â.Ì. Ìåòîä ïàðàìåòðè÷åñêîé èäåíòèôè-
êàöèè ìàòåìàòè÷åñêèõ ìîäåëåé ÃÒÄ íà óñòàíîâèâ-
øèõñÿ ðåæèìàõ ðàáîòû // Âåñòíèê Óôèìñêîãî
ãîñóäàðñòâåííîãî àâèàöèîííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà. 2009. Ò. 13. ¹ 1(34). Ñ. 57-65.

12. Ñêëÿðîâà À.Ï., Ãîðáóíîâ À.À., Çèíåíêîâ Þ.Â., Àãóëü-
íèê À.Á., Âîâê Ì.Þ. Ïîèñê îïòèìàëüíîé ñèëîâîé
óñòàíîâêè äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ìàíåâ-
ðåííîãî ñàìîë¸òà // Âåñòíèê Ìîñêîâñêîãî àâèà-
öèîííîãî èíñòèòóòà. 2020. Ò. 27. ¹ 4. Ñ. 181-191.
DOI: 10.34759/vst-2020-4-181-191

13. ÐÒÌ 1677-83. Äâèãàòåëè àâèàöèîííûå ãàçîòóðáèí-
íûå. Ìåòîä è ïîäïðîãðàììû ðàñ÷åòà òåðìîäèíà-
ìè÷åñêèõ ïàðàìåòðîâ âîçäóõà è ïðîäóêòîâ ñãîðà-
íèÿ óãëåâîäîðîäíûõ òîïëèâ. — Ì.: ÖÈÀÌ, 1983.
– 92 ñ. URL: http://www.1bm.ru/techdocs/kgs/ost/
244/info/47340/

14. Ìàð÷óêîâ Å.Þ., Âîâê Ì.Þ., Êóëàëàåâ Â.Â. Àíàëèç
òåõíè÷åñêîãî îáëèêà ýíåðãåòè÷åñêèõ ñèñòåì ìåòî-
äàìè ìàòåìàòè÷åñêîé ñòàòèñòèêè // Âåñòíèê Ìîñ-
êîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2019. Ò. 26.
¹ 4. Ñ. 156-165. DOI: 10.34759/vst-2019-4-156-165

15. Êðèâîøååâ È.À., Èâàíîâà Î.Í., Ãîðþíîâ È.Ì. Èñ-
ïîëüçîâàíèå ñðåäñòâ èìèòàöèîííîãî ñåòåâîãî ìî-
äåëèðîâàíèÿ ÃÒÄ íà ýòàïå èäåíòèôèêàöèè ìîäå-
ëåé ïî ðåçóëüòàòàì èñïûòàíèé // Âåñòíèê Óôèì-
ñêîãî ãîñóäàðñòâåííîãî àâèàöèîííîãî òåõíè÷åñêî-
ãî óíèâåðñèòåòà. 2005. Ò. 6. ¹ 1(12). Ñ. 65-75.

16. Lin A., Liu G., Wang X., Feng Q. Comprehensive
evaluations on performance and energy consumption
of pre-swirl rotor–stator system in gas turbine engines
// Energy Conversion and Management. 2021.
Vol. 244, 114440. DOI: 10.1016/j.enconman.
2021.114440

17. Danyal Mohaddes, Clarence T.Chang, Matthias Ihme.
Thermodynamic cycle analysis of superadiabatic
matrix-stabilized combustion for gas turbine engines
// Energy. 2020. Vol. 207, 118171. DOI: 10.1016/
j.energy.2020.118171

18. ×è÷êîâ Á.À. Ìåòîäîëîãèÿ îïòèìàëüíîãî ïîñòðîå-
íèÿ è èñïîëüçîâàíèÿ äèàãíîñòè÷åñêèõ ìîäåëåé ãà-
çîòóðáèííûõ äâèãàòåëåé: Äèñ. ... äîêòîðà òåõí.
íàóê. – Ì.: ÌÃÒÓ ÃÀ, 2004. — 147 c.



Ì.Þ. Âîâê, È.À. Ëåùåíêî, À.Â. Äàíè÷åâ, Ï.À. Ãðåáåíüêîâ, M.Yu. Vovk, I.A. Leshchenko, A.V. Danichev, P.A. Greben’kov,
À.Þ. Ãîðøêîâ A.Yu. Gorshkov

156Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 2 Aerospace MAI Journal, vol. 29, no. 2

19. �o�hret Y., Ekici S., Altunta� Î�., Hepbasli A., Karakoç T.H.

Exergy as a useful tool for the performance assessment
of aircraft gas turbine engines: A key review //
Aerospace Sciences. 2016. Vol. 83, pp. 57-69. DOI:
10.1016/j.paerosci.2016.03.001

20. Aygun H., Turan O. Application of genetic algorithm
in exergy and sustainability: A case of aero-gas turbine
engine at cruise phase // Energy. 2022. Vol. 238, Part
A, 121644. DOI: 10.1016/j.energy.2021.121644

21. Ðàõìàíêóëîâ Â.Ç., Àõðåì À.À. Îá àäåêâàòíîñòè âèð-
òóàëüíûõ êîìïüþòåðíûõ ìîäåëåé ïðîöåññîâ àâòî-
ìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ ñëîæíûõ òåõíè-
÷åñêèõ ñèñòåì // Óïðàâëåíèå èíôîðìàöèîííûìè

ïîòîêàìè: Ñáîðíèê òðóäîâ ÈÑÀ ÐÀÍ.  Ì.: ÓÐÑÑ,
2002. Ñ. 290–294.

22. Äóëåïîâ Í.Ï., Ëàíøèí À.È., Ëóêîâíèêîâ À.Â. è äð.
Ýôôåêòèâíîñòü ïðèìåíåíèÿ äâóõðåæèìíîãî
ÃÏÂÐÄ â ñîñòàâå êîìáèíèðîâàííîé ñèëîâîé óñ-
òàíîâêè àâèàöèîííî-êîñìè÷åñêîé ñèñòåìû //
Âåñòíèê ìàøèíîñòðîåíèÿ. 2011. ¹ 8. Ñ. 51-57.

23. Zellnick H.E., Sondak N.E., Davis R.S. Gradient search
optimization // Chemical Engineering Progress. 1962.
No. 58(8), pp. 35-41.

24. Aygun H. Thermodynamic, environmental and
sustainability calculations of a conceptual turboshaft
engine under several power settings // Energy. 2022.
Vol. 245, 123251. DOI: 10.1016/j.energy.2022.123251

References

1. Tunakov A.P. Metody optimizatsii pri dovodke i
proektirovanii gazoturbinnykh dvigatelei (Optimization
methods for gas turbine engine adjusting and
designing), Moscow, Mashinostroenie, 2001, 184 p.

2. Akhmedzyanov A.M., Gumerov Kh.S., Markovnikova E.I.,
Degtyarev Yu.D. Ispytaniya aviatsionnykh dvigatelei.
Mezhvuzovskii nauchnyi sbornik. Ufa, UGATU, 2011,
no. 6, pp. 13–19.

3. Kurlykov V.A., Akhmedzyanov A.M. Ispytaniya
aviatsionnykh dvigatelei. Mezhvuzovskii nauchnyi
sbornik. Ufa, UGATU, 2017, no. 7, pp. 85–89.

4. Borovik V.O., Taran E.M. Ispytaniya aviatsionnykh
dvigatelei. Mezhvuzovskii nauchnyi sbornik, Ufa,
UGATU, 2014, no. 6. pp. 3–12.

5. Ezrokhi Yu.A. Modelirovanie dvigatelya i ego uzlov. V
Mashinostroenie: Entsiklopediya. T. IV-21. Samolety i
vertolety. Kn. 3. Aviatsionnye dvigateli (Engine and its
components modeling. In: Engineering. Encyclopedia.
Vol. IV-21 “Airplanes and helicopters”. Book 3
“Aircraft engines”), Moscow, Mashinostroenie, 2010,
pp. 341-353.

6. Cherkez A.Ya. Inzhenernye raschety gazoturbinnykh
dvigatelei metodom malykh otklonenii (Gas turbine
engine engineering design by the small-deviations
method), Moscow, Mashinostroenie, 1975, 380 p.

7. Kotovskii V.N., Vovk M.Yu. Matematicheskoe
modelirovanie rabochego protsessa i kharakteristik GTD
pryamoi reaktsii (Mathematical modelling of the direct
reaction GTE operation and performances), Moscow,
Pero, 2018, 309 p.

8. Egorov I.N., Kretinin G.V., Leshchenko I.A. Optimal
design and control of gas-turbine engine components:
a multicriteria approach. Aircraft Engineering and
Aerospace Technology, 1997, vol. 69, no. 6, pp. 518-526.
DOI: 10.1108/00022669710185977

9. Fedorov R.M. Kharakteristiki osevykh kompressorov
(Axial compressors performances), Voronezh,
Nauchnaya kniga, 2015, 220 p.

10. Grigor’ev V.A., Kuznetsov S.P., Gishvarov A.S.
Ispytaniya aviatsionnykh dvigatelei (Aviation engines
testing), Moscow, Mashinostroenie, 2009, 504 p.

11. Kofman V.M. Vestnik Ufimskogo gosudarstvennogo
aviatsionnogo tekhnicheskogo universiteta, 2009, vol. 13,
no. 1(34), pp. 57-65.

12. Sklyarova A.P., Gorbunov A.A., Zinenkov Y.V.,
Agul’nik A.B., Vovk M.Y. Search for optimal power
plant to improve maneuverable aircraft efficiency.
Aerospace MAI Journal, 2020, vol. 27, no. 4, pp. 181-
191. DOI: 10.34759/vst-2020-4-181-191

13. Dvigateli aviatsionnye gazoturbinnye. Metod i
podprogrammy rascheta termodinamicheskikh
parametrov vozdukha i produktov sgoraniya
uglevodorodnykh topliv. Rukovodyashiy tekhnicheskiy
material aviatsionnoy teckhniki RTM 1677-83 (Aircraft
gas turbine engines. Methods and routines for air and
hydrocarbon fuel combustion products thermodynamic
parameters calculation. Guiding technical material
of aviation technique, No. 1677-83), Moscow, TsIAM,
1983, 92 p. URL: http://www.1bm.ru/techdocs/kgs/
ost/244/info/47340/

14. Marchukov E.Y., Vovk M.Y., Kulalaev V.V. Technical
appearance analysis of energy systems by mathematical
statistics techniques. Aerospace MAI Journal, 2019,
vol. 26, no. 4, pp. 156-165. DOI: 10.34759/vst-2019-
4-156-165

15. Krivosheev I.A., Ivanova O.N., Goryunov I.M. Vestnik
Ufimskogo gosudarstvennogo aviatsionnogo
tekhnicheskogo universiteta, 2005, vol. 6, no. 1(12),
pp. 65-75.

16. Lin A., Liu G., Wang X., Feng Q. Comprehensive
evaluations on performance and energy consumption
of pre-swirl rotor–stator system in gas turbine engines.
Energy Conversion and Management, 2021, vol. 244,
114440. DOI: 10.1016/j.enconman.2021.114440

17. Danyal Mohaddes, Clarence T.Chang, Matthias Ihme.
Thermodynamic cycle analysis of superadiabatic
matrix-stabilized combustion for gas turbine engines.
Energy, 2020, vol. 207, 118171. DOI: 10.1016/
j.energy.2020.118171

18. Chichkov B.A. Metodologiya optimal’nogo postroeniya
i ispol’zovaniya diagnosticheskikh modelei
gazoturbinnykh dvigatelei (Methodology for optimal



157Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 2 Aerospace MAI Journal, vol. 29, no. 2

Ì.Þ. Âîâê, È.À. Ëåùåíêî, À.Â. Äàíè÷åâ, Ï.À. Ãðåáåíüêîâ, M.Yu. Vovk, I.A. Leshchenko, A.V. Danichev, P.A. Greben’kov,
À.Þ. Ãîðøêîâ A.Yu. Gorshkov

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 30.03.2022; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 15.04.2022; ïðèíÿòà
ê ïóáëèêàöèè 20.04.2022.

The article was submitted on 30.03.2022; approved after reviewing on 15.04.2022; accepted for publication
on 20.04.2022.

development and application of gas turbine engines
diagnostic models). Doctor’s thesis, Moscow, MGTU
GA, 2004, 147 p.

19. �o�hret Y., Ekici S., Altunta� Î�., Hepbasli A., Karakoç T.H.

Exergy as a useful tool for the performance assessment
of aircraft gas turbine engines: A key review. Aerospace
Sciences, 2016, vol. 83, pp. 57-69. DOI: 10.1016/
j.paerosci.2016.03.001

20. Aygun H., Turan O. Application of genetic algorithm
in exergy and sustainability: A case of aero-gas turbine
engine at cruise phase. Energy, 2022, vol. 238, part A,
121644. DOI: 10.1016/j.energy.2021.121644

21. Rakhmankulov V.Z., Akhrem A.A. Upravlenie
informatsionnymi potokami. Sbornik trudov ISA RAN.
Moscow, URSS, 2002, pp. 290–294.

22. Dulepov N.P., Lanshin A.I., Lukovnikov A.V. et al.
Effectiveness of two-mode hypersonic ramjet engines
in hybrid aerospace power units. Russian Engineering
Research, 2011, vol. 31, no. 8, pp. 764-770.  DOI:
10.3103/S1068798X11080090

23. Zellnick H.E., Sondak N.E., Davis R.S. Gradient
search optimization. Chemical Engineering Progress,
1962, no. 58(8), pp. 35-41.

24. Aygun H. Thermodynamic, environmental and
sustainability calculations of a conceptual turboshaft
engine under several power settings. Energy, 2022,
vol. 245, 123251. DOI: 10.1016/j.energy.2022.123251


