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Àííîòàöèÿ. Ðàññìàòðèâàåòñÿ ìåòîäèêà îïðåäåëåíèÿ âåëè÷èíû ðàäèàëüíûõ çàçîðîâ ìåæäó ðîòî-
ðîì è ñòàòîðîì îñåâîé òóðáèíû è öåíòðîáåæíîãî êîìïðåññîðà íà ìàêñèìàëüíîì ðåæèìå ðàáîòû
ìàëîðàçìåðíîãî ãàçîòóðáèííîãî äâèãàòåëÿ (ÌÃÒÄ) òÿãîé 220 Í ñ ïðèìåíåíèåì ñâÿçàííîãî ãàçîäè-
íàìè÷åñêîãî ðàñ÷åòà äëÿ îïðåäåëåíèÿ åãî íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â ïðîãðàìì-
íîì êîìïëåêñå ANSYS. Ñâÿçàííûé ãàçîäèíàìè÷åñêèé ðàñ÷¸ò ïîçâîëÿåò áîëåå òî÷íî îïðåäåëèòü
ðàñïðåäåëåíèå äàâëåíèÿ, äåéñòâóþùåãî íà ëîïàòêè, à òàêæå ðàñïðåäåëåíèå òåìïåðàòóð ïî äåòàëÿì
ðîòîðà è ñòàòîðà, ò. å. ïîâûøàåò òî÷íîñòü îïðåäåëåíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ
èññëåäóåìûõ äåòàëåé ãàçîòóðáèííîãî äâèãàòåëÿ (ÃÒÄ). Îïðåäåëåíî âëèÿíèå ðàçëè÷íûõ ôàêòîðîâ íà
âåëè÷èíó çàçîðà, ïðèâåäåíû ýïþðû ðàñïðåäåëåíèÿ êîýôôèöèåíòà òåïëîïåðåäà÷è äëÿ ñîïëîâûõ è
ðàáî÷èõ ëîïàòîê òóðáèíû è êîìïðåññîðà. Â çàêëþ÷åíèå äàíû ðåêîìåíäàöèè ïî âûáîðó âåëè÷èí ìîí-
òàæíîãî ðàäèàëüíîãî çàçîðà ïðè ïðîåêòèðîâàíèè ìàëîðàçìåðíûõ ÃÒÄ.
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Abstract

As of today, small gas turbine engines are of significant commercial potential in minor power engineering
and aviation sectors. However, little attention is being paid in Russia to the issues of the small engines creating
despite of the significant experience in the gas turbine engines design and wide infrastructure for their
production. A small-sized engine creation, meeting requirements of both power engineering and aviation,
will allow necessary energy generation in close vicinity of the place of its consumption. This will significantly
reduce transportation losses, and allow, in prospect, making both heat and electric power supply system's
more dynamical and adaptable to the needs of a certain consumer, as well as loading idle production capacities
of many aviation plants.

The proposed method for radial clearances determining allows identifying the compressor and turbine
rotor and stator behavior more accurately under conditions of high temperature and pressure differences,
as well as at various operating modes. With account for the obtained deformations, the radial clearance optimal
value may be obtained, as well as both compressor and turbine thrust and efficiency can be computed. This
method may be applied as well to the full-sized gas turbine engines and gas turbine plants. However, transient
operating modes are characteristic for the gas turbine engines, which necessitates non-stationary gas-dynamics
computations performing.

The rotor and stator 3D models obtained in NX CAD and being imported to the ANSYS, where finite
element models were created, are being employed for the computational time reduction. Next, computation
of gas dynamics is being performed in Fluid Flow (CFX), in which the heat exchange between the working
fluid and rotor and stator parts is accounted for, is being performed. The obtained results are being transferred
to the Steady-State Thermal for temperature fields distribution computing over rotor and stator, and further
to the Static Structural for determining rotor and stator deformations from various factors impact, such as
thermal expansion, pressure differential at the back and trough of the vanes, as well as centrifugal forces.

It was determined while computations that the compressor and turbine parts thermal expansion exerts
the greatest impact (up to 99%) on the radial clearance. This is associated with the materials employed, as
well as high temperatures and large drops in the engine operation.

It is necessary to ensure a radial clearance of at least 0.15 mm to prevent the rotor from touching the
stator during transient operating modes at the maximum operating mode. With account for the obtained
deformations in the compressor, this condition is being fulfilled at the maximum operating mode with the
radial clearance is of 262.04 µm from the side of the leading edge and 274.95 µm from the side of the trailing
edge. The authors suggested increasing the mounting radial clearance to 0.4 mm in the turbine. In this case,
radial clearance in the turbine at the maximum operation mode will be 250.46 microns from the inlet side,
and 183.2 microns from the outlet side.

Keywords: gas-dynamic analysis in ANSYS, conjugated modeling, radial clearance in the compressor
and turbine, rotor and stator parts stress-strain state, finite element models of the turbine and compressor
sectors, heat transfer coefficient
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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â êà÷åñòâå àâòîíîìíîãî
èñòî÷íèêà ýëåêòðî- è òåïëîñíàáæåíèÿ â ÎÀÎ
«Ãàçïðîì» è ÎÀÎ «Ðîñòåëåêîì» ïðèìåíÿþò çàìê-
íóòûå ïàðîòóðáèííûå ýíåðãåòè÷åñêèå óñòàíîâêè è
äèçåëü-ãåíåðàòîðû ìîùíîñòüþ îò 0,4 äî 2,1 êÂò [1].
Ïðè òàêèõ æå ãàáàðèòàõ ìèêðîãàçîòóðáèííàÿ
óñòàíîâêà (ÌÃÒÓ) ñìîæåò ðàçâèâàòü ãîðàçäî
áîëüøóþ ìîùíîñòü, à òåìïåðàòóðíûå óñëîâèÿ
ïðè ýòîì âëèÿþò ëèøü íà âÿçêîñòü òîïëèâà è
ñìàçêè, îò êîòîðîé ìîæíî îòêàçàòüñÿ, åñëè èñ-
ïîëüçîâàòü ãàçîâûå [2] èëè ìàãíèòíûå [3] ïîä-
øèïíèêè, áëàãîäàðÿ ÷åìó ìîæíî ïðîäëèòü ðåñóðñ
óñòàíîâêè è óïðîñòèòü å¸ îáñëóæèâàíèå. Ïåðå-
õîä íà ÌÃÒÄ, îáëàäàþùèå áîëüøèì ðåñóðñîì,
áîëüøåé âûñîòíîñòüþ è ìåíüøåé ìàññîé, îòêðû-
âàåò íîâûå âîçìîæíîñòè äëÿ ëåãêèõ ËÀ. Âàæíûì
ôàêòîðîì ÿâëÿåòñÿ òàêæå âîçìîæíîñòü èñïîëü-
çîâàíèÿ â ÌÃÒÄ òÿæåëûõ âèäîâ òîïëèâà: êåðî-
ñèíà, äèçåëüíîãî òîïëèâà è, â ñëó÷àå íåîáõîäè-
ìîñòè, íèçêîîêòàíîâîãî áåíçèíà [4].

Îäíîé èç ãëàâíûõ ïðîáëåì ñîçäàíèÿ ãåíåðà-
òîðîâ ñ ÌÃÒÓ ìàññîâîãî ïîòðåáëåíèÿ ÿâëÿåòñÿ
îòñóòñòâèå íåîáõîäèìîé íàó÷íî-òåõíè÷åñêîé
áàçû â ñôåðå ïðîåêòèðîâàíèÿ è êîíñòðóèðîâàíèÿ
ÌÃÒÓ, ñëîæíîñòü äîâîäêè ïîäîáíûõ óñòàíîâîê
è íåîáõîäèìîñòü çàòðàò çíà÷èòåëüíûõ ñðåäñòâ íà
ðàçðàáîòêó è ÍÈÎÊÐ [5].

Áîëüøîå ðàçíîîáðàçèå ñõåì ÌÃÒÄ è ñôåð èõ
ïðèìåíåíèÿ îñëîæíÿþò ìåòîäû è ñðåäñòâà èõ
ïðîåêòèðîâàíèÿ. Âëèÿíèå îñíîâíûõ òåõíè÷åñêèõ
äàííûõ ÌÃÒÄ íà òåõíèêî-ýêîíîìè÷åñêèå ïîêà-
çàòåëè ýôôåêòèâíîñòè îáúåêòà îòíîñèòåëüíî
áîëüøå, ÷åì ó ïîëíîðàçìåðíûõ ÃÒÄ [6].

Íà ñåãîäíÿøíèé äåíü ëèäåðîì â îáëàñòè ñî-
çäàíèÿ ïîðòàòèâíûõ ãåíåðàòîðîâ íà ÃÒÓ ÿâëÿåòñÿ
êîìïàíèÿ CAPSTONE, ÷üè óñòàíîâêè ïðè ìîù-
íîñòè îò 30 êÂò äî 1 ÌÂò íå òðåáóþò ÷àñòîãî îá-
ñëóæèâàíèÿ è ïîòðåáëÿþò ïðàêòè÷åñêè ëþáîå
òîïëèâî [7]. Ñîãëàñíî èññëåäîâàíèþ
DISCOVERY Research Group, â 2019 ã. îáúåì
èìïîðòà â Ðîññèþ ìèêðîãàçîòóðáèííûõ óñòàíî-
âîê ìîùíîñòüþ 30—1000 êÂò ñîñòàâèë áîëåå
2 ìëí äîëëàðîâ ÑØÀ; â ñòîèìîñòíîì âûðàæåíèè

íàèáîëüøèé îáúåì â ñòðóêòóðå èìïîðòà ìèêðî-
ãàçîòóðáèííûõ óñòàíîâîê â 2019 ã. ìîùíîñòüþ
30—100 êÂò çàíèìàë áðåíä CAPSTONE.

Åäèíñòâåííîé ðîññèéñêîé ôèðìîé, çàíèìà-
þùåéñÿ ïðîåêòèðîâàíèåì è ïðîèçâîäñòâîì
ÌÃÒÄ, ñõîæèõ ïî êîíöåïöèè è êîíñòðóêöèè ñ
âåäóùèìè çàïàäíûìè ðàçðàáîòêàìè, ÿâëÿåòñÿ
ôèðìà ÍÒÒ «Ìèêðîòóðáèííûå òåõíîëîãèè» â
Ñàíêò-Ïåòåðáóðãå.

Îñíîâíîé ïðîáëåìîé ïðè ñîçäàíèè ÌÃÒÄ ÿâ-
ëÿþòñÿ èõ ðàçìåðû. Íåâîçìîæíî ïðè óìåíüøå-
íèè ðàçìåðîâ ÃÒÄ îáåñïå÷èòü ÊÏÄ è óäåëüíóþ
ìîùíîñòü êàê ó îáû÷íûõ ÃÒÄ. Ýòî ïîäòâåðæäà-
åòñÿ òåì, ÷òî áîëüøèíñòâî ÃÒÄ ìàëîé ìîùíîñ-
òè èìååò ñðàâíèòåëüíî âûñîêèå çíà÷åíèÿ óäåëü-
íîãî ðàñõîäà òîïëèâà. Ñ óìåíüøåíèåì ðàçìåðîâ
àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ïðîòî÷íûõ
÷àñòåé êîìïðåññîðà è òóðáèíû óõóäøàþòñÿ, ÊÏÄ
ýòèõ ýëåìåíòîâ ñíèæàþòñÿ [8].

Îäíèì èç òðåáîâàíèé ïðè ïðîåêòèðîâàíèè
ÃÒÄ è ÃÒÓ ÿâëÿåòñÿ íåîáõîäèìîñòü îáåñïå÷åíèÿ
ìèíèìàëüíûõ ðàäèàëüíûõ çàçîðîâ â ïðîòî÷íîé
÷àñòè è èõ ñòàáèëüíîñòè â òå÷åíèå ðåñóðñà ïðè
íåäîñòàòî÷íîé æåñòêîñòè êîðïóñîâ è ðîòîðîâ è
â óñëîâèÿõ áîëüøèõ ïåðåïàäîâ òåìïåðàòóð íà ðàç-
ëè÷íûõ ðåæèìàõ ðàáîòû [9]. Ýòî ñâÿçàíî ñ òåì,
÷òî âåëè÷èíà ðàäèàëüíîãî çàçîðà ìåæäó ðîòîðîì
è ñòàòîðîì â ëîïàòî÷íûõ ìàøèíàõ îïðåäåëÿåò
ÊÏÄ, îáåñïå÷èâàåò íàäåæíóþ ðàáîòó è îêàçûâàåò
ñóùåñòâåííîå âëèÿíèå íà îáòåêàíèå êîíöåâîé
÷àñòè ëîïàòîê. Ýêñïåðèìåíòàëüíî óñòàíîâëåíî,
÷òî óâåëè÷åíèå ðàäèàëüíîãî çàçîðà íà 1% ñíèæà-
åò ÊÏÄ êîìïðåññîðà íà 1…3%, à â òóðáèíå – íà
1,5…3% [10], èç-çà ÷åãî óäåëüíûé ðàñõîä òîïëè-
âà óâåëè÷èâàåòñÿ íà 0,7…3% [11]. Ïîýòîìó ïðè
ïðîåêòèðîâàíèè ÃÒÄ êîìïàíèè ñòðåìÿòñÿ îáåñ-
ïå÷èòü ìèíèìàëüíî âîçìîæíûå çíà÷åíèÿ ðàäè-
àëüíîãî çàçîðà. Îäíàêî ÷ðåçìåðíîå óìåíüøåíèå
çàçîðîâ ìîæåò â êîíå÷íîì èòîãå ïðèâåñòè ê êîí-
òàêòó ðîòîðà è ñòàòîðà. Ïîýòîìó âàæíî ïîäáèðàòü
îïòèìàëüíûå çíà÷åíèÿ ðàäèàëüíûõ çàçîðîâ, íå
îêàçûâàþùèå ñóùåñòâåííîãî âëèÿíèÿ íà ÊÏÄ
äâèãàòåëÿ è íå ïðèâîäÿùèå ê åãî ïîëîìêå. Â ïîë-
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íîðàçìåðíûõ ÃÒÄ íà ïîñëåäíèõ ñòóïåíÿõ êîìï-
ðåññîðà âûñîêîãî äàâëåíèÿ, ãäå ðàçìåðû ïðîòî÷-
íîé ÷àñòè ñõîæè ñ ðàçìåðàìè ÌÃÒÄ, ýòà ïðîáëå-
ìà ðåøàåòñÿ ïðèìåíåíèåì ñèñòåì ðåãóëèðîâàíèÿ
ðàäèàëüíûõ çàçîðîâ.

Äàííàÿ ðàáîòà ÿâëÿåòñÿ ÷àñòüþ ïðîåêòà ïî
ïðîåêòèðîâàíèþ òàêîãî ÌÃÒÄ è ìîæåò áûòü èñ-
ïîëüçîâàíà ïðè ïðîåêòèðîâàíèè ïîëíîðàçìåðíûõ
ÃÒÄ è ÃÒÓ. Äëÿ óìåíüøåíèÿ âðåìåíè ðàñ÷åòà èñ-
ïîëüçóþòñÿ 3D-ìîäåëè ñåêòîðîâ ðîòîðà è ñòàòî-
ðà, ïîëó÷åííûå â ÑÀÏÐ NX è èìïîðòèðóåìûå â
ANSYS, ãäå ñîçäàâàëèñü êîíå÷íî-ýëåìåíòíûå
ìîäåëè (ÊÝ). Çàòåì ïðîèçâîäèòñÿ ðàñ÷åò ãàçîäè-
íàìèêè â Fluid Flow (CFX), â êîòîðîì ó÷èòûâà-
åòñÿ òåïëîîáìåí ìåæäó ðàáî÷èì òåëîì è äåòàëÿ-
ìè ðîòîðà è ñòàòîðà. Ïîëó÷åííûå ðåçóëüòàòû
ïåðåäàþòñÿ â Steady-State Thermal äëÿ ðàñ÷åòà
ïîëåé ðàñïðåäåëåíèÿ òåìïåðàòóð ïî ðîòîðó è
ñòàòîðó, è äàëåå â Static Structural äëÿ îïðåäåëå-
íèÿ äåôîðìàöèé ðîòîðà è ñòàòîðà îò äåéñòâèÿ
ðàçëè÷íûõ ôàêòîðîâ: òåðìè÷åñêîãî ðàñøèðåíèÿ,
ïåðåïàäà äàâëåíèé íà ñïèíêå è êîðûòöå ëîïàòîê
è öåíòðîáåæíûõ ñèë [12]. Îïðåäåëåíî âëèÿíèå
âûøåïåðå÷èñëåííûõ ôàêòîðîâ íà âåëè÷èíó çàçî-
ðà, ïðèâåäåíû ýïþðû ðàñïðåäåëåíèÿ êîýôôèöè-
åíòà òåïëîïåðåäà÷è äëÿ ñîïëîâîé è ðàáî÷èõ ëî-
ïàòîê òóðáèíû è ëîïàòîê êîìïðåññîðà. Äàíû ðå-
êîìåíäàöèè ïî âûáîðó âåëè÷èí ìîíòàæíîãî ðà-
äèàëüíîãî çàçîðà ïðè ïðîåêòèðîâàíèè ÌÃÒÄ [13].

Ñîçäàíèå ãàçîäèíàìè÷åñêèõ ìîäåëåé

Â äàííîé ðàáîòå ðàññ÷èòûâàþòñÿ çàçîðû â
îñåâîé òóðáèíå è öåíòðîáåæíîì êîìïðåññîðå ìà-
ëîðàçìåðíîãî ÃÒÄ. Öåíòðîáåæíûé êîìïðåññîð
ñîñòîèò èç âõîäíîãî óñòðîéñòâà, ðàáî÷åãî êîëå-
ñà ñ 14 ëîïàòêàìè (7 ñïëèòòåðíûõ ëîïàòîê) è
äèôôóçîðà ñ 14 ïðîôèëèðîâàííûìè ïåðåãîðîä-
êàìè. Òóðáèíà ñîñòîèò èç 15 ëîïàòîê ñîïëîâîãî
àïïàðàòà (ÑÀ) è ðàáî÷åãî êîëåñà (ÐÊ) ñ 23 ðàáî-
÷èìè ëîïàòêàìè. Ìîäåëè ñåêòîðîâ êîìïðåññîðà
è òóðáèíû ïðåäñòàâëåíû íà ðèñ. 1. Ðàáî÷èì òåëîì
â êîìïðåññîðå ÿâëÿåòñÿ âîçäóõ, à â òóðáèíå – ãå-
íåðàòîðíûé ãàç, ïîëó÷åííûé â ðåçóëüòàòå ãîðåíèÿ
òîïëèâîâîçäóøíîé ñìåñè â êàìåðå ñãîðàíèÿ. Íà
ðèñ. 2 ïðèâåäåíû êîíñòðóêòèâíûå ñõåìû ñ èçíà-
÷àëüíî ïðèìÿòûìè ðàäèàëüíûìè çàçîðàìè 0,3 ìì
è ðàáî÷èìè ïàðàìåòðàìè, ñîîòâåòñòâóþùèìè ìàê-
ñèìàëüíîìó ðåæèìó ðàáîòû äâèãàòåëÿ.

Ñîâðåìåííûå ïðîãðàììíûå êîìïëåêñû CFD
ïîçâîëÿþò ïðîâîäèòü ñîïðÿæåííûé àíàëèç ãàçî-
äèíàìèêè è òåïëîîáìåíà (îäíîñòîðîííÿÿ FSI-
ìîäåëü) [14]. Ïîýòîìó äëÿ ïðîâåäåíèÿ ðàñ÷åòà â
òàêîé ïîñòàíîâêå ê ãàçîäèíàìè÷åñêîé ìîäåëè

ïðîòî÷íîé ÷àñòè íåîáõîäèìî äîáàâèòü ìîäåëè
ïðèòðàêòîâûõ ïîëîñòåé è òâåðäîòåëüíóþ ìîäåëü
ðàáî÷åãî êîëåñà.

Íà ïåðâîì ýòàïå ìîäåëè ðàáî÷åãî êîëåñà,
äåòàëåé ñòàòîðà è ìåæëîïàòî÷íîãî êàíàëà èìïîð-
òèðóþòñÿ â ANSYS â Geometry. Çàòåì äîáàâëÿ-
åòñÿ ìîäóëü Mesh äëÿ ñîçäàíèÿ ÊÝ-ñåòêè ìîäå-
ëåé. Çäåñü çàäàþòñÿ íàñòðîéêè äëÿ ñîçäàíèÿ ñå-
òî÷íûõ ìîäåëåé. Â îêíå Details of «Mesh» âûñ-
òàâëÿåòñÿ Physics Preference CFD è Solver
Preference CFX. Íèæå ìîæíî çàäàòü îïöèþ äëÿ
èçìåëü÷åíèÿ ñåòêè â ìåñòàõ êðèâèçíû ãåîìåòðèè
(Curvature) èëè íà óçêèõ ó÷àñòêàõ ìîäåëè
(Proximity). Òàêæå çäåñü îïðåäåëÿåòñÿ ìàêñèìàëü-
íûé ðàçìåð ýëåìåíòà. Êðîìå òîãî, áûëè îïðåäå-
ëåíû ïàðàìåòðû ñåòêè: Sizing è Inflation, äëÿ åå
èçìåëü÷åíèÿ âáëèçè ëîïàòîê. Òàê êàê ðàñ÷åò
ïðîâîäèòñÿ íà ñåêòîðàõ ìîäåëåé, òî íåîáõîäèìî,
÷òîáû ñåòêà íà ãðàíÿõ ñèììåòðèè ñîâïàäàëà, äëÿ
ýòîãî íà ñîîòâåòñòâóþùèõ ãðàíÿõ çàäàåòñÿ ñèì-
ìåòðèÿ. Íà ðèñ. 3 ïðèâåäåíû êîíå÷íî-ýëåìåíò-

Ðèñ. 1. 3D-ìîäåëè ñåêòîðîâ: à — êîìïðåññîðà; á —
òóðáèíû

à)

á)
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íûå ìîäåëè ñåêòîðîâ òóðáèíû è êîìïðåññîðà,
ñîñòîÿùèå èç 7,7 ìëí è 3,6 ìëí êîíå÷íûõ ýëå-
ìåíòîâ ñîîòâåòñòâåííî.

Äëÿ ïðîâåðêè êà÷åñòâà ñåòî÷íîé ìîäåëè èñ-
ïîëüçîâàëèñü íàèáîëåå âàæíûå ôàêòîðû äëÿ ðå-
øàòåëÿ: Element Quality (êà÷åñòâî ýëåìåíòîâ),
Aspect Ratio (ñîîòíîøåíèå ñòîðîí) è Skewness
(ñêîøåííîñòü) [8]. Äëÿ Aspect Ratio çíà÷åíèÿ
çàäàâàëèñü ìåíåå 80 [15], äëÿ Skewness – ìåíü-
øå 0,95.

Çíà÷åíèå êîýôôèöèåíòà òåïëîîòäà÷è ñòåíêè
ñèëüíî çàâèñèò îò y+ — ïàðàìåòðà, õàðàêòåðèçó-
þùåãî êà÷åñòâî ñåòî÷íîé ìîäåëè. Ñîãëàñíî ëè-
òåðàòóðíûì èñòî÷íèêàì [16], áîëüøèå çíà÷åíèÿ
y+ ïðèâîäÿò ê çíà÷èòåëüíîìó çàâûøåíèþ êîýô-
ôèöèåíòà òåïëîîòäà÷è, ïîýòîìó íåîáõîäèìî èñ-
ïîëüçîâàòü ñåòî÷íóþ ìîäåëü ñ ðàçìåðîì ýëåìåí-
òîâ íà ñòåíêå, ñîîòâåòñòâóþùèì y+ < 1.

Äàëåå, ñåòî÷íûå ìîäåëè ïåðåäàþòñÿ â CFX-Pre,
ãäå çàäàþòñÿ ãðàíè÷íûå óñëîâèÿ, ïàðàìåòðû ðà-
áî÷åãî òåëà è íàñòðîéêè ðåøàòåëÿ [17]. Ñíà÷àëà
ñîçäàåòñÿ ìàòåðèàë òóðáèíû èëè êîìïðåññîðà.
Ìàòåðèàëîì äëÿ ÑÀ è ÐÊ òóðáèíû ñëóæèò âûñî-
êîïðî÷íûé æàðîïðî÷íûé ãðàíóëèðóåìûé íèêå-
ëåâûé ñïëàâ ÂÂ751Ï. Ââèäó îòñóòñòâèÿ íåêîòî-
ðûõ äàííûõ (òàêèõ, êàê ìîäóëü Þíãà) äëÿ ðàñ-

÷¸òà áûëî ïðèíÿòî ðåøåíèå çàìåíèòü åãî ïðàê-
òè÷åñêè èäåíòè÷íûì èñõîäíîìó ïî õèìè÷åñêèì
è ôèçè÷åñêèì õàðàêòåðèñòèêàì ñïëàâîì ÝÏ881
ñî ñëåäóþùèìè õàðàêòåðèñòèêàìè:

ïëîòíîñòü 8300 êã/ì3,
òåìïåðàòóðíûé êîýôôèöèåíò ëèíåéíîãî ðàñ-

øèðåíèÿ 1,5·10-5 °Ñ-1,
ìîäóëü Þíãà 1,94·1011 Ïà,
êîýôôèöèåíò Ïóàññîíà 0,3.
Ìàòåðèàë êîìïðåññîðà – àëþìèíèåâûé ñïëàâ

Ä16 ñî ñëåäóþùèìè õàðàêòåðèñòèêàìè:
ïëîòíîñòü 2780 êã/ì3,
òåìïåðàòóðíûé êîýôôèöèåíò ëèíåéíîãî ðàñ-

øèðåíèÿ 2,29·10-5 °Ñ-1,
ìîäóëü Þíãà 7,2·1010 Ïà,
êîýôôèöèåíò Ïóàññîíà 0,3.
Äëÿ ïðîâåäåíèÿ òåïëîâîãî ðàñ÷åòà íåîáõîäè-

ìî çàäàòü ñâîéñòâà òåïëîïðîâîäíîñòè è òåïëîåì-
êîñòè, çàâèñÿùèå îò òåìïåðàòóðû (òàáë. 1) [18].

Çàòåì ñîçäàþòñÿ äîìåíû èç òâ¸ðäûõ òåë. Âñå-
ãî â äàííîì ñëó÷àå ñîçäàþòñÿ ÷åòûðå äîìåíà äëÿ

Ðèñ. 2. Êîíñòðóêòèâíûå ñõåìû: à — êîìïðåññîðà;
á — òóðáèíû

à)

á)

Ðèñ. 3. Êîíå÷íî-ýëåìåíòíûå ìîäåëè: à — êîìïðåññî-
ðà; á — òóðáèíû

à)

á)
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òóðáèíû è øåñòü äîìåíîâ äëÿ êîìïðåññîðà: RK
– ðàáî÷èå ëîïàòêè, SA (NA) – ëîïàòêè ñîïëîâîãî
àïïàðàòà èëè äèôôóçîðà, Flow_RK – ìåæëîïà-
òî÷íûé êàíàë â ðàáî÷åì êîëåñå, Flow_SA
(Flow_NA) – ìåæëîïàòî÷íûé êàíàë â ñîïëîâîì
àïïàðàòå èëè äèôôóçîðå, Flow_inlet – âõîä â êîì-
ïðåññîð, Entry – âõîäíîå óñòðîéñòâî â êîìïðåñ-
ñîðå (ðèñ. 4). Äëÿ äîìåíîâ Flow_RK, Flow_NA,
Flow_SA, Flow_inlet çàäàåòñÿ òèï Fluid, âûáèðà-
åòñÿ ðàáî÷åå òåëî (òàáë. 2): äëÿ òóðáèíû –
Generator Gas, äëÿ êîìïðåññîðà – Air Ideal Gas,
óêàçûâàåòñÿ ññûëî÷íîå äàâëåíèå – 0 àòì, âêëþ-
÷àåòñÿ òåïëîîáìåí Total Energy ñ ó÷åòîì âÿçêî-
ãî òðåíèÿ, âûáèðàþòñÿ ìîäåëü òóðáóëåíòíîñòè
SST è ôóíêöèÿ ñòåíêè Scalable Wall Function.

Òàáëèöà 1

Çàâèñèìîñòü òåïëîïðîâîäíîñòè è òåïëîåìêîñòè îò òåìïåðàòóðû ìàòåðèàëîâ êîìïðåññîðà è òóðáèíû

Êîìïðåññîð 

Ò, °Ñ 25 100 200 300 400 

с, Äæ/(êã·Ê) — 879 984 1070 1210 

λ, Âò/(ì·Ê) 138 146 155 163 167 

Òóðáèíà  

Ò, °Ñ 25-50 100 200 300 400 500 600 700 800 900 1000 1050 

с, Äæ/(êã·Ê) 417 434 456 471 486 500 523 560 598 630 657 668 

λ, Âò/(ì·Ê) 13.8 14,6 15,9 16,7 18,0 19,3 20,9 22,2 23,9 25,5 — — 

Ìîäåëü SST ðàáîòàåò ïóòåì ðåøåíèÿ ìîäåëè
òóðáóëåíòíîñòè k- ω  íà ñòåíêå è k- ε  â îáúåìíîì
ïîòîêå. Â òåõíè÷åñêîì ìåìîðàíäóìå ÍÀÑÀ [19]
ìîäåëü SST áûëà ïðèçíàíà ñàìîé òî÷íîé ìîäå-
ëüþ äëÿ àýðîäèíàìè÷åñêèõ ïðèëîæåíèé. Äëÿ
äîìåíà Flow_RK íåîáõîäèìî äîïîëíèòåëüíî
óêàçàòü ÷àñòîòó (îá/ìèí) è îñü âðàùåíèÿ. Äëÿ
äîìåíîâ RK, SA, NA, Entry çàäàåòñÿ òèï Solid,
âûáèðàåòñÿ íåîáõîäèìûé ìàòåðèàë, ñîçäàííûé
ðàíåå, âêëþ÷àåòñÿ òåïëîîáìåí Thermal Energy è
äëÿ äîìåíà RK çàäàþòñÿ ÷àñòîòà è îñü âðàùåíèÿ.

Â êîìïðåññîðå çàâèñèìîñòü óäåëüíîé òåïëî-
åìêîñòè ïðè ïîñòîÿííîì äàâëåíèè îò òåìïåðà-
òóðû T çàäàåòñÿ ïðè ïîìîùè ïîëèíîìà è â ïðî-
ãðàììå èìååò ñëåäóþùèé âèä:

Òàáëèöà 2

Ïàðàìåòðû ðàáî÷åãî òåëà

 Êîìïðåññîð Òóðáèíà 

Ðàáî÷åå òåëî Èäåàëüíûé ãàç Ãåíåðàòîðíûé ãàç 

Ãðóïïà ìàòåðèàëîâ Âîçäóõ Êàëîðè÷åñêèé ñîâåðøåííûé ãàç 

Òåðìîäèíàìè÷åñêîå ñîñòîÿíèå Ãàç Ãàç 

Òåðìîäèíàìè÷åñêèå ñâîéñòâà Èçìåíÿþòñÿ ïî çàêîíó  
èäåàëüíîãî ãàçà 

Èçìåíÿþòñÿ ïî çàêîíó  
èäåàëüíîãî ãàçà 

Ìîëÿðíàÿ ìàññà, êã/ìîëü 28,96 31,95 

Òåïëîåìêîñòü, Äæ/(êã·Ê) Ïîëèíîì íóëåâîãî äàâëåíèÿ 1048,8 

Äèíàìè÷åñêàÿ âÿçêîñòü, êã/(ì·ñ) Фîðìóëà Ñàçåðëåíäà 0,00001831 

Òåïëîïðîâîäíîñòü, Âò/(ì·Ê) 0,0261 0,0261 
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2 3 4
1 2 3 4 5 ,pc

a a T a T a T a T
R

= + + + +

ãäå R = 287 Äæ/(êã·Ê).
Èçìåíåíèå âÿçêîñòè îïèñûâàëîñü ïî ôîðìóëå

Ñàçåðëåíäà:

0

,

n

ref

ref

T S T
T S T

μ
μ

Ê ˆ+
= Á ˜+ Ë ¯

ãäå 0μ  – ññûëî÷íàÿ âÿçêîñòü; S – ïîñòîÿííàÿ

Ñàçåðëåíäà; Tref – ññûëî÷íàÿ òåìïåðàòóðà; n –
ïîêàçàòåëü ñòåïåíè.

Ïîñëå ñîçäàíèÿ äîìåíîâ íà èõ ãðàíè íàêëà-
äûâàþòñÿ ãðàíè÷íûå óñëîâèÿ. Äëÿ íåîïðåäåëåí-
íûõ ãðàíåé àâòîìàòè÷åñêè ñîçäàåòñÿ óñëîâèå íå-
ïðîíèöàåìîé àäèàáàòíîé ñòåíêè. Äëÿ äîìåíîâ
òèïà Fluid íóæíî çàäàòü ãðàíè÷íûå óñëîâèÿ íà
âõîäå è âûõîäå èç êàíàëà. Äëÿ òóðáèíû çàäàâà-
ëèñü ìàññîâûé ðàñõîä è ïîëíàÿ òåìïåðàòóðà íà
âõîäå è ñòàòè÷åñêîå äàâëåíèå íà âûõîäå, äëÿ êîì-

Ðèñ. 4. Äîìåíû: à — â êîìïðåññîðå; á — â òóðáèíå

à)

á)
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ïðåññîðà – ïîëíûå äàâëåíèå è òåìïåðàòóðà íà
âõîäå è ñòàòè÷åñêîå äàâëåíèå íà âûõîäå, òàê êàê
ýòè ãðàíè÷íûå óñëîâèÿ îáåñïå÷èâàþò óñòîé÷èâóþ
ñõîäèìîñòü ðåøåíèÿ [20].

Ñîçäàþòñÿ èíòåðôåéñû, êîòîðûå ñëóæàò äëÿ
ïåðåäà÷è äàííûõ ìåæäó îáëàñòÿìè. Ïåðèîäè÷-
íîñòü ñåòêè — Rotational Periodicity, ïåðåäà÷à
ïàðàìåòðîâ îò ÑÀ ê ÐÊ èëè îò ÐÊ ê äèôôóçîðó
– Stage (Mixing Plane), è ââîäèòñÿ ïàðàìåòð Pitch
Ratio, îáîçíà÷àþùèé ñîîòíîøåíèå óãëîâ ñåêòî-
ðîâ ñîïðÿæåííûõ äîìåíîâ (â ëîïàòî÷íûõ ìàøè-
íàõ îáû÷íî óãîë ïåðèîäè÷íîãî ñåêòîðà íàïðÿìóþ
ñâÿçàí ñ ÷èñëîì ëîïàòîê): äëÿ êîìïðåññîðà — 7/14,
äëÿ òóðáèíû – 15/23. Ïðè èñïîëüçîâàíèè èíòåð-
ôåéñà Stage äàííûå èç ïðåäûäóùåãî áëîêà îñðåä-
íÿþòñÿ â îêðóæíîì íàïðàâëåíèè è ïåðåäàþòñÿ
â ñëåäóþùèé áëîê â êà÷åñòâå ãðàíè÷íîãî óñëî-
âèÿ. Äëÿ ïåðåäà÷è ïàðàìåòðîâ îò âõîä-
íîãî óñòðîéñòâà ê ðàáî÷åìó êîëåñó â
êîìïðåññîðå ñîçäàåòñÿ èíòåðôåéñ
Frozen Rotor. Òàêæå çàäàþòñÿ èíòåðôåé-
ñû ìåæäó ãàçîì è òâåðäûìè òåëàìè, ïå-
ðåäàþùèå òåïëîâóþ íàãðóçêó.

Çàòåì íåîáõîäèìî íàñòðîèòü îïöèè
ðåøàòåëÿ. Çäåñü óêàçûâàþòñÿ ñõåìà ðå-
øåíèÿ, ïîðÿäîê òî÷íîñòè, êðèòåðèè îñ-
òàíîâêè ðàñ÷åòà, à òàêæå íàñòðîéêè ìàñ-
øòàáà âðåìåíè ìîäåëèðîâàíèÿ. Â äàí-
íîì ñëó÷àå çàäàâàëèñü: ìàêñèìàëüíîå
÷èñëî èòåðàöèé 1500, àâòîìàòè÷åñêèé
âàðèàíò çàäàíèÿ âðåìåííîãî øàãà ñ ìíî-
æèòåëåì êîýôôèöèåíòà âðåìåííîãî
øàãà 0,01 è íåâÿçêè 1E-6. Ïðè ìîäåëè-
ðîâàíèè òóðáóëåíòíûõ òå÷åíèé â êàíà-
ëàõ ñëîæíîé ôîðìû, ê êîòîðûì îòíîñÿò-
ñÿ òóðáîìàøèíû, ñòàíäàðòíîãî êðèòåðèÿ
ñõîæäåíèÿ ðåøåíèÿ – çíà÷åíèÿ íåâÿçîê
— çà÷àñòóþ íåäîñòàòî÷íî. Îöåíêó ñõîæ-
äåíèÿ ðåøåíèÿ óäîáíî ïðîèçâîäèòü ïî
ãðàôèêó èçìåíåíèÿ èíòåãðàëüíûõ ïàðà-
ìåòðîâ ïîòîêà âî âðåìÿ ðàñ÷åòà. Åñëè
ðåøåíèå óñòàíîâèëîñü, òî çíà÷åíèå èí-
òåãðàëüíîãî ïàðàìåòðà ïîòîêà ìåíÿòüñÿ
íå áóäåò èëè áóäåò ìåíÿòüñÿ ñî ñòðîãîé
öèêëè÷íîñòüþ. Äëÿ ìîäåëè ðàáî÷åãî
ïðîöåññà òàêèì ïàðàìåòðîì óäîáíî ïðè-
íÿòü ñòåïåíü ïîíèæåíèÿ (ïîâûøåíèÿ)
äàâëåíèÿ, ñòàòè÷åñêîå äàâëåíèå íà âõî-
äå èëè òåìïåðàòóðó [21].

Ïîñëå ýòîãî ïðîâîäèòñÿ ðàñ÷åò ìîäå-
ëè. Ðåçóëüòàòû ðàñ÷åòà ìîæíî ïðîàíàëè-
çèðîâàòü â CFD-Post. Çäåñü ìîæíî ïî-
ñìîòðåòü ïîëÿ ðàñïðåäåëåíèÿ äàâëåíèé

è òåìïåðàòóð ïî êàíàëó, âû÷èñëèòü òÿãó, ÊÏÄ è
êðóòÿùèé ìîìåíò.

Ñòðóêòóðíûå ìîäåëè

Íà ðèñ. 5 ïðèâåäåíû ýïþðû ðàñïðåäåëåíèÿ
êîýôôèöèåíòîâ òåïëîîòäà÷è ïî ëîïàòêàì òóðáè-
íû è êîìïðåññîðà â ñðåäíåì ñå÷åíèè. Íà ïåðè-
ôåðèè ëîïàòêè ÑÀ òóðáèíû ìàêñèìàëüíîå çíà-
÷åíèå êîýôôèöèåíòà òåïëîîòäà÷è 3218 Âò/(ì2·Ê)
íà âõîäíîé êðîìêå, ìèíèìàëüíîå – 783 Âò/(ì2·Ê)
íà êîðûòöå ëîïàòêè. Íà âòóëêå ëîïàòêè ÑÀ òóð-
áèíû ìàêñèìàëüíîå çíà÷åíèå 2707 Âò/(ì2·Ê),
ìèíèìàëüíîå – 1091Âò/(ì2·Ê). Íà ïåðèôåðèè
ðàáî÷åé ëîïàòêè ìàêñèìàëüíîå çíà÷åíèå
2502 Âò/(ì2·Ê) íà êîðûòöå ëîïàòêè, ìèíèìàëü-
íîå – 1100,66 Âò/(ì2·Ê) íà âõîäíîé êðîìêå. Íà
âòóëêå ðàáî÷åé ëîïàòêè òóðáèíû ìàêñèìàëüíîå

Ðèñ. 5. Ðàñïðåäåëåíèå êîýôôèöèåíòîâ òåïëîîòäà÷è ïî ëîïàò-
êàì â ñðåäíåì ñå÷åíèè: à — êîìïðåññîðà; á — òóðáèíû

à)

á)
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çíà÷åíèå 1943 Âò/(ì2·Ê) íà ñïèíêå ëîïàòêè, ìè-
íèìàëüíîå — 1428 Âò/(ì2·Ê) íà êîðûòöå ëîïàò-
êè. Ïîëó÷åííûå ðàñïðåäåëåíèÿ êîýôôèöèåíòîâ
òåïëîîòäà÷è ñîîòâåòñòâóþò èçâåñòíûì ðàñïðåäå-
ëåíèÿì, ÷òî ïîäòâåðæäàåò ïðàâèëüíîñòü ðàñ÷åòîâ
è âûáîðà ïðèñòåíî÷íîãî ñëîÿ [22].

Ñëåäóþùèì øàãîì ÿâëÿåòñÿ ìîäåëèðîâàíèå
íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ äåòà-
ëåé ðîòîðà è ñòàòîðà òóðáèíû è êîìïðåññîðà.
Ñíà÷àëà èìïîðòèðóþòñÿ ïîëÿ ðàñïðåäåëåíèÿ
òåìïåðàòóð ïî ëîïàòêàì èç CFX â Steady-State
Thermal, ãäå âû÷èñëÿåòñÿ ðàñïðåäåëåíèå òåìïå-
ðàòóð ïî âñåìó ðîòîðó è ñòàòîðó (ðèñ. 6).

Çàòåì â Static Structural èìïîðòèðóþòñÿ ïîëÿ
ðàñïðåäåëåíèÿ äàâëåíèé ïî ëîïàòêàì èç CFX è
ïîëÿ ðàñïðåäåëåíèÿ òåìïåðàòóð, ïîëó÷åííûå â
Steady-State Thermal. Çäåñü æå çàäàþòñÿ ÷àñòîòà
âðàùåíèÿ ðîòîðà äëÿ îïðåäåëåíèÿ ïåðåìåùåíèé

îò öåíòðîáåæíûõ ñèë, à òàêæå îãðàíè÷åíèå ñòå-
ïåíåé ñâîáîäû â îñåâîì è îêðóæíîì íàïðàâëå-
íèÿõ (äëÿ öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò).

Â ðåçóëüòàòå áûëè ïîëó÷åíû ïåðåìåùåíèÿ
ðîòîðà è ñòàòîðà â ðàäèàëüíîì íàïðàâëåíèè îò
îäíîâðåìåííîãî âîçäåéñòâèÿ âñåõ ôàêòîðîâ, à
òàêæå îò èõ îòäåëüíîãî äåéñòâèÿ. Ýòî ïîçâîëÿåò
îïðåäåëèòü âëèÿíèå îòäåëüíûõ ôàêòîðîâ íà ðà-
äèàëüíûé çàçîð, à òàêæå îöåíèòü äîñòîâåðíîñòü
ðåçóëüòàòîâ. Â òàáë. 3 ïðåäñòàâëåíû ïåðåìåùå-
íèÿ ðîòîðà è ñòàòîðà êîìïðåññîðà è òóðáèíû â
ðàäèàëüíîì íàïðàâëåíèè îò âñåõ ôàêòîðîâ.

Â ñîîòâåòñòâèè ñ ðåçóëüòàòàìè ðàñ÷åòà óñòà-
íîâëåíî, ÷òî ìàêñèìàëüíîå âëèÿíèå íà âåëè÷è-
íó ðàäèàëüíîãî çàçîðà îêàçûâàåò òåðìè÷åñêîå
ðàñøèðåíèå (75% äëÿ ðîòîðà è 99% äëÿ ñòàòîðà),
à ìèíèìàëüíîå – öåíòðîáåæíûå ñèëû (îêîëî
24%) è ïåðåïàä äàâëåíèé (ìåíåå 1%). Îòðèöà-

Ðèñ. 6. Ðàñïðåäåëåíèå òåìïåðàòóð ïî ðîòîðó è ñòàòîðó: à — êîìïðåññîðà; á — òóðáèíû

à)

á)
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òåëüíîå çíà÷åíèå îò ïåðåïàäà äàâëåíèé âûçâàíî
èçãèáîì ëîïàòîê è êîìïåíñèðóåòñÿ öåíòðîáåæ-
íûìè ñèëàìè. Áûëè ïîëó÷åíû ìèíèìàëüíûå è
ìàêñèìàëüíûå çàçîðû ïóòåì íàõîæäåíèÿ ðàçíî-
ñòè ðàäèàëüíûõ ïåðåìåùåíèé ñîîòâåòñòâóþùèõ
ïîâåðõíîñòåé ðîòîðà è ñòàòîðà. Íà ðèñ. 7 ïðåä-
ñòàâëåíû ðàäèàëüíûå ïåðåìåùåíèÿ ðîòîðà è ñòà-
òîðà êîìïðåññîðà è òóðáèíû íà ìàêñèìàëüíîì
ðåæèìå ðàáîòû äâèãàòåëÿ. Âåëè÷èíà ðàäèàëüíîãî
çàçîðà â öåíòðîáåæíîì êîìïðåññîðå ñî ñòîðîíû
âõîäíîé êðîìêè óìåíüøàåòñÿ íà 37,96 ìêì, ñî
ñòîðîíû âûõîäíîé êðîìêè — íà 25,05 ìêì è
ñîñòàâëÿåò 262,04 ìêì ñî ñòîðîíû âõîäíîé êðîìêè
è 274,95 ìêì ñî ñòîðîíû âûõîäíîé êðîìêè. Âå-
ëè÷èíà ðàäèàëüíîãî çàçîðà â òóðáèíå ñî ñòîðîíû
âõîäíîé êðîìêè óìåíüøàåòñÿ íà 149,54 ìêì, ñî
ñòîðîíû âûõîäíîé êðîìêè – íà 216,8 ìêì è ñî-

ñòàâëÿåò 150,46 ìêì ñî ñòîðîíû âõîäíîé êðîì-
êè è 25,05 ìêì ñî ñòîðîíû âûõîäíîé êðîìêè.

Òàêèì îáðàçîì, èçíà÷àëüíî ïðèíÿòûå ìîí-
òàæíûå çàçîðû äëÿ êîìïðåññîðà îáåñïå÷èâàþò
äîñòàòî÷íûé çàçîð ìåæäó ñòàòîðîì è ðîòîðîì íà
ìàêñèìàëüíîì ðåæèìå ðàáîòû äâèãàòåëÿ. Äëÿ
òóðáèíû öåëåñîîáðàçíî èçìåíåíèå ìîíòàæíûõ
ðàäèàëüíûõ çàçîðîâ, òàê êàê íà ïåðåõîäíûõ ðå-
æèìàõ ðàáîòû äâèãàòåëÿ ðàäèàëüíûé çàçîð ñî-
ñòàâëÿåò ìåíåå 0,15 ìì, ÷òî ìîæåò ñòàòü ïðè÷è-
íîé êàñàíèÿ ðîòîðà î ñòàòîð è ÿâëÿåòñÿ íåáåçî-
ïàñíûì. Ïîýòîìó ïðåäëîæåíî óâåëè÷èòü ðàäè-
àëüíûé çàçîð ñî ñòîðîíû âõîäà äî 0,35 ìì, à ñî
ñòîðîíû âûõîäà — äî 0,4 ìì, íî ñ ó÷åòîì òåõíî-
ëîãè÷íîñòè èçãîòîâëåíèÿ âíóòðåííåé ñòåíêè ñî-
ïëîâîãî àïïàðàòà — 0,4 ìì. Òîãäà íà ìàêñèìàëü-
íîì ðåæèìå ðàáîòû ðàäèàëüíûé çàçîð â òóðáè-

Òàáëèöà 3

Ðàäèàëüíûå ïåðåìåùåíèÿ êîìïðåññîðà è òóðáèíû

Ðèñ. 7. Äåôîðìàöèè ðîòîðà è ñòàòîðà: à — êîìïðåññîðà; á — òóðáèíû
à)                                                                                  á)

Фàêòîðû 
Ðîòîð òóðáèíû Ñòàòîð ÑÀ Ðîòîð ÖÁÊ Ñòàòîð ÖÁÊ 

Min Max Min Max Min Max Min Max 

Òåðìè÷åñêîå ðàñøèðåíèå 129,13 139,06 -19,8 178,41 1,18 18,51 1,86 64,42 

Öåíòðîáåæíûå ñèëû 39,14 68,54 - - 18,96 68,32 - - 

Ïåðåïàä äàâëåíèÿ -1,82 2,16 -0,57 1,9 -0,56 0,057 -0,54 0,48 

Ñóììàðíûå ïåðåìåùåíèÿ, ìêì 174,23 200,02 -19,6 179,87 23,98 86,35 2,186 63,9 
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íå ñî ñòîðîíû âõîäà áóäåò ðàâåí 250,46 ìêì, à ñî
ñòîðîíû âûõîäà – 183,2 ìêì.

Âûâîäû

Òåðìè÷åñêîå ðàñøèðåíèå äåòàëåé êîìïðåññî-
ðà è òóðáèíû îêàçûâàåò íàèáîëüøåå âëèÿíèå íà
ðàäèàëüíûé çàçîð – äî 99%. Ýòî ñâÿçàíî ñ èñ-
ïîëüçóåìûìè ìàòåðèàëàìè, ó êîòîðûõ òåìïåðà-
òóðíûé êîýôôèöèåíò ëèíåéíîãî ðàñøèðåíèÿ

1,5·10-5 °Ñ-1 è 2,29·10-5 °Ñ-1, à òàêæå ñ íåðàâíî-
ìåðíûì ðàñïðåäåëåíèåì òåìïåðàòóð. Ïîýòîìó
âàæíî îöåíèâàòü ðàñïðåäåëåíèå òåìïåðàòóð ïî
äåòàëÿì êîìïðåññîðà è òóðáèíû.

Îäíîé èç íàèáîëåå ñëîæíûõ çàäà÷ ïðè ïðî-
åêòèðîâàíèè òóðáèí ÿâëÿåòñÿ çàäà÷à òî÷íîãî
îïðåäåëåíèÿ òåïëîâûõ ïîòîêîâ îò ãàçà ê ëîïàò-
êàì. Ïðîöåññû òåïëîìàññîîáìåíà â ïðèñòåíî÷íûõ
ñëîÿõ ñîïëîâûõ è ðàáî÷èõ ëîïàòîê õàðàêòåðèçó-
þòñÿ êîìïëåêñíûì âîçäåéñòâèåì ðÿäà ôàêòîðîâ:
òóðáóëåíòíîñòè, îòðûâà ïîãðàíè÷íîãî ñëîÿ, ïåðå-
õîäíûõ ðåæèìîâ òå÷åíèÿ, ñæèìàåìîñòè, øåðîõî-
âàòîñòè ïîâåðõíîñòè; âëèÿíèÿ ñèë èíåðöèè, óãëà
àòàêè è äð. Îäíîâðåìåííûé ó÷åò ìíîãèõ èç óêà-
çàííûõ âûøå ôàêòîðîâ ïðè ðàñ÷åòàõ âíåøíåãî
òåïëîîáìåíà ïðàêòè÷åñêè íåâîçìîæåí. Âìåñòå ñ
òåì êîýôôèöèåíò òåïëîîòäà÷è α  îò ãàçà ê ñòåí-
êå ëîïàòêè äîëæåí îïðåäåëÿòüñÿ ìàêñèìàëüíî
òî÷íî. Èç ïîëó÷åííûõ ýïþð ðàñïðåäåëåíèÿ êî-
ýôôèöèåíòà òåïëîîòäà÷è ïî ëîïàòêàì êîìïðåñ-
ñîðà è òóðáèíû âèäíî, ÷òî ìàêñèìàëüíûå çíà-
÷åíèÿ – 3360 Âò/(ì2·Ê) íà âõîäíîé êðîìêå ëî-
ïàòêè ÑÀ òóðáèíû, 2366 Âò/(ì2·Ê) íà âõîäíîé
êðîìêå è 2489 Âò/(ì2·Ê) íà âûõîäíîé ÷àñòè ñïèí-
êè ëîïàòêè ÐÊ êîìïðåññîðà, 2316 Âò/(ì2·Ê) íà
âûõîäíîé ÷àñòè ëîïàòêè ÐÊ òóðáèíû – íàáëþäà-
þòñÿ â ìåñòàõ íàèáîëüøåãî âçàèìîäåéñòâèÿ ñ ïî-
òîêîì. Ýòî îáúÿñíÿåòñÿ õàðàêòåðèñòèêàìè ïîòî-
êà è áîëüøîé ñêîðîñòüþ íàòåêàíèÿ. Ìèíèìàëü-
íûå çíà÷åíèÿ íàáëþäàþòñÿ íà êîðûòöå ëîïàòîê
ÑÀ è ÐÊ òóðáèíû: 910 Âò/(ì2·Ê) è 1307 Âò/(ì2·Ê)
— è íà âõîäíîé ÷àñòè ñïèíêè ëîïàòêè ÐÊ êîì-
ïðåññîðà: 1106 Âò/(ì2·Ê).

Íà ìàêñèìàëüíîì ðåæèìå ðàáîòû íåîáõîäè-
ìî îáåñïå÷èòü ðàäèàëüíûé çàçîð íå ìåíåå
0,15 ìì äëÿ ïðåäîòâðàùåíèÿ êàñàíèÿ ðîòîðà î
ñòàòîð íà ïåðåõîäíûõ ðåæèìàõ ðàáîòû [23].
Ñ ó÷åòîì ïîëó÷åííûõ ïåðåìåùåíèé â êîìïðåñ-
ñîðå ýòî óñëîâèå âûïîëíÿåòñÿ – íà ìàêñèìàëü-
íîì ðåæèìå ðàáîòû ðàäèàëüíûé çàçîð ñîñòàâëÿåò
262 ìêì ñî ñòîðîíû âõîäíîé êðîìêè è 275 ìêì
ñî ñòîðîíû âûõîäíîé êðîìêè. Â òóðáèíå íà ìàê-
ñèìàëüíîì ðåæèìå ðàáîòû ðàäèàëüíûé çàçîð ñî-

ñòàâëÿåò 150 ìêì ñî ñòîðîíû âõîäíîé êðîìêè è
25 ìêì ñî ñòîðîíû âûõîäíîé êðîìêè, ÷òî íå
óäîâëåòâîðÿåò äàííîìó óñëîâèþ. Ïîýòîìó ïðåä-
ëîæåíî óâåëè÷èòü ìîíòàæíûé ðàäèàëüíûé çàçîð
äî 0,4 ìì. Òîãäà íà ìàêñèìàëüíîì ðåæèìå ðàáî-
òû ðàäèàëüíûé çàçîð â òóðáèíå ñî ñòîðîíû âõî-
äà áóäåò ðàâåí 250 ìêì, à ñî ñòîðîíû âûõîäà –
183 ìêì.
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