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Àííîòàöèÿ. Ïðåäëîæåí íîâûé ìåòîä óìåíüøåíèÿ âëèÿíèÿ ñòåíîê ðàáî÷åé ÷àñòè àýðîäèíàìè-
÷åñêîé òðóáû – ñòðóéíî-ïåðôîðèðîâàííûå ãðàíèöû, êîòîðûå ïðåäñòàâëÿþò ñîáîé êîìáèíàöèþ ïåð-
ôîðèðîâàííûõ ïàíåëåé è óïðàâëÿåìîãî ïîãðàíè÷íîãî ñëîÿ. Èññëåäîâàíèå äàííîé êîíöåïöèè ïðî-
âîäèëîñü ñ èñïîëüçîâàíèåì êëàññè÷åñêîé òåñòîâîé ìîäåëè ïðîôèëÿ NACA-0012 â òðàíñçâóêîâîé
àýðîäèíàìè÷åñêîé òðóáå ÖÀÃÈ Ò-112. Äëÿ ïîëó÷åíèÿ õàðàêòåðèñòèê ìîäåëè ïðè îáòåêàíèè áåç-
ãðàíè÷íûì ïîòîêîì ïðîâåäåíî ÷èñëåííîå ìîäåëèðîâàíèå. Àíàëèç ðåçóëüòàòîâ ïîçâîëèë ñäåëàòü ðÿä
ïðèíöèïèàëüíûõ âûâîäîâ î âîçìîæíîñòè óìåíüøåíèÿ âëèÿíèÿ ñòåíîê è âûáðàòü êîìáèíàöèè ïà-
ðàìåòðîâ ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèö, ïðè êîòîðûõ èíäóêöèÿ ãðàíèö ìèíèìàëüíà.
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Abstract

Elimination of the influence of the wind tunnel test section walls on the flow over the model is one of
the important problems in experimental aerodynamics. The flow near the model placed in the test section
of the wind tunnel is different from the flow existing over the model in the unbounded flow. The shape of
the streamlines is distorted at the location of the model due to the presence of the test section walls. The
problem of interference between the model and the walls becomes most urgent due to the phenomenon of
the test section blockage in transonic wind tunnels with solid walls. The using of permeable (perforated or
slotted) walls of the test section is the most common method to reduce wall interference. However, permeable
walls allow only to reduce their influence on the flow over the model, but not to completely exclude it. In
addition, perforation is a source of low-frequency noise, large-scale eddies are generated due to slot boundaries.

Jet boundaries have been shown to be effective compared to existing methods to solve the wall interference
problem in transonic wind tunnel. However, this approach has not become widespread due to the technical
complexity of the jet installations implementation.

The approach based on the using of a controlled boundary layer is quite effective and technically easy
to implement that is shown both experimentally and numerically. However, in some cases, the tested models
are oversized, and the thickness of the boundary layer turns out to be insufficient to eliminate the solid wall
interference.

A new approach to solve the wall interference problem is presented in the paper - combined jet-perforated
boundaries. The proposed method combines the advantages of perforated boundaries and the controlled
boundary layer. In addition, it is technically easy to implement, economically profitable and does not exclude
the possibility of using it in existing wind tunnels.

Experimental study was carried out with a drained symmetric NACA-0012 airfoil with a chord 150 mm
in TsAGI T-112 wind tunnel.

The experiment was carried out in solid walls with spoilers, in perforated boundaries with an open-area
ratio of 0%, 2%, 10% and 23% and in jet-perforated boundaries with similar permeability coefficients and
the spoiler height of 30 mm. The Mach number was 0.6; 0.65; 0.7 and 0.74. The angle of attack varied from
-4° to 6°. As a result, the pressure distribution was obtained. The main aerodynamic characteristics of the
model were calculated based on the obtained data on the pressure distribution.

This article presents the results of the airfoil model characteristics under the unbounded flow that was
conducted in ANSYS CFX software by numerically solving the Reynolds averaged Navier – Stokes (RANS)
equations. The SST turbulence model was used for the approximation. Numerical calculations of the flow
over the NACA 0012 airfoil were carried out under conditions corresponding to the experimental one (Mach
number: 0.6; 0.65; 0.7; 0.74; angle of attack: 0°, 1°, 2°, 3°, 4°).

The analysis of the results made it possible to draw a number of conclusions about the possibility to
reduce the wall interference in transonic wind tunnel by using jet-perforated boundaries. It is shown that
with relatively moderate level of disturbances introduced into the flow by the model (at Mach numbers up
to 0.74 and angles of attack from -4° to + 4°), the optimal combination of the perforated wall with the open-
area ratio of no more than 2% with the controlled boundary layer generated wedge-shaped spoilers with a
height of 30 mm (10% of the test section half-height of the T-112 wind tunnel). The selected combination
of parameters made it possible to practically eliminate wall interference when the models’ chord  does not
exceed 25% of the test section height. The perforation ratio or boundary layer thickness should also increase
with the increase in the model size or lift force.

Keywords: wind tunnel (WT), wall interference, boundary layer, computational fluid dynamics (CFD)
For citation: Volkova A.O. Jet-perforated boundaries as an effective method to reduce wall interference
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no. 4, pp. 28-38. DOI: 10.34759/vst-2021-4-28-38
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Â 1984 ãîäó ïðåäëîæåí íîâûé ñïîñîá óìåíü-
øåíèÿ âëèÿíèÿ ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ —
ñòðóéíûå ãðàíèöû [11]. Àâòîðû, Â.Ì. Íåéëàíä è
Â.ß. Íåéëàíä, ïðîäåìîíñòðèðîâàëè ýôôåêòèâ-
íîñòü ïðèìåíåíèÿ ïðèñòåíî÷íûõ ñòðóé ïî ñðàâ-
íåíèþ ñ ñóùåñòâóþùèìè ìåòîäàìè ðåøåíèÿ
ïðîáëåìû èíäóêöèè ãðàíèö. Ïðè êîððåêòíîì
âûáîðå ïàðàìåòðîâ ñòðóè óäàâàëîñü ïðàêòè÷åñ-
êè óñòðàíèòü âëèÿíèå ñòåíîê ÀÄÒ íà îñíîâíûå
àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ìîäåëè [12]
(ðèñ. 1). Íî èç-çà òåõíè÷åñêîé ñëîæíîñòè ðåàëè-
çàöèè ñòðóéíûõ óñòàíîâîê äàííûé ïîäõîä íå
ïîëó÷èë øèðîêîãî ðàñïðîñòðàíåíèÿ.

Ïîäõîä, îñíîâàííûé íà ïðèìåíåíèè óïðàâ-
ëÿåìîãî ïîãðàíè÷íîãî ñëîÿ [13], îêàçàëñÿ äîñòà-
òî÷íî ýôôåêòèâíûì è òåõíè÷åñêè ëåãêî ðåàëè-
çóåìûì, ÷òî ïîêàçàíî êàê ýêñïåðèìåíòàëüíî, òàê
è ñ ïîìîùüþ ÷èñëåííûõ ìåòîäîâ [14]. Ýôôåêòèâ-
íîñòü óïðàâëÿåìîãî ïîãðàíè÷íîãî ñëîÿ íà ãëàä-
êèõ ñòåíêàõ ÀÄÒ áûëà ïîëó÷åíà äëÿ ñòàíäàðòíîãî
ýêñïåðèìåíòà ñ ìîäåëÿìè íåáîëüøèõ îòíîñè-
òåëüíûõ ðàçìåðîâ. Îäíàêî â ðÿäå ñëó÷àåâ èñïû-
òûâàåìûå ìîäåëè áûâàþò ïåðåðàçìåðåíû, è òîãäà
òîëùèíà ïîãðàíè÷íîãî ñëîÿ îêàçûâàåòñÿ íåäî-
ñòàòî÷íîé äëÿ óñòðàíåíèÿ èíäóêöèîííûõ âîçìó-
ùåíèé.

Íåñìîòðÿ íà ìíîãî÷èñëåííûå èññëåäîâàíèÿ
äî íàñòîÿùåãî âðåìåíè ïðîáëåìà èíäóêöèè ñòå-
íîê îñòàåòñÿ àêòóàëüíîé. Â äàííîé ðàáîòå ðàñ-
ñìàòðèâàåòñÿ íîâûé ïîäõîä ê ðåøåíèþ ïðîáëå-
ìû èíäóêöèè ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ – ïðè-
ìåíåíèå êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðî-
âàííûõ ãðàíèö [15]. Ïðåäëîæåííûé ìåòîä ñîâìå-
ùàåò â ñåáå ïðåèìóùåñòâà ïåðôîðèðîâàííûõ
ãðàíèö è óïðàâëÿåìîãî ïîãðàíè÷íîãî ñëîÿ; êðîìå
òîãî, îí òåõíè÷åñêè ëåãêî ðåàëèçóåì, ýêîíîìè-
÷åñêè âûãîäåí è íå èñêëþ÷àåò âîçìîæíîñòü ïðè-
ìåíåíèÿ â óæå ñóùåñòâóþùèõ àýðîäèíàìè÷åñêèõ
òðóáàõ.

Ââåäåíèå

Îäíîé èç âàæíûõ çàäà÷ ýêñïåðèìåíòàëüíîé
àýðîäèíàìèêè ÿâëÿåòñÿ óñòðàíåíèå âëèÿíèÿ ñòå-
íîê ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû íà
îáòåêàíèå ìîäåëè. Ïîëå òå÷åíèÿ îêîëî ìîäåëè â
ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû ñóùå-
ñòâåííî îòëè÷àåòñÿ îò òå÷åíèÿ, ïîëó÷àåìîãî ïðè
îáòåêàíèè òîãî æå òåëà áåçãðàíè÷íûì ïîòîêîì.
Íàëè÷èå ñòåíîê ðàáî÷åé ÷àñòè èñêàæàåò ôîðìó
ëèíèé òîêà â ìåñòå ðàñïîëîæåíèÿ ìîäåëè. Â ðå-
çóëüòàòå, åñëè òå÷åíèå, íàïðèìåð, äîçâóêîâîå, òî
â ñïëîøíûõ ñòåíêàõ ýòî ïðèâîäèò ê óâåëè÷åíèþ
îñåâîé ñêîðîñòè â îáëàñòè ìîäåëè â ñðàâíåíèè
ñ ðåæèìíîé ñêîðîñòüþ ïîòîêà [1].

Ïðè ïðîâåäåíèè èñïûòàíèé â òðàíñçâóêîâîì
äèàïàçîíå ñêîðîñòåé ïðîáëåìà èíäóêöèè ãðàíèö
ñòàíîâèòñÿ íàèáîëåå àêòóàëüíîé âñëåäñòâèå ÿâ-
ëåíèé çàïèðàíèÿ ðàáî÷åé ÷àñòè ñî ñïëîøíûìè
ñòåíêàìè [2]. Íàèáîëåå ðàñïðîñòðàíåííûì ìåòî-
äîì óìåíüøåíèÿ èíäóêöèè ãðàíèö ÿâëÿåòñÿ èñ-
ïîëüçîâàíèå ïðîíèöàåìûõ (ïåðôîðèðîâàííûõ
èëè ùåëåâûõ) ñòåíîê ðàáî÷åé ÷àñòè àýðîäèíàìè-
÷åñêîé òðóáû [3]. Èäåÿ èñïîëüçîâàíèÿ ïåðôîðè-
ðîâàííûõ ñòåíîê äëÿ ðåàëèçàöèè òðàíñçâóêîâûõ
ðåæèìîâ îáòåêàíèÿ âïåðâûå áûëà ïðåäëîæåíà è
âíåäðåíà â àýðîäèíàìè÷åñêîé òðóáå Ò-112 â
1948 ãîäó ãðóïïîé ñîâåòñêèõ ó÷åíûõ ïîä ðóêîâîä-
ñòâîì Ñ.À. Õðèñòèàíîâè÷à. Ñ ïîìîùüþ ïðèìå-
íåíèÿ ïåðôîðàöèè óäàëîñü äîñòè÷ü ñêîðîñòè
ïîòîêà ñ ÷èñëîì Ìàõà áîëüøèì åäèíèöû è â
íåêîòîðîé ñòåïåíè óìåíüøèòü èíäóêöèþ ãðàíèö
[4]. Â ìèðîâîé ïðàêòèêå íàêîïèëàñü îáøèðíàÿ
áàçà èññëåäîâàíèé ïðèìåíåíèÿ ïðîíèöàåìûõ
ñòåíîê äëÿ óìåíüøåíèÿ èíäóêöèè [5—7]. Îäíà-
êî èñïîëüçîâàíèå ïðîíèöàåìûõ ñòåíîê ðàáî÷åé
÷àñòè ÀÄÒ ïîçâîëÿåò ëèøü óìåíüøèòü èõ âëèÿ-
íèå íà îáòåêàíèå ìîäåëè, íî íå èñêëþ÷èòü åãî
ïîëíîñòüþ [8]. Êðîìå ýòîãî, ïåðôîðàöèÿ ÿâëÿ-
åòñÿ èñòî÷íèêîì íèçêî÷àñòîòíîãî øóìà [9], à èç-
çà ùåëåâûõ ãðàíèö ïðîèñõîäèò ãåíåðàöèÿ êðóï-
íîìàñøòàáíûõ âèõðåé [10].

Ðèñ. 1. Ñòðóéíûå ãðàíèöû: jq q•<  äëÿ ñïëîøíîé ñòåíêè; jq q•>  äëÿ ñâîáîäíîé ãðàíèöû
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Ïðîãðàììà ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ

Ýêñïåðèìåíò ïðîâîäèëñÿ â àýðîäèíàìè÷åñ-
êîé òðóáå ÖÀÃÈ Ò-112. Ýòà ÀÄÒ îêîëîçâóêîâûõ
è ñâåðõçâóêîâûõ ñêîðîñòåé ÿâëÿåòñÿ óñòàíîâêîé
ïåðèîäè÷åñêîãî äåéñòâèÿ ýæåêòîðíîãî òèïà ñ
ïîëóçàìêíóòûì êîíòóðîì è çàêðûòîé ðàáî÷åé
÷àñòüþ êâàäðàòíîãî ñå÷åíèÿ ðàçìåðîì 0.6 × 0.6 ì
è äëèíîé 2.55 ì [16]. Äèàïàçîí ñêîðîñòåé â òðó-
áå ñîîòâåòñòâóåò ÷èñëàì Ìàõà îò 0.5 äî 1.8 è ðå-
àëèçóåòñÿ ñ ïîìîùüþ òðåõ ñìåííûõ ñîïåë ïðÿ-
ìîóãîëüíîãî ïîïåðå÷íîãî ñå÷åíèÿ.

ÀÄÒ Ò-112 îáîðóäîâàíà ñèñòåìîé àâòîìàòè-
÷åñêîãî ïîääåðæàíèÿ ïàðàìåòðîâ ïîòîêà íà çà-
äàííîì óðîâíå âî âðåìÿ ïóñêà ïîñëå âûõîäà íà
çàäàííûé ðåæèì ïóòåì ðåãóëèðîâàíèÿ îòêðûòèÿ
ñòâîðîê, óñòàíîâëåííûõ çà ðàáî÷åé ÷àñòüþ. Äëÿ
óñòðàíåíèÿ âëèÿíèÿ æåñòêîé ïîäâåñêè íà îáòå-
êàíèå ìîäåëåé òðóáà îáîðóäîâàíà óíèêàëüíûì
óñòðîéñòâîì êîìïåíñàöèè ïîäïîðà ïîòîêà. Ìî-
äåëè êðåïÿòñÿ ñ ïîìîùüþ õâîñòîâûõ äåðæàâîê íà
æåñòêèå âåðòèêàëüíûå ñòîéêè. Ñòîéêà ìåõàíè-
÷åñêèõ âåñîâ çàêðûòà îò âëèÿíèÿ ïîòîêà îáòåêà-
òåëåì. Íà áîëåå æåñòêîé ñòîéêå áåç îáòåêàòåëÿ
ìîæíî óñòàíàâëèâàòü ìîäåëè ñ âíóòðèìîäåëüíû-
ìè è âíåìîäåëüíûìè òåíçîâåñàìè. Íà óñòàíîâ-
êå òàêæå ïðîâîäÿòñÿ èññëåäîâàíèÿ õàðàêòåðèñòèê
ïîëóìîäåëåé è ïðîôèëåé (êðûëüåâ «áåñêîíå÷íî-
ãî» ðàçìàõà) ñ êðåïëåíèåì èõ íà áîêîâûõ äåðæàâ-
êàõ. Â ïîñëåäíåì ñëó÷àå ìîäåëü óñòàíàâëèâàåò-
ñÿ îò ñòåíêè äî ñòåíêè, è åå ðàçìàõ ðàâåí øèðèíå
ðàáî÷åé ÷àñòè òðóáû.

Ñòðóéíî-ïåðôîðèðîâàííûå ãðàíèöû

Ñòðóéíî-ïåðôîðèðîâàííûå ãðàíèöû ïðåä-
ñòàâëÿþò ñîáîé êîìáèíàöèþ ïåðôîðèðîâàííûõ
ïàíåëåé ñòåíîê ðàáî÷åé ÷àñòè è óïðàâëÿåìîãî
ïîãðàíè÷íîãî ñëîÿ ïåðåìåííîé òîëùèíû íà èõ
ïîâåðõíîñòè.

Â ðàáîòå èñïîëüçîâàëàñü ðåãóëèðóåìàÿ ïåðôî-
ðàöèÿ ãîðèçîíòàëüíûõ ïàíåëåé ðàáî÷åé ÷àñòè ñ
êîýôôèöèåíòîì ïðîíèöàåìîñòè 0%; 2%; 10%;
23%. Âåðõíèå è íèæíèå ïàíåëè èìåëè îäèí è òîò
æå êîýôôèöèåíò ïðîíèöàåìîñòè; áîêîâûå ñòåí-
êè ñïëîøíûå.

Óïðàâëåíèå ïîãðàíè÷íûì ñëîåì îñóùåñòâëÿ-
ëîñü ñ ïîìîùüþ óñòàíîâêè êëèíîâèäíûõ ñïîé-
ëåðîâ íà ñòûêå ñîïëà è ñòåíîê ðàáî÷åé ÷àñòè (ïî
àíàëîãèè ñ [13]) (ðèñ. 2). Ñïîéëåðû ñîçäàþò äî-
ïîëíèòåëüíîå ñîïðîòèâëåíèå ïîòîêó ó ñòåíêè íà
âõîäå â ðàáî÷óþ ÷àñòü ÀÄÒ, â ðåçóëüòàòå ÷åãî â
çîíå ðàñïîëîæåíèÿ ìîäåëè ôîðìèðóåòñÿ áîëåå
òîëñòûé ïîãðàíè÷íûé ñëîé. Â ñâîþ î÷åðåäü, âà-
ðüèðîâàíèå òîëùèíû ïîãðàíè÷íîãî ñëîÿ ñ ïîìî-
ùüþ èçìåíåíèÿ âûñîòû ñïîéëåðîâ èëè, äðóãèìè
ñëîâàìè, óïðàâëåíèå ïîãðàíè÷íûì ñëîåì, ïîçâî-
ëÿåò âëèÿòü íà èíòåðôåðåíöèþ ãðàíèö ïîòîêà ñ
ìîäåëüþ.

Èñïûòàíèÿ ìîäåëè ïðîôèëÿ NACA-0012
â ÀÄÒ Ò-112

Â ÀÄÒ Ò-112 ïðîâåäåíû ýêñïåðèìåíòàëüíûå
èññëåäîâàíèÿ ýôôåêòèâíîñòè óìåíüøåíèÿ âëè-
ÿíèÿ ñòåíîê ñ ïîìîùüþ êîìáèíèðîâàííûõ

Ðèñ. 2. Ñïîéëåðû íà âõîäå â ðàáî÷óþ ÷àñòü ÀÄÒ Ò-112
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ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèö ñ äðåíèðîâàí-
íûì ñèììåòðè÷íûì ïðîôèëåì NACA-0012 ñ
õîðäîé 150 ìì (ðèñ. 3) ñ ôèêñàöèåé è áåç ôèê-
ñàöèè ëàìèíàðíî-òóðáóëåíòíîãî ïåðåõîäà. Òóð-
áóëèçàòîðû ðàñïîëàãàëèñü íà 11% õîðäû ìîäåëè
ïðîôèëÿ.

Ýêñïåðèìåíò ïðîâåäåí â ñïëîøíûõ ñòåíêàõ
ñî ñïîéëåðàìè, â ïåðôîðèðîâàííûõ ãðàíèöàõ ñ
êîýôôèöèåíòîì ðàñêðûòèÿ 0%, 2%, 10% è 23%
è â ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèöàõ ñ àíà-
ëîãè÷íûìè êîýôôèöèåíòàìè ïðîíèöàåìîñòè è
âûñîòîé ñïîéëåðîâ 30 ìì (10% ïîëóâûñîòû ðà-
áî÷åé ÷àñòè ÀÄÒ Ò-112). Çíà÷åíèÿ ÷èñëà Ìàõà:
0.6; 0.65; 0.7 è 0.74. Óãîë àòàêè âàðüèðîâàëñÿ

îò -4° äî 6°.
Â ðåçóëüòàòå ýêñïåðèìåíòà ñ ìîäåëüþ ïðîôè-

ëÿ NACA-0012 ïîëó÷åíû ýïþðû äàâëåíèÿ íà
âåðõíåé è íèæíåé ïîâåðõíîñòè. Â ñëåäå çà ìî-
äåëüþ ïðîâîäèëèñü èçìåðåíèÿ ïîòåðè èìïóëüñà
ñ ïîìîùüþ ãðåáåíêè íàñàäêîâ ïîëíîãî äàâëåíèÿ.

×èñëåííîå ìîäåëèðîâàíèå îáòåêàíèÿ ìîäåëè
ïðîôèëÿ NACA-0012 áåçãðàíè÷íûì ïîòîêîì

Ïðè îòðàáîòêå ìåòîäèêè óìåíüøåíèÿ èíäóê-
öèè ãðàíèö ïîòîêà â îêîëîçâóêîâîé ÀÄÒ âàæíûì
ýòàïîì ÿâëÿåòñÿ ïîëó÷åíèå õàðàêòåðèñòèê ìîäåëè
â óñëîâèÿõ îáòåêàíèÿ áåçãðàíè÷íûì ïîòîêîì. Â

äàëüíåéøèõ èññëåäîâàíèÿõ ýòè õàðàêòåðèñòèêè
ñëóæàò îðèåíòèðîì ïðè âûáîðå ïàðàìåòðîâ ãðà-
íèö, îáåñïå÷èâàþùèõ ìèíèìàëüíîå âëèÿíèå
ñòåíîê.

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû
ðàñ÷åòà õàðàêòåðèñòèê îáòåêàíèÿ ìîäåëè ïðîôè-

ëÿ áåçãðàíè÷íûì ïîòîêîì ñ ïîìîùüþ ïðîãðàìì-
íîãî ïàêåòà ANSYS CFX, ïóòåì ÷èñëåííîãî ðå-
øåíèÿ óðàâíåíèé Íàâüå—Ñòîêñà, îñðåäíåííûõ
ïî ìåòîäó Ðåéíîëüäñà (Reynolds averaged Navier–
Stokes, RANS) [17]. Â çàäà÷å èñïîëüçîâàëàñü ìî-
äåëü òóðáóëåíòíîñòè SST [18, 19].

×èñëåííûå ðàñ÷åòû îáòåêàíèÿ ïðîôèëÿ
NACA 0012 ñ õîðäîé 150 ìì ïðîâåäåíû â óñëî-
âèÿõ, ñîîòâåòñòâóþùèõ óñëîâèÿì ýêñïåðèìåíòà

(÷èñëî Ìàõà: 0.6; 0.65; 0.7; 0.74; óãîë àòàêè: 0°,

1°, 2°, 3°, 4°).
Ðàññòîÿíèå îò ïîâåðõíîñòè ïðîôèëÿ äî âíåø-

íåé ãðàíèöû ðàñ÷åòíîé îáëàñòè ó âñåõ ñåòîê ñî-
ñòàâëÿåò 20 õîðä. Ñåòêè ñãóùåíû âîçëå íîñêà è
çàäíåé êðîìêè ïðîôèëÿ è ïî íîðìàëè ê ïîâåð-
õíîñòè (ðèñ. 4). Ðàçìåð y+ ÿ÷åéêè ñîñòàâëÿåò
ìåíåå 0.5. Ìîùíîñòü ñåòêè ïîðÿäêà 0.7 ìëí ÿ÷å-
åê. Ïðîâåäåíà âàëèäàöèÿ ïîëó÷åííûõ ðåçóëüòà-
òîâ ðàñ÷åòà ïóòåì ñðàâíåíèÿ ñ ýêñïåðèìåíòàëü-
íûìè äàííûìè, ïðåäñòàâëåííûìè â ðàáîòå [20].

Ðèñ. 3. Ìîäåëü ïðîôèëÿ NACA-0012 â ðàáî÷åé ÷àñòè ÀÄÒ Ò-112
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Ñðàâíåíèå ðåçóëüòàòîâ ýêñïåðèìåíòà
â ÀÄÒ Ò-112 è ÷èñëåííîãî ðàñ÷åòà

Íà ðèñ. 5 ïðåäñòàâëåíî ðàñïðåäåëåíèå äàâëå-
íèÿ ïî ïðîôèëþ â óñëîâèÿõ ïåðôîðèðîâàííûõ
ãðàíèö ñ ðàçíûìè êîýôôèöèåíòàìè ïðîíèöàåìî-
ñòè. Âàæíî îòìåòèòü, ÷òî ïðè êîýôôèöèåíòå
ðàñêðûòèÿ 10% è 23% ïëîùàäü, îãðàíè÷åííàÿ
êðèâûìè ðàñïðåäåëåíèÿ êîýôôèöèåíòà äàâëåíèÿ
ïî âåðõíåé è íèæíåé ïîâåðõíîñòÿì ïðîôèëÿ,

ìåíüøå, ÷åì ïî ðåçóëüòàòàì ÷èñëåííîãî ðàñ÷åòà
ïðè îáòåêàíèè áåçãðàíè÷íûì ïîòîêîì, ñîîòâåò-
ñòâåííî êîýôôèöèåíò ïîäúåìíîé ñèëû ïîëó÷à-
åòñÿ çàíèæåííûì. Ïîäîáíûé ýôôåêò íàáëþäà-
åòñÿ â ñëó÷àå îòêðûòîé ðàáî÷åé ÷àñòè ÀÄÒ, ñëå-
äîâàòåëüíî, ìîæíî ñäåëàòü âûâîä, ÷òî äàííûå
êîýôôèöèåíòû ðàñêðûòèÿ 10 è 23% ïåðôîðèðî-
âàííûõ ïàíåëåé ñëèøêîì çàâûøåíû [1]. Èñõî-
äÿ èç ýòîãî äàëüíåéøèé àíàëèç ïîëó÷åííûõ ðå-

Ðèñ. 4. Ðàñ÷åòíàÿ ñåòêà. Ïðîôèëü NACA-0012

Ðèñ. 5. Ðàñïðåäåëåíèå äàâëåíèÿ ïî ïðîôèëþ NACA-0012 ïðè ÷èñëå Ìàõà 0.6 è óãëå àòàêè 6°
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çóëüòàòîâ áàçèðîâàëñÿ íà èññëåäîâàíèè êîìáè-
íèðîâàííûõ ãðàíèö ïðè êîýôôèöèåíòàõ ðàñêðû-
òèÿ 0 è 2%.

Ñòîèò îòìåòèòü, ÷òî ïðè ìàëûõ ÷èñëàõ Ìàõà
(ðèñ. 6), êîãäà âîçìóùåíèÿ, âíîñèìûå â ïîòîê
ìîäåëüþ, îòíîñèòåëüíî íåâåëèêè (êàê íàïðèìåð
ïðè Ì = 0.6), ðåçóëüòàòû, ïîëó÷åííûå ïðè âñåõ
÷åòûðåõ ãðàíè÷íûõ óñëîâèÿõ, õîðîøî ñîãëàñóþò-
ñÿ ñ ðàñ÷åòíîé ýïþðîé äàâëåíèÿ, ñîîòâåòñòâóþ-
ùåé îáòåêàíèþ áåçãðàíè÷íûì ïîòîêîì. Íàè-
áîëüøåå ñîâïàäåíèå ïîëó÷åíî äëÿ êðèâîé, ñîîò-
âåòñòâóþùåé ÷èñëåííîìó ðàñ÷åòó, è ýêñïåðèìåí-
òàëüíûì äàííûì â óñëîâèÿõ êîìáèíèðîâàííûõ
ãðàíèö ñ êîýôôèöèåíòîì ðàñêðûòèÿ 0%.

Ïðè óìåðåííîì óðîâíå âîçìóùåíèé, âíîñè-
ìûõ â ïîòîê ìîäåëüþ (ïðè ÷èñëå Ìàõà äî 0.74 è
óãëàõ àòàêè îò -4° äî +4°), ìîæíî âèäåòü, ÷òî
âûáðàííîå ãðàíè÷íîå óñëîâèå äîâîëüíî ñèëüíî
âëèÿåò íà ïîëó÷àåìûå àýðîäèíàìè÷åñêèå õàðàê-
òåðèñòèêè èñïûòûâàåìîé ìîäåëè (ðèñ. 7 è 8).
Ïðè óãëå àòàêè α = 2° íàèìåíüøåå ðàñõîæäåíèå
ñ êðèâîé, ñîîòâåòñòâóþùåé áåçãðàíè÷íîìó îáòå-
êàíèþ, ïîëó÷åíî â óñëîâèÿõ ïåðôîðèðîâàííûõ

ãðàíèö ñ êîýôôèöèåíòîì ðàñêðûòèÿ 2%. Ïðè
óâåëè÷åíèè óãëà àòàêè äî 4° íàèëó÷øåå ñîîòâåò-
ñòâèå ïîëó÷åíî ñ ðåçóëüòàòàìè â êîìáèíèðîâàí-
íûõ ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèöàõ ñ êîýô-
ôèöèåíòîì ðàñêðûòèÿ 2%.

Íà îñíîâå ïîëó÷åííûõ äàííûõ î ðàñïðåäåëå-
íèè äàâëåíèÿ ïî ïðîôèëþ NACA-0012 ðàññ÷è-
òàíû îñíîâíûå àýðîäèíàìè÷åñêèå õàðàêòåðèñòè-
êè ìîäåëè. Àëãîðèòì ðàñ÷åòà êîýôôèöèåíòà
ïîäúåìíîé ñèëû ñâîäèëñÿ ê âû÷èñëåíèþ ìåòî-

äîì òðàïåöèé èíòåãðàëà: y p

x
C C d

c
= Ú .

Äëÿ êîýôôèöèåíòà ïîäúåìíîé ñèëû ïîëó÷å-
íà õîðîøàÿ ñõîäèìîñòü ìåæäó ýêñïåðèìåíòàëü-
íûìè äàííûìè è ðåçóëüòàòàìè ÷èñëåííîãî ðàñ-
÷åòà îáòåêàíèÿ ìîäåëè áåçãðàíè÷íûì ïîòîêîì.
Îäíàêî ìèíèìàëüíûå ðàñõîæäåíèÿ ìåæäó ðå-
çóëüòàòàìè ðàñ÷åòà è ýêñïåðèìåíòà äëÿ ðàçíûõ
óãëîâ àòàêè íàáëþäàþòñÿ ïðè ðàçíûõ ãðàíè÷íûõ
óñëîâèÿõ â ýêñïåðèìåíòå. Òàê, íàïðèìåð, ïðè

óãëå àòàêè 1° íàèìåíüøåå ðàñõîæäåíèå (ïîðÿä-
êà 0.01) îòìå÷àåòñÿ ìåæäó ðåçóëüòàòàìè ðàñ÷åòà
è ýêñïåðèìåíòà ñ ïåðôîðèðîâàííûìè ñòåíêàìè

Ðèñ. 6. Ðàñïðåäåëåíèå äàâëåíèÿ ïî ïðîôèëþ NACA-0012 ïðè ÷èñëå Ìàõà 0.6 è óãëå àòàêè 6°, ãðàíè÷íûå óñëî-
âèÿ – ïåðôîðàöèÿ 0%, 2% è êîìáèíèðîâàííûå ãðàíèöû ñ êîýôôèöèåíòàìè ðàñêðûòèÿ 0%, 2% è ñïîéëåðàìè
âûñîòîé 30 ìì
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Ðèñ. 7. Ðàñïðåäåëåíèå äàâëåíèÿ ïî ïðîôèëþ NACA-0012 ïðè ÷èñëå Ìàõà 0.74 è óãëå àòàêè 2°, ãðàíè÷íûå óñ-

ëîâèÿ – ïåðôîðàöèÿ 0%, 2% è êîìáèíèðîâàííûå ãðàíèöû ñ êîýôôèöèåíòàìè ðàñêðûòèÿ 0%, 2%

Ðèñ. 8. Ðàñïðåäåëåíèå äàâëåíèÿ ïî ïðîôèëþ NACA-0012 ïðè ÷èñëå Ìàõà 0.74 è óãëå àòàêè 4°, ãðàíè÷íûå óñ-

ëîâèÿ – ïåðôîðàöèÿ 0%, 2% è êîìáèíèðîâàííûå ãðàíèöû ñ êîýôôèöèåíòàìè ðàñêðûòèÿ 0%, 2%
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ñ ðàñêðûòèåì 0%; ïðè óãëå àòàêè 2° ðåçóëüòàòû
ðàñ÷åòà ëó÷øå ñõîäÿòñÿ ñ ýêñïåðèìåíòàëüíûìè
äàííûìè, ïîëó÷åííûìè â ïåðôîðèðîâàííûõ
ñòåíêàõ ñ êîýôôèöèåíòîì ïðîíèöàåìîñòè 2%

(ðàñõîæäåíèå ≈ 0.011); ïðè óãëå àòàêè 4° ëó÷øå
ñõîäÿòñÿ ðåçóëüòàòû ðàñ÷åòà è ýêñïåðèìåíòà â
êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ
ãðàíèöàõ ñ 2%-íîé ïåðôîðàöèåé (ðàñõîæäåíèå
≈ 0.011) (ðèñ. 9).

Òàêèì îáðàçîì, ïîëó÷åííûå ðåçóëüòàòû äëÿ
êîýôôèöèåíòà ïîäúåìíîé ñèëû ïîäòâåðæäàþò
ïðåäïîëîæåíèå î òîì, ÷òî ïðè óâåëè÷åíèè óðîâíÿ
âîçìóùåíèé, âíîñèìûõ ìîäåëüþ, íåîáõîäèìî
òàêæå óâåëè÷èâàòü ëèáî ïðîíèöàåìîñòü ñòåíîê,
ëèáî òîëùèíó ïîãðàíè÷íîãî ñëîÿ, äîáèâàÿñü òåì
ñàìûì ìàëîèíäóêöèîííîãî îáòåêàíèÿ.

Âûâîäû

Â äàííîé íàó÷íî-èññëåäîâàòåëüñêîé ðàáîòå
ïðèâîäèòñÿ îïèñàíèå öèêëà ýêñïåðèìåíòàëüíûõ
è ðàñ÷åòíûõ èññëåäîâàíèé, íàïðàâëåííûõ íà

ïðîäîëæåíèå ðàçðàáîòêè è íà âíåäðåíèå íîâîãî
ïîäõîäà ê ïðîáëåìå óñòðàíåíèÿ âëèÿíèÿ ñòåíîê
ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû ïðè äîç-
âóêîâûõ è òðàíñçâóêîâûõ ñêîðîñòÿõ ïîòîêà. Íî-
âûé ìåòîä îñíîâàí íà êîìáèíàöèè ðàíåå ïðåä-
ëîæåííîé êîíöåïöèè èñïîëüçîâàíèÿ óïðàâëÿå-
ìîãî ïîãðàíè÷íîãî ñëîÿ è ïåðôîðèðîâàííûõ
ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ.

Â àýðîäèíàìè÷åñêîé òðóáå Ò-112 âûïîëíåí
öèêë èññëåäîâàíèé àýðîäèíàìè÷åñêèõ õàðàêòå-
ðèñòèê ìîäåëè ñèììåòðè÷íîãî äðåíèðîâàííîãî
ïðîôèëÿ NACA-0012. Íà îñíîâàíèè ïîëó÷åííûõ
ðàñïðåäåëåíèé äàâëåíèÿ ðàññ÷èòàíû îñíîâíûå
àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ìîäåëè â ðàç-
ëè÷íûõ ãðàíè÷íûõ óñëîâèÿõ.

Â ðàáîòå ïðîàíàëèçèðîâàíû ýêñïåðèìåíòàëü-
íûå äàííûå, ïîëó÷åííûå äëÿ ãðàíèö ðàçëè÷íî-
ãî òèïà: ïåðôîðèðîâàííûõ ñòåíîê ñ ðàçíîé ïðî-
íèöàåìîñòüþ (0%, 2%, 10%, 23%), ãëàäêèõ ñòå-
íîê ñ óïðàâëÿåìûì ïîãðàíè÷íûì ñëîåì è êîì-
áèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ ãðà-

Ðèñ. 9. Cy( α ) NACA-0012 ïðè ÷èñëå Ìàõà 0.74
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íèö. Èññëåäîâàíèÿ ïðîâîäèëèñü ïðè ÷èñëå Ìàõà
ïîòîêà, âàðüèðóåìîì â äèàïàçîíå îò 0.6 äî 0.74.

Ýêñïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå äëÿ
ïðîôèëÿ NACA-0012, ñðàâíèâàëèñü ñ ðåçóëüòà-
òàìè êîìïüþòåðíîãî ìîäåëèðîâàíèÿ îáòåêàíèÿ
ìîäåëè áåçãðàíè÷íûì ïîòîêîì â ïðîãðàììå
ANSYS CFX (â äâóìåðíîé ïîñòàíîâêå). Ïîñêîëü-
êó ðàñ÷åò äâóìåðíûõ òå÷åíèé â ñëó÷àå îòñóòñòâèÿ
ãðàíèö ïîòîêà ÿâëÿåòñÿ àïðîáèðîâàííîé ïðîöå-
äóðîé, îáåñïå÷èâàþùåé ïîëó÷åíèå íàäåæíûõ
äàííûõ, ýòè ðåçóëüòàòû ðàññìàòðèâàëèñü â êà÷å-
ñòâå ýòàëîííûõ äëÿ îöåíêè îñòàòî÷íîé èíäóêöèè.

Àíàëèç ðåçóëüòàòîâ ïîçâîëèë ñäåëàòü ðÿä
ïðèíöèïèàëüíûõ âûâîäîâ î âîçìîæíîñòè ñíèæå-
íèÿ èíäóêöèè ãðàíèö ïîòîêà è âûáðàòü êîìáè-
íàöèè ïàðàìåòðîâ ñòðóéíî-ïåðôîðèðîâàííûõ
ãðàíèö, ïðè êîòîðûõ èíäóêöèÿ ìèíèìàëüíà.
Ïîêàçàíî, ÷òî ïðè îòíîñèòåëüíî óìåðåííîì
óðîâíå âîçìóùåíèé, âíîñèìûõ â ïîòîê ìîäåëüþ
(ïðè ÷èñëàõ Ìàõà äî 0.74 è óãëàõ àòàêè îò -4° äî
+4°), îïòèìàëüíûì ÿâëÿåòñÿ êîìáèíàöèÿ ïåðôî-
ðèðîâàííîé ñòåíêè ñ êîýôôèöèåíòîì ðàñêðûòèÿ
íå áîëåå 2% ñ óïðàâëÿåìûì ïîãðàíè÷íûì ñëîåì,
ãåíåðèðóåìûì êëèíîâèäíûìè ñïîéëåðàìè âûñî-
òîé 30 ìì (10% ïîëóâûñîòû ðàáî÷åé ÷àñòè ÀÄÒ
Ò-112). Âûáðàííàÿ êîìáèíàöèÿ ïàðàìåòðîâ ïî-
çâîëÿåò ïðàêòè÷åñêè óñòðàíèòü âñå âèäû èíäóê-
öèè ñòåíîê äëÿ ìîäåëè, õîðäà êîòîðîé íå ïðåâû-
øàåò 25% âûñîòû ðàáî÷åé ÷àñòè. Ïðè óâåëè÷åíèè
íåñóùèõ ñâîéñòâ ìîäåëè èëè åå ðàçìåðîâ ñòåïåíü
ðàñêðûòèÿ ïåðôîðàöèè äîëæíà âîçðàñòàòü.
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