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ÀÂÈÀÖÈÎÍÍÀß
È ÐÀÊÅÒÍÎ-ÊÎÑÌÈ×ÅÑÊÀß ÒÅÕÍÈÊÀ

Ââåäåíèå

Îäíèì èç íàèáîëåå îïàñíûõ âîçäåéñòâèé îê-
ðóæàþùåé ñðåäû íà ëåòàòåëüíûå àïïàðàòû (ËÀ)
ÿâëÿåòñÿ îáëåäåíåíèå [1–3]. Ëåäÿíûå íàðîñòû íà
íåñóùèõ ïîâåðõíîñòÿõ èçìåíÿþò èõ ôîðìó è îá-
âîäû, óõóäøàþò àýðîäèíàìè÷åñêèå õàðàêòåðèñòè-
êè è èçìåíÿþò âåëè÷èíû ìîìåíòîâ, óõóäøàÿ óñ-
òîé÷èâîñòü ËÀ, à òàêæå óâåëè÷èâàþò åãî âåñ. Â
îáùåì ïðèðîñòå ñîïðîòèâëåíèÿ ñàìîëåòà äîëÿ
êðûëà è îïåðåíèÿ ñîñòàâëÿåò 70—80% [4, 5]. Â

ÀÝÐÎÄÈÍÀÌÈÊÀ È ÏÐÎÖÅÑÑÛ ÒÅÏËÎÎÁÌÅÍÀ
ËÅÒÀÒÅËÜÍÛÕ ÀÏÏÀÐÀÒÎÂ

ÓÄÊ 629.735.33.015.4:539.43 DOI:10.34759/vst-2020-2-7-15

ÎÑÎÁÅÍÍÎÑÒÈ ÏÐÈÌÅÍÅÍÈß ÒÀÍÃÅÍÖÈÀËÜÍÎÃÎ ÂÛÄÓÂÀ ÑÒÐÓÈ
ÍÀ ÏÎÂÅÐÕÍÎÑÒÜ ÊÐÛËÀ ËÅÒÀÒÅËÜÍÎÃÎ ÀÏÏÀÐÀÒÀ

Â ÓÑËÎÂÈßÕ ÎÁËÅÄÅÍÅÍÈß

Ïàâëåíêî Î.Â.*, Ïèãóñîâ Å.À.**

Öåíòðàëüíûé àýðîãèäðîäèíàìè÷åñêèé èíñòèòóò èìåíè ïðîôåññîðà Í.Å. Æóêîâñêîãî,
ÖÀÃÈ, óë. Æóêîâñêîãî,1, Æóêîâñêèé, Ìîñêîâñêàÿ îáëàñòü, 140180, Ðîññèÿ

* e-mail: olga.v.pavlenko@yandex.ru
** e-mail: evgeniy.pigusov@tsagi.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 21.01.2020

Ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòíûõ èññëåäîâàíèé îáòåêàíèÿ îòñåêà êðûëà ñ òàíãåíöèàëüíûì âûäóâîì ñòðóè
íà âåðõíþþ ïîâåðõíîñòü íîñîâîé ÷àñòè êðûëà ñ ëåäÿíûì íàðîñòîì. Ðàñ÷åòû âûïîëíåíû ñ èñïîëüçîâàíèåì ïðî-
ãðàììû, îñíîâàííîé íà ÷èñëåííîì ðåøåíèè îñðåäí¸ííûõ ïî Ðåéíîëüäñó óðàâíåíèé Íàâüå–Ñòîêñà. Ïðèâåäåíî
ñðàâíåíèå ðåçóëüòàòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè. Ïîêàçàíû îñîáåííîñòè îáòåêàíèÿ îòñåêà êðûëà â óñëî-
âèÿõ îáëåäåíåíèÿ ïðè èñïîëüçîâàíèè òàíãåíöèàëüíîãî âûäóâà ñòðóè.

Êëþ÷åâûå ñëîâà: îáëåäåíåíèå ñàìîëåòà, îáëåäåíåíèå ïåðåäíåé êðîìêè êðûëà, èìèòàòîð ðîãîâèäíîãî ëüäà,
ïîäúåìíàÿ ñèëà êðûëà, òàíãåíöèàëüíûé âûäóâ ñòðóè, óïðàâëåíèå ïîãðàíè÷íûì ñëîåì êðûëà, ïðîòèâîîáëåäåíè-
òåëüíàÿ ñèñòåìà ñàìîëåòà.

ñëó÷àå îáëåäåíåíèÿ íå òîëüêî âîçðàñòàåò ñîïðî-
òèâëåíèå ñàìîëåòà, íî è ñóùåñòâåííî óìåíüøà-
åòñÿ âåëè÷èíà êîýôôèöèåíòà ìàêñèìàëüíîé
ïîäúåìíîé ñèëû. Ýôôåêòèâíàÿ çàùèòà ñàìîëåòà
îò îáëåäåíåíèÿ ÿâëÿåòñÿ îäíîé èç âàæíûõ çàäà÷
â àâèàöèè [6]. Äëÿ óäàëåíèÿ íàðàñòàþùåãî â ïî-
ëåòå ëüäà èñïîëüçóþòñÿ ðàçëè÷íûå ïðîòèâîîáëå-
äåíèòåëüíûå ñèñòåìû (ÏÎÑ). Íî ïðàêòè÷åñêè âñå
ÏÎÑ èìåþò ñâîè íåäîñòàòêè [7]:
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• óâåëè÷èâàþò ýíåðãåòè÷åñêèå çàòðàòû, ýêñï-
ëóàòàöèîííûå ðàñõîäû;

• óõóäøàþò àýðîäèíàìè÷åñêèå õàðàêòåðèñòè-
êè èç-çà îáðàçîâàíèÿ íà ïîâåðõíîñòè êðûëà âñëåä-
ñòâèå ðàáîòû ÏÎÑ «áàðüåðíîãî ëüäà»;

• óñòàíîâî÷íûé âåñ ÏÎÑ ìîæåò ñîñòàâèòü îò
0.8 äî 1 % âçëåòíîãî âåñà ñàìîëåòà.

Äëÿ ñíèæåíèÿ âëèÿíèÿ âûøåèçëîæåííûõ íå-
äîñòàòêîâ âåäóòñÿ èññëåäîâàíèÿ ïî ñîâåðøåíñòâî-
âàíèþ ñóùåñòâóþùèõ ÏÎÑ è ðàçðàáîòêå íîâûõ
ñïîñîáîâ çàùèòû îò îáëåäåíåíèÿ [8—11].

Èçâåñòíî, ÷òî îäíèì èç ýôôåêòèâíûõ ñïîñî-
áîâ ïîâûøåíèÿ íåñóùèõ ñâîéñòâ êðûëà íà âçëåò-
íî-ïîñàäî÷íûõ ðåæèìàõ ïîëåòà ÿâëÿåòñÿ ïðèìå-
íåíèå ñòðóéíîé ìåõàíèçàöèè êðûëà [12, 13]. Îáåñ-
ïå÷åíèå ïîâûøåííûõ íåñóùèõ ñâîéñòâ êðûëà
ïðîèñõîäèò çà ñ÷åò ëèêâèäàöèè îòðûâà ïîòîêà íà
îòêëîíåííîì çàêðûëêå ïóòåì òàíãåíöèàëüíîãî
âûäóâà ñòðóé ñæàòîãî âîçäóõà è óâåëè÷åíèÿ öèð-
êóëÿöèè ïîòîêà íà êðûëå [14]. Âûäóâ ñòðóé ñæà-
òîãî âîçäóõà ìîæåò ïðîèçâîäèòüñÿ íà ïîâåðõíîñòü
ìåõàíèçàöèè êàê ïåðåäíåé (ïðåäêðûëêè, ïîâîðîò-
íûå íîñêè), òàê è çàäíåé êðîìêè êðûëà (çàêðûë-
êè, ýëåðîíû) [15, 16]. Ãîðÿ÷èé ñæàòûé âîçäóõ äëÿ
óïðàâëåíèÿ ïîãðàíè÷íûì ñëîåì (ÓÏÑ) îòáèðàåòñÿ
îò äâèãàòåëÿ è äàëåå ïî òðóáîïðîâîäàì ïîäâîäèòñÿ
ê ñèñòåìå ùåëåâûõ ñîïåë äëÿ âûäóâà íà ïîâåðõ-
íîñòü êðûëà [17]. Äàííûå òðóáîïðîâîäû àíàëîãè÷-
íû òðóáîïðîâîäàì òåïëîâîé ÏÎÑ, êîòîðûå îáû÷-
íî ðàñïîëàãàþòñÿ âäîëü ïåðåäíåé êðîìêè êðûëà
[17]. Òàêèì îáðàçîì, ñèñòåìà ÓÏÑ ìîæåò èñïîëü-
çîâàòüñÿ òàêæå äëÿ áîðüáû ñ îáëåäåíåíèåì. Èç-
âåñòíû ïàòåíòû íà èçîáðåòåíèÿ, îïèñûâàþùèå
âîçìîæíîñòü èñïîëüçîâàíèÿ âûäóâà ñòðóè íà ïå-
ðåäíåé êðîìêå êðûëà äëÿ áîðüáû ñ îáëåäåíåíè-
åì [18, 19]. Ñóùåñòâåííûé íåäîñòàòîê äàííûõ
òåõíè÷åñêèõ ðåøåíèé — ýòî ðàñïîëîæåíèå ùåëè
äëÿ âûäóâà ñòðóè â çîíå íàëèïàíèÿ ëüäà.
Ïðåäïîëàãàåòñÿ, ÷òî ãîðÿ÷èé âîçäóõ îò äâè-
ãàòåëÿ â îïðåäåëåííûé ìîìåíò ðàñòîïèò
ýòîò ëåä è ñèñòåìà ÓÏÑ íà÷íåò âûïîëíÿòü
ñâîþ ôóíêöèþ, íî äî ýòîãî ìîìåíòà àýðî-
äèíàìè÷åñêèå õàðàêòåðèñòèêè ëåòàòåëüíî-
ãî àïïàðàòà áóäóò óõóäøàòüñÿ. Êðîìå òîãî,
âîäà, îáðàçóþùàÿñÿ ïðè òàÿíèè ëüäà íà
ïåðåäíåé êðîìêå, ñòåêàÿ ïî ïîòîêó, âíîâü
çàñòûâàåò âíå äåéñòâèÿ ÏÎÑ — îáðàçîâû-
âàÿ òàê íàçûâàåìûé «áàðüåðíûé ëåä», êîòî-
ðûé òàêæå óõóäøàåò àýðîäèíàìè÷åñêèå õà-
ðàêòåðèñòèêè ËÀ.

Ñòîèò îòìåòèòü, ÷òî ñèñòåìà ÓÏÑ íà ïå-
ðåäíåé êðîìêå êðûëà, ïðè èñïîëüçîâàíèè
îïòèìàëüíîãî ïîëîæåíèÿ ùåëè äëÿ ïîâû-

øåíèÿ íåñóùèõ õàðàêòåðèñòèê, ìîæåò ñíèçèòü
âðåäíîå âëèÿíèå îáëåäåíåíèÿ, íî äàííûå ýôôåê-
òû íå ïîäòâåðæäåíû ðàñ÷åòíûìè èëè ýêñïåðèìåí-
òàëüíûìè èññëåäîâàíèÿìè. Â íàñòîÿùåé ðàáîòå
èññëåäîâàíà âîçìîæíîñòü èñïîëüçîâàíèÿ òàíãåí-
öèàëüíîãî âûäóâà ñòðóè íà ïåðåäíåé êðîìêå êðû-
ëà äëÿ ñíèæåíèÿ âðåäíîãî âëèÿíèÿ îáëåäåíåíèÿ.

Ãåîìåòðè÷åñêèå äàííûå ðàñ÷åòíîé ìîäåëè
è ìåòîäèêà ðàñ÷åòà

Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ îòñåê ïðÿìî-
ãî êðûëà ñ êîíöåâûìè øàéáàìè ñ ðàçìàõîì 3 ì,
õîðäîé 1.2 ì, ñ ñèììåòðè÷íûì ïðîôèëåì îòíî-
ñèòåëüíîé òîëùèíû 12% (ðèñ. 1). Â ýêñïåðèìåíòå
íà ïîâåðõíîñòè ìîäåëè â ñå÷åíèè À-À íà ðàññòîÿ-
íèè  z =–0.2 ì áûëî çàìåðåíî äàâëåíèå (ðèñ. 1,á).

Ðèñ. 1. Îáùèé âèä ðàñ÷åòíîé ìîäåëè: à — îáùèé âèä ìîäåëè
êðûëà ñ êîíöåâûìè øàéáàìè è èìèòàòîðîì ëüäà; á — ãåîìåò-
ðè÷åñêèå äàííûå ìîäåëè êðûëà; â — îáùèé âèä ðàñ÷åòíîãî èìè-
òàòîðà ëüäà

à)

á)

â)
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Ðàíåå ïðîâåäåííûå ÷èñëåííûå èññëåäîâàíèÿ ýòîé
ìîäåëè ñ èìèòàòîðàìè ëüäà íà ïåðåäíåé êðîìêå
ïî ïðîãðàììå ANSYS FLUENT ïîêàçàëè õîðî-
øóþ ñõîäèìîñòü ñ ýêñïåðèìåíòàëüíûìè äàííû-
ìè, ïîëó÷åííûìè â íàòóðíîé àýðîäèíàìè÷åñêîé
òðóáå (ÀÄÒ) ÖÀÃÈ Ò-101 [20—22]. Â íàñòîÿùåì
èññëåäîâàíèè âûáðàíà îäíà èç íàèáîëåå îïàñíûõ
ñ òî÷êè çðåíèÿ íåãàòèâíîãî âëèÿíèÿ íà àýðîäè-
íàìè÷åñêèå õàðàêòåðèñòèêè ôîðì ëüäà, èìåþùàÿ
â ñå÷åíèè ôîðìó äâîéíîãî ðîãà.

×èñëåííîå èññëåäîâàíèå îáòåêàíèÿ ìîäåëè
êðûëà, êîòîðàÿ ñîîòâåòñòâóåò ýêñïåðèìåíòàëüíîé
(ðèñ. 1, òàáë. 1), ïðîâåäåíî â ïðîãðàììå ANSYS

FLUENT (ëèöåíçèÿ ¹ 501024), îñíîâàííîé íà
îñðåäíåííûõ ïî Ðåéíîëüäñó óðàâíåíèÿõ Íàâüå—
Ñòîêñà â 3D-ïîñòàíîâêå íà ñòðóêòóðèðîâàííîé
ðàñ÷åòíîé ñåòêå (ðèñ. 2), ñîäåðæàùåé îêîëî
15 ìëí ÿ÷ååê. Ðàñ÷åò âûïîëíåí ñ èñïîëüçîâàíè-
åì ìîäåëè òóðáóëåíòíîñòè «k- ε -realizable» [23] ñ
óëó÷øåííûì ìîäåëèðîâàíèåì ïàðàìåòðîâ òóðáó-
ëåíòíîñòè âáëèçè ñòåíêè è ñ ó÷åòîì âëèÿíèÿ ãðà-

äèåíòà äàâëåíèÿ. Ìîäåëü k- ε  îñíîâàíà íà ñîâìå-
ñòíîì ðåøåíèè óðàâíåíèé ïåðåíîñà èìïóëüñà, êè-
íåòè÷åñêîé ýíåðãèè k è ñêîðîñòè äèññèïàöèè ε
òóðáóëåíòíûõ ïóëüñàöèé. Äëÿ ðàçðåøåíèÿ ïîãðà-
íè÷íîãî ñëîÿ ñîçäàíà ñïåöèàëüíàÿ ñåòêà o-grid,
ïîñòðîåííàÿ ïî íîðìàëè ê ïîâåðõíîñòè è ñîäåð-
æàùàÿ ïî âûñîòå 30 ÿ÷ååê. Â ïðèñòåíî÷íîé îáëà-
ñòè èñïîëüçîâàëàñü îäíîïàðàìåòðè÷åñêàÿ ìîäåëü
òóðáóëåíòíîñòè, àäàïòèðîâàííàÿ ê òå÷åíèÿì ñ ìà-
ëûìè ÷èñëàìè Ðåéíîëüäñà [24]. Ðåøàåìûå â ïðî-
öåññå ðàñ÷åòà óðàâíåíèÿ áûëè àïïðîêñèìèðîâà-
íû ñ ïîìîùüþ êîíå÷íî-îáúåìíûõ ñõåì âòîðîãî
ïîðÿäêà òî÷íîñòè.

Â äàííîì èññëåäîâàíèè ùåëåâîå ñîïëî äëÿ
òàíãåíöèàëüíîãî âûäóâà ñòðóè âîçäóõà ñ âûñîòîé
hc = 3.6 ìì ðàñïîëàãàëîñü çà èìèòàòîðîì ëüäà â
íîñîâîé ÷àñòè êðûëà íà 3% åãî õîðäû.

Ðåçóëüòàòû ÷èñëåííûõ èññëåäîâàíèé ïðèìåíåíèÿ
òàíãåíöèàëüíîãî âûäóâà ñòðóè íà âåðõíþþ
ïîâåðõíîñòü íîñêà êðûëà â óñëîâèÿõ
îáëåäåíåíèÿ

Îñíîâíûì ïàðàìåòðîì, õàðàêòåðèçóþùèì
èíòåíñèâíîñòü âûäóâà ñòðóé è åãî âîçäåéñòâèÿ íà
èçìåíåíèå àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê êðû-
ëà, ÿâëÿåòñÿ êîýôôèöèåíò èìïóëüñà Cµ [13], ïðåä-
ñòàâëÿþùèé ñîáîé îòíîøåíèå èìïóëüñà ñòðóè ê
ñêîðîñòíîìó íàïîðó íàáåãàþùåãî ïîòîêà è ïëî-
ùàäè êðûëà S (èëè ê õîðäå ïðîôèëÿ b):

2

2

2
,j j j CmV V h

C
q S V bμ

ρ

ρ• • •

= =                  (1)

ãäå m — ìàññîâûé ðàñõîä âûäóâàåìîãî âîçäóõà;

,jV V•  — ñêîðîñòü âîçäóõà â ñòðóå íà ñðåçå ñîïëà

è â íàáåãàþùåì ïîòîêå ñîîòâåòñòâåííî; ,jρ ρ•  —

ïëîòíîñòü âîçäóõà â ñòðóå íà ñðåçå ñîïëà
è â íàáåãàþùåì ïîòîêå ñîîòâåòñòâåííî;

hc — âûñîòà ùåëåâîãî ñîïëà; q•  — ñêî-

ðîñòíîé íàïîð íàáåãàþùåãî ïîòîêà; b —
õîðäà ïðîôèëÿ.

Äîñòàòî÷íî õîðîøóþ ñõîäèìîñòü ðå-
çóëüòàòîâ ðàñ÷åòà ñ ýêñïåðèìåíòàëüíûìè
äàííûìè ìîæíî óâèäåòü íà ðèñ. 3. Íà
ðèñ. 3,à ïîêàçàíî, êàê óìåíüøàåòñÿ
ïîäúåìíàÿ ñèëà êðûëà ñ èìèòàòîðîì ëüäà
â çàâèñèìîñòè îò óãëà àòàêè. Èìèòàòîðû
ëüäà, êàê â ðàñ÷åòå, òàê è â ýêñïåðèìåí-
òå óìåíüøàþò ìàêñèìàëüíóþ ïîäúåìíóþ

ñèëó íà  max    54.1%yСΔ =  (54.6% â ýêñïå-

Òàáëèöà 1

Ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè èìèòàòîðà ëüäà

R,  
ìì 

H,  
ìì 

h,  
ìì 

L,  
ìì 

/R R b=  /H H b=  /h h b=  

36 23.3 12 26 0.03 0.0194 0.01 

Ðèñ. 2. Îáùèé âèä ðàñ÷åòíîé ñåòêè: à — ðàñ÷åòíàÿ ñåòêà
íà êðûëå ñ êîíöåâûìè øàéáàìè è èìèòàòîðîì ëüäà;
á — ðàñ÷åòíàÿ ñåòêà âáëèçè èìèòàòîðà ëüäà

à)

á)
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ðèìåíòå) è êðèòè÷åñêèé óãîë àòàêè íà  êðèòaΔ = 10°

(9.8° â ýêñïåðèìåíòå) [20—22]. Íàëè÷èå èìèòàòîðà
ëüäà èçìåíÿåò ìîìåíò òàíãàæà íà êàáðèðîâàíèå
(ðèñ. 3,á), óõóäøàÿ ïðîäîëüíóþ ñòàòè÷åñêóþ óñ-
òîé÷èâîñòü êðûëà.

Âûäóâ ñòðóè âîçäóõà çà ëåäÿíûì íàðîñòîì ñ
êîýôôèöèåíòîì èìïóëüñà Cµ = 0.025 ïðèâîäèò ê

âîññòàíîâëåíèþ êîýôôèöèåíòà ïîäúåìíîé ñèëû
è ìîìåíòà òàíãàæà íà ïèêèðîâàíèå (ñì. ðèñ. 3) äî
ïðåæíèõ çíà÷åíèé áåç èìèòàòîðà ëüäà â äèàïàçîíå

óãëîâ àòàêè –5° ≤ α ≤ 8°.
Ïîëå ñêîðîñòåé (ì/ñ) â ñðåäíåì ñå÷åíèè êðûëà

z = 0 ïðè α = 5° è êîýôôèöèåíòå èìïóëüñà
Cµ = 0.025 ïðèâåäåíî íà ðèñ. 4. Õîðîøî âèäíî, ÷òî
íà êðûëå áåç èìèòàòîðà ëüäà â äèàïàçîíå óãëîâ

àòàêè –5° ≤ α ≤ 18° çàâèñèìîñòü Ñy( α ) íîñèò ëè-
íåéíûé õàðàêòåð è îòñóòñòâóåò ñðûâ ïîòîêà
(ðèñ. 4,à), òîãäà êàê ñðûâ ïîòîêà ñ äàííîãî òèïà
èìèòàòîðà ëüäà âîçíèêàåò ïðè ëþáûõ óãëàõ àòà-
êè (ðèñ. 4,á). Ñ âûäóâîì ñòðóè Ñµ = 0.025 îòðûâ
íà êðûëå çà èìèòàòîðîì ëüäà ïîäàâëÿåòñÿ
(ðèñ. 4,â).

Óâåëè÷åíèå êîýôôèöèåíòà èìïóëüñà äî
Cµ = 0.05 ïîçâîëÿåò óâåëè÷èòü äèàïàçîí äîêðèòè-

÷åñêèõ óãëîâ àòàêè äî α ≈ 12°. Âûäóâ ñòðóè âîç-

Ðèñ. 3. Âëèÿíèå èìèòàòîðîâ ëüäà íà àýðîäèíàìè÷åñêèå
êîýôôèöèåíòû: à — êîýôôèöèåíò ïîäúåìíîé ñèëû
êðûëà; á — êîýôôèöèåíò ìîìåíòà òàíãàæà

à)

á)

Ðèñ. 4. Ïîëå ñêîðîñòåé â ñðåäíåì ñå÷åíèè êðûëà z=0, α = 5°: à — áåç èìèòàòîðà ëüäà;  á – ñ èìèòàòîðîì ëüäà;

â — ñ èìèòàòîðîì ëüäà è âûäóâîì

à) á) â)
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äóõà çà ëåäÿíûì íàðîñòîì ñ êîýôôèöèåíòîì èì-
ïóëüñà Cµ = 0.1 ïðèâîäèò ê ïîëíîìó âîññòàíîâëå-
íèþ ïîäúåìíîé ñèëû íà ëèíåéíîì ó÷àñòêå Ñy( α )

–5° ≤ α ≤ 18° è óâåëè÷åíèþ ìàêñèìàëüíîãî êîýô-
ôèöèåíòà ïîäúåìíîé ñèëû êðûëà ñ Ñy max =1.3 (áåç
èìèòàòîðà ëüäà) äî Ñy max =1.6 (ñ èìèòàòîðîì ëüäà)
ïðè ñîõðàíåíèè çíà÷åíèÿ êðèòè÷åñêîãî óãëà àòàêè
äëÿ âàðèàíòà áåç èìèòàòîðà ëüäà.

Òàêèì îáðàçîì, ñ ðîñòîì óãëà àòàêè âîçðàñòàåò
èíòåíñèâíîñòü îòðûâà ïîòîêà èç-çà ëåäÿíîãî íà-
ðîñòà, ÷òî òðåáóåò ñîîòâåòñòâóþùåãî óâåëè÷åíèÿ
êîýôôèöèåíòà èìïóëüñà âûäóâàåìîé ñòðóè. Â
ïîñëåäíèå ãîäû íà ìèðîâîì ðûíêå âñå ÷àùå ñòà-
ëè ïîÿâëÿòüñÿ ðàçëè÷íûå ïðîãðàììû ðàñ÷åòà íà-
ðàñòàíèÿ ëüäà íà ëåòàòåëüíûõ àïïàðàòàõ ñ ó÷åòîì
ðàçëè÷íûõ àòìîñôåðíûõ óñëîâèé, ïîçâîëÿþùèå ñ
äîñòàòî÷íî õîðîøåé òî÷íîñòüþ îïðåäåëèòü ôîð-
ìó ëåäÿíîãî íàðîñòà â çàâèñèìîñòè îò ôîðìû
ïðîôèëÿ è âðåìåíè íàðàñòàíèÿ ëüäà [25–29]. Òàê,
íàïðèìåð, ïîÿâèâøàÿñÿ ñðàâíèòåëüíî íåäàâíî
ïðîãðàììà FENSAP-ICE èç ïðîãðàììíîãî ïàêå-
òà ANSYS CFX óæå øèðîêî ïðèìåíÿåòñÿ âî âñåì
ìèðå [28, 29] è äîñòàòî÷íî õîðîøî çàðåêîìåíäî-
âàëà ñåáÿ ñ òî÷êè çðåíèÿ ïðîãíîçèðîâàíèÿ îáëå-
äåíåíèÿ ïîâåðõíîñòåé ËÀ, à òàêæå ïðîâåäåíèÿ
ñðàâíåíèÿ ðàñ÷åòîâ ñ ëåòíûì ýêñïåðèìåíòîì.
Èñïîëüçîâàíèå ïîäîáíûõ ïðîãðàìì ïîçâîëèò
îïðåäåëèòü ìåñòî ðàñïîëîæåíèÿ ùåëåâîãî ñîïëà
äëÿ âûäóâà, ó÷èòûâàÿ îñîáåííîñòè îáòåêàíèÿ è
ôîðìîîáðàçîâàíèÿ ëåäÿíîãî íàðîñòà äëÿ êîíêðåò-
íîãî êðûëà ëåòàòåëüíîãî àïïàðàòà.

Âëèÿíèå íàãðåâà ïîâåðõíîñòè îò ïðèìåíåíèÿ
òàíãåíöèàëüíîãî âûäóâà ñòðóè íà âåðõíþþ
ïîâåðõíîñòü íîñêà êðûëà â óñëîâèÿõ
îáëåäåíåíèÿ

Ðàíåå â [30, 31] áûëà ïîêàçàíà õîðîøàÿ ñõî-
äèìîñòü ðåçóëüòàòîâ ðàñ÷åòà ìîäåëèðîâàíèÿ òàí-
ãåíöèàëüíîãî âûäóâà ñòðóè íà ïðîñòîé ïîâîðîò-
íûé çàêðûëîê ñ ýêñïåðèìåíòàëüíûìè äàííûìè èç
[32]. Äàëüíåéøèé àíàëèç ðåçóëüòàòîâ èññëåäîâà-
íèÿ [30] ïîêàçàë, ÷òî òàíãåíöèàëüíûé âûäóâ ñòðóè
ñîïðîâîæäàåòñÿ ëîêàëüíûì íàãðåâîì ïîâåðõíîñòè
â îáëàñòè íàèáîëüøåãî ñîïðèêîñíîâåíèÿ, ïðè
ýòîì çà ñ÷åò òåïëîîáìåíà íàãðåâàþòñÿ ñîñåäíèå
ó÷àñòêè ïîâåðõíîñòè. Íàãðåâ ïîâåðõíîñòè ïðè
áîëüøèõ ñêîðîñòÿõ ñâÿçàí ñ ñèëàìè âÿçêîãî òðå-
íèÿ â ïîãðàíè÷íîì ñëîå, à èìåííî ñ íàïðÿæåíè-
åì òðåíèÿ τ , êîòîðîå ïî ôîðìóëå Íüþòîíà ïðåä-
ñòàâëÿåò çàâèñèìîñòü:

,
dV
dn

τ μ=                            (2)

ãäå µ — äèíàìè÷åñêèé êîýôôèöèåíò âÿçêîñòè,

óâåëè÷èâàþùèéñÿ ñ ðîñòîì òåìïåðàòóðû; 
dV
dn

 —

ãðàäèåíò ñêîðîñòè, ïîêàçûâàþùèé ñêîðîñòü îò-
íîñèòåëüíîãî ñìåùåíèÿ ñëîåâ âîçäóõà.

Íàãðåâ âîçäóõà óñêîðÿåò áåñïîðÿäî÷íîå äâè-
æåíèå ìîëåêóë è óñèëèâàåò îáìåí ìîëåêóëàìè
ìåæäó ñëîÿìè, ââèäó ÷åãî âíóòðåííåå òðåíèå âîç-
ðàñòàåò [33]. Ïîòîê âîçäóõà òàíãåíöèàëüíîãî âû-
äóâà ñòðóè îáëàäàåò áîëüøîé êèíåòè÷åñêîé ýíåð-
ãèåé, è ïðè åãî òîðìîæåíèè â ïîãðàíè÷íîì ñëîå
îíà ïåðåõîäèò â òåïëîâóþ. Ïîýòîìó ïîâåðõíîñòü
ñîïðèêîñíîâåíèÿ ñî ñòðóåé ñæàòîãî âîçäóõà, âû-
äóâàåìîãî èç ùåëåâîãî ñîïëà ñ äîñòàòî÷íî áîëü-
øîé ñêîðîñòüþ, íàãðåâàåòñÿ.

Íàãðåâ ïîâåðõíîñòè âñëåäñòâèå òàíãåíöèàëü-
íîãî âûäóâà ìîæåò ÷àñòè÷íî èëè ïîëíîñòüþ óñò-
ðàíèòü îáëåäåíåíèå, â çàâèñèìîñòè îò òåìïåðàòó-
ðû è âðåìåíè äåéñòâèÿ âûäóâà, è, ñëåäîâàòåëüíî,
âîññòàíîâèòü òàêèå æå àýðîäèíàìè÷åñêèå õàðàê-
òåðèñòèêè êðûëà, êàê äî îáëåäåíåíèÿ.

Ïðè èíòåíñèâíîñòè âûäóâà Ñµ = 0.025 ïîâåð-
õíîñòü êðûëà íà ðàññòîÿíèè 16% õîðäû îò íîñî-

âîé ÷àñòè êðûëà íàãðåâàåòñÿ îò T = 32°Ñ äî

T = 85°Ñ ïðè òåìïåðàòóðå âûäóâà ñòðóè 27°Ñ (òåì-
ïåðàòóðà â ðàáî÷åé ÷àñòè ÀÄÒ â ïðîöåññå ýêñïå-
ðèìåíòà). Íàãðåâ ïîâåðõíîñòè êðûëà âñëåäñòâèå
òàíãåíöèàëüíîãî âûäóâà ïîêàçàí íà ðèñ. 5 è 6.

Çàâèñèìîñòü ïðèðàùåíèÿ òåìïåðàòóðû ïîâåð-
õíîñòè ñîïðèêîñíîâåíèÿ ñî ñòðóåé îò êîýôôèöè-
åíòà èìïóëüñà ñòðóè ïîêàçàíà íà ðèñ. 7. Äàííàÿ
çàâèñèìîñòü ìîæåò áûòü âûðàæåíà ýìïèðè÷åñêîé
ôîðìóëîé:

29754.5 1948.1 1.1537,T Ñ Ñμ μΔ = + +            (3)

ãäå ÒΔ  — ïðèðàùåíèå òåìïåðàòóðû ïîâåðõíîñ-
òè; Ñµ — êîýôôèöèåíò èìïóëüñà ñòðóè âîçäóõà.

Ðèñ. 5. Òåìïåðàòóðà Ò íà ïîâåðõíîñòè êðûëà ïðè òàí-
ãåíöèàëüíîì âûäóâå
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Äàííîå îáñòîÿòåëüñòâî, ñâÿçûâàþùåå òàíãåí-
öèàëüíûé âûäóâ ñ ïîâûøåíèåì òåìïåðàòóðû ïî-
âåðõíîñòè, ñïîñîáñòâóåò ðàñòàïëèâàíèþ óæå íà-
ðîñøåãî ëüäà è ñïîñîáíî ïðåïÿòñòâîâàòü îáðàçî-
âàíèþ íîâîãî.

Âûâîäû

Ïðîâåäåííûå ÷èñëåííûå èññëåäîâàíèÿ ïîêà-
çàëè ñëåäóþùåå:

— òàíãåíöèàëüíûé âûäóâ ñæàòîãî âîçäóõà çà
ëåäÿíûì íàðîñòîì íà ïåðåäíåé êðîìêå êðûëà óñ-
òðàíÿåò ñðûâ ïîòîêà è óâåëè÷èâàåò ïîäúåìíóþ
ñèëó îòñåêà êðûëà, âîññòàíàâëèâàåò óñòîé÷èâîñòü
ïî òàíãàæó, à òàêæå íàãðåâàåò ïîâåðõíîñòü êðû-
ëà â çîíå âûäóâà ñòðóè;

— êîýôôèöèåíò èìïóëüñà ñòðóè äëÿ óñòðàíå-
íèÿ îòðûâà ïîòîêà íà êðûëå çà ëåäÿíûì íàðîñ-
òîì è âîññòàíîâëåíèÿ íåñóùèõ õàðàêòåðèñòèê

äîëæåí áûòü íå ìåíåå Ñµ ≥ 0.025 â çàâèñèìîñòè îò
óãëà àòàêè è ôîðìû ëåäÿíîãî íàðîñòà.

Òàêèì îáðàçîì, â äàííîé ðàáîòå ïîêàçàíà
ïðèíöèïèàëüíàÿ âîçìîæíîñòü èñïîëüçîâàíèÿ òàí-
ãåíöèàëüíîãî âûäóâà ñòðóè íà ïåðåäíåé êðîìêå

êðûëà äëÿ ñíèæåíèÿ âðåäíîãî âëèÿíèÿ îáëåäåíå-
íèÿ.
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Abstract

Icing is one of the most dangerous environmental
impacts on an aircraft. Ice bodies on the wing surfaces
and empennage change their shape and contours,
worsen aerodynamic characteristics, as well as increase
aircraft weight. In case of icing not only the aircraft
drag increases but the value of the maximum lift
coefficient significantly decreases. Various anti-icing
systems are employed to remove the ice that builds up
in flight. However, practically all these systems have
their drawbacks. Application of the wing boundary
layer control (BLC) by tangential air jet blow-out on
the wing upper surface is known to be one of the most
effective techniques for the wing lifting properties at
the takeoff-landing modes. The wing lifting properties
enhancement occurs due to elimination of the flow
separation on the deflected flap by the tangential blow-
out of the compressed air jet and flow circulation
enhancement on the wing. The hot compressed air for
the BLC is drawn from the engine and then piped to
the slot nozzles system to be blown-out on the wing
surface.

These pipelines are similar to those of the thermal
ice-protection system, usually placed along the leading
edge of the wing. Thus, the BLC can be employed also
to protect against the wing icing. A significant
drawback of the above said technical solutions is the
jet blowing slot location in an ice sticking area. It is
assumed that the hot air from the engine would melt
this ice at a certain time instant, but until this moment,
the aerodynamic characteristics of the aircraft will
degrade. In addition, water evolved while the ice
melting on the leading edge, flowing down along the
flow is stiffens again out of the BLC coverage forming
the so-called “barrier ice”, which also deteriorates the
aircraft characteristics. The presented article explores
the possibility of the tangential jet blow-out on the
leading edge of the wing section to reduce deleterious
effect of icing. Calculations were performed employing
the program based on numerical solution of
Reynolds–averaged Navier-Stokes equations. A case
with the horn-like ice on the wing leading edge was

APPLICATION SPECIFICS OF TANGENTIAL JET BLOW-OUT
ON THE AIRCRAFT WING SURFACE IN ICING CONDITIONS
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under consideration. Comparison of the obtained
results with experimental data was performed. The
article demonstrates that tangential jet blow-out under
of icing conditions allows restoring aerodynamic
characteristics level to prior-to-icing state, including
coefficients of lift and pitching moment. Specifics of
spatial flow-around of the wing section in icing
conditions when employing tangential jet blowing-out
are presented.

Keywords: aircraft icing, leading edge icing, horn-
like ice imitator, wing lift force, tangential jet blowing-
out, wing boundary layer control, anti-icing aircraft
system.
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