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AnHoTanusA. ViccmenyloTcs CBOJCTBa MaTeMaTHYeCKOVl MOJEIM YIpaBIeHNA TeIIOMaccoob-
MEHOM I TP€HMEM B JIAMMHAPHOM IIOTPAaHMYHOM C0€ Ha IPOHMIJAEMBIX LVUIMHIPUYIECKUX U
chepryecKuX IOBEPXHOCTAX TUIIEP3BYKOBBIX JIeTaTe/lbHBIX ammapaToB. OObelMHEHHBIE CU-
CTeMbl OOBIKHOBEHHBIX AUQQepeHIaTbHbIX YPaBHEHNII, TOTy9eHHbIe METOOM 0000IIEHHBIX
MHTErpabHbIX cOOTHOLIeHNI A. A. JlopogHMLIbIHA [/IA AIIIPOKCUMALMM CUCTeM ypaBHEHUII B
JaCTHBIX IIPOM3BOMIHBIX, ONMCHIBAOINX JAMMHAPHbIE IOTPAHNYHbBIE C/IOV Ha TPOHNIIAEMBbIX II1-
JMHAPUYECKUX U cheprdecKnX NOBEPXHOCTSX TMIIEeP3BYKOBBIX JIeTaTe/IbHBIX alllIapaToB, IpyMe-
HAIOTCA B MaTeMaT4ecKoii Mopenu. [TapameTphbl MaTeMaTM4ecKOil MOZIENIN B TOYKE TOPMOYKEHNSA
HIOTOKA OIpEeAe/AITCA U3 OObeAVHEHHBIX CUCTEM HETMHEIHBIX anrebpandecKux ypaBHEHMIL.
BryB B HOrpaHMYHBII CTI0¥1, TEMIIEPATypHbIT (aKTOP ¥ MarHUTHOE IOJIe VICIIONb3YIOTCA B Kade-
CTBE yIIpaBIEHUI.

PaccMoTpeH crrydail IpUMeHeHNUs Ha BCEM yYacTKe YIPaBJIeHNsA COYeTaHMA JIMHEHO YObI-
BAIOILIETO BJYBa, IMHEHO YOBIBAIOIIETO TeMIIEPaTypHOro (akTopa ¥ MOCTOSHHOIO MarHUTHOTO
nonA. J1y14 3Toro coyeraHus ylnpaBlIeHUI: Ja€TCA MIOCTAHOBKA MIPSIMOI 3a/la4lt; M3YYEHO BIVAHME
Ha ITapaMeTpbl MaTeMaTHYeCKOil MOJIENN M JIOKa/IbHble XapaKTePUCTYKM TeIVIOMacCOOOMeHa 1
TpeHus; cPOPMYIMPOBAHBI COOTBETCTBYIOLINE YTBEPXKAEHNA 0 ofunHernu. [IpoBopuTcs cpas-
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BAIOILIETO TeMIIEPATyPHOro (aKTopa ¢ yTBEpPXK/ICHVAMY, OTYYeHHbIMY paHee LA [PYTUX TPEX
KOMOVHaUuMil yrpas/ienuit. I1ony4eHbl 3aBUCHMOCTM ITAPaMeTPOB MaTeMAaTUYECKO MO U
JIOKQJIbHBIX XapaKTePUCTUK TEIVIOMACCOOOMEHa 1 TPEHMsA OT YIIPABJILAIOIINX BO3/eiicTBIIL. [Tpn-
BEfIEHBI Pe3y/IbTaThl BBIYMC/INTEIbHBIX SKCIIEPMMEHTOB. JJaHbI PEKOMEHIALNN TI0 IIPUMEHEHNIO
Pe3y/IbTaTOB BbIYVC/IUTENBHBIX 9KCIIEPYMEHTOB B KaueCTBe Hadya/IbHbIX JaHHBIX B 3a/jadaX CHHTe-
3a 9 PeKTUBHOTO YIIpaBIeHNsA KaK /I BCEIO YYaCTKa YIIPaB/ICHN, TaK Y LA ero GparMeHTOB.
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BBEJEHME

Jlannass paboTa sABIAETCA paclIMPEeHHBIM
BapUAHTOM MaTepUasoB [JOK/IAJIOB, MpPeNCTaB-
nenHbIx Ha LXXII Hayynyio koHdepennuio «He-
KOTOpBIe aKTya/lbHble IPOOIeMbl COBPEMEHHON
MaTeMaTVK! ¥ MaTeMaTI4eCKOro 06pa3oBaHus.
TeprienoBckue yrennsa-2019» [1] u XII Mexpy-
HAapOJHYIO Hay4YHYI0 KOHPepeHumio «CoBpeMeH-
HbIe METOZBI PUK/IAJTHON MaTeMATVKV, TEOPUN
yIpaBAeHNsI ¥ KOMIIbIOTEPHBIX TEXHOIOTUII»
(TIMTYKT-2019) [2].

B Hell mpopo/mKaeTca uccnefoBanme CBOVICTB
MaTeMaTU4IeCKOil MOJeV JIAMWHAPHOTO IIOTpa-
HuaHoro cynos (JITIC) anekTponpoBopsiero rasa
Ha IPOHUIIAEMBIX IIVUIMHAPUYECKUX 1 chepuye-
CKIX IOBEPXHOCTSX TMIEP3BYKOBBIX JIETATe/b-
Hbix anmnaparos (IJIA) [4-9] us [3] — paccma-
TpUBaeTCs BIUsAHME (Ha BCEM ydYacTKe yIpaBjie-
HuA [10] u3 [3]) cnepyromero coyeTaHms ynpas-
JISIOUIVX BO3JEVICTBUIL: IMHEIHO YOBIBaIoImero
B/IyBa, IMHEITHO yOBIBAIOIIEro TeMIlepaTypHO-
ro (akTopa ¥ MOCTOSHHOTO MarHUTHOTO TOJISL:

1) Ha mapaMeTpbl MaTeMaTUYeCKOl MOJeNn
JC 6,(x), 6,(x), @,(x), @, (x);

2) Ha JIOKaJbHbIe XapaKTEPUCTUKU TEIIO-
Maccoobmena u TpeHus q(x), f(x).

SBnasce npogomwkenueM [3], faHHasA CTaThA
COXpaHsIeT BBe[JEHHbIE B Hell 0003HaYeHNSI.

1. IOCTAHOBKA 3AJJAYU

[Tpsimas 3apgava (1) [3] (c ananasonammu n3me-
HEHUs HeusmeHsemolx napamempos (2)-(4) [3] n
[Mara3oHaMyl M3MEHEHUS YNnpasisiouux napa-
mempos (5)-(7) [3]) paccmarpuBaeTcs mnsa nu-
HelHO yObIBaronmux BayBoB (8) [3] u nuHeitHO
yOBIBAIOIMX TeMIepaTypHbIX PpakTopoB (9) [3].

BorumciutenbHble 9KCIIEPUMEHTBI  (aHAIO-
TMYHO PACCMOTPEHHBIM B [3]) BBIIOTHEHBI I
Bo3ziyxa B armMocdepe 3emmm pu H =10 [xm],

M, =10, R=0,1 [m].
Ha nesoit monosune puc. 1 mpencraBieHbl
NMHelHO yopIBatomye (m, > m,) BRyBI (8) [3] ¢

my, m, € M ; Ha IpaBoii TIOJIOBUHE — JIMHEITHO
ybbIBatomue (7, >7,) TeMIIepaTypHble (aKTo-
poi (9) [3] ¢ 7, 7, € T4 (cm. (11), (14) [3]), 0bo0-

3Ha4YeHHbIE C IOMOIIIBIO 3aI7IaBHBIX OYKB JIATVH-
ckoro andasuta ot “A” no “J” u or “K” go “Y’,
COOTBETCTBEHHO.

1.00 u
sk - ‘ 0.90
=l
0.50 e =—=045
0.25 ~edy 0.30
A HT :
0.00 A TUVWX Y

002040608 x 002040608 x
Puc. 1. 3akonvr m(x) u 7(x)
[Fig. 1. Laws m(x) and t(x)]
Pe3ynbTaThl BBIYMCIUTEIBHBIX 9KCIIEPVMEH-
ToB ipu (m,—m,)e My, u (7,—7,)eTs (om.
(12), (15) [3]) mna 6,,...,®, TpencTaBIeHbI HA
puc. 2-10, pia g(x), f(x) — na puc. 11-19. Pac-
IpefieieH1e CIy4aeB COYeTaHsI 3aKOHOB yIIPaB-
JIeHVIS TIO PUCYHKaM yKas3aHo B Tabm. 1 [3].

2. BIVISHVUE HA TIAPAMETPbBI
MATEMATUYECKOJ MOJIE/IN

YrBepxxpenne 1. B ycnosusx (2)-(7) [3] ons
ke {0;1} u nr06oii nocmosannoii s =C € S 6 cy-
uae npumererus (8), (9) [3] ona nwbvix m,, m,,
m, meMurt, €T enu

my >m,, my>m,, (1)

T, 27T, (2)

u evimontervt ycnoeus (18), (19) [3] noouunenus
napamempos, mo

o, (x;m(x;mo,ml),r(x;ro,r,),C)S
<0, (x;m(x;m_o,;l) X;70,7,), )
a)k(x;m(x;mo,ml) xz'o,z'1 )S
Sa)k(x;m(x;m_o,ml),r(x;ro,rl),C) (4)
onst ecex x € X.
YrBepxxaenne 2. B ycnosusix (2)-(7) [3] ons
k €{0;1} u mo6oii nocmosinmoii s =C € S 6 cny-
uae npumenenus (8), (9) [3] ona mobvix my,
meM® urt, 1, 7, 7,€T ecnu
my 2 ml, (5)
02T, T2 2'1 (6)

U BbINONIHEHDL yc;zoeuﬂ (24), (25) [3] noouunernus
napamempos, mo
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o, (x;m(x;mo,ml),T(x;r_o,i>,C)
>0, (x;m(x;mo,ml),r(x;g,r_l),C), (7)
o, (x;m(x;mo,ml),r(x;&,ﬁ),C)

2a)k(x;m(x;mo,ml),r(x;a,Z),C) (8)

ongecex xe X.

>

>
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sph
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0.0
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Puc. 2. 3asucumocmu 6y(x),...,o,(x) npu
m'=-0,25 u ' =-0,15
[Fig. 2. Dependences 6,(x),...,o,(x) for
m'=-0,25 and 7' =-0,15]
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1.6 U v > U —1.2
1.2 T E T EOS
0.8 -

H 0.4
0.4 ABCD ABCD
(2)2 ecyl eSPh v {1)2
2.0 gV B | :
1.2 T £ I 1.0
0.8 ] 0.5
0.4 ABCD ABCD
0.0 0.0

0 02 04 06 08 x0 0.2 04 06 0.8 x

c
1.6

1.2
0.8
0.4
0.0

1.0

0.5

00570

Puc. 3. 3asucumocmu Gy (x),...,o,(x) npu
m' =-0,25 u ' =-0,45
[Fig. 3. Dependences 6,(x),...,w,(x) for
m'=-0,25 and ' =-0,45]

oyl sph
2.060 60

1.6 1.2

X

12 5] 0.8

0.8 =
0.4
0.4 Aacg ABCD
0.0 oyl sph ?g
0 0 .

ol

: 1.0
128 W L/

0.8 0.5
0.4 ABCD ABCD
0'00 0.2 04 06 08 x0 0.2 04 06 0.8 Xo'0
1.6 mgy' ABCD mgph ABCD
19 W X 1.0

Puc. 4. 3asucumocmu 6,(x),...,®,(x) npu
m' =-0,25 u7'=-0,6
[Fig. 4. Dependences 6,(x),...,w,(x) for

m' =

—-0,25 and ' =-0,6]

BECTHUVK BI'Y, CEPM: CUCTEMHBIV AHAJIVI3 1 MUHO®OPMALIVIOHHBIE TEXHOJIOT M, 2020, Ne 1 7



I’ I’ bunvuenxo, H. I. bunvuerxo
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[Fig. 5. Dependences 0,(x),...,®,(x) for

m'=-0,5 and ' =-0,15]

cyl sph
15 90 v 60 v
U T U 1.0
1.0
0.5
0.5
EFG EFG
0.0 o o 0.0
2.00, v o u v =
1.6 o U T H1.0
1.2 =
0.8 0.5
0.4 EFG EFG
0.0 0.0

c
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0.8
0.6
0.4
0.2
0.0

1.0
0.8
0.6
0.4
0.2

0.0

=
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[Fig. 6. Dependences 6,(x),...,o,(x) for

!

m' =-0,5 and 7' =-0,45]
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[Fig. 7. Dependences 6,(x),...,®,(x) for
m'=-0,5 and 7' =-0,6]
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ﬂ XO o yo 1.0
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Puc. 8. 3asucumocmu 6,(x),...,w,(x) npu
m' =-0,75 u 7' =-0,15
[Fig. 8. Dependences 0,(x),...,®,(x) for
m'=-0,75 and ' =-0,15]
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0.0 v o 0.0
y
1.591 e1 1.0
0.8
1.0 0.6
0.4
0.5 TUVHI
TUVHI 0.2
0.0 0.0

1.0
0.8
0.6
0.4
0.2
0.0
0.8
0.6
0.4
0.2

0.0

sph
Y U

0 02 04 06 0.8 x0 0.2 04 0.6 0.8 x
Puc. 9. 3asucumocmu 6,(x),...,®,(x) npu
m' =-0,75 u ' =-0,45

[Fig. 9. Dependences 6,(x),...,o,(x) for

m'=-0,75 and ' =-0,45]
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[Fig. 10. Dependences 6,(x),...,w,(x) for
m'=-0,75 and 7' =-0,6
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3. BIVISIHUE HA ITIAPAMETPBI q ﬂ 4P
TEIITIOMACCOOBMEHA U TPEHI A 9
/ 0.2
YrBepxxaenue 3. B ycnosusx (2)-(7) [3] ona
7 7 = ¢ _ 0.1 ifi / 0.1
moboti nocmosaunoti s =C € S° 6 cnyuae npume /
Henus (8), (9) [3] onsa mobvix my, my, my, me M* 4 TIVARED TUV ABCD 00
u 7, 7, €T ecnu evimonnenvt ycnosus (1), (2) u f £ R fsPh 2. f
yenosust (18), (19) [3] noduunenus napamempos, 0.2 =B N 0.2
f(x;m(x;mo,m,),r(x;ro,rl),C)Z 0.1 0.1
. [ c 9 TUV TUV
B f(x’m(x’mo’ml)’r(x’ 70:71)s ) ©) 0-00"02 04 06 08 x0 02 04 06 0.8 x°°
onst ecex x e X. Puc. 12. 36,13uc%7\4205cmu g(x)0u4]5‘(x) npu
— m =-=U, urt=-Y,
YTVBeP JeHe il B:y C]lOGujI * (2)-(7) [3] 6/1;_{ [Fig. 12. Dependences q(x) and f(x) for
moboti nocmosannoii s=C eS¢ 6 cnyuae npume m' =—0.25 and 7' = —0

Henust (8), (9) [3] ons mobvix my, m e M u 7,

— sph
T Ty T, € T ecnu evinontenwt ycnosus (5), (6) u q—’ q
yenosust (24), (25) [3] noduunenus napamempos, 0.2
mo
f(x;m(x;mo,ml),r(x;ro,rl),C)S 0.1
T ABCDWX
Sf(x;m(x;moaml)ar(x;TO’Tl)JC) (10) £sph 0.0
f
onsgecex xe X. 02
q [ONML K ap |q¥|lonmL K o g%"q
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c 0.1 0.1
D cplo 3
0.2 ' ABCDWX ABCDWX
0.1 = 02 0'00 0.2 04 06 08 x0 0.2 04 06 0.8 Xo'0
= 0.1 Puc. 13. 3asucumocmu q(x) u f(x) npu
0.0= : 0.0 m'=-0,25 u ' =-0,6
f [ D fP > f [Fig. 13. 'ependences q(x) and f(x) for
0.3 &C - B m'=-0,25 and ' =-0,6]
A == 0.2
0.1 7 HI0-1 02 ,-lﬂ,',j; f,%jm— 7/,,1/'4/ K|
K LMNO K LMNO 1L b ——=ll| | 0.2
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Puc. 11. 3asucumocmu q(x) u f(x) npu = '
m'=-0,25 u 7' =-0,15 0.0 o —=00

[Fig. 11. Dependences q(x) and f(x) for 0.3 —
m'=-0,25 and ' =-0,15] 0.2
0.2 =
01 | 0.1
ONMLK GFE KLMNO EFG
0.0 0.0

"0 0.2 04 06 0.8 x0 0.2 04 0.6 0.8 x
Puc. 14. 3asucumocmu q(x) u f(x) npu
m' =-0,5u7'=-0,15
[Fig. 14. Dependences q(x) and f(x) for
m'=-0,5 and ' =-0,15]
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[Fig. 15. Dependences q(x) and f(x) for
0,5 and 7' =-0,45]
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[Fig. 16. Dependences q(x) and f(x) for
m' =-0,5 and ' =-0,6]
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[Fig. 17. Dependences q(x) and f(x) for
0,75 and 7' =-0,15
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[Fig. 18. Dependences q(x) and f(x) for
0,75 and ' =-0,45]

o g q
q 0.2
0.1 0.1
WX HI WX HI
O'chw fsph 0.0
f f
0.2 0.2
0.1 0.1
WX HI WX HI
0.0 0.0

"0 02 04 06 0.8 x0 0.2 04 06 0.8 x
Puc. 19. 3asucumocmu q(x) u f(x) npu
m'=-0,75 u v'=-0,6
[Fig. 19. Dependences q(x) and f(x) for

—0,75 and ' =-0,6]

4. BBIBOJIbI

1. CpaBHuBas YtBepxpaeHus 1-4 c Yreep-
Kpeuuamu 1-4 us [3-5], MOXKHO 3aMeTUTh, YTO
ycnosus (1), (5) yosiBanus u ycnosus (16), (22)
[3] Bo3pacTaHusA BAYBOB, a Takxe ycnoBus (2),
(6) yosiBanus u ycnosus (17), (23) [3] BospacTta-
HYIS1 TEMIEPaTypPHBIX (PAKTOPOB MOXKHO MCKIIIO-
unTh. Takum obpasom, YTBepxaenus 1-4 Bep-
HBI JI/I1 TUHEWHBIX BIyBOB I IMHENHBIX TEMIIE-
paTypHBIX (AaKTOPOB.

2. CripaBeinBO crIefyonee

YrBepxxaenne 5. B ycnosusix (2)-(7) [3] ona
k €{0;1} u mo6oii nocmosnnoii s =C € S 6 cry-
uae npumenenus (8), (9) [3] ona mobvix my, m,,

11
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my, m1 eM u Ty ro, 7 z'l e T ecnu svinonte-
Hol yenosus (18), (19), (24) (25) [3] noouunerus
napamempos, mo
6, (x;m(x;mo,ml),r(x;fo,rl),C)S
Sé’k(x;m(x;m_o,;l),r(x;ro,rl),C), (11)
, (x;m(x;mo,ml),r(x;Z,Z),C)S

Sa)k(x;m(x;mo,ml),r(x;ro,rl),C) (12)
ons ecex xe X.
3. CripaBefyinBoO criefyonee
YrBepxxaenue 6. B ycnosusx (2)-(7) [3] ona
mo6oti nocmosannoti s =C € S° 8 cnyuae npume-
HeHUs (8) (9) [3] 0715 10 ObLX my, My, My, m, eMc®
U Ty, Too Tp T) € T° ecnu evinonHeHvl YCn08US
(18), (19), (24), (25) [3] noduunenus napame-

mpos, mo
f(x;m(x;mo,ml),r X; 2'0,71 )S
Sf(x;m(x;mo,m]) (x TO,TI) C)

ongecex xe X.

(13)

3AK/IIOYEHME

B manHOII paboTe M3y4yeHO BIVAHIE Ha ITapa-
MeTpBl MaTeMaTU4YeCKOI MOJeN JIAMUHAPHOTO
norpaHnyHoro cnos 6,(x), 6,(x), w,(x), o, (x) n
Ha JIOKaJIbHbIe XapaKTePUCTUKI TEITIOMACCO06-
MeHa u Tperus: ¢(x), f(x) omHOTrO M3 codera-
HU HanboJiee IPOCTHIX NPeCTaBUTeNIeN Klacca
MOHOTOHHBIX (YHKIUII — JIMHETHO yObIBaro-
LIETO BJyBa U IMHEIHO YOBIBAIOIIEro TeMIepa-
TypHOro dakTopa.

[TonydeHHbIe pe3y/IbTaThl BBIYVICIUTETbHBIX
9KCIIEPVIMEHTOB MOTYT OBITh MCIIONb30BaHBI B
KayecTBe MOfje/iell Hab/IIolaeMbIX JJAHHBIX B 3a-
fladax cuHTe3a 9P PEeKTUBHOrO YIpaBIeHNs Kak
Ha BCéM yuactke [10] u3 [3], Tak u Ha ero ¢dpar-
MeHTax [11] us [3].

AHanu3s BIVSIHMA COYETAHVSA JIMHETHO YObI-
BAIOII[ETO BAYBa I JIMHEIHO YOBIBAIOIIETO TeMIIe-
parypHoro ¢akTopa Ha 06/1acTh 3Ha4YeHU PYHK-
IIVIOHA/IOB TUIIEP3BYKOBOI a9POAVIHAMMKIA SABJISA-
€TCs1 IPEMETOM OT/IeTIbHOTO VICCTIEOBAHSL.

KOHO®JIMKT MHTEPECOB

ABTOpBI IEKIApUPYIOT OTCYTCTBUE ABHBIX U
MOTEHI[MATbHBIX KOH(PIUKTOB MHTEPECOB, CBs-
3aHHBIX C yO/IMKaIVeil HaCTOAIIEI CTAThM.
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ANALYSIS OF THE INFLUENCE OF LINEARLY DECREASING BLOWING
AND LINEARLY DECREASING TEMPERATURE FACTOR ON THE
PARAMETERS OF THE MATHEMATICAL MODEL AND LOCAL
CHARACTERISTICS OF HEAT AND MASS TRANSFER AND FRICTION
ON THE PERMEABLE SURFACES OF HYPERSONIC AIRCRAFT

© 2020 G. G. Bilchenko, N. G. Bilchenko™*

Kazan National Research Technical University (KNRTU-KAI) named after A. N. Tupolev
10, K. Marks Str., 420111 Kazan, Russian Federation

Abstract. The article studies the properties of a mathematical model designed to control heat and
mass transfer and friction in the laminar boundary layer on permeable cylindrical and spherical
surfaces of hypersonic aircraft. The mathematical model is based on the systems of ordinary dif-
ferential equations obtained by A. A. Dorodnitsyn’s generalized method of integral relations which
was used to approximate the systems of partial differential equations describing laminar boundary
layers on the permeable cylindrical and spherical surfaces of hypersonic aircraft. The parameters
of the mathematical model at the stagnation point were determined using the systems of nonlinear
algebraic equations. Blowing on the boundary layer, the temperature factor, and the magnetic field
were used as control mechanisms. The article considers the combination of linearly decreasing
blowing, linearly decreasing temperature factor, and a constant magnetic field being applied to the
entire control segment.

The study of this combination of controls included the following stages: formulating a direct
problem; studying the influence of heat and mass transfer and friction on the parameters of the
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mathematical model; making corresponding conclusions regarding the existing dependencies. The
dependencies for the linearly decreasing blowing and linearly decreasing temperature factor were
compared with the dependencies obtained previously for the other three combinations of controls.
The dependencies of the parameters of the mathematical model, as well as local heat and mass
transfer and friction characteristics on controls were obtained. The results of the computational
experiments are presented. The article also provides recommendations on the application of the re-
sults of the computational experiments as initial data in relation to the problem of effective control
synthesis, both for the entire segment of control and for its fragments.

Keywords: control, heat and mass transfer, laminar boundary layer, hypersonic flows, permeable
surfaces, linearly decreasing blowing, linearly decreasing temperature factor, mathematical model
parameters, local heat and mass transfer and friction characteristics.
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