Moae/iupoBaHUE ABUMKECHUA
CITyCKa€eMoro amnrapara B
armocdepe

M HTEerpupoBaHHbIE MaTEMAaTUYECKUE
[TIaKeThI

Camapckuii yHuBepcuTteT. Kacdegpa TeopeTryeckon MexaHuku

HOguHues B. B.
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MopaeJnb

PaccmaTprBasTes AB/KeH/E CryCKaeMoro annapara B atMochepe 3em,
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YcaoBusa
e BpalleHre 3emn He Y TbIBaETCA

e Cryckaembi anmnapaT DaCoMaTRVIBESTCA KaK MaTepUasbHas TOHKa MOCTOAHHOM MacoCh!
e PaccmaTomBasTCa ABVPKEeHVIe CryCKaeMOoro B OfHOM MiIOCKOCTY

® B,BMMGHMG CrycKaeMoro arnapara NPOUCXOOUT MO, AENCTBEM CUSbI TSHKECTV 1 CUN
asPOAVHAMINHECKOIO COMPOTVBIIEHVIA
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AspoagHaMuYeCcKHue CUJIbI

Ha (Jﬂ‘;uifK:’;JH\/bH;W anrapar rnov ABKeH I B EiTM(?C(i)%i)@ L&;QJTB},’ OT aspoHaMHecKrie CIbl 1 MOMEHTHI.

AS00IMHAMINHECKAE CATTBI U

IeHTBI 3aBVICAT OT CNISLVIOLLVX Na
- yrfa aTaxy CriyCkaemoro annapata;

- M/IOTHOCTV BOBOYXa Ha BbicoTe MoseTa;

- PABMEPOB CryCKaeMOoro annapara;

- (hOPMbI CMYCKaeMOoro annapara.
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AspoagHaMuYeCcKHue CUJIbI

MNpeacTaBneHne aspoanHaMUYECKUX CUT

p V2
Fp =Cp (M, a) xS x
o V2
FL:CL (M, O() x S x
S noLLaab Myoens (xapaxkTepHas mioLLians) CriycKaeMoro annapata
V CKOPOCTb <a@era\<,>uero MOTOKa BO3OyXa

Jo) MNOTHOCTL BO3AyXa (3aBMCT OT BbICOThI MOSIETA)
M - ancno Maxa: OTHOLLEHME CKOPOCTM HaberarLLIEro NoToka BO3yxa K MECTHOM CKOPOCTY 3ByKa

Cp - KoODDULMEHT NOOOBOIO COMPOTUBIEHA, 3aBVCALLMA OT M, @, YCNoBM OOTEKaH/ S
Cr - KOOMDULMEHT NOOBLEMHOM CU/TbI COMPOTUBINEHAA, 3aBVCALLKA OT M, @, YCNoBMY OOTEeKaH s
CKOPOCTHOW Hanop (MMEET PasMEPHOCTL ABNEHS)

p V2
= — [Na
q 5 [la]
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AspoauHaMHUYECKHE XapaKTEePUCTUKA

CrryckaeMblIli animmapaT KocMuueckoro kopabsis “Coros”

Macca: 3000 k

l1 = 2142 mm
11 l2 = 1778 mm
l l3 = 936 mm
2 : D, = 2200 mm
2 D, = 980 mm
R, = 2235 mm
R2 = 978 mm

= R o O =10

—QL | \ ﬁ\ ez = 7

A
. >
RZ
e2
Claus Weiland

Aerodynamic Data of Space Vehicles
Springer Heidelberg New York Dordrecht London, 2014.
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AspoanHaMHUUYeEeCKHE XapaKTEePUCTUKH

1.6 T
—*%— M=0.6
-©- M=0.95
1.5} = M=1.10 |
- M=1.78
=7 M=2.52
x 142 M=§.96

1.3f

1.2F

1.1}

axial force coefficient C

-40 -35 -30 -25 -20 -15 -10 -5 0
angle of attack o
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IL1oTHOCTH BO3ayXa

T TI0THO( BO3yxa OT BblCOTbl MO? ObITE

Il IOMOLL il

MM aTMOCHEDLI, SKCMEPUMEHTABHBIX JaHHE

- StandardAtmosphereData[Quantity[10 000, "Feet"],
"Density", Method -> "USStandardAtmosphere"]

% // QuantityMagnitude

1

- 0.9048484 kg/m?

. ©.9048484
Wi- P =
p[h_] := QuantityMagnitude[StandardAtmosphereData|

«- Plot[p[h], {h, ©, 160000}, PlotRange - All, PlotTheme » {"Presentation", "FrameGrid"},

Quantity[h, "Meters"], "Density", Method -> "USStandardAtmosphere"]];

FrameLabel » { "h, m", "p, kr/M’"} , ImageSize - Large]

121
1.0f

0.8

o, Krim®

0.6
0.4F
0.2f

0.0

T
ol

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11
20000 40000 60000 80000 100000
h,m

- Quantity[a, "Meters"] xQuantity[b, "Newtons"]

outf+J=

abmN
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3arpyska Tadunsl u3 gaiia

- SetDirectory [NotebookDirectory[]];
- data

Import["atm.txt"];
~- data

Import["atm.txt", "table"];
(data[[3 353, {1, 7}11)

or {{-2, 1.478}, {0, 1.225}, {2, 1.007}, {4, 0.8193}, {6, 0.6601}, {8, 0.5258}, {10, 0.4135},
(12, 0.3119}, {14, 0.2279}, {16, 0.1665}, {18, 0.1216}, {20, 0.08891}, {22, 0.06451},
(24, 0.046941, {26, 0.03426}, {28, 0.02508}, {30, 0.01841}, {32, 0.01355},

{34, 0.009887}, {36, 0.007257}, {38, 0.005366}, {40, 0.003995}, {42, 0.002995},

(54, 0.0006389}, {56, 0.0005044}, {58, 0.0003962}, {60, 0.0003096}, {62, 0.0002407},
(64, 0.000186)}, {66, 0.0001429}, {68, 0.0001091}, {70, 0.00008281}, {72, 0.00006236},
(74, 0.00004637}, {76, 0.0000343}, {78, 0.00002523}, {80, 0.00001845},

1
0
0
0
{44, 0.002259}, {46, 0.001714}, {48, 0.001317}, {50, 0.001027}, {52, 0.0008055},
0
0
0
{82, 0.00001341}, {84, 9.69x10 °}, {86, 6.955x10°°}}

wi- o = Interpolation[%]

or- InterpolatingFunction| o | 2z |

«- Plot[p[h], {h, ©, 86}, PlotRange » All]

[abUa CIMLIKOM K Kas!
DbICOTa B KNS Dax. & ak X OBVIKEHNA BE ra B MET
«- SetOptions[Plot, PlotTheme -> {"Presentation", "FrameGrid"}, ImageSize » Large];
SetOptions[ParametricPlot,
PlotTheme -> {"Presentation", "FrameGrid"}, ImageSize - Large];

SetOptions[ListPlot, PlotTheme -> {"Presentation", "FrameGrid"}, ImageSize -» Large];
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YpaBHeHUA ABUKEHUA
Y PaBHEHA OB/IKEHNA
v q = {V[t], rit], o[t], s[t]};
- eq = {
plrit] -Rz] V[t]?

V'[t] = -gSin[e[t]]-cq$ )
2m
2 _ 2
Vit] ©ve'[t] =g (V[L-l] Cos[e[t]] +c.S pLrit] -Rz] VIt] ,
ritlg 2m

V[t]
s'[t] = — Cos[©[t]] Rz,

rit]

r'[t] == V[t] Sin[e[t]]
b
DaBHEHVV NpUBENeH B KHMre:
) <11 Bxop B aTMocepy KOCMUYECKUX neTaTenbHbIX annapaTtos
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ITapameTpsl cuCTEMBbI

wi- params =

72,22
4

i {€a—> 1.5, cL>0,S~3.801327, m - 3600., g 9.807, Rz > 6.371x 10°, ho > 160 000. }

{cd 51.5,¢c, 50,5 , m- 3000.0, g > 9.807, Rz » 6371000.0, ho - 100000.0}

w-nu = {V[@] = 7000, 6[0] = 0, r[0] = Rz+ho, s[0] = 0};

{OyroBast CKOPOCTL Ha BbICOT!
— £ /. 1> 398600.4415 < 10° //. params
(Rz + ho)

o 7848.437

2

params:{cd—>1.3,c|_—>0.3,$—> , m- 3000.0,

g - 9.807, Rz > 6371000.0, ho » 100 000.0, 1 -> 398 600.4415 109}

nu = {V[O =+u/ (Rz+he) , ©[0] =0, r[0] == Rz + ho, s[0] = o};

orr {cqg>1.3, ¢ »0.3,S->3.801327, m > 3000., g > 9.807, Rz > 6.371x 10°, he - 100 000.,
1> 3.986004 x 1014}
BOOOAHOIO NafeH s 38BMCKT OT BbICOT

an A B
u

~ (Rz +he)?
- 9.51908

- p[100 000]
- 5.604 x 1077

//. params
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Pe3yabTaThl HHTErPUPOBAHUSA

DOVHTErDVDYEM YoaBHEHVA OB KeHA 10 450 CexkyHOb! rnosieTa
ni- tk = 10403
sol = NDSolve[{eq, nu} //. params, q, {t, 0, tk}]

out.1 {{V[t] - InterpolatingFunction| m \ Smnflrosao) | [t],

Output: scalar

rit] » InterpolatingFunction| m ~ e fe.toece) | [t],

Output: scalar

e[t] » InterpolatingFunction| m | omanfoteexe) | [t],

Output: scalar

s[t] » InterpolatingFunction| m / oo fo.toexie) | [t]}}

Output: scalar

@~ Plot[(r[t] -Rz) ©.001 /. params /. sol, {t, @, tk}, FrameLabel » {"t, c", "h, km"}]

T T
100+ 8

80 8

60 - 8

KM

40 ]

20 .

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 E]
0 200 400 600 800 1000
t,c

wi- (r[t] -Rz) *0.001 /. params /. sol /. t » tk
owr {-0.4571043}
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Pe3yabTaThl HHTErPUPOBAHUSA

PaeKTOPUVA OT ACTaHLKM roJieTa (10 MoBePXHOCTI SeMIIN

- ParametricPlot[{s[t], (r[t] -Rz)} «©0.001 /. params /. sol, {t, 0, tk},
FrameLabel » {"s, kM", "h, kM"}, AspectRatio -» 1 /GoldenRatio, PlotRange - All]

L e e e IR A S e S e R B A S e e B A
100+ -

80 -

h, kKm

20 4

ol ]

B P P P | I P P | I P MR
0 1000 2000 3000 4000 5000 6000

S, KM
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Pe3yabTaThl HHTErPUPOBAHUSA

PaeKTOPUVA OT ACTaHLKM roJieTa (10 MNoBePXHOCTI OeMII)
- Animate[ParametricPlot[{s[t], (r[t] -Rz)} »0.001 /. params /. sol,
{t, @, tk}, FrameLabel » {"s, km", "h, km"},
AspectRatio » 1/GoldenRat'io, Epilog - {Red, PointSize[0.02],

Point[{s[t], (r[t] -Rz)} = 0.001 /. params /. sol /. t » tt]}], {tt, 0, tk}]

—— O mai

ParametricPlot|{s[t], r(t] - Rz} 0.001 /. params /. sol, {t, 0, tk},
1

out - FrameLabel - {s, kM, h, KM}, AspectRatio > ——————,
GoldenRatio

Epilog - {Red, PointSize[0.02],
Point[{s[t], r(t] -Rz} 0.001 /. params /. sol /. t -» FE tt$$37]}]
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Pe3yabTaThl HHTErPUPOBAHUSA

KOPOCTE OT BbICOTBI
«- ParametricPlot[{(r[t] -Rz), V[t]} «©0.001 /. params /. sol, {t, @, tk},
FrameLabel » {"h, kM", "V, mM/c"}, AspectRatio » 1 /GoldenRatio]

sl T T 1 T T T — T

V, m/c
S
T
|

P P P P P S
0 20 40 60 80 100
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YunpasJsieHue mpoieccoM HHTErpupoOBaHUA

OcTaHoBKa NMPOLIECCa YACTIEHHOMO MHTEMDUPOBAHMS MOV AOCTVIKEHA HYIEBO BBICOTHI,
DyHrvs WhenEvent
w- tk = 11003

sol = NDSo'Lve[

{

eq, nu, WhenEvent|[r[t] <Rz //. params, "StopIntegration"]
} /7. params, q, {t, 0, tk}

]

.. NDSolve: Event location failed to converge to the requested accuracy or precision within 100 iterations between t = 1035.196532461057" and t = 1035.2458548531633"

out-1- {{V[t] - InterpolatingFunction| Chli it | (],
rit] - InterpolatingFunction| m ~\ 57 |[t],
o[t] - InterpolatingFunction| = | S |[t],

s[t] » InterpolatingFunction| = ,/ 0g el | [t] }}

w-tk =sol[[1, 1,2, 0,1, 1, 2]]

o 1035,222
KoHeuHas BbICOTA

wi- ¥[t] =Rz /. sol /. params /. t » tk
our {-9.126961 x10°°}
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YHpaBJIeHI/Ie IIPOIECCOM MHTECIpPUPOBAHMNA
OCTaHOBKA MPOLECCa YCTIEHHOTO VHTEMPUPOBEHVIS NP OOCTVKEHMI BOW BbICOTE
-1 WhenEvent
- conditions = r[t] < Rz+# & /@Range[0, 50000, 10000]
o= {r{t] <Rz, r[t] <10000 +Rz, r[t] <20000 +Rz, r[t] < 30000 +Rz, r(t] <40000 + Rz,
r{t] < 50000 + Rz}
vtk = 11003
{sol, velocities} = Reap[NDSolve|
{ eq, nu, WhenEvent[Evaluate[conditions //. params], {Sow[V[t]],
If[Abs[r[t] -Rz] < 10 //. params, "StopIntegration", "CrossDiscontinuity"]}]
} 77/. params, q, {t, 0, tk}

]
]

out- H{V[t} - InterpolatingFunction| m "\ S ™ |[t],

Output: scalar

Output: scalar

rit] » InterpolatingFunction| = ~ S7is ™ |[t],

e[t] - InterpolatingFunction| = | Surd& e ][t],

Output: scalar

s[t] » InterpolatingFunction| = ,/ 2% | [t] H,

Output: scalar

({4990.156, 3004.331, 1235.302, 440.5153, 180.7772, 99.62761}}}
- velocities
- {{4990.156, 3004.331, 1235.302, 440.5153, 180.7772, 99.62761}}
-tk =sol[[1,1,2,0,1,1,2]]
- 1035.222
~ Reap[Sum[Sow[i"2] + 1, {i, 16}]]
wor {395, {{1, 4, 9, 16, 25, 36, 49, 64, 81, 100}}}



18 | reentry.nb

TpaekTropusa CIIyCKa

«- ParametricPlot[{s[t], (r[t] -Rz)} »0.001 /. params /. sol, {t, 0, tk},
FrameLabel » {"s, km", "h, kM"}, AspectRatio » 1 /GoldenRatio]

T T T 5

100]- ]

80 .

h, kKm

20l ]

ol 1

L L L L L Il L L L L Il L L L L Il L L L L Il L L L L Il L L L L
0 1000 2000 3000 4000 5000 6000
S, KM
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AspoanHaMuuyeckas cCuJjia

OOV HAMNYECKAST ClANa TODOBOIO COMPOTUBIEHAS

plr[t] -Rz] V[t]?
2

AspectRatio » 1 /GoldenRatio, FrameLabel -> {"h, kM", "Fp, H"}, PlotRange - All]

: Parametr‘icPlot[{(r[t] -Rz) x0.001, c4 S } //. params /. sol, {t, 0, tk},

80000/ .

60000 -

a r ,

our - % 400001 4

20000+ .

L L L L L L L L L L L L L L L 1 L
0 20 40 60 80 100
h, Km
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AspoanHaMuuyeckas cCuJjia

Marxcrmym aspooyHAMAHECKON CTTbI Ha TOAEKTOPKIA CIyCKaeMoro annapa

plrit] -Rz] V[t]?
2

F'indMaX'imum[cdS /. params /. sol /. t - tt, {tt, 100.0}]

Famax = %[[1]];

-- FindMaximum: The line search decreased the step size to within the tolerance specified by AccuracyGoal and PrecisionGoal but was unable to find a sufficient increase in the function. You may need
more than MachinePrecision digits of working precision to meet these tolerances

wir {90064.07, {tt - 793.0997}}
Parametr'icPlot[Flatten[{s[t] , (r[t]-Rz)}] *0.001 /. params /. sol,
{t, 0, tk}, FrameLabel » {"s, kM", "h, kM"}, AspectRatio » 1 /GoldenRatio,
ColorFunction » (ColorData["TemperatureMap"] |
caS ((olrit] -Rz] V[t]?) /(2 Famax)) //. params /. sol[[1]] /. t » #3] &),
ColorFunctionScaling -» False, PlotStyle -» Thickness[0.01] ]

T T T T T T T 7l

100} ! ]
gol- ‘ ]
60| : ]

- ]
X L 4

outf+J= < r 1
40t \ ]
20; -

ol ]
Ly | I PRI S PRI S B PRI N PRI S B TR S PR —
0 7000 2000 3000 4000 5000 6000
S, KM
«- ColorData["AvocadoColors"] [0.5]
outf+} .

- ColorData ["TemperatureMap"] [1]
outf+}= .



Ileperpyska

Meperpyska
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OTHOLLEH/E 80COMOTHOM BESHVHG! JIHEVHOMO YOKOPEHVE, BBISEAHHOTO HerpaBUTaALMOHHBIMU CUnamm,
K YCKOPEHIO CBOOOOHOMO NafeHa Ha rMosepxXHOCTY Sem/u.

mg

IBAEMON ¢

1
—Norm[{cd, cL}S

gm
ParametricPlot[{(r[t] -Rz) «©.001, %} //. params /. sol, {t, @, tk},

n, en

AspectRatio »
—_—

3.0}
2.5}

2.0F

0.5}

0.0F

p[r[t] -Rz] V[t]?

2

]

ade HelDaBNTalIOHHDb

AL

\/ FDZ + F|_2

b

Cl

‘20‘

‘40‘

h, km

60

80

L
100

OTO adpoagnHamMmunyeckasa cuna

1/GoldenRatio, FrameLabel -> {"h, km", "n, en"}, PlotRange » Al1]
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3agaHue

1. MoamdumumpyrTe MporpammMy VHTEMRDOBEHMA YRaBHEHA ABMMKEHS CIyCKaeMOro anrapara B
arvocdepe, 400aB/B 3aB/ICUMOCTs M/IOTHOCTV BOSLYXa OT BbICOTHI, 3arpyaemon 13 hania.

2. MoandumuypyiTe noorpavvy VHTErpUOOBaHA YoaBHEH I OBVIKEHS CryCKaeMoro annapara B
amvocdepe, NobaBkB 3aBUCKMOCTL YCKOPEHS CBODOAHOMO NaaeH s g OT BbICOThI, Ha CKOMBKO OT/IMHaeTCH
LOaNBHOCTE NONeTa CryCckaeMoro annapata Npu ydeTe 1 6e3 ydeTa VI3MeHeH/ st YCKOPEHIS CBOOOOHOMO
naneH/s oT BLICOThI MoseTa’?

3. IocTporTe 38B1CUMOCTb MarkCKIMATBHOW Neperpy3Kk/, KOTOPYIO MCMbITBIBAST SKMMaXK CryCKaeMOro
annapara B 3aB/CVYIMOCTV OT Ha4a/TeHOrO yriia Bxoaa B atvocdepy (Bo) B OvianasoHe oT MvHyC 156 o O

roaLycoB.

4. MocTpoiiTe 3aBUCMMOCTb 4a/IbHOCTU TOUKWN NPU3EM/IEHUS OT HaYaNbHOro yrna Bxoaa B
atmocdepy (6o) B amanasoHe ot muHyc 15 no 0 rpapgycoB. Hapucyinte Ha ogHom rpaduke
TpaeKTopun ABUKEeHUsI cnyckaemoro annaparta npv 8p = -15° u npun 6o = -2°.
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ITpumep

LIS PACCTOSHMS A0 TO- o113 7l OT Hada/ b

- dist[e6_2?NumberQ] := Module[{params, nu, neq, tk, sol},
n2.22

4
g - 9.807, Rz - 6371000.0, ho > 100000.0, u -> 398 600.4415 1@9};

nu = {V[o] w/u/(Rz+h0) , ©[0] =60, r[0] = Rz +h0, S[0] = };

neq = eq /. params;

params:{cd—>1.3,cL—>0.0,S—> , m-> 3000.0,

sol = NDSolve[{eq, nu,
WhenEvent[r[t] <= Rz //. params,
"StopIntegration", DetectionMethod » "Sign"|} //. params,

q, {t, 0, 5000} ];
tk = sol[[1, 1, 2,0, 1,1, 2]];
s[t] /.sol /. t-tk

E
- dist[0.0°] x0.001

NDSolve: Event location failed to converge to the requested accuracy or precision within 100 iterations between t = 770.3860890330628" and t = 770.4553075372473"

o {4543.227}
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ITpumep

«- Plot[dist[ee °]| »0.001, {66, -15, 0}, PlotRange - All, PlotPoints - 2]

- NDSolve: Event location failed to converge to the requested accuracy or precision within 100 iterations between t = 169.0470994011732" and t = 169.09481465878406"

outf+} $Ab0 rted
180

Flatten[{n* , dist[#] *9.001}] &/@Range[-15.0°, 0, 1 °]

ListPlot[%, FrameLabel - {"65, ...°", "s, kmM"}, Joined - True]

.. NDSolve: Event location failed to converge to the requested accuracy or precision within 100 iterations between t = 168.96190399612527" and t = 169.00919261764543"
.. NDSolve: Event location failed to converge to the requested accuracy or precision within 100 iterations between t = 174.00913865484893" and t = 174.02645101327911"
.. NDSolve: Event location failed to converge to the requested accuracy or precision within 100 iterations between t = 179.32966096041383" and t = 179.56695057323404

... General: Further output of NDSolve::evcvmit will be suppressed during this calculation

our {{-15., 310.7884}, {-14., 331.5668}, {-13., 355.1921}, {-12., 382.3201},
{-11., 413.825}, {-10., 450.8999}, {-9., 495.2154}, {-8., 549.187}, {-7., 616.4401},
{-6., 702.6765}, {-5., 817.4043}, {-4., 977.7401}, {-3., 1217.909}, {-2., 1617.774},
{-1., 2415.022}, {0., 4543.227}}

4000 ]

3000/ ]

S, KM

our= ® 2000[- .y

1000[- ]

n n Il n n
14

M R
-12

L 1 L L L L L L L L
-10 -8 -6

6o, .0

‘_4“

‘_2‘ M




