creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

TEAAL =T

$FHY7] AFAEY HFAF

B QAL AT

Numerical Study on Optimal Trajectory and

Heat Flux Analysis of Re—Entering Spacecraft

202049 84€



¢-Fu| 97 ATAEY HHAH
9 AALF HHET

Numerical Study on Optimal Trajectory and Heat Flux
Analysis of Re-Entering Spacecraft

Ay A T F
ol B¢ THHA APEELZ A2
2020 8¢

A& ¥ g
FF+5739
7= ¥

ASEY YA APEEE ATH

2020 6¢¥




A4, 2

4 Axb7h @] ofof

9

O

a4,

= a4 A7

A

A7)

o
=

)
j=4

E

SEE PARS

Tod

oo

o

= o
=2 1

A3 A

oz A4

o

B
i

o

X
el

2} A A

o

$5u]97]

& g8

LUk

ZaWo 2= SAPARE A}

hyA

97 7]

el

o]-&3}o

modified Newtonian method&

3

ESkS

o,

&

SHAI

s

a4 o)

=
=

E

NEES

3

AEF SAPARE /1A

=
T

5
‘wo
T

il
o
ol

~N

geks BAE9tt. Space Shuttled} X-37B

SAPAR A#E

3

o

&l

4

o]2]o| %= 7l leading edge, "¢

A= =]
SRS

A

7], AT AEY,

: 2018—-23090

L
A 44
#

N ™ %ol



A1 &AA B ettt et ruereereeraeraetaataata—taaraarnaraaraaraaraaraaaaaaans 1
A1 A AT A 2B e, 1
A2 A A E D T e, 3
A3 A FH AF FEF L AT 9 6

Al 2 A O] H T oo eeeeeee e eeeeeeeeereraaeeearn—aaaaan 13
Al T 8 S AP AR e 13
A 2 L CFD oo e e 18

Al 8 A AT W et 26
A1 A SAPARE o] &3 A4 SlA 26
A 2 A CFDE o] g3 Addh B X i, 43

A 4 A AE D B T A e 51

B T T B et eeeeeeeeeeeee e e e eeaearaeeeeaaaraeeeeaaaraaeeeaaaaaaeeaaans 53

A D S T ACE cutiieiieeeeee e eeeeneeeseeesnsnsnenesasasnsnsnsessnasnsnsnsnsnssnsnsnsnsns 56

i ’



£ 53t

[£ 1] ATFAEY AZ ATFRZA e 7
[ 2] ZF2 AEN B T2 e 11
[E 3] Space Shuttle A X oo 27
[ 4] A=A AF AF 27 2 e, 27
[ 5] EATY HOTE B (L) ovveiieeeeeeeeeeeeeeee e, 29
[® 6] A=A x=70] vk AEY AF 34 7] 27.32
[ 7] 2T HOJE BII(2) coeeeeeiiiieieieeeeeeeeeeeeeeeeeveennanee 35
[ 8] W3Z profile ¥FY ;A 7] A e, 36
[ 9] TFY HOJE BII(3) cevveiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeen 38
[210] X=37B A A B eee e eeeeeeeene 38
[%11] X-37B 14 W3zt A3 4 27] Z..veveennee 39
[%12] B3z W3S NP X-37B A7 &H4 %x7] £7..40
[¥£13] Space Shuttle CFD HAZZ ...coiveeeeeeeeeeeeeeeeeeennens 44
[¥£14] Space Shuttle 314 55 FZ e, 44
[¥15] X—37B CFD BAZZ et 47
[F16] X=37B A G5 T2 e, 48

1ii



2% 53

[ZF 11 OV—102 GAFFHAIAE ... 1
[28 2] YRt AHAIAE F3llA A e, 2
[2™ 3] Space Shuttle NEY T oo, 4
[ 4] ST FEY HAC o 5
[2% 5] &8 2 3159 IE A HA=H v 713

b R s TR 6
[Z28 6] VEGA VVO04 POSter cccvvviiiiiiiiiiiieiiieeeeeeeeeeeeeeeeeeeeeeeeen 8
[ 71 IXV Alo] /5 23 D Ao FF i, 8
[2¥ 8] IXV #HU| Heat Flux 3 X e, 9
[Z1¥ 9] X—33 by Lockheed Martin — CG.....ccoevvvvvvevveeeennnn. 10
[2910] X-339] £5—-3% 2P U AJzte| W& SALH

LA e e e e e e e e e e e e e araa e e e e araraeeeennrees 10
[23811] SAPAR 314 A oo 12
[Z1¥12] Newtonian theory 2]-&& 9% shadow panel ¥

B 2 I ittt eeee e e e e ettt taaa——eeesee ettt taaaaa————— s eeeetarrrannnas 14
[Z1¥13] Space Shuttle B ..oovveeiiiiiiiiiiiiiireeeeeeeecceeeinns 26
[TZR814] TEZT HITZ e 27
[2”¥15] W37z 0EY W9 Space shuttle

P A AL A i - R RRR 28
[2”16] W37 0EY W9 Space shuttle

AlZb=31%/Heat FIux L. .oeiiiieieeieeeeeeeeeeeeeeeeeeesenanns 28
[2”917] W37 5559 w9 Space shuttle

P DAY, s 4 i A R 30
[2™18] WaZ 555U w9 Space shuttle

AlZb=31%/Heat FIux L. ..oeeiiiieeeeieeeeeeeeeeeeeeeeeeesenenns 30
[TZH19] FIETIAFZ oottt e e e eeeeeva s 32
[27820] AAM 28.5%, 137 0= w9 Space shuttle

A =TE/AZE T E oo 33
[2™21] AAM 28.5%, 37 0= w9 Space shuttle

At =15 /Heat FIux LT3 33
[2”822] AAMZ 28.5%, 37 555 w9 Space shuttle

AZF=TE/BIAZE T ettt 34
[2¥23] AAML 28.5%, #B37Zt 555 w9 Space shuttle

AIZF—1%/Heat FIUX ZZFEeuoviiiiieeeeeeeeeeeeeeeeeee e 34
[2324] EA39] AF Bl oo 35
[2825] AEY A7) & ARk Q1 Space Shuttled 1%,

HESZh  HE g Zt D Ofile . eiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseennaeesaaes 35



[1826] W=7 WS W93t Space shuttle
hvA

B A=A, R R e K U 37
[29827] 37 HASE §1Y 3 Space shuttle

AZF =% /Heat FIUX Lo 37
[TZR28] X=837B B oo 38
[2™¥29] 1 W37 659 X—-37B

B A=A, R R e K U 39
[2”¥30] 11 W37 659 X—-37B

AZF =% /Heat FIUX Lo 40
[2R31] ¥3Z ¥sE Y e X-37B

A ZF= 5/ IAZE T I e 41
[2¥32] W3zt H3lE RkY s X—-37B

ANZ—T%/Heat FIUX oo 41
[71¥133] Space Shuttle SAPAR 23 X F 3|4 A4 .. 43
[Z1¥34] Space Shuttle Pressure — Cp Contour ................... 45
[Z1¥35] Space Shuttle T — Heat Flux Contour.................... 45
[1¥36] Space Shuttle Al ©@HX ¢ FAY BAG FA.....46
[21¥37] X-37B SAPAR Z# JH= F 34 AF ... 47
[C1338] X—37B Pressure — Cp Contour.......cceeevvvveveeeeeeennnn. 49
[(1739] X—37B T — Heat Flux Contour .....ceeeeeeeeeeeeeevvennnnne. 49
[1740] X-37B Al @A T35 & .. 50



A1FZdA 2

A 12 XA
ATAED B SFMAzIG AR AE §H 2ol

SEe5oR H¥ss A vPAAe S Iy W

04 REINFORCED CARBON-CARBON (BLACK)

s HIGH-TEMPERATURE REUSABLE
SURFACE INSULATION (BLACK)

+ LOW-TEMPERATURE REUSABLE
ESSSSH SURFACE INSULATION (WHITE)

[C] COATED NOMEX FELT (WHITE)

A7 N
AN OO
S -\\\\\\\\\\\\\\\\\\V

N

e




@
_>|~l_,
&
>
[
jutil)
1o
of\
ot
e
o
rlo
N

7yetct, olelst A Al AElS] FE
5]

AFe Y] T xE S AHOoE olojx WAl v go] diun
HA S SVt 5 7 v e R A acle] HY|E

o T o -
o % gk
= wrollde o HHE T, FFHAY] A olgsto] A

Baseline Convert FEM into i
Configuration FEM Modeling Thermal Analysis. Se qbck tial
(CAD Modely

Model Processes
L Using
External Thermal Model v
Surface Grid Thermal Individual
Generation Analysis TOOI'S &
J, fereheaing et Modules

Aerothermal
WTT

External Surface External Heat Flux
Geometry
ENGR

Methods

Finite Difference Material
Thermal Analysis 4~—| Properties
(SINDA)
MINIVER) Structural
Thermal
Loads
Trajectories L7 .
Component
L7

Local Thermal Nodal Temperature
Environments Distribution

2% 2, A AR ALE Da) 33



A 23 A=Y 34
A= AF A FFuY 77 AT ARAAFE LIRS W50
Ao GFRe s zbA o] vld AAS PS5t s 34
Fole= Oyl Wz ggol  FF5steE ¢9F 70km IR HH
=

TR FErrd 9 g¥o] Ay o] W, IHe

N84S A=Y FHoz gt A=d F4HS AA Re—Entry
Phase, TAEM (Terminal Area Energy Management) Phase,

Approach and Landing®] Al @AZ FAEH[1].

olgist ¥ JIdE Hastelrl flEl A=Ed FFHIEVIE KBS
Al dish whSZbe nldA EAe] FERPE S Hdgstth Space
Shuttle®] 7%, A7 A% el A& wf OMS (Orbital Maneuver
System) engines AFg3] 1LEE @3 Re—Entry Phaseel =413t
S—Turns S HststA Ay g o] koAM= 7] o]
- ro} ZFW-& F3+ passive controlo] FE7] wiEeo] RCS jetif
reaction wheel &9 active actuatorg ©°]&3te] H|YA| AAME
Aoy shet[1].

% WA TAEM Phaset= Re—Entry Phase ©]F ‘32 5oL+ g}
AAANIAE AFEstH 75E TR FJEA7I= F1tolth. mhely
AoE =k 25904 05744, 1%+ oF 25kmelA 3km Abo]€]

ust J7kolt) £ 58 Zo)7] 9d 7MY HAC (Heading Alignment

3 ] 2- 1_l|



Shuttle®] -, Hl¥S 9 0 FAS BAfstar A 7] Wzl

TAEM PhaseolA] ZHE 1 @& oyXA

FLIGHT PATH
BEGIN TERMINAL
AREA ENERGY

MANAGEMENT

RUNWAY

ENTRY POINT
WAYPOINT 1
22° GLIDE SLOPE

HEADING ALIGNMENT CYLINDERS

19 3. Space Shuttle A=Y ¥4 [4]

4 B L



Variable Entry Point Race Track

[P

12



A=Y Al 38 7Fdo] F4%E WA= Re—Entry Phase®, o]+
A= A ZHHE TAEM Phase %7]7FA1 9] #4 o) sl E th Re—Entry

Phase®} #dair= dAAuAAd AAE 9 dsts &4, st

o

3
Hastete JHAH A AT SolA o] AN A A AT
o] o] o] 7t}

Re—Entry  PhaseclAe  #Alds  AAZ ® AFAHES]

-

okt oje]71# A sk

oK

A =Tl S-FHE7 7t

El

feasible trajectory

|

heating rate boundary
normal load boundary
1 1 1

10k equilibrium glide at 6 = o,

altitude (m)
2]

61 dynamic pressure

0 1 C;OO 2('.;00 SOIOO 4(;00 5000 6000 7000 8000
V(m/s)

T 5. &Y gl akel wE ofe FAE v

7bedt A=) A4 (5]




=5
—

CATAEY AA A=A 6]

Heat Boundary 933t Al Z1A7F A9 5 A= Ho dAGH

Dynamic Pressure
Boundary

et Al ZIA7E dE e Hd T

Load Boundary sk Al 71AI7F A9 ¢ Qe A 2™

Terminal Conditions | #% &9 v Ho] 9%, 15, £ 5

Control Boundary w57} 4 Bank Angle 7t W9 Al
Waypoints E4 A7k B3 91X
No—Fly Zones v =7F 7

Quasi—Equilibrium Glide Condition
QEGC $FU] AEY AH FAE AR T

1
2409, 22 Ao Aag Fa 27

AMAA R AFA=EY FFulEd7]e #d Ag-so] ol
ole} ddste] A=Y AA A A o]FojA L glHh. ESAS IXV
(Intermediate eXperimental Vehicle) & @3t A=) A4 Ad4=2+
Kerr et al.ell 93] 3¢ vt7k oH7]. Kerr et al.& T2 Ao
o] gk Monte—Carlo 3141& S8l #H22 Al Alo] W 2

, A7 A9=E

91 31t

4



[

Figure 11, Re-entry bank angle vs time.
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Abstract

Numerical Study on Optimal
Trajectory and Heat Flux
Analysis of Re—Entering

Spacecraft

Dohoon Kim
Department of Aerospace Engineering
The Graduate School

Seoul National University

This paper deals with the literature investigation related to
the re—entry trajectory optimization studies and an analysis process
was established based on that investigations. To design the thermal
protection system, three steps of analysis procedures should be
performed: trajectory analysis, aeroheating analysis, and structural
thermal analysis. Based on this process, the optimal trajectory was
derived using the survivability analysis program, and a specific
analysis point was selected to analyze the heat flux distribution
through CFD analysis. In general, trajectory optimization studies
perform trajectory optimization with only the heat flux amount at the
nose of the spaceplane as the objective function. However, to deploy
thermal protection materials efficiently, it is necessary to analyze the
heat flux distribution over the entire spaceplane shape.

SAPAR was used as a survivability analysis program, and the
modified Newtonian method was applied to perform the aerodynamic

analysis using a small computational cost for an arbitrary spaceplane
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shape. Also, to predict the nose heat flux amount it uses the
approximate equation. SAPAR was improved to reflect changes in
bank angles, and the effect of bank angles on trajectory design was
analyzed. After deriving SAPAR results for the Space Shuttle and X—
37B shapes, CFD analysis was performed. It was confirmed that high
heat flux concentration can occur on the leading edge of the wing, tail,
etc. These phenomena can occur for shock—wave/boundary—layer

interactions.

Keywords : Hypersonic Flow, Numerical Analysis, Optimum
Trajectory, Spaceplane, Re—Entry, Thermal Protection System
Student Number : 2018—-23090
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