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Abstract

This paper investigates a flight trajectory of a hypersonic experimental vehicle equipped with air-breathing engines launched by an S-
520 sounding rocket. Its mission requirement is to realize experimental conditions for the engines (constant 50 kPa dynamic pressure
at not less than Mach 4.0) for a sufficient duration. Since severe aerodynamic heating leads to the temperature rise in the vehicle
fuselage, it is planned that ablative thermal protection system (TPS) is installed on the fuselage surface so that the temperature does
not exceed the operational limit of onboard equipment, 80 °C. A significant demand is that the TPS should be as thin as possible,
because the vehicle size is highly constrained by the nose cone geometry of the sounding rocket. In order to successfully design
the flight trajectory that achieves the mission requirement under such a thermal constraint, this paper develops an integrated design
optimization technique for the trajectory and the ablative TPS. The proposed method handles the coupled problem of ODE-expressed
vehicle dynamics and PDE-expressed TPS behavior, and optimizes them simultaneously.
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Original problem Transformed problem
Unchanged
ODEs ODEs
(Vehicle dynamics) (Vehicle dynamics)
A
Coupling Coupling
v v
Spatially
PDEs K .
(Energy balance equation discretized A set of ODEs
& (Discretized heat equation)
Thermal decomposition equation)
Boundary conditions Path constraints for ODEs
(Surface/backface heat transfer) (Surface/backface heat transfer)
- )

This can be solved as usual optimal control problem
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(2, B2 WEHEEIC £ 2 BER Y L) 2D & O CRgEL .

B bMEOMBEREL LT, RDIT—A%EZ 5.
1) 77 V=2 E&HIRZR LT, FERERREL

min. = fexp [s]+ 107 (hps.1 [mm] + Aps 2 [mm])  (38)

L, fop Ty VU RBRBEOR R TH ),
mp[@ ﬁqfiiéhb

2) EEBRIEE 15 L LOL T, T7 L— 2B RME
min. (htps 1t hlps 2) (39)
S.t. fexp = 158 (40)

3) ERIFH 10 L Lo b LT, T L—FEIfMb
min. (htps,l + htps,2) (41)
St fexp = 10 (42)

4, BRLEZOER

# 21RO R EZRT. = VU HBREREE O i
Wi & 7 7 L — 2 BEE S ORIZIE b L— R4 7 ORE%
DD LIZMA T, ERIFHEZBIEICLTHT 7 L—
HEE 2 RIBIZHIT 2 2 SI3TE RN ER00n5.
FOBHE LT, ARITERICIEI v v a VHuE~DE
RO—DIZH Q) TREINDIEEHE~DEADRDH DT
DIZ, BAGEFOBLED S ITHRER GO B HEN NSNS
ERFETHND.

RIEERRE 1 (77 L — X E SHIR 2 L CERFMRE
{B) (2B 2 oA THIE 2 X Z12Rd. R2ITRENT
WH XL, Rr—RCBIT A7 7 L — 2B ITFHEA
1 (HWZISTE) T11.6mm, &2 (A LR T7.7mm
Thd. FlmB{boOREE, EOIHENT LY 2RO
551 DONEIZEFTF SN TWD. Bllv 7y N REER
E9O0km \ZBEE L=, BEN 10Pa FTHEMT D LE
B Bt SD . Sy BEE O EHEE IR CORITHIENC

F 2 TATHE & TPS Dk iR ahk 5

texp* [S] htps,IT [IIlIIl] htps,2i [II]II]]

Problem formulation
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* Duration of experimental conditions
 Ablator thickness at location 1 (fuselage undersurface)
 Ablator thickness at location 2 (fuselage uppersurface)
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