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ABSTRACT

In hypersonic regime, the complicated interaction between the air and surface of aircraft
results in intensive aerodynamic heating on body. Provided this phenomenon occurs on a
hypersonic vehicle, the temperature of the body extremely increases. And consequently, thermal
deformation is produced and material properties are degraded. Furthermore, those affect both
the aerothermoelastic stability and thermal safety of structures significantly. With the
background, thermal safety and dynamic stability are studied according to the altitude, flight
time and Mach number. Based on the investigation, design guideline is suggested to
guarantees the structural integrity of hypersonic vehicles in terms of both of thermal safety and
dynamic stability.
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Fig. 1. Geometry of control surface
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Table 1. Properties of materials used for FEM

modelling
Properties R M A
Densit
hd 8240 | 256 | 2789
[kg/m’]
Young’s Modulus
(CPal f(T)[23]
Poisson’s Ratio - - f(T)[23]
Thickness 38 38 | 367
[mm]
Thermal Coefficient
- - f(M22
[pm/m/ K] (miz2]
Thermal Conductivity
18 0.052 f(MI22
[ W/m/K] miz2]
Specific Heat(c,)
541 858 f(T)[22]
[J/kg/ K]

Fig. 3. Finite element model of control surface
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(oA ST A

Poo Pio Po1
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P Py D3y
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Pso Py
-3.312e-10 1.648e-9




M 47 # K 10 Z, 2019. 10.

H3 S e S254 udAe 72 AdAd #F A7 701

Table 3. Flutter mach number corresponding
to each altitude in the circumstance
without considering aerodynamic
heating

Altitudelkm] | 12 14 16 18 20

Mach No. 54 6.75 | 829 | 10.16 | 12.12

N

ofN mY M 2 do B ok

gomE FY /tY 47 BE IS 3
7 98, WA 2 hd ARE welEA g T
% naAe) BdH wlelsE ANSA. o8

w57k 3°, ¥l8) 15 12km~20km= A A3t

2 e @A vlElE Table 39 AA AT 314
7 N7} FAESE, BdA ] FHE vletgrt
ke e &dd F Ak ol AE7F Eobyel
w2t F7le] "Ert vropx|al, ojg Qlste] FxE
ZH-gate Ftel AobA7] wEolth

a8y Y g 183 x84 vgA B

A PE AxteAth. 1x/vRskg/H A ES
HA 7FEA SiAS FRRon, =/ HgA
hE ZelEl 34 viEkE Figo 99 tololaw ¥
B2 =A3g

Figure 90l 39 714do] 2% vgA +2E
24 BEAAAA vAe= IS vHnstr] $15hd,
7td &9E 1A ¥ 2% Bl
A wkskE My, (A EARTG AR o
g gl AAUE A EASEATE olu
FHo] Az e wet WA Ze ol

v v}
=] o
N

e B o
E

29 71 AL weletA @aky] Wi mA
o] ZABtA% Are BAHIL WEA gm, ol
QA3 Eeelo] Qe vHA ekr] ot o
W3y ke @Ae 1els Aoz Aol
ZAR5S 29 e o3 mRz s AR 24
2| So) WelA H1, A= Fg 99 Min (7 %3
Hoith g o2 ®ole H4 AAME Yehd u
s} o] ZelE vletard] A AFE uAA Bk

Mgt 7V My
o ol@@ olfE AT thatel A s
A Qa, o= el U TEEO £Ert wLo
2 4%sA 2Y7] Wl
B dg = 9 WANTAA T2 A6 o
1A Qe wa nEsy] g6 dH A
way] 9@ vet M, (7 BAYEG 9
£7]% Wb AW 7 Fig 9ol

o

|

[0 ox oot
bt o o
B o

0f

A&

b

Thermal safety(Min-K)
[ flutter mach
134 flutter mach[aerodynariic heating)

12 -

11

10

0 400
Flight Time[sec]

w6 18 20
Altitude[km]

150 12 14

Fig. 9. Proposed diagram indicating the
boundary thermal safety, of dynamic
instability, of dynamic instability
affected by aerodynamic heating

gou, Y WAy B AL vlmats] s
Fig. 1001 Bl A7 180&% oA 9] ARE 23U Ao
= A8

38 tde zeEsd Wb Aol whelst
My BT S 27004 F2AMAY0] Hrgrhs
ARS A Bk ST AA F2EE HYA =
FY 7bg @gol BAH, 0T FY 4L 1
HY Afels B3 4 WA 48 PAHE

st Eojop su=, wialgErt Ml o M, 2T
B e Asowt Tx AAANL FdrT = YA
H weld F 9o wAdel Ao HM g
oA gHooF TS wPA Y Tz AALS
BAE 5 9l Zolth

Region satisfying structural integrity @ flight time = 180 sec
131

[l region satifying stability(no heating)
12 - |l llregion satifying stability(heating)
[l region satifying thermal safety
11 1 |7_"_"region satifying structural integrity
20r Safety is in order of
259 priority over 12.8km _¢&
s heating effects :
% F I
: constraints due Ito
Tr 1thermal safety
Y
6 L
5
12 13 14 15 16 17 18 19 20
Altitude[km]

Fig. 10. Region satisfying structural integrity at
flight time 180sec



702 73ad -

N,

_H_

rE

-7

Figure 119l Fig. 994 M, 9 M, 5 z5(7}
k)l A whEtE d9 s +Alo}aiv} T3 P
A 98 3xkd tholo] 1# g Figs. 12, 139 =4
stk Fig. 11014 =2 g9 Al 7v M, Bt

Fola, WA G Myl 7t M, BT

%“’E‘Olt} 5, ZA08 FAE YA F
& vl dF Hgde fAHo= i?ﬂﬂ
A 7} #8354010# 3k, WRA Aol A=
H8A 722 Z3 AL oaﬁo;
AA7Y —’FEEEM% TS24 vgAe Fx
= 9t} E3) EH 7§3'+ 15.9km ©]
H] ag;q],] =2 BA3I AHAV}

et
f
dlo i)

At T PR VR VI g
P

M2 X T ode BN do o ro
o 2 o Jl-?
ol e

[l
o

o

o 4

X g
R
g
L
2y
OI'H‘
2o
o r
N
82
Fl

stA gk, 12.8km ©] 3}

r‘sgj]ﬂ. gz% o2 93 AAV)
AP ARG 25 9ol F43)
1% oldte] YRFYL AT T2

Ao},

AE Fze
A e 5
7 wEol, s
A7 Nele B1 AT 1w

27

I Thermal safety(Min-K)
[l Dynamic instability(aerodynamic heating)

201
197}
18|

=y
~

Safety is in order of priority over 15.9km

Altitude[km]
T

Stability is in order of priority under 12.8km

=y
w

-
[

20 40 60 B8O 100 120 140 160 180
Flight Time[sec]

Fig. 11. Upper side view of Fig. 9

13 7| [ Thermal safety(Min-K)
12 -/ |l Dynamic instability(aerodynamic heating)

11 4

Safety
15.9km

10

Mach
w
i

100 459 12 1 16 18 20

Flight Time[sec] Altitude[km]

Fig. 12. The region considering the thermal
safety in order of priority

13| [ Thermal safety(Min-K)
12 -| |l Dynamic instability(aerodynamic heating)
11
10 Stability
= 12.8km
§ 91 .-
=
8 -
7 -1
6 |
5 ~W
000 g 12 14 16 18 20
Flight Time[sec] Altitude[km]

Fig. 13. The region considering the structural
stability in order of priority

n. 8 £

B Ao v g a0l we Y U}
g @yol F7xBY AWNYL BAT & Ut W
B Fahw, NG WY YF 2AN Fres
MAAe FE ARYE SR G HA TS
AN 3k,
% 7l
B ATE FANGAT Tyt o A

2 314 1] 8 A S8} A E ol A T@

References

1) Anderson, J. D., Jr., Hypersonic and High-
Temperature Gas Dynamics, 2™ edition, AIAA
Education Series, AIAA Journal, Virginia, US.A,,
2006.

2) Gibbs, Y., “NASA Armstrong Fact Sheet: X-15
Hypersonic Research Program,” NASA. URL: https:
//www.nasa.gov/centers/armstrong/news/FactShee
ts/FS-052-DFRC.html [updated 7 August 2017].

3) Gibbs, Y., “NASA Armstrong Fact Sheet: Hyp
er-X Program,” NASA. URL: https://www.nasa.gov
/centers/armstrong/news/FactSheets/FS-040-DFRC.
html [updated 7 Aug 2017].

4) Majumdar, D., “We Now Know How Russia’s
New Avangard Hypersonic Boost-Glide Weapon Will
Launch,” The National Interest, URL: [https://national
interest.org/blog/the-buzz/we-now-know-how-russias



M 47 # K 10 Z, 2019. 10.

HE 870 me S255 WA 7= AW a8 97 703

-new-avangard-hypersonic-boost-glide-25003 [retrieved
20 March 2018]

5) Panda, A., “Introducting the DEF-17: China’s
Newly Tested Ballistic Missile Armed With a
Hypersonic Glide Vehicle,” The Diplomat, URL:
https:/ /thediplomat.com/2017/12/introducing-the-
df-17-chinas-newly-tested-ballistic-missile-armed-with
-a-hypersonic-glide-vehicle/ [retrieved 28 December
2017]

6) Wall, M., “X-37B Military Space Plane’s Latest
Mystery Mission Passes 600 Days,” Space.com,
URL:https:/ /www.space.com/x-37b-military-space-pl
ane-otv5-600-days.html [retrieved 30 April 2019]

7) Kang, Y. C, Kim, K. B, Kim, J. H.,, Cho, J.
Y., and Kim, H. J.,, “Development of Aerodynamic
Thermal Load Element for Structural Design of
Hypersonic Vehicle,” Journal of The Korean Society
for Aeronautical and Space Sciences, Vol. 46, No. 11,
2018, pp. 892~901.

8) McNamara, ]J. J., and Friedmann, P. P,
“Aeroelastic and Aerothermoelastic Analysis in
Hypersonic Flow: Past, Present, and Future,” AIAA
Journal, Vol. 49, No. 6, 2011, pp. 1089~1122.

9) Gupta, K. K, Choi, S. B, and Ibrahim, H.,
“Development Fluid-Dynamics Based Aerothermoel-
astic Simulation Capability with Application to
Flight Vehicles,” Journal of Aircraft, Vol. 53, No.2,
2016, pp. 360~368.

10) Heeg, J., Gilbert, M. G., and Pototzky, A. S.,
“Active Control of Aerothermoelastic Effects for a
Conceptual Hypersonic Aircraft,” Journal of Aircraft,
Vol. 30, No. 4, 1993, pp. 453~458.

11) Shinjo, J.,, and Kubota, H,
Simulation of Surface Melting Due
dynamic Heating,” Transactions of the Japan Society
for Aeronautical and Space Sciences, Vol. 47, No. 158,
2005, pp. 281~286.

12) Kim, S. L., Lee, J. H, Kim, I. S, and Cho,
K. R.,, “Aerodynamic Heating Analysis and Flight
Test of KSR-III Rocket,” Journal of The Korean
Society for Aeronautical and Space Sciences, Vol. 32,
No. 8, 2004, pp. 54~63.

13) Oh, B. S, and Park, ]J. ]J., “Aerodynamic
Heating Analysis of KSR-II,” Journal of The Korean
Society for Aeronautical and Space Sciences, Vol. 27,
No. 4, 1999, pp. 121~127.

14) McNamara, J. J., Friedmann, P. P., Powell, K.
G., Thuruthimattam, B. J., and Bartels, R. E., “Aero-
AIAA

“Numerical
to Aero-

elastic and Aerothermoelastic Behaviors,”
Journal, Vol. 46, No. 10, 2008, pp. 2591~2610.

15) Lamorte, N., and Friedmann, P. P., “Hyper-
sonic Aeroelastic and Aeorthermoelastic Studies
Using Computational Fluid Dynamics,” AIAA
Journal, Vol. 52, No. 9, 2014, pp. 2062~2078.

16) Culler, A. ]J.,, and McNamara, ]J. J., “Studies
on Fluid-Thermal-Structural Coupling for Aerother-
moelasticity in Hypersonic Flow,” AIAA Journal,
Vol. 48, No. 8, 2010, pp. 1721~1738.

17) Pak, C. G., and Friedmann, P. P, “New
time-domain technique for flutter boundary identifi-
cation,” Dynamics specialists Conference, Strcutures,
Structurual Dynamics, and Material and Co-located
Conference, Dallas, TX, U.S.A., 1992.

18) McNamara, J. J., and Friedmann, P. P,
“Flutter-Boundary Identification for Time-Domain
Computational Aeroelasticity,” AIAA Journal, Vol.
45, No. 7, 2007, pp. 1546~1555.

19) Ellis, D. A., Pagel, L. L, and Schaeffer, D.
M., “Design
Actively Cooled Honeycomb Sandwich Structural
Panel for a Hypersonic Aircraft,” NASA-CR-2057,
1978.

20) MIL-HDBK-5H: Metallic Materials and Elements
for Aerospace Vehicle Structures, 1998.

21) Boyer, R., Collings, W. G., and Welsch, G,
Materials Properties Handbook: Titanium Alloys, ASM
International, 1994.

22) Zhang, Y. Yi, Y, Huang, S, and He, H,
“Influence of Temperature-Dependent Properties of

and Fabrication of a Radiative

Aluminum Alloy on Evolution of Plastic Strain and
Residual Stress during Quenching Process,” Metals,
Vol. 7, Iss. 6, 2017, URL: https://doi.org/10.3390/
met7060228.

23) Benck, R. F., and Filbey, G. L., Jr., Elastic
Constants of Aluminum Alloys 2024-13510, 5083-H131
and 7039-T64 as Measured by a Sonic Technique,
U.S.A. Ballistic Research Laboratories, U.S.A., 1976.

24) Falkiewicz, N. ], and Cesnik, C. E. S,
Crowell, A. R., and McNamara, J. J., “Reduced-
Order Aerothermoelastic Framework for Hypersonic
Vehicle Control Simulation,” AIAA Journal, Vol. 49,
No. 8, 2011, pp. 1625~1646.

25) Abaqus Analysis User’s Manual v6.10.

26) Dowell, E. H., A Modern Course in Aero-

elasticity, 5™
Springer, Switzerland, 2015.
W. G., and Winkler, D. ],
“Application of the Moving-Block Analysis,”
Proceedings of the AIAA  Dynamics  Specialist
Conference, AIAA, New York, 1981, pp. 755~763

Revision and Enlarged Edition,

27) Bousman,



704 a4 - AR - 3

28) Bennett, R. M., and Desmarais, R. N., Curve
Fitting of Aeroelastic Transient Response Data with
Exponential Functions, NASA SP-415, 1975, pp. 43~58.

29) Meijer, M. C., and Dala, L., “Zeroth-order
flutter
supersonic flow,” Journal of Fluid and Structures,
Vol. 57, 2015, pp. 196~205.

30) Lamorte, N., and Friedmann, P. P., “Hyper-
sonic Aeroelastic Stability Boundary Computation

prediction for cantilevered plates in

using Radial Basis Functions for Mesh Deformation,”

18" AIAA/3AF  International ~Space Planes and

5209 - 49T BB BFx
Hypersonic ~ Systems and  Technologies — Conference,

Tours, France, 2012.

31) Harsha, P. T., Keel, L. C,, Castrogiovanni, A,,
and Sherrill, R. T, “X-43A Vehicle Design and
Manufacture,” AIAA/CIRA 13th International Space
Planes and Hypersonics
Capua, Italy, 2005.

32) Klock, R. J, and Cesnik, C. E. S,
Reduced-Order Model
Hypersonic  Vehicle,” AIAA  Atmospheric
Mechanics Conference, Dallas, TX, U.S.A., 2015.

Systems and Technologies,

of a
Flight

“ Aerothermoelastic





