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ABSTRACT
Keywords: Winged robotic reusable launch vehicles (RLVs) are designed to return to Earth after space
Winged 2% 5d 97|34 missions for subsequent reuse. During atmospheric reentry, these vehicles travel at
(Winged robotic model spacecraft), hypersonic speeds, leading to the formation of strong shock waves and extreme
GRS AAH|(TPS), aerodynamic heating on their surfaces. A robust Thermal Protection System (TPS) is
&-4(Heat flux), essential to protect the vehicle in such environments. In this study, aerodynamic heating

=224 45 (Hypersonic flow),

characteristics in hypersonic reentry environments were investigated using STAR-CCM+,
ZAEG-A] 9 8H(Computational fluid dynamics)

Computational simulations were performed for high-altitude flight conditions, employing a
S-species and 17-reaction chemical kinetic model. The analysis compared the JBNU
Winged RLV with the U.S. X-37B orbital test vehicle. The results indicated that the highest
heat fluxes occurred at the nose, wing leading edges, and stabilizers for the RLV, and at the
nose and wing leading edges for the X-37B. The physical mechanisms underlying the high
heat fluxes were analyzed to propose shape-based mitigation strategies. It was confirmed
that applying a curved wing leading edge and incorporating a sweep angle into the stabilizer
significantly reduced the peak heat flux. The modified vehicle demonstrated longitudinal
static stability, as indicated by negative slopes across angles of attack of 30°, 40°, and 50°.
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Fig. 1. Heat flux variation with altitude[4]
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Fig. 2. Heat flux variation of spaceplane[5]
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Table 1. Flight conditions

Geometry Altitude (km) Velocity (m/s) Mach Number Temperature (K) Pressure (Pa)
JBNU winged RLV 70 6,206 20.94 219.58 5.22
X-37B 74 6,511 20.98 210.75 2.80
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o714 k= Chemical Reaction Rate Constant, A+ Pre-exponential Factor, b+= Temperature ExponentE e
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Table 2. Species mass fraction

Species N, o)) NO N 0]
Mass Fraction 0.747 0.25 0.001 0.001 0.001

Table 3. Constants employed in Arrhenius equation for calculating forward reaction rate coefficients[27]

Reaction M G n¢ E, (K)

Dissociation reactions
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0, +M<0+0+M NO 2.0 x 10* -1.5 59,500
0, 2.0 x 10* -1.5 59,500
N, 2.0 x 10* -1.5 59,500
0 3.0 x 10% -1.6 113,200
N 3.0 x 10% -1.6 113,200
N, +M<N+N+M NO 7.0 x 10% -1.6 113,200
0, 7.0 x 10* -1.6 113,200
N, 7.0 x 10% -1.6 113,200
o} 1.1x 107 0.0 75,500
N 1.1x 107 0.0 75,500
NO+M+<N+0+M NO 1.1 x 107 0.0 75,500
0, 5.0x 10" 0.0 75,500
N, 5.0 x 10" 0.0 75,500

Neutrak/Zeldovich exchange reactions

N,+O<=NO+N 1.8x10" 0.0 38,400
NO+0 <0, +N 24 %10° 1.0 19,220
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Table 4. Maximum heat flux of components with angle of attack

Configuration Component 30° (MW/m?) 40° (MW/m?) 50° (MW/m?)
Nose 0.62 0.63 0.59
RLV Wing leading edge 0.96 0.87 0.72
Stabilizer 1.35 0.97 0.67
Nose 0.62 0.63 0.59
RLV_Curvedwing Wing leading edge 0.83 0.70 0.65
Stabilizer 1.36 0.99 0.75
Nose 0.62 0.62 0.60
RLV_Sweepangle Wing leading edge 0.96 0.86 0.73
Stabilizer 0.49 0.32 0.04
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Fig. 15. Heat flux and velocity field at AOA of 30°, 40°,50° (a) RLV, (b) RLV_Curvedwing, (c) RLV_Sweepangle
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