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Thermal-static aeroelastic characteristics of phenolic resin-based heat-resistant air rudders for
high Mach number cruis
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(1. Xi'an Modern Control Technology Research Institute, Xi'an 710065, China;
2. Shandong Institute of Non-metallic Materials, Jinan 250031, China)

Abstract : High-speed aircraft during high Mach number cruise, severe aerodynamic heating generated by shock wave
compression challenges the structural integrity of hypersonic vehicles. Employing a phenolic resin matrix composite as thermal
protection sleeve is an effective method for protecting superalloy air rudders. However, structural deformation under this extreme
thermal environment still significantly alters aerodynamic shapes and load characteristics. To investigate this aerodynamic-thermal
coupling between the composite thermal protection layer and the metal skeleton, this study establishes a sequential one-way coupled
numerical framework using computational fluid dynamics and finite element analysis. Assuming typical operating conditions of
Mach 6.0 and a 20 km flight altitude, structural responses and flow field characteristics of the protected air rudder were analyzed
under cold and hot states. Results indicate that despite the composite protection, heat accumulation during long-endurance flight
causes leading-edge temperatures to reach approximately 1400 K. Thermal stiffness degradation and thermal expansion have
become the dominant factors causing structural deformation. Consequently, in the hot state, the maximum deformation at the rudder
tip's leading edge reaches 29 mm and a 19.65 mm torsion. This severe thermal torsional effect alters the local angle of attack, caus-
ing a localized reversal of the pressure difference between the upper and lower surfaces. Quantitatively, the thermal deformation
effect causes the lift coefficient to increase by approximately 6.55%, while the drag coefficient increases dramatically by about
26.4%. The position of the pressure center has undergone a significant nonlinear shift, with a post-shift amount of 4.728%. Ultimate-

ly, this study reveals the modification mechanism of thermal deformation on aecrodynamic loads, confirming that synergistic thermal
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deformation of protection and structural layers must be fully considered in hypersonic vehicle design.

Keywords : high Mach number ; phenolic resin ; rudders ; static aecrothermoelasticity ; load distribution
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Tab.1 Thermal physical parameters of GH4169

T/K EIW-+(m-K)'] E/GPa v a/(107%-K™")
293 13.4 200 0.30 11.8
373 14.7 196 0.30 11.8
473 15.9 188 0.30 13.0
573 181 0.30 13.5
673 17.8 14.1
773 19.6 176 0.32 14.4
873 21.2 160 0.32 14.8
973 22.8 141 0.33 15.4
1073 23.6 101 0.33 17.0
1173 27.6 31 0.33 18.4
1273 30.4 15 0.33 18.7

Notes: T is temperature; & is thermal conductivity; E is tensile modu-

lus; v is Poisson's ratio; « is thermal expansion coefficient.
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Tab.2 Freestream parameters of validation model

Items Ma Re Pw/Pa T./K T, /K
Value 6.47 1.31e6 648.1 241.5 294.5

Notes: Ma is Mach number; Re is Reynolds number; p_ is

freestream pressure; 7', is freestream temperature, 7, is wall temperature.
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Tab.3 Calculation Parameters

Ma H/km o/ () BI) T, /K

6.0 20 5.0 0.0 300

Notes: Ma is Mach number; A is altitude;w is attack angle; 3 is side-

slip angle, T, is wall temperature.
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Fig. 11  Contours of additional pressure difference induced by thermal

effects
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Fig. 13 Shift trajectory of the rudder's pressure center varying with time
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Tab. 4 Variations of aerodynamic load parameters induced by aero-

thermal effects (based on case A)
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