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Fig. 1. Flat model schematic.
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Fig. 2. (a) Distribution of basic flow velocity and temperature across different grids (Rey, = 1000); (b) frequency-dependent distribu-

tion of growth rate (mode S, 8 =0).
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Fig. 3. Base flow: (a) Streamwise velocity and temperature distribution along the y direction at z” = 0.746 m; (b) localized enlarge-

ment of velocity and temperature distribution.
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Fig. 4. Base flow: (a) Streamwise velocity distribution along the z direction; (b) normal velocity distribution along the z direction.
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Fig. 5. Distribution of generalized inflection points.
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Fig. 6. Comparison of growth rates varying with frequency.
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Fig. 9. The variation of the growth rate with angular frequency for three-dimensional mode S at various wave angles: (a) 15°%

(b) 30°%; (c) 45°% (d) 60°.
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Fig. 11. Comparisons of the eigenfunction magnitudes (w = 0.18, 8 =0): (a) Streamwise velocity; (b) normal velocity; (c) pres-

sure; (d) temperature.
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Fig. 12. Comparisons of the neutral stability curves.
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Fig. 13. The maximum N-factor distribution.
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Table 2.  Inject setups for all cases.
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515
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Fig. 14. Under the no-injection condition (B,): (a) Growth rate of unstable modes; (b) phase velocity of modes F and S.
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Fig. 15. Growth rates of unstable modes in cases of inject at different locations without effects of slip: (a) B1 2° = 0.2-0.3 m; (b) B2

7" = 0.4-0.5m; (c) B3 2" = 0.75-0.85 m; (d) B4 2 = 0-1.2 m.
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Fig. 16. Comparison of N-factor envelopes in cases of only
inject at different locations.
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Fig. 17. Growth rates of unstable modes in cases of inject at different locations considering the effects of slip: (a) Bl 2" = 0.2-0.3 m;
(b) B2 2" = 0.4-0.5 m; (c) B3 2" = 0.75-0.85 m; (d) B4 2" = 0-1.2 m.
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Fig. 18. Comparison of N-factor envelopes in cases of inject

at different locations under slip effect influence.
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Table 3. Comparison of N values of unstable modes in B2.
i
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[F) 25 AT 5 | DXy 35 725 s AT 5 L X T

None 0.634 0.687 0.746 0.806 0.878 0.967 1.045 1.179 1.375
GE) 0.608 0.616 0.619 0.639 0.734 0.995 1.187 1.488 1.476

W +515F 0.468 0.494 0.592 0.773 0.994 1.182 1.294 1.267 1.471
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Abstract

To meet the thermal protection requirements of trans-domain high-Mach-number vehicles operating in
extreme environments, active gas injection has been recognized as an effective thermal protection technique,
while exerting a non-negligible influence on boundary-layer flow stability and transition. Meanwhile, as the
flight altitude increases, the coupling effect between the emerging wall gas slip and the gas mass injection
further complicates the boundary-layer instability mechanisms. In this study, a linear stability analysis
framework is developed by simultaneously incorporating mass injection and wall-slip effects, and the coupled
influences of these two mechanisms on the stability characteristics of a Mach 5 flat-plate boundary layer are
systematically investigated under different coupling intensities. The results show that mass injection thickens
the boundary layer and increases the maximum growth rates of both the first and second instability modes. It
also shifts the second mode toward lower frequencies, leading to an upstream advancement of the unstable
region. In contrast, wall-slip effects weaken the destabilizing influence of mass injection on the second mode and
delay the synchronization location of the fast and slow acoustic modes. Conversely, wall slip simultaneously
enhances the instability of the first mode, facilitating earlier transition onset when the first mode becomes
dominant. For localized mass injection, when the injection strip is placed downstream of the synchronization
point corresponding to the dominant unstable frequency, the growth rate and amplification factor of the
unstable second mode can be effectively reduced, thereby mitigating the destabilizing influence of injection on
the boundary layer. When wall-slip effects are present, the unstable region of the dominant frequency is shifted
downstream. Consequently, to achieve the same stabilizing effect, the optimal injection location should be
placed further downstream compared with the no-slip case. This study reveals the competing and interfering
mechanisms between mass injection and wall-slip effects in the multimodal instability of hypersonic boundary
layers, providing theoretical guidance for the design of high-temperature thermal protection systems and the

optimization of mass injection control strategies.
Keywords: flat-plate boundary layer, linear stability theory, mass injection, slip effect
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