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(a) 4 4 (b) 0.05
Smoothwall Porouswall o Ref.-smooth
o Ref.-DNS ¢ Ref.-DNS —— Present-smooth
— Present —— Present 0.04 © Ref.-porous

—— Present-porous

—ay

0 % r 68 ' 1r S
0 02 0.4 0.6 08 10 0 1 2 3

0 i | .
0 0.2 04 06 0.8 1.0

|| Jv| a,

4 RUEMEA TGRS SCIRT L () FRIERREL (b) BESHE KR
Fig. 4. Comparison of literature and present results: (a) Eigenfunction; (b) growth rate.
PR FEWEL Re = 1.0x107 m !, SRR
T, = 216.65 K, BEI A4 #iiE; ZALEE 1 [ALS

WHTHRE 1 Ma= 1035 K5 B TH

oA n = 0.25, h=2 mm, b = 0.09375 mm.
B 445 o /2 fLEE T Mack #5225 (2 1R pR 4L
Hi K 25 Wartemann 25 B9 1 Luedeke % 1481
S5 B H, X R I ) A7 A BRI A T,
1522.44 K, —H 45 R —BERE T ASC LST ##
R IEZ % VA
242 FAELKMIEIE
ARCVEBUEE H = 25 km B RS B350, 7091
FH & #SE 2SR (CPG) Fifk2# 3R 4 (CNE) <
PRAERY AT 15, SEA T3 BE A5 F b 4 PABE
BUAZHUNGR 1 5, po I U R A0 25 BE R UL
ﬁrﬁ.
TR AR ABOC ORI IE, X L =& A[FH]
W #, r )J2 Gridl: 301x401, Grid2: 501x701,
Grid3: 651x1051, 5 —)ZH AR 0.001 mm.

BT B AL B 1/ Loy = 450 R ] 2 BE R4S

KRS, 1 AE B Gridl B35 ) 3 B A K

FOMA 5 Grid2 F Grid3 fAE—E L5, L8 % IET

SERGE RS R BAS, JF 2R Grid2 Mg TR
F 1 RF BB A SEL

Table 1. Flow characteristics for various Mach
numbers.

Ma  T=/K  pa/(kgm?) Us/(ms')  Re/m!
10 221.55 0.040085 2983.6 8.26x10°
15 221.55 0.040085 4475.4 1.24x107
20 221.55 0.040085 5967.2 1.65%107
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Fig. 5. Verification of grid independence: (a) Streamwise velocity; (b) growth rate.
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Table 2. Parameters of different cross-sections.

Parameters of porous wall ~ H/mm b/mm n
Porous-12 6.752 0.945 0.66
Porous-2/47 18.855 0.942 0.66
Porous-3/* 2.000 0.09375 0.25
Porous-4552 0.352 0.264 0.53
10

0.4 —— Smooth
l0.3F --- Porous-1
gl > -~ Porous-2
102 /// Porous-3
to.1 7 /7 ——— Porous-4

—ay/m1

8 RIFM IS H TN & o/ L = 600 FIBLZS I K%
AL
Fig. 8. Changes in growth rate under different cross-section-

al parameters at z/L.; = 600.
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Fig. 9. Basic flow profiles of boundary layer for different gas

models under Mal0 condition: (a) Streamwise velocity;

(b) temperature.
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Fig. 10. Comparison of growth rate and phase velocity of different gas models under Mal0: (a) z/ L, = 600; (b) modal frequency F =

124 kHz along the streamwise direction.
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Fig. 11. Comparison of different gas models under Mal0: (a) Neutral curves; (b) N-value envelope.
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Fig. 12. Comparing the growth rates of smooth and porous walls and their relative change for different gas models: (a) x/L,; = 400;

(b) I/chf = 6007 (C) I/chf = 800.
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Fig. 13. Comparison of the pressure eigenfunctions for
smooth and porous walls at z/ L. = 600.
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Fig. 15. Comparison of growth rates at different Mach numbers under CNE condition: (a) z/L.; = 600; (b) modal frequency F =

130 kHz along the streamwise direction.
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Fig. 16. Comparison of neutral curves at different Mach numbers: (a) CPG; (b) CNE.
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Fig. 18. Comparison of growth rates and relative change of smooth and porous walls at different Mach numbers: (a) z/L,; = 400;
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Abstract

The transition from laminar to turbulent flow is one of the main aerodynamic challenges in aircraft design
and development. When the flight Mach number is sufficiently high, the aircraft surface experiences micropore
effects and high-temperature gas thermochemical reactions. At present, boundary layer instability has become a
more complex problem, and its mechanism is still unclear. In this study, a linear stability analysis method is
developed which takes into consideration high-temperature chemical non-equilibrium process and surface
micropore effect. For flight conditions at high altitude (H = 25 km) with Mach numbers 10, 15, and 20, the
effects of micropore effects, chemical non-equilibrium effects, and their joint effect on flow stability are
contrasted and investigated. The results show that the chemical non-equilibrium effect can contribute to the
boundary layer's mode instability, while the micropore effect can restrain the second mode instability. The
coexistence of the two often contributes to the instability of the second mode, because the former is heavier
than the latter. The chemical non-equilibrium effect can reduce the frequency range corresponding to the second
mode of pore effect inhibition, which results in the chemical non-equilibrium effect enhancing the inhibition
effect of the micropore effect in the local low-frequency range and weakening its inhibition effect in the high-
frequency range. This, in turn, causes a decrease in the corresponding N value variation by pore effect.
Furthermore, when both effects are present, the micropore effect’s capacity to inhibit the second mode is not

significantly affected by change in Mach number.
Keywords: boundary layer, stability, chemical non-equilibrium, micropore effect
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