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Table 1. Species viscosity coefficient/?3!.

i Lt /(kgm ts7) Sui /K Treri /K
Ar 2.117x10° 146.3 273.16
N, 1.656x10° 104.7 273.16
0, 1.919%x10° 125 273.16

174701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 17 (2025)

174701

RA SRR RE R Wilke 12250 205X
et

H= Z (%Mi/Z%@j) (3)
i=1 j=1
151 i L T REEYE Eucken S¢ R I E:
ki = W (gcz,tra + Ci,rot) . (4)

A R F-23h-52 3 S IR sh e 5 R 80T U A
LIRS

k= i (mzkz/ixﬂ%) y (5)
i=1 j=1

1/472
- m(%)/
i \ M

M;
s(1+37)

S

(6)

Forfr, i, Mi, s, w232 IY 0 BB IR 3580 JEE
IR | B PE R RO IVE T R

XEFY A, 4 4 BORBOH R, 3
[LEN GRS IR

D; =D =yp/(pSc), (7)
Hr, Se=05, p HEBJE.

2.2 HREH

XFFREM S0, By | kA VAT RS
Fe R A LA P, T4 43 4 T 2 o i~
oY,
on
Horp, v R84y i R, nARREEITAL T
], vy [OREEMIVAEL 7 0] LA HRE, m, AR
i 7E BE T AL Y IR R R R Y BE T TR R m,
Tl 2 :

PiVw — waz = mi; (8)

ns

=1
2 PR VAT B A% 1 AR | L 5 | S AR
Ji 55 R T A R A [
T, = C, (10)
Hrh, ¢ NSk
B TR 7 %46 A2 v 1) B~y f:
A(p + pv*)

5 =0, (11)

HAMA A, B gE A ORI, Hh
Ab A8 PO BRI S A6, R R RS 1 B
.

2.3 HERE

KHARTAERZED N-S KT R IEARRY.
X434 R AUSMPW A% 2, Horp R iR A &
K MUSCL #6247 H ) ; R PRI HOR HI U By
rhuls 22 5346 =G, I IA]HE 352K B Runge-Kutta
. AR SCR W AR AR ) Al il 5L
AT AL

24 LST

i LST A riasE . P44 LST
0F iS5
W DR s A B SRS 2 A It
A Z 5 N-S Jrfev, 98258 H S A i i 2 1Y
HE, SR R, TN, K sh R
PEAL, TR al
¢’ o¢' o

r27 499 g9 99
ot h10s on h30z

62¢/ 82¢/ 82¢/
=H,————— + H o
1 h1h10s0s +H onon +Hss hsh30z0z

82¢/ 82(;5/ 82¢/
+ 1 h10s0n + s h1h30s0z +Has haOndz’
(12)
Holv, o =o' w0, T, Y Wi sh i, s, n,
2 RMGAARB S ] | IR Ia R M AR bR, hy I R AL
I A, B,C, D, Hyy R, FLSHARAT. 3
FPATIIBL, 1 1L R
¢ (s,n, 2,t) = ¢ (n) el@TFzmeh), (13)
A w B X R B A o R I B I )
B, BRI AL A SO R A A AT AR
Hrha HEE, —a; BRI K R, gRIw
YIRS AR AL AP sl &, ] LIS 3
—HE WM TR, ZABRESERR O-S FREERX
—5, HWIEX R Lo =0, Hop L WEMUERTF. Hzh
PRt PR S E (1
TEREAL R B 2R, Rl
G=0=T=Y;=0, y=0. (14)
TEIL M Teg5 im A s o & J)
p=t=0=T=Y;=0, y—oco.  (15)

+ D¢’

174701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174701

Ji TR FE U S AR A AE (LR B, 385
SR A AT AR B R B O R S E
i PR

ARSCHTE S| G AN TR E PR, SR
PR LST FFJR AT, TSRS 54
S o 0 5 2 I 1 T 5 R S R R A
Xt U Bh R S M R I, TR I 7E R AT
Ay S IR SR (MIX) B 5 58 25k (PG)
AR SEAT 43T, 3 10 5 A 37 ) T 5 2 A
PAM LR A S, X HI7ETF MIX BIEIA
HRBRAE LIRSS R, 1 PG AN
Peahtezs SRR, T R AT LA B FE s —
B, MIX SRS TN L (U, Rix) & = 0.
Horh U FERIRASIRMTIAHE, 6% pu, T R
FRBA SRNERT, 4055 1, 5, D, ¢y, M . PG KR
WHEE LR L (U, Rar) 6 = 0, Hrh Ry BRI
FPET. PRI MIX AR ] DL et i 30 i U 5
TR A SAANE T R FIAS LIRS SE 6, 1] PG #L
AT e B T U 2SR B i, — %
(1925 5 B S e T 2 4R A SR I T X 4 30
FOSEIRL. UNSR SIS RS, —H RSN,

TEPLIIR R, ACSCRA T EL: A TR
AR (MIX) OB AR LST 4307 b [ (e iR
BB 552 454k (PG) BRI, AT
FH T DX 43 5 5 AR o 3 AR T 20 ot e
RBP4, AR S0 SR B 1 | S A s
A X o A 7 R P T e e R R S —
5 RIS RS, 3T S 4E R s A e Rk
RS, B AR B B A T — 2
¥RT.

2.5 FRARGIE T

BEE LA E PEPIE B R RE, e-N HAR T 7
IEBREZ B, HOy—Rhl 2 g PS5 R
Tk, ONTE H TR TR U b #R A TR 1 £ F A
{H, BT UA— B8 2 ] 227, R SR i
FHZWN ISR I p i R v, AR A
CAEATF LB A AT RE , AT E B BT

f, ENTHIERRZHTE R, PLah B KITIRHOR.
18 ARG E PR BE X S R U i 1 1R AR
0 L A5 B P 5 L A TR AT R A X B, X — (AR
N NAE, Fk N

A x
N=In <Ao> = /mo odz, (16)

Forp, Ao FoR YL RIRI IR IRAE, A 4 3l P iR
M, o MBI R, 45 S AR i %
W NAH, BT A E A T

2.6 TEFWIE

FHFRA A (MIX) BR XA SCIREA R 1
HAR P TSI, Hh s ARy LUAR S
AP MR A AR FR. Bekiy Li 45 10
AR TR T, SRS BRECH 7.4, R TEX
B g | AT, B 1(a) g5 1 T AR A7
R A bR R i — AN R R AR S
B HEATEOIE, EHS Marvin A1 Akinl® AH [R5
T, SRR SR 7.4, TR T RABESIHE
FEAGG. K 1(b) g5 T S5 | S i R T A
TITAEEERXT . T DR AR SC 2 4 iR A AR
YR as it a5 3 5 ek b iy 25 1 — 3, SRUIA
SCHEAGR RS R T EER.

(a) e Li
—— Present

y/mm

0 100 200 300 400
T/K
1.0

(b) ® Marvin
—— Present

=1

q/q(s

0 . . .
1.0 1.5 2.0 2.5 3.0
s=a/l
K1 RESMEARTREARRRTRIE (a) 28RS

955 (b) SABTREG] B
Fig. 1. Validation of the base flow program under the mixed

gas model: (a) Air mass injection; (b) argon mass injection.
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Fig. 2. LST program validation: (a) Mixed gas model; (b) thermochemical non-equilibrium model.
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Fig. 3. (a) Blunt cone model schematic; (b) computational grid schematic.
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Fig. 4. Mass flux distribution over the length of the cone.
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Fig. 5. Grid independence verification: (a) Base flow profiles; (b) stability analysis results.
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Fig. 6. Impact of mass injection on the basic flow field: (a) Flow field contours for air mass injection; (b) flow field contours in the

injection region.
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Fig. 7. Comparison of wall quantities for mass injection of different gases: (a) Wall normal velocity; (b) wall pressure; (¢) wall mass

fraction of the injected gas.
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Fig. 8. Comparison of profiles at z = 508 mm for mass injection of different gases: (a) Temperature; (b) streamwise velocity;

(c) normal velocity; (d) mass fraction of the injected gas.
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Fig. 9. Comparison under different injection conditions: (a) Boundary layer thickness ¢ ; (b) injection layer thickness iy ; (c) main-

stream boundary layer thickness dyy .
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Fig. 10. Comparison under different injection conditions: (a) Wall friction; (b) wall heat flux.
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Fig. 12. For w = 2.4: (a) Variation of disturbance growth rate along the streamwise direction; (b) variation of phase velocity along

the streamwise direction; (¢) N-factor curve.
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Fig. 13. Air mass injection for w = 2.4: (a) Eigenfunctions of the second mode; (b) eigenfunctions of higher-order mode.
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Fig. 14. Air mass injection for w =1.5:
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Fig. 15. Comparison of N-factor envelopes under different

injection conditions.

(a) Variation of disturbance growth rate along the streamwise direction; (b) variation of

2RI el . R TR T 42 RS IR R R
W, JEH R TS, (HOR TR 5 | 5 AR
ASATRE AT Bl A/ NSO S22, I BRI
S RS T AR, RS A P AR R R
WA X HOAR TR SRR S 4, AR IH R A
HAT IR E /R

3.4 S|HSREMRMEARREIEEEHZZIN

DL EZE R G AR ER B ROR, Ry
TRA ST BTN RV SR BT 5 L e MRS e PR LB, A
TIAE A BT S 5 AR R R A AR A
LT, WS | ARAN ) Jo X AR I S e M1
SoR, LS T SRRV R A G R4 AH

X lar . AR LY BUWER. i T ARF DA
FELEQURNT 23 Bt AN ], A I 58 4 AH R <
i, PEAS T LUR A FEEAER, 5] ABAES
PR LA A7 | SR B — PR By sE L. 35 2
AR AT N 0 g SR A M o A Ak B LR
TR AR, H Ry R E AT . F
BEULHTIE, AR AR S SR PR R 25 5
H Ny 5 Ar 2580, S0 Bk 7 X
U215,

AT | SR T R S e T RO
FEARGGRFm, 43 E T LD Ar(u*) M Ar(k*)
RGPS, IFS Ar Bt 5 E 7%
LU AT 16 4 HS TR ] 2 - R T 3 5V Ik ) 0 A
AT LAR B, FAA% S 2R 500 AR A0 B T o 55 B T 2%

FESE IR AEE/IN, TR0 2R 50 il / I D4 B T S8 e

174701-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 17 (2025) 174701

REAEG, AR A4 BE T B T fmr . X fR T IR AR A KIREAR, AR R, X 5 3 ATT— e AR

AR B I - B T3 S L FHEC. WLEE 5| S A A A 3 20 00T AR 3 ) T
K17 Bros S f R A 2 = 508 mm &b 32 [0] FIRZI, Al Lk B3PS S R B AR 4 U R N i

BR8N R . AT DR, LA v U FRE WS TR T, PR AR R ) TR ) 52 e U 73
PER B L TR R RIRSE, B R R [CEED
* 2 GISARIER

Table 2. Properties of the injected gas.
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Fig. 16. Effect of viscosity and thermal conductivity of the injected gas on the base flow: (a) Wall velocity; (b) wall density.
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Fig. 17. Effect of viscosity and thermal conductivity of the injected gas on the base flow: (a) Normal velocity profile; (b) density

profile; (c) temperature profile.
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Fig. 18. Effect of viscosity and thermal conductivity of the injected gas on the base flow: (a) Boundary layer thickness 4 ; (b) injec-

tion layer thickness djy ; (c) mainstream boundary layer thickness Oy .
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Fig. 19. Effect of viscosity and thermal conductivity of the injected gas on flow stability: (a) Comparison of neutral curves; (b) vari-
ation of growth rate with frequency at different streamwise positions under the mixed gas model; (¢) variation of growth rate with

frequency at different streamwise positions under the perfect gas model.
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Fig. 20. Effect of the relative molecular mass of the injected gas on the base flow: (a) Wall velocity; (b) wall density.
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Fig. 21. Effect of the relative molecular mass of the injected gas on the base flow: (a) Normal velocity profile; (b) density profile;

(c) temperature profile.
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Fig. 22. Effect of the relative molecular mass of the injected gas on the flow stability: (a) Boundary layer thickness ¢ ; (b) injection

layer thickness djy ; (¢) mainstream boundary layer thickness dpf .
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Fig. 23. Effect of the relative molecular mass of the injected gas on flow stability: (a) Comparison of neutral curves; (b) variation of
growth rate with frequency at different streamwise positions under the mixed gas model; (c¢) variation of growth rate with

frequency at different streamwise positions under the perfect gas model.
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Fig. 24. Effect of the specific heat capacity of the injected gas on the base flow: (a) Wall velocity; (b) wall density.
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Fig. 25. Effect of the specific heat capacity of the injected gas on the base flow: (a) Normal velocity profile; (b) density profile;

(c) temperature profile.
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Fig. 26. Effect of the specific heat capacity of the injected gas on flow stability: (a) Comparison of neutral curves; (b) variation of

growth rate with frequency at different streamwise positions under the mixed gas model; (c) variation of growth rate with fre-

quency at different streamwise positions under the perfect gas model.
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Fig. 27. Effect of the diffusion of the injected gas on the base flow: (a) Wall velocity; (b) wall density.
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Fig. 28. Effect of the diffusion of the injected gas on the base flow: (a) Mass fraction profile of the injected gas; (b) temperature

profile.
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Fig. 29. Effect of the diffusion of the injected gas on the base flow: (a) Boundary layer thickness 4 ; (b) injection layer thickness iy ;

(¢) mainstream boundary layer thickness s .
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Fig. 30. Effect of the diffusion of the injected gas on flow stability: (a) Comparison of neutral curves; (b) variation of growth rate

with frequency at different streamwise positions under the mixed gas model; (¢) variation of growth rate with frequency at different

streamwise positions under the perfect gas model.
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Abstract

Active mass injection is an effective thermal protection technique that can significantly reduce wall heat
flux. However, it inherently changes the stability characteristics of boundary layer, substantially affecting the
laminar-to-turbulent transition process. Crucially, the underlying mechanisms of controlling how different
injected gases regulate flow stability are still unclear. In order to systematically analyze the effects of different
gas injections on flow stability, the gas-specific mass injection effects are investigated in this work by employing
a multicomponent Navier-Stokes solver to compute flow fields with air, argon, and nitrogen injections. The
influence of mass injection on flow stability is analyzed using linear stability theory, followed by distinguishing
the different effects of various injectant properties. The result shows that mass injection can displace the
freestream gas, forming an injection layer near the wall and increasing the thickness of the boundary layer.
Herein, the properties of the main boundary layer are still similar to those of the original boundary layer, while
the injection layer exhibits significantly reduced temperature and velocity gradients, resulting in decrease of
wall heat flux and surface friction. Linear stability analysis reveals that when mass injection excites multiple
higher-order instability modes, the second mode is still dominant. Notably, mass injection reduces the unstable
region of the second mode and significantly lowers the integrated disturbance amplitude, thereby suppressing
the transition. This stabilizing effect is more pronounced with lighter gases. The differences in injected gas
properties are mainly reflected in the viscosity coefficient, thermal conductivity, relative molecular weight, and
diffusivity. Among these, the boundary layer thickness is primarily affected by the viscosity coefficient, relative
molecular weight, and diffusivity of the injected gas, while the temperature within the boundary layer decreases
with the increase of thermal conductivity and specific heat capacity of the injected gas. The influence of injected
gas properties on flow stability is manifested in two different ways: 1) Modification of basic flow profile and
2) change of mixed gas properties. Specifically, the transport coefficients (viscosity and diffusivity) of the
injected gas mainly affect unstable characteristics through way 1), while the specific heat capacity mainly works

through way 2). The relative molecular weight plays a combined role in the two ways.
Keywords: mass injection, linear stability theory, hypersonic boundary layer
PACS: 47.10.ad, 47.27.Cn, 47.27.ek, 47.40.Ki DOI: 10.7498 /aps.74.20250385
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