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Figure 1 (Color online) Repeatability test of transition experiment for blunt cone model (=0.05 mm). (Note: The heat flux jump near x=165 mm is
caused by different model materials, not by transition). (a) Surface heat flux distribution of run 1; (b) surface heat flux distribution of run 2

(repeatability); (c) central line heat flux.
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Figure 2 (Color online) Effect of unit Reynolds number on transition Reynolds number. (a) 7=0.05 mm; (b) =5 mm.
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Figure 3 (Color online) Effect of angle of attack on transition location (a) 7=0.05 mm; (b) =5 mm. a is the angle of attack, negative angle of attack

means windward, and 6, is half-cone angle.
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Figure 4 (Color online) Relation between nose bluntness Reynolds
number and transition Reynolds number.
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Figure 5 (Color online) Trend reversal of bluntness effect. (a) Rushton and Stetson [12], Ma=5.5; (b) Softley [13], Ma=10-12; (c) Vaganov et al.

[18], Ma=5; (d) Paredes et al. [19], Ma=6.
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Figure 6 (Color online) Zones behind a bow shock wave.
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Figure 7 (Color online) Two viewpoints for studying the effects of bluntness. (a) Freestream disturbance over shock; (b) main influence areas of the

two viewpoints.

Amp_p

0.0050

0.0040

0.0030

0.0020

0.0010

0.0000
L e e o s e e e e e e e e e e e
-10 -5 0 5 10

X

Amp_u

0.0030

0.0024

0.0018

0.0012

0.0006

0.0000
LI S e S S e s s e s s B s s e |
-10 -5 0 5 10

X

()

Amp/Amp

Amp_s

0.00020
Ho.o0016
Ho:.00012

0.00008

[=10.00004
0.00000

-10 -5 0 5 10
X

B 8 (ML ROR IR SR AR A2 5 mm K BEPARUESZ ERUE . (a) IR U HRBDIRAE; (b) VIR PR ENIRAE; (o) MSRBIIRIE; (d)
BE RO R _E P shiRAE

Figure 8 (Color online) Numerical simulation of receptivity of blunt plate with nose radius of 5 mm. (a) Amplitude of pressure disturbance; (b)
amplitude of streamwise velocity disturbance; (c) amplitude of entropy disturbance; (d) amplitude of disturbance along stagnation line.
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Figure 9 (Color online) Evolution of high frequency slow acoustic wave. (a) Contour of density fluctuation at nose region; (b) density fluctuation in
the entropy layer along streamwise direction; (c) contour of density fluctuation at the downstream; (d) excitation of second mode by entropy-layer

disturbance compared with the original case.
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Figure 10 (Color online) Suppression of the second mode in the late
stage of transition (silent zone) [31].
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Figure 11 (Color online) Contour of the instantaneous density flow field of blunt cone (=1 mm) at zero angle of attack.
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Figure 12 Frequency spectrum of streamwise velocity fluctuations in the late stage of transition over blunt cone (=1 mm) at zero angle of attack. (a)

Upstream location; (b) downstream location.
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Figure 13 (Color online) Spatial structure of the second mode and low-frequency mode. (a), (b) the three dimensional field of the second mode and
low-frequency mode, respectively; (c), (d) the axial/wall-normal plane of the second and low frequency modes, respectively.
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Figure 15 (Color online) Distribution of the reconstructed wall skin friction using the DMD modes. (a) Instantaneous; (b) time-averaged.

EZ)=RDA
- R

Zt

. TCFL Ty H
B 16 = 4kih R

Figure 16 The velocity profiles of three-dimensional boundary
layer [41].

B e, £ S K AT T, 38 I TR S 96 e LR
37 R U O R D 52 0 RCRAE R HE A B A DL R A
[l: SRHERE LT, PR v B A ANKE S 8 T B3

0 5 10
z; (mm)

e, ERHERSOLT, PR R v e o o v B K
TR, PXTIR] S 363 A B J5C A %o A X T FR) S0 00 477
REEDLGR: DBURTEILT, AR E RS, KRBUA L
T, FARGEATRS. B S BOS X KRG E /TR,
B BT A% 21— € (o B At 2 AS A 1 B 4 0 9
Ak

Fok, BT HRE 2 A BT G 52 A AR 2 20
PN A BE RIS WF TR R R D A LR, ERE LI
R AZ T PSR A R, AT DNS . AR
MR, RELE B PLEh 28 1 B AR 1 G X 0 A
S XA A PEEh AN S e, BATE RIS IE B N
FHEI, AR A TR A STl

FESE “ RSB R RS T BRI JE b B, Ay
BB ER X, A HOURATE RS, AT
DNSHUBEAS I, BRI A SR R (A
T, 5 RS SRS Z 1A W] B AR RS R A

i, A HE R AR R RAT I I T
—RIET ) UCRARARAS, 1R th B A A B )
G, BARCE A Y B, Ml S YRS
HIE R R S ZHE 4.

H T e A I TR R R I R M R, A

0 5 10
z, (mm)

Bl 17 (W48 R )R FINPSE THEAS 21 1 1 A58 M. (a) x=0.208 m; (b) x*=0.22 m
Figure 17 (Color online) The stationary crossflow vortex based on NPSE. (a) x*=0.208 m; (b) x*=0.22 m.
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Figure 18 (Color online) The secondary instabilities of stationary crossflow vortex. (a) x*=0.208 m; (b) x*=0.22 m.
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Recent progresses on hypersonic boundary-layer transition

CHEN JianQiang"”*’, YUAN XianXu'’, TU GuoHua', CHEN JiuFen’, ZHANG YiFeng',
XU GuoLiang', TONG FuLin' & WAN BingBing'

! State Key Laboratory of Aerodynamics, China Aerodynamics Research and Development Center, Mianyang 621000, China;
: Computational Aerodynamics Institute, China Aerodynamics Research and Development Center, Mianyang 621000, China;
} Hypervelocity Aerodynamics Institute, China Aerodynamics Research and Development Center, Mianyang 621000, China

Boundary-layer transition (BLT) is one of the key problems in developing hypersonic aircrafts. Major aerospace
countries all over the world have been heavily supporting relevant researches, and the project funding keeps increasing in
recent years. In this paper, wind tunnel experiments, numerical simulations and theoretical analysis are combined to
study some hot issues in this area, which include effects of unit Reynolds number, angle of attack and nose bluntness,
nonlinear interactions during breakdown, secondary instability of crossflow vortices, etc. Some of our views on
understanding hypersonic BLT are summarized. The wind tunnel tests are conducted in the ®1 m hypersonic wind tunnel
of China Aerodynamics Research and Development Center, and the relation between transition location and different unit
Reynolds numbers, angles of attack and nose bluntness is obtained. It is well known that hypersonic BLT undergoes an
important phenomenon called “nose-bluntness inversal”, but a worldwide accepted reasonable explanation for this
phenomenon is still missing. To investigate the “nose-bluntness reversal”, we suggest to consider the influence of front
shock waves because free-stream disturbances are changed by shock waves. Meanwhile, we should also consider the
following two aspects: blunt-nose receptivity and entropy-layer effect. Some premiliary but encouraging results are
presented on these two aspects via direct numerical simulations (DNS) and stablity analysis. During the late stage of
transition, a “quiet zone” may appear when the second mode waves reach large amplitude, and this is followed by low-
frequency modes. DNS and the dynamic mode decomposition are applied to study this problem. The results indicate that
the relation between the second modes and the low-frequency modes is possibly mode transformation. In the end of this
paper, a newly discovered secondary unstable mode of saturated crossflow vortices is introduced. This mode has the
same level of growth rate as Z mode, but is related to the wall-normal shear stress, thus it is named Y' mode.

hypersonic, boundary-layer transition, receptivity, secondary instability, blunt-nose cone
PACS: 47.15.Fe, 47.20.1b, 47.27.Cn, 47.27.ek, 47.40.Ki
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